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Abstract
Aim—The goal of these studies was to examine the capacity for glomerular repair after a
podocyte depleting injury.

Methods—We created transgenic (TG) mice expressing the yeast enzyme cytosine deaminase
specifically in glomerular podocytes. In these TG animals, the prodrug 5-flucytosine (5-FC) is
converted to 5-fluorouracil (5-FU) and promotes cell death.

Results—Treatment with increasing dosages of 5-FC caused graded increases in proteinuria 1–2
weeks after treatment, which returned to control levels by the 10-week time point. Light
microscopic examination revealed minimal pathology at the 2-week time point, but electron
microscopy revealed found foot process effacement as well as focal areas of glomerular basement
membrane duplication, and immunohistochemical studies detected podocyte apoptosis and a
decrease in the number of Wilms tumor protein 1 (WT1) positive cells. By the 10-week time
point, however, the number of WT1 positive cells was similar to controls and a few mice had
developed focal areas of glomerulosclerosis. Consistent with the effects of 5-FC on podocyte
number, expression of the podocyte mRNAs for nephrin, podocin, synaptopodin and podocalyxin
were altered in a similar temporal fashion.

Conclusion—The glomerulus has a significant capacity for repair after a podocyte depleting
injury.
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Introduction
Podocytes play a key role in the pathogenesis of glomerular diseases [1–4]. In this regard, a
decrease in the number of glomerular podocytes is observed in both animal and human
kidney diseases [3,5–15]. Because podocytes are terminally differentiated cells with a
limited capacity for replication [3,16], it has been suggested that podocytes which are lost
cannot be effectively replaced, causing instability of the glomerular tuft and
glomerulosclerosis [3]. As a result, some investigators contend that a reduction in
glomerular podocytes may be a final common pathway causing progressive renal injury in
glomerular diseases [3]. Although recent studies suggest that a population of renal
progenitor cells has the capacity to regenerate podocytes [17–19], in glomerular diseases,
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this regenerative process is insufficient to prevent a decrease in podocyte number
characteristic of some glomerular disease processes [3,5–12]. In these diseases, however,
on-going podocyte injury may limit the regenerative potential. We, therefore, created a
mouse model of podocyte injury that permitted discrete episodes of podocyte damage that
was sufficient to cause a reduction in the number of glomerular podocytes. We then
determined the capacity of glomerular repair mechanisms [17–19] to replenish podocytes
after a single podocyte depleting injury.

Methods
Creation of cytosine deaminase (CD) TG mice

To create the CD cDNA a reverse transcription reaction (RT) was performed using C.
neoformans mRNA (kindly provided by William J. Steinbach at Duke University Medical
Center) and then the cDNA was amplified using the high fidelity Pfu DNA polymerase
(Stratagene) and primer pairs (CCATGTCCCCCGTAGAAGGAT) and
(TTACGATCCTGTGACCTCTCC). The resulting RT-PCR product was ligated into the
vector pCR 2.1 (Invitrogen). To create the inducible CD transgene, we subcloned an XhoI/
BamHI fragment of the CD cDNA in PCR2.1 into a previously described Tet-On construct
[20] in frame with an N-terminal HA epitope. The resulting construct was sequenced at the
DNA Analysis Facility at Duke University Medical Center.

The transgene was linearized by cutting with the restriction enzymes ApaLI/ClaI and
purified as previously described [20] prior to pronuclear injection. TG mice were created at
the Duke University TG facility using an inbred mouse strain (FVB/NJ) as described [20].
For transgene expression, CD TG mice were bred with TG mice expressing the reverse
tetracycline transactivator (rtTA) under the control of the podocin promoter [21]
(background FVB/NJ) to create TG animals with both transgenes (“double” TG mice”) as
well as control animals (non-TG mice and “single” TG mice with either the rtTA or CD
transgene). Screening for the CD transgene was performed by the polymerase chain reaction
(PCR) using the primer pairs described above and DNA prepared from mouse-tails.
Amplification of the rtTA transgene was performed as previously described [21].

Transgene expression
To screen for transgene expression, mice were treated for 1-week prior to study with 2-mg/
ml doxycycline in drinking water with 5% sucrose to enhance palatability. After 1 week,
mice were sacrificed and tissues were harvested for RT-PCR, immunoblotting and
immunohistochemistry as previously described [20]. RT-PCR was performed as described
[20] using the primer pairs described above. Control PCR reactions were performed using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers (CLONTECH Laboratories,
Palo Alto, CA) as described [20]. Immunoblotting was performed using enriched glomerular
preparations as previously described [20,22].

Animal Studies
“Double” TG mice were treated with 2-mg/ml doxycycline in drinking water containing 5%
sucrose for 1 week and then received 5-FC (100 or 500 mg/kg/day) by once daily
subcutaneous injection for 5 days while the doxycycline in drinking water was continued.
One week of doxycycline treatment has previously been shown to maximally induce the
transgene [21]. Control mice were treated in an identical fashion with 500mg/kg/day 5-FC.
As an additional control, “double” TG mice were similarly treated with 5% sucrose water
without doxycycline and then 500 mg/kg/day 5-FC. Twenty-four hour urine collections were
performed, 4–6 and 8–10 weeks after the last injection of 5-FC. Mice were then sacrificed at
the indicated time points and both blood and tissues harvested, and then stored at −70°C for
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the studies described below. All animal procedures were approved by the Animal Care and
Use Committee of Duke University Medical Center.

Because we could not detect apoptotic podocytes at the 1–2 or 8–10 week time points, an
additional group of mice was studied using the protocol described above but kidneys were
harvested on days 2–4 days during treatment with 5-FC.

Measurement of albuminuria, and proteinuria and urinary nephrin excretion
Albuminuria and proteinuria were measured as previously described [20,22], using a kit
from AssayPro (St. Charles, MO) and the Brilliant Blue dye binding assay, respectively.

Immunohistochemistry
Mouse kidney cortex was embedded in OCT (Optimal Cutting Temperature) compound,
snap frozen in liquid nitrogen and stored at −70°C until sectioning. Frozen sections were
then fixed in acetone and air-dried. Expression of synaptopodin, WT1 and the HA epitope
were identified by indirect immunofluorescence using a mouse monoclonal antibody to
synaptopodin (Progen, Heidelberg, Germany), a rabbit polyclonal WT1 (Santa Cruz
Biotechnology, Santa Cruz, CA) and a rabbit polyclonal antibody to the HA epitope (clone
DW2, Upstate Cell Signaling Solutions, Lake Placid, NY), respectively. Ki-67 staining was
performed to identify cells that have reentered the cell cycle [23] using 2 different
monoclonal antibodies (clone TEC-3 from Dakocytomation, Glostrup, Denmark, or clone
B56 from BD Biosciences, Palo Alto, CA). Briefly, slides were blocked with 5% non-fat dry
milk in PBS for 30 minutes. For the studies, the WT1, anti-HA and Ki-67 antibodies were
added at a dilution of 1:100 and the synaptopodin antibody was added at a dilution of 1:50 in
D-PBS with 5% non-fat dry milk. After 1 hour, slides were washed 3 times in D-PBS and
then incubated for 1 hour with the secondary antibodies as described [20]. In some studies,
nuclei were counter stained with 0.5 μg/ml DAPI (4′,6-diamidino-2-phenylindole). After
washing, slides were examined by a Nikon Eclipse TE2000-S fluorescent microscope. To
determine podocyte number, podocyte nuclei were stained with a WT1 antibody
(rhodamine), the glomerular tuft was stained with a synaptopodin antibody (fluorescein) and
nuclei were countered stained with DAPI. Podocyte nuclei were then quantitated by
counting nuclei that both co-localized with DAPI and were associated with synaptopodin
staining. Data were expressed as the average number of podocyte nuclei per glomerular
profile as previously described [24].

Detection of podocyte apoptosis
Acetone fixed frozen sections were stained with the WT1 antibody described above and then
apoptotic nuclei were labeled by TUNEL (terminal deoxynucleotidyl transferase dUTP nick
end labeling) using an ApoTag Red In Situ Apoptosis kit from Millipore (Bedford, MA)
according to the directions of the manufacturer. Apoptotic podocytes were detected by co-
localization of WT1 and TUNEL labeled nuclei.

Immunoblotting for nephrin, synaptopodin and cleaved caspase 3
Immunoblotting was performed using the synaptopodin antibody described above, a rabbit
polyclonal antibody to nephrin (Alpha Diagnostics, San Antonio, TX), a rabbit monoclonal
antibody to cleaved caspase-3 (17kD fragment) (Cell Signaling Technology, Danvers, MA)
and a mouse monoclonal antibody to actin (Millipore. Bedford, MA) as previously described
[25].
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Serum albumin and blood urea nitrogen (BUN) measurements
Serum albumin and BUN levels were measured by IDEXX Laboratories, Inc. (Westbrook
ME).

Light microscopy
Formalin fixed tissue sections were stained with hematoxylin and eosin and examined by a
pathologist blinded to genotype.

Transmission electron microscopy (TEM)
Small blocks of cortical tissue from selected animals were fixed in an aqueous solution of
8% glutaraldehyde (Sigma-Aldrich). Analysis at the electron microscopic level was
performed in a qualitative fashion and areas of interest chosen in semithin sections for
preparation of ultrathin sections for examination by a pathologist (D.N.H.) blinded to
genotype.

Real-time quantitative RT-PCR (Q-RT-PCR)
Total RNA was isolated from enriched glomerular preparations and the reverse transcription
reaction was performed as described [20,26]. Real-time quantitative PCR was performed
using the ABI PRISM 7700 Sequence Detector System (Perkin-Elmer Applied Biosystems
Division, Wellesley, MA, USA) and the universal SYBR Green PCR master Mix Kit
(Perkin-Elmer Applied Biosystems Division, Wellesley, MA, USA) as previously described
[26]. The amplification signals were analyzed with Perkin-Elmer ABI Prism 7700 Sequence
detection software and were normalized to the endogenous β-actin mRNA level. The
primers used for the Q-RT-PCR studies have been previously described [26].

Quantitation of podocyte apoptosis by flow cytometry
To quantitate podocyte apoptosis, kidneys were harvested and placed in ice-cold D-PBS.
Cell suspensions were prepared by mincing kidney cortex and passing the tissue sequentially
through 180μm and 71μm sieves followed by washing with ice-cold D-PBS. The
supernatant was then digested for 1 hour in RPMI medium with 750-units/ml collagenase
(Sigma-Aldrich, St. Louis, MO) and the cells washed in ice-cold D-PBS. Podocalyxin
positive cells were identified by staining for 1 hour with a mouse monoclonal antibody
(R&D Systems, Minneapolis, MN) in D-PBS with 10% fetal calf serum at 4°C. Apoptotic
cells were identified by annexin V staining using a kit from BD Pharmingen (San Diego,
CA) according to the directions of the manufacturer. Quantitation of apoptotic cells was
performed by flow cytometric analysis at the Duke Comprehensive Cancer facility by gating
on podocalyxin positive cells (fluorescein) and counting the percentage of podocalyxin
positive cells stained with annexin V. Because a podocalyxin-like protein is found in
peritubular capillaries in the kidney [27], we gated on podocalyxin positive cells with high
levels of immunofluorescence based on the observation that podocalyxin staining was either
weak or absent in peritubular capillaries of mouse kidney. For the studies, apoptotic cells
were differentiated from necrotic cells by staining with 7-amino-actinomycin D according to
the directions of the manufacturer. Data are expressed as a percentage of the podocalyxin
positive cell population by dividing the number of apoptotic podocalyxin positive cells by
the total number of podocalyxin positive cells and expressing the resulting number as a
percentage.

Statistical analysis
Data presented as the mean ± standard error of the mean (SEM) and statistical analyses were
performed using the InStat computer program (GraphPad Sofware, Inc.). For comparison of
continuous variables, a test of normality was performed (Kolmogorov–Smirnov test) prior to
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assessing statistical significance using the following statistical methods: 1. T-test for
variables passing the normality test [28], or 2. Mann-Whitney test for variables that were not
normally distributed [28]. For comparisons between more than two groups, statistical
analysis included either: 1. A one way Analysis of variance (ANOVA) followed by a
Bonferonni multiple comparisons post test for normally distributed variables [28], or 2. A
Kruskal-Wallis test followed by a Dunn multiple comparisons post test for variables that
were not normally distributed [28].

Results
Creation of CD TG mice

For the experiments, we utilized the Tet-On system, which has been successfully used by
this laboratory for inducible transgene expression [20]. We utilized the inducible approach
because, in future experiments, this strategy would permit targeting inducible expression of
CD to other renal or extrarenal tissues using available Tet-On or Tet-Off mice [29]. The
doxycycline inducible system requires two TG mice for podocyte specific expression. As
shown in Figure 1A, the first TG animal expresses the reverse tetracycline-controlled
transcriptional activator (rtTA) under the control of the human podocin (NPHS2) promoter
[21]. The second TG mouse expresses CD under the control of tet operator sequence (tetO)
and a minimal CMV promoter (PminCMV) [21]. By breeding the two TG mice, animals are
obtained that express both transgenes. In these “double” TG mice, treatment with
doxycycline induces CD expression.

For the experiments, two independent CD TG lines were established that expressed the
transgene in an inducible fashion. Experimental results were similar using the progeny from
these independent lines. Figure 1B shows inducible expression of the HA-tagged CD
transgene by immunoblotting for the HA tagged CD enzyme using glomerular preparations
from “double” TG mice (CD and rtTA transgenes) as well as “single” TG mice (CD or rtTA
transgenes) and non-TG controls treated with doxycycline. The CD protein was detectable
by immunoblotting in “double” TG mice but not in “single” TG or non-TG mice (upper
panel). In the absence of doxycycline, the CD protein was not detectable in either non-TG,
“single” TG or “double” TG mice (Figure 1B, lower panel).

Figure 1C shows tissue specific expression of the CD transgene by RT-PCR using mRNA
prepared from mice treated doxycycline. As shown in the top panel, a RT-PCR product of
the appropriate size was detected in both kidney cortex and isolated glomerular preparations
from “double” TG mice. No CD RT-PCR products were detected in other tissues from the
“double” TG mice. In the lower panel, no RT-PCR products were detected in this “single”
TG CD mouse lacking the rtTA transgene. The control GAPDH RT-PCR reaction confirmed
that the reverse transcriptase reaction was successful in the tissues examined. Expression of
CD was: 1. Not detectable by RT-PCR in any of the tissues from other doxycycline treated
“single” TG mice or non-TG controls, and 2. Not detectable by RT-PCR in “double” TG
mice in either the absence of doxycycline treatment or in the absence of a RT reaction in
doxycycline treated animals.

We next determined cell specific expression of the transgene. For these studies, tissue
sections were stained for expression of the HA tagged CD transgene (rhodamine) and the
podocyte marker synaptopodin (fluorescein). As shown in the middle panel of Figure 1D
and 1E, only synaptopodin was detected in “single” TG CD mice treated with doxycycline
as well as in “double” TG CD mice in the absence of doxycycline treatment. Similar results
were seen in rtTA “single” TG mice and non-TG controls in the presence of doxycycline. In
contrast, Figure 1F shows that both the HA epitope and synaptopodin were detected in
“double” TG mice treated with doxycycline. Merging the two images suggested that the HA
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epitope and synaptopodin shared a similar cellular distribution in doxycycline-treated
“double” TG mice.

Effect of treatment with 5-FC on albuminuria and proteinuria
We next determined the effect of 5-FC treatment on albuminuria and proteinuria. For these
studies, “double” TG mice were treated with doxycycline or vehicle (sucrose water) and
then continued on doxycycline or vehicle while mice received 5-FC at dosages of either 100
or 500mg/kg/day as described in the Methods Section. Control mice were treated in an
identical fashion with doxycycline and 500mg/kg/day 5-FC. Twenty-four hour urine
samples were collected at baseline and 1–2, 4–6 weeks and 8–10 weeks after treatment with
5-FC was completed. As shown in Figure 2A and 2B, treatment with 5-FC caused graded
increases in both albuminuria and proteinuria at the 1–2 week time point in “double” TG
mice compared to controls (non-TG and “single” TG mice). This increase in urinary
albumin and protein excretion returned toward baseline by the 4–6 and 8–10 week time
points. In the absence of doxycycline treatment, treatment with 500mg/kg 5-FC had no
significant effect on albuminuria or proteinuria in “double” TG mice. A similar albuminuria
pattern was observed when the data was expressed as micrograms albumin per milligram
creatinine (Table 1). Serum albumin and BUN levels are shown in Table 2 1–2 weeks after
treatment with 5-FC. There was trend toward an increase in BUN levels and a decrease in
albumin levels in “double” TG mice treated with 500mg/kg 5-FC compared to controls but
these differences did not reach statistical significance.

Effect of treatment with 5-FC on glomerular histomorphology
Light microscopic examination of kidney sections revealed minimal histopathologic
abnormalities (Figure 3A and 3B). Transmission electron microscopy (TEM), however,
revealed prominent foot process (FP) effacement in “double” mice treated with doxycycline
and 500-mg/kg/day dosages of 5-FC (Figure 3C). As shown in Figure 3D, focal areas of
glomerular basement membrane (GBM) duplication were observed in some animals at the 2-
week time point. Ten weeks after treatment with 5-FC, light microscopic studies were
normal in most animals but a few of the “double” TG mice treated with both doxycycline
and 5-FC (20%) developed focal areas of glomerulosclerosis (Figure 3E, 3F and 3G). To
assess podocyte apoptosis, podocyte nuclei were labeled by TUNEL (rhodamine) as well as
stained with a WT1 antibody (fluorescein). Apoptotic podocytes were detected by co-
localization of WT1 and TUNEL stained nuclei. Using this methodology, we were unable to
detect podocyte apoptosis at either the 2-week or 10-week time point. We, therefore, studied
a separate group of “double” TG mice treated with doxycycline and either 500-mg/kg/day 5-
FC or vehicle while the doxycycline was continued. Kidneys were the harvested 2–4 days
after the first dose of 5-FC or vehicle. In these mice, a few apoptotic podocytes were
detected in “double” TG mice treated with both doxycycline and 5-FC (Figure 3H, 3I, and
3J). In contrast, apoptotic podocytes were never detected in any of the “double” TG controls
treated with doxycycline and vehicle.

To better quantitate the apoptotic response to 5-FC, we used flow cytometry to identify
podocytes in cell suspensions prepared from renal cortex as described in the Methods
Section. As shown in Figure 4A, a small population of cells (4.2 ± 0.67%) expressed high
levels of the podocyte marker podocalyxin. In controls treated with both doxycycline and
500mg/kg/day 5-FC, there were a few apoptotic podocalyxin positive cells detected (1.6 ±
0.39%), perhaps as a result of the methodology used to prepare of the cell suspensions
(Figure 4B). In “double” TG mice treated in an identical fashion, there was a significant
increase in the percentage of apoptotic cells detected (12.6 ± 2.3%: P<0.001). The number
of apoptotic podocalyxin positive cells was similar to controls in “double” TG mice treated
with 5-FC in the absence of doxycycline treatment (2.0 ± 0.8%).
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As an additional method to assess apoptosis, immunoblotting was performed using
glomerular preparations and an antibody to cleaved caspase 3. Caspase 3 is a critical
executioner of apoptosis and its activation requires proteolytic processing into an active
17kD fragment [30]. As shown in Figure 4C, the 17kD fragment was detected in glomerular
preparations from a few “double” TG mice treated with both doxycycline and 5-FC. The
cleaved caspase 3 fragment was not detected in glomerular preparations from control
animals treated in an identical fashion.

Effect of treatment with 5-FC on podocyte number
To determine if treatment with 5-FC caused podocyte depletion, podocyte nuclei were
quantitated as described in the Methods Section, and data were expressed as the average
number of podocyte nuclei per glomerular profile. Figure 5A and 5B show representative
WT1 stained images from “double” TG and control mice, respectively, 2 weeks after
treatment with 500mg/kg 5-FC. Figure 5C shows a representative WT1 stained image from
“double” TG mice 10 weeks after 5-FC treatment, and Figure 5D shows quantitation of
podocyte number at the indicated time points. Two weeks after 5–FC treatment, podocyte
number was significantly reduced in a graded fashion in “double” TG mice treated with
either 100 or 500 mg/kg 5-FC but not in control mice treated with 500mg/kg/5-FC. By the
8–10 week time point, however, podocyte number in “double” TG mice was not
significantly different from controls. WT1 staining was not detected outside the glomerular
tuft. To determine if expression of WT1 protein and mRNA levels followed a similar
temporal pattern, we quantitated WT1 expression by both Q-RT-PCR and immunoblotting
using either mRNA or protein lysates prepared from enriched glomerular preparations
(Figure 5E and 5F). Data in Figure 5F are expressed relative to control mice at each time
point. Both mRNA and protein for WT1 were decreased 1–2 weeks after treatment with 5-
FC. By the 8–10 week time point, however, WT1 mRNA levels were significantly
increased. WT1 protein levels also tended to be increased at the 8–10 week time point but
this difference did not reach statistical significance.

A few studies suggest that podocytes may reenter the cell cycle and proliferate [31,32]. To
examine this possibility, we stained cell nuclei with the podocyte marker WT1 and a nuclear
marker of cells that have reentered the cell cycle (the Ki-67 antigen) [23] using 2 different
Ki-67 antibodies and examining multiple time points after treatment with 5-FC. We were,
however, unable to detect any nuclei that expressed both WT1 and Ki-67 although we did
detect Ki-67 staining in a few renal tubular cells (data not shown).

Expression of glomerular mRNAs and proteins
To determine if mRNAs expressed predominantly by podocytes in the kidney [33–36] were
altered in a temporal pattern similar to WT1, we performed Q-RT-PCR using a panel of
previously described primer pairs [26] for nephrin, podocin, synaptopodin and podocalyxin.
Data were expressed relative to control mice at each time point (relative expression in
control mice is 1.0). As shown in Figure 6A, the temporal expression pattern suggested that
mRNAs expressed predominantly by podocytes were decreased 1–2 weeks after treatment
with 5-FC and were increased at the 8–10 weeks time point compared to controls. As a
control, we also performed Q-RT-PCR using primer pairs for the mRNAs CD2 adapter
protein (CD2-AP) and α-actinin 4. Both CD2-AP and α-actinin 4 are implicated in
glomerular disease pathogenesis but, unlike nephrin, podocin, synaptopodin and
podocalyxin, are expressed in many cell types within the kidney [37–40]. There was little
change in expression of the mRNAs for either CD2-AP (0.85 ± 0.16 [1–2 weeks] vs 0.94 ±
0.36 [8–10 weeks] relative expression; P = NS) or α-actinin 4 (0.83 ± 0.11 [1–2 weeks] vs
1.24 ± 0.23 [8–10 weeks] relative expression; P = NS).
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We next investigated expression of the podocyte proteins nephrin and synaptopodin by
immunoblotting. As shown in Figure 6B and Table 3, both nephrin and synaptopodin levels
were significantly decreased at the 1–2-week time point and, unlike the mRNA levels,
tended to remain depressed at the 8–10 week time point.

Discussion
In the present studies, we found that treatment with the prodrug 5-FC caused graded
increases in albuminuria and proteinuria after transgene induction, which was associated
with graded decreases in the number of glomerular podocytes. Light microscopic changes
were minimal at the 2-week time point but, ultrastructural examination revealed extensive
foot process effacement and focal duplication of the GBM. By the 10-week time point,
albuminuria and proteinuria had returned to baseline and a few mice had developed focal
glomerulosclerosis. Moreover, at this 10-week time point, podocyte number was not
significantly different from control animals. These findings, taken together with published
studies [15,18,41], support the notion that the glomerulus has a significant capacity for
repair after a discrete, podocyte depleting injury.

A reduction in the number of glomerular podocytes is observed in both animal models and
human kidney diseases [3,5–15]. Because podocytes are thought to have a limited capacity
for replication [3,16], some investigators contend that podocytes which are lost cannot be
effectively replaced, causing instability of the glomerular tuft and glomerulosclerosis [3].
Accumulating evidence, however, suggests that, in some disease processes, podocytes may
reenter the cell cycle and proliferate [31,32,41]. To examine this possibility, we stained cell
nuclei with the podocyte marker WT1 and a nuclear marker of cells that have reentered the
cell cycle (the Ki-67 antigen) [23]. We were, however, unable to detect any nuclei that
expressed both WT1 and Ki-67. More recently, several laboratories have suggested that the
glomerulus contains a population of renal progenitor cells [17–19] that can be induced to
differentiate toward either podocyte or renal tubular cell lineages [18,19]. Moreover, this
progenitor cell population has some capacity to repopulate the glomerulus with podocytes
following glomerular injury [18]. While additional studies will be necessary to elucidate
mechanisms, it is possible that this renal progenitor cell population played a role in
replenishing the glomerulus with podocytes after treatment with 5-FC in the current study.

We also found that depletion of glomerular podocytes was also associated with alterations in
expression of podocyte mRNAs (Figure 5A) in a temporal fashion that was similar to the
tempo of changes in podocyte number. It is possible that these mRNA changes simply
reflect alterations in the number of glomerular podocytes. Alternatively, podocytes may
undergo a phenotypic change associated with decreased expression of podocyte specific
proteins [31,32,42]. In support of this hypothesis, we found that that both nephrin and
synaptopodin remained depressed 8–10 weeks after treatment with 5-FC (Figure 5B) despite
recovery of podocyte number by this time point. The loss of podocyte WT1 expression at
the 1–2 week time point might, therefore, reflect a loss of differentiation markers and not
podocyte depletion per se. We did, however, observe apoptosis of glomerular podocytes
suggesting at a portion of the podocyte population is lost following treatment with 5-FC.
Whether or not this podocyte loss represents a significant percentage of the viable podocytes
will require additional study. As mentioned above, one possibility is that a population of
renal progenitor cells replenishes the glomerular podocyte population after a podocyte
depleting injury [17–19,43]. In this scenario, podocyte depletion mobilizes a population of
renal stem cells [17–19] that repopulates the glomerulus and acquires podocyte
characteristics which, in turn, alters the profile of mRNAs expressed within the glomerulus.
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Lastly, podocyte depletion was induced in the current experiments by expressing the yeast
enzyme CD specifically in podocytes using a doxycycline inducible strategy. This approach
has several advantages compared to other strategies in which transgene expression is
constitutive [7,44–47]. First, the level of transgene expression can be modulated using
different doxycycline dosages [21]. Investigators could, therefore, titrate the level of
transgene expression to optimize the amount of cellular injury induced following treatment
with 5-FC. Secondly, this strategy could be used to target inducible expression of CD to
other renal or extrarenal tissues using available Tet-On or Tet-Off mice [29]. Thus, this
strategy would permit the animal model to be more broadly applicable to the research needs
of a wide variety of investigators. Despite these advantages, one disadvantage is that this
approach requires 2 TG animals, which complicates studies using multiple genetically
modified mice. As an alternative strategy, we also created TG lines in which CD was
targeted specifically to podocytes using the human podocin (NPHS2) promoter [21]. Initial
studies with these TG mice were promising. Unfortunately, these initial founder lines are no
longer available and, although we are currently creating additional founder animals, these
studies are still in their preliminary stages.

In summary, we found that expression of the yeast enzyme CD specifically in glomerular
podocytes and treatment with the prodrug 5-FC caused graded degrees of albuminuria and
proteinuria. Podocyte loss was associated with FP effacement and duplication of the GBM
but minimal histopathological alterations by light microscopic examination. Enhanced
albuminuria and abnormalities in glomerular ultrastructure were associated with a decrease
the number of glomerular podocytes. This decrease in podocyte number was, however,
reversible and was accompanied by resolution of both albuminuria and proteinuria, although
some mice developed focal areas of glomerulosclerosis. These data suggest that: 1. The
kidney has a significant capacity for glomerular repair following a podocyte depleting
injury, and 2. This new mouse model may be useful for investigating repair mechanisms in
glomerular disease processes.
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Figure 1.
Creation of CD TG mice and induction of the transgene. Panel A shows the inducible TG
strategy using the doxycycline inducible Tet-On system. Two TG mice are required for
podocyte specific expression. The first TG animal expresses rtTA under the control of the
human podocin (NPHS2) promoter. In the second TG mouse, expression of CD is driven by
tetO and PminCMV (see text for details). In mice that express both transgenes, treatment
with doxycycline induces expression of the HA tagged CD protein. In panel B, induction of
the transgene by doxycycline was investigated by immunoblotting for the HA epitope in
non-TG mice, “single” TG mice (rtTA or CD) and “double” TG mice (rtTA and CD) in the
presence of doxycycline or vehicle (5% sucrose water). Transgene was induced by
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doxycycline in “double” TG mice but not in control mice (upper panel). Transgene
expression was not detectable by immunoblotting in the absence of doxycycline (lower
panel). β-actin was used as a loading control. In panel C, tissue specific expression of the
transgene was investigated by RT-PCR in “double” TG mouse and a “single” TG CD mouse
as indicated after treatment with doxycycline using transgene specific primers. The CD RT-
PCR product was detected in both kidney cortex and isolated glomerular preparations from
“double” TG mice. No CD RT-PCR products were detected in other tissues from the
“double” TG mice (top panel) or any tissues of the “single” TG CD mouse (lower panel).
The GAPDH control confirmed that the RT reaction was successful in the tissues examined.
B, H, Li, Lu S, M, G, K, G are brain, heart, liver, lung, spleen, muscle (skeletal), kidney
cortex and glomeruli, respectively. In panels D, E and F, tissue sections were stained for
expression of the HA tagged CD transgene and the podocyte marker synaptopodin. As
shown in panel D, synaptopodin, but not the HA epitope, was detected in this “single” TG
CD mouse treated with doxycycline. Similarly, synaptopodin, but not the HA epitope, was
detected in this “double” TG CD mouse in the absence of doxycycline treatment (Panel E).
In contrast, both the HA epitope and synaptopodin were detected in “double” TG mice
treated with doxycycline (Panel F). When the two images are merged the HA epitope and
synaptopodin had a similar cellular distribution in the “double” TG mouse.
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Figure 2.
Effect of 5-FC on albuminuria and proteinuria. In panel A and B, albuminuria and
proteinuria, respectively, were measured at the indicated time points. Treatment with 5-FC
caused graded increases in both albuminuria and proteinuria 1–2 weeks after 5–FC
treatment. By the 8–10 week time point, however, albuminuria and proteinuria had returned
toward baseline. In the absence of doxycycline, treatment with 5-FC had no significant
effect on either albuminuria or proteinuria in “double” TG CD mice. Albuminuria data is
presented in a log scale. Sixteen to 26 mice were studied in each group and data was
analyzed using a Kruskal-Wallis test followed by a Dunn multiple comparisons post test.
*P<0.01 vs baseline, †P<0.01 vs controls, ‡P<0.05 vs 100mg/kg/day “double” TG mice,
ƒP<0.05 vs baseline, **P<0.05 vs controls, §Not done
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Figure 3.
Glomerular pathology. Panels A and B show light microscopic sections from a “single” TG
CD mouse and a “double” TG mouse, respectively, 1–2 weeks after treatment with
doxycycline and 500mg/kg/day 5-FC. Glomerular histopathology was similar in “double”
TG mice and controls 1–2 weeks after treatment with 500mg/kg/day 5-FC at the light
microscopic level. Panels C and D show glomerular ultrastructural from a “double” TG
mouse treated with doxycycline and 500mg/kg/day 5-FC 1–2 weeks after treatment with 5-
FC. Transmission electron microscopy (TEM) revealed prominent FP effacement (panel C,
arrowheads) and focal areas of GBM duplication (panel D, arrows). Panels E, F and G show
light microscopic studies from a control mouse and “double” TG mice 10 weeks after
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treatment with both doxycycline and 500-mg/kg/day 5-FC. A few of the “double” TG mice
developed focal areas of glomerulosclerosis (arrows). Panels H, I and J are images from a
“double” TG mouse during treatment with both doxycycline and 500-mg/kg/day 5-FC. In
panel H (left panel), we assessed podocyte apoptosis in tissue sections by TUNEL using a
commercially available kit (rhodamine tag). In panel I (middle panel), tissue sections were
also stained with an antibody to WT1, which specifically stains podocyte nuclei (fluorescein
tag). Podocyte apoptosis was assessed by co-localization of TUNEL stained nuclei with
WT1 (Panel J). A few apoptotic podocytes were detected in “double” TG mice treated with
both doxycycline and 5-FC. In contrast, no podocyte apoptosis was observed in control mice
treated with doxycycline and vehicle.
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Figure 4.
Quantitation of podocyte apoptosis. Podocytes in cell suspensions of kidney cortex were
identified by staining for podocalyxin. As shown in Panel A, a small population of cells
stained with the podocalyxin antibody. In controls treated with both doxycycline and
500mg/kg/day 5-FC, a few apoptotic podocytes were detected, perhaps caused by the
procedure used to prepare the cell suspensions (Figure 4B). In “double” TG mice treated in
an identical fashion, there was a significant increase in the percentage of apoptotic
podocytes detected. In panel C, the active 17kD caspase 3 fragment is detected by
immunoblotting in glomerular preparations from “double” TG mice treated with both
doxycycline and 5-FC but not in glomerular preparations from control animals treated in an
identical fashion. In panel B, 7 controls and 7 “double” TG mice (CD++) were studied at
each time point (CD++ vs controls; P<0.001). In panel C, similar results were observed in 3
experiments.
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Figure 5.
Restoration of podocyte number after a podocyte depleting injury. Frozen tissue sections
were stained with both a WT1 antibody (fluorescein) to stain podocyte nuclei as described in
the Methods Section. Panels A and B show representative tissues sections from a “double”
TG mouse and a “single” TG CD mouse, respectively, 2 weeks after treatment with
doxycycline and 500mg/kg/day 5-FC. Panel C shows a representative tissue section from a
“double” TG mouse 10 weeks after treatment with doxycycline and 500mg/kg/day 5-FC.
The dashed lines delineate two glomerular tufts in each tissue section. Panel D shows the
number of podocytes per glomerular profile for control mice and “double” TG mice at the
indicated time points after treatment with doxycycline and the either 100 mg/kg/day or
500mg/kg/day 5-FC as indicated. Treatment with 5-FC induced a graded decrease in
podocyte number in “double” TG mice 2 weeks after 5-FC treatment. By the 8–10 weeks
time point, however, podocyte number was not significantly different in “double” TG mice
treated with either 100 or 500 mg/kg/day 5-FC compared to control animals. Panel E shows
WT1 protein levels by immunoblotting of enriched glomerular preparations. Panel F shows
quantitation of WT1 mRNA by Q-RT-PCR as well as quantitation of WT1 mRNA levels by
densitometry. Data are expressed relative to control mice at each time point (relative
expression in control mice is 1.0). As shown in panels E and F, both mRNA and protein for
WT1 were decreased 1–2 weeks after treatment with 5-FC. By the 8–10 week time point,
however, WT1 mRNA levels were significantly increased. The WT1 protein levels also
tended to be increased but this difference did not reach statistical significance. Actin was
used as a loading control. *P<0.01 vs control mice 2 weeks after 5-FC treatment, †P<0.05 vs
“double” TG mice 2 weeks after treatment with 100mg/kg/day 5-FC, **P<0.01 vs “double”
TG mice 2 weeks after treatment with 100mg/kg/day, §P<0.01 vs “double” TG mice 2
weeks after treatment with 500mg/kg/day, ‡P<0.025 vs control mice, ƒP<0.05 vs control
mice
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Figure 6.
Temporal expression of podocyte mRNAs and proteins. Glomerular mRNA was prepared
from control and “double” TG mice treated with both doxycycline and 500 mg/kg/day 5-FC
at either the 1–2 week or 8–10 week time points. Real time quantitative PCR was then
performed using primer pairs specific for the indicated mRNAs. Data for “double” TG mice
were expressed relative to the control group (relative expression in control mice is 1.0). As
shown in Panel A, nephrin and podocin mRNAs in the “double” TG mice were significantly
downregulated at the 1–2 week time point compared to controls. In contrast, at the 8–10
week time point, nephrin and podocalyxin mRNAs were significantly upregulated in the
“double” TG mice compared to control animals. As shown in Panel B and Table 3, both
nephrin and synaptopodin protein levels were significantly decreased at the 1–2-week time
point and, unlike the mRNA levels, tended to remain depressed at the 8–10 week time point.
For the mRNA studies, 7 to 11 mice per group were studied at each time point. For the
immunoblotting studies, 6 mice were studied per group. *P<0.05 vs controls, †P<0.01 vs
control
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Table 1

Albuminuria (micrograms albumin/milligram creatinine)

Baseline 1–2 weeks 4–6 weeks

Controls (Doxycycline & 500mg/kg 5FC) 47 ± 5 51 ± 11 65 ± 6

“Double” TG (Doxycycline & 100mg/kg 5FC) 59 ± 7 767 ± 485*† 114 ± 20

“Double” TG (Doxycycline & 500mg/kg 5FC) 41 ± 7 7565 ± 5134‡ 122 ± 20*

6–13 mice were studied per group and data was analyzed using a Kruskal-Wallis test followed by a Dunn multiple comparisons post test, some
urine samples analyzed in in Figure 3 were not available for the measurements,

*
P<0.05 vs baseline,

†
P<0.01 vs controls,

‡
P<0.001 versus either baseline or controls
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Table 2

Serum chemistry values in controls and “double” TG mice

Group Controls* “Double” TG*

BUN (mmol/L) 8.57 ± 0.89 11.42 ± 1.96

Albumin (g/L) 25.0 ± 1.3 22.5 ± 2.1

10–12 mice were studied per group, *controls and “double” TG mice were treated with both doxycycline and 500mg/kg/day 5-FC
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Table 3

Effect of 5-FC on expression of the podocyte proteins nephrin and synaptopodin

Group

Densitometry units

Nephrin/Actin Synaptopodin/Actin

Controls* “Double” TG* Controls* “Double” TG*

2 weeks after treatment 0.51 ± 0.044 0.34 ± 0.003* 0.46 ± 0.033 0.31 ± 0.053*

8 weeks after treatment 0.56 ± 0.007 0.40 ± 0.019* 0.48 ± 0.047 0.37 ± 0.020

6 mice were studied per group, *controls and “double” TG mice were treated with both doxycycline and 500mg/kg/day 5-FC,

*
P<0.05 versus controls
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