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staining of PAX2 (parietal epithelial cell marker), WT-1 (podo-

cyte cell marker), and Ki-67 (proliferation marker) were per-

formed on kidney tissues.  Results:  Compared to diseased 

animals receiving vehicle, ATRA statistically significantly in-

creased the number of glomerular transition cells, defined as 

cells double-staining for PAX2 and WT-1, in membranous ne-

phropathy at weeks 2, 5 and 16, and in FSGS at weeks 1 and 

2. This was accompanied by an increase in the number of 

podocytes compared to diseased controls receiving vehicle. 

 Conclusion:  ATRA increases the number of glomerular epi-

thelial transition cells in experimental proteinuric glomeru-

lar diseases. Thus, ATRA may provide a useful pharmacolog-

ic approach to decipher the mechanisms underlying the 

possible progenitor role of parietal epithelial cells. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Podocytes are terminally differentiated glomerular 
epithelial cells, and therefore are unable to proliferate ad-
equately to replace those lost in several glomerular dis-
eases  [1] . Reduced podocyte number directly underlies 
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 Abstract 

  Background/Aims:  A decrease in glomerular podocyte 

number in membranous nephropathy and focal segmental 

glomerulosclerosis (FSGS) ultimately underlines glomerulo-

sclerosis and the decrease in kidney function. Recent studies 

have shown that in these diseases, glomerular parietal epi-

thelial cells begin to express proteins considered unique to 

podocytes, and that these glomerular epithelial transition 

cells might serve as podocyte progenitors. Because retinoids 

improve many forms of experimental glomerular disease 

characterized by podocyte injury and loss, we asked if all-

trans retinoic acid (ATRA) induces parietal epithelial cells to 

express podocyte proteins.  Methods:  ATRA or vehicle was 

administered to rats with experimental membranous ne-

phropathy (passive Heymann nephritis model) and mice 

with experimental FSGS (anti-glomerular antibody model) 

following the onset of proteinuria. Immunohistochemistry 
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the development of proteinuria and progressive glomeru-
losclerosis  [2, 3] . Several recent lines of evidence suggest 
that glomerular parietal epithelial cells (PECs) may serve 
as progenitor cells for podocytes, as a possible repair 
mechanism to replace any decrease in podocyte number. 
Appel et al.  [4]  used a PEC-specific reporter mouse to 
show that PECs give rise to podocytes in immature mice. 
Sagrinati et al.  [5]  and Ronconi et al.  [6]  showed that nor-
mal PECs express progenitor markers, and using a cell 
therapy approach, showed improved disease outcomes 
in an experimental mouse model. We, and others, have 
shown in certain experimental glomerular diseases and 
in aging nephropathy that PECs begin to express proteins 
considered specific for podocytes such as WT-1 and syn-
aptopodin  [7, 8] . Some have called these glomerular epi-
thelial transitional cells, although there are no reports yet 
showing that this subpopulation of PECs become func-
tional podocytes.

  To our knowledge, the mechanisms underlying how 
PECs begin to express podocyte proteins are not well un-
derstood, nor do we understand how the number of cells 
doing so increase. While several candidates are likely, we 
focused our current studies on the vitamin A derivative 
all-trans retinoic acid (ATRA) for the following reasons. 
First, ATRA is a potent inducer of differentiation in cer-
tain non-renal epithelial cells  [9–11] . Second, Ronconi et 
al.  [6]  used ATRA in the cell culture media to promote 
PEC differentiation towards the podocyte lineage. Third, 
we and others have shown that ATRA enhances podocyte 
recovery in disease, although the mechanisms are not 
well delineated  [12–16] . Finally, ATRA also enhances 
podocyte differentiation in cultured cells  [3, 13] .

  The purpose of this study was to determine if ATRA 
increased the number of glomerular epithelial transition 
cells (defined as cells expressing a PEC and a podocyte 
protein) in two models of experimental glomerular dis-
ease characterized by reduced podocyte number. 

 Materials and Methodology 

 Animal Models 
 Passive Heymann Nephritis Model of Experimental 
Membranous Nephropathy 
 The passive Heymann nephritis (PHN) model of membranous 

nephropathy has been well characterized by our group and others 
 [17, 18] . The study was designed to answer two questions ( fig. 1 A): 
First, does ATRA impact the number of glomerular transition 
cells in disease? Second, if so, was this impacted by the timing of 
when ATRA was first administered (i.e. early vs. late in the course 
of disease)?

  PHN was induced in male Sprague-Dawley rats (Charles Riv-
er), weighing 300–350 g, with intraperitoneal injection of sheep 
anti-rat tubular fraction 1a (Fx1a) antibody (1 ml/200 g BW) as 
previously described  [2] . Rats were housed in the animal care fa-
cility of the University of Washington under standardized patho-
gen-free conditions (25   °   C, 50% humidity, 12:   12-hour light-dark 
cycle) with food and water available ad libitum. Urinary protein 
was measured (see method below) on all rats at day 5, the time by 
when proteinuria has typically developed. Rats were excluded 
from the study if they did not develop proteinuria by day 5. A to-
tal of 22 age- and weight-matched PHN rats were included. Of 
these proteinuric PHN rats, rats were randomly assigned as fol-
lows: 17 were given the vehicle DMSO (5 times weekly intraperi-
toneal injection of DMSO 15 mg/kg); 5 PHN rats were randomly 
assigned to start immediately on ATRA (5 times weekly intra-
peritoneal injection of ATRA 16.6 mg/kg) to determine if the ear-
ly onset of ATRA treatment had an effect on glomerular epithe-
lial transition cells. These animals are referred to as ‘early treated’ 
rats. All 5 ATRA-treated PHN rats underwent a survival biopsy 
after 7 days of treatment, and all were sacrificed at 5 weeks. Of the 
DMSO-treated PHN group, 5 were randomly assigned to undergo 
a survival biopsy  [19]  1 week after DMSO initiation. These rats 
were continued on DMSO until week 5 at which time they were 
sacrificed.

  Thus, by week 5, twelve DMSO-treated PHN rats remained in 
the study. To determine the impact of beginning ATRA therapy 
at this later stage of advanced disease, 6 of these DMSO-treated 
PHN rats were randomly assigned to receive ATRA (5 times first 
week and 3 times weekly followed by intraperitoneal injection of 
ATRA 5 mg/kg), and 6 to remain on DMSO for a total of another 
10 weeks. The ‘late-treatment’ animals were sacrificed at week 16.

  Because of concerns regarding the half-life of ATRA, ‘fresh’ 
ATRA was reconstituted on the day of each injection, and ATRA 
was given repeatedly throughout the week.

  Although the primary purpose of this study was to determine 
if ATRA altered the number of glomerular epithelial transition 
cells in PHN rats compared to a disease group receiving the ve-
hicle DMSO, two additional groups of nondiseased control rats 
were included as follows. In order to have baseline data to com-
pare the effect of DMSO on disease outcomes, 11 age-matched 
Sprague-Dawley male rats received normal sheep serum (used as 
a control for the sheep Fx1a antibody). Of these, 6 normal sheep 
serum-injected control rats were randomly sacrificed at week 1, 
coinciding with the initiation of early treatment of ATRA or 
DMSO to PHN rats. They served as the control baseline for the 
early-treatment rats. Because of the potential concern regarding 
the effect of age and weight changing on outcomes, the remaining 
5 normal sheep serum-injected controls were sacrificed at week 
16, and served as controls for the late-treatment rats.

  Mouse Model of Experimental Focal Segmental 
Glomerulosclerosis ( fig. 1 B) 
 We have previously reported that giving mice the sheep anti-

glomerular antibody used in this study (�glom) leads to features 
consistent with classic focal segmental glomerulosclerosis (FSGS), 
namely reduced podocyte number, focal glomerulosclerosis and 
proteinuria  [18] . Accordingly, C57BL6 mice were given sheep an-
ti-glomerular antibody (0.3 ml/20 g BW, for 2 consecutive days) 
 [3]  to induce experimental FSGS. On day 3 of disease, 10 age- and 
weight-matched mice were randomly assigned to receive either 
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  Fig. 1.  Animal models.  A  Twenty-two rats 
with the PHN model of experimental 
membranous nephropathy were separated 
into two groups. Early-treatment rats were 
randomized to receive ATRA or DMSO, 
followed by a survival biopsy (Bx) at 2 
weeks and sacrificed at 5 weeks. Late-
treatment rats were randomly switched to 
ATRA or kept on DMSO after 5 weeks, and 
sacrificed at 16 weeks. Eleven rats injected 
with normal sheep serum served as non-
diseased controls, 6 of them were sacri-
ficed at day 6 for baseline data, and the re-
maining 5 left for 16 weeks, to match the 
age and weight of disease animals.  B  Ex-
perimental FSGS was induced in 20 mice, 
which were randomized to initiate ATRA 
or corn oil treatment. Five in each group 
were randomly sacrificed at weeks 1 and 2. 
Five mice injected with normal sheep se-
rum served as control, which were sacri-
ficed at week 1. 
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ATRA (daily intraperitoneal injection of ATRA 16.6 mg/kg), and 
the remaining 10 diseased mice were randomly assigned to re-
ceived vehicle (corn oil, 30–60  � l). On day 7 of disease, 5 animals 
from the ATRA group and 5 from the vehicle group were ran-
domly selected for urine measurement, and then sacrificed. The 
remaining 5 animals in each group continued to receive either 
ATRA or vehicle. On day 14, urine was collected from all, followed 
by sacrifice. These kidney samples are from our previously pub-
lished data  [3] . Although the primary purpose of the study was to 
compare ATRA versus vehicle in FSGS mice, a group of nondis-
eased control mice received normal sheep serum (n = 5) to serve 
as a baseline for comparison for the vehicle-treated disease group. 
These animals were also sacrificed at day 7.

  Urine Collection and Urine Protein Assay 
 Rats were placed into individual metabolic cages overnight 

and spontaneously voided urine was collected for 12 h prior to 
disease induction, on day 5 prior to ATRA or DMSO administra-
tion, and at each time prior to survival biopsy or sacrifice. Urine 
protein was determined using the sulfosalicylic acid method  [20]  
and urine creatinine was determined using a colorimetric micro-
plate assay (Oxford Biomedical Research, Oxford, Mich., USA 
and Cayman Chemical Co., Ann Arbor, Mich., USA), as we have 
previously reported  [21] .

  Immunohistochemistry Staining 
 Double Immunohistochemistry Staining Methods 
 To identify and quantitate the number of glomerular epithe-

lial cells that express both podocyte and PEC proteins (defined as 
glomerular transition epithelial cells), double staining was per-
formed. Indirect immunoperoxidase staining was performed on 
4- � m-thick section kidney biopsies fixed in formalin and embed-
ded in paraffin as we have previously reported  [8] . In brief, paraf-
fin was removed using Histoclear (National Diagnostics, Atlanta, 
Ga., USA), and sections were rehydrated in ethanol. Antigen re-
trieval was performed by boiling sections in the microwave in 
1 m M  EDTA, pH 6.0. Endogenous peroxidase activity was 
quenched with alkaline phosphatase/horseradish peroxidase 
block (BioFX Laboratories, Owings Mills, Md., USA). Nonspe-
cific protein binding was blocked with background buster (Ac-
curate Chemical & Scientific, Westbury, N.Y., USA). After the 
blocking steps described above, tissue sections were incubated 
overnight at 4   °   C with the primary antibodies. The following pri-
mary antibodies were used: rabbit anti-rat paired box gene 2 
(PAX2, PEC nuclear protein) polyclonal antibody (Zymed Labo-
ratories, South San Francisco, Calif., USA) and rabbit anti-WT-1 
(WT-1, podocyte nuclear protein) polyclonal antibody (Santa 
Cruz Biotechnology, Santa Cruz, Calif., USA).

  Staining with antibody to PAX2 was performed first. The 
method for PAX2 staining was identical to the single staining 
methods we reported previously  [8] , and was visualized with the 
Vector SG substrate kit, with positive cells being a bluish-gray 
color (Vector). Following SG substrate color development block-
ing steps were performed. Because both of the antibodies being 
used were developed in rabbits, an anti-rabbit IgG antibody Fab 
fragment (Jackson ImmunoResearch, West Grove, Pa., USA) was 
used to saturate all the binding sites created during the first set of 
staining. In addition, peroxidase activity derived from the first set 
of staining was also blocked using alkaline phosphatase/horse-
radish peroxidase block (BioFX Laboratories). Next, a second set 

of staining was performed for WT-1. A rabbit-on-rodent AP-poly-
mer kit (Biocare Medical) was used for additional blocking and 
substitutive secondary antibody according to the manufacturer’s 
protocol. Staining was visualized with the Warp Red chromogen 
kit, red color (Biocare Medical).

  Single Staining 
 To quantitate changes in podocyte number and cell prolifera-

tion in rats and mice given ATRA or vehicle, rabbit anti-WT-1 
polyclonal antibody (Santa Cruz Biotechnology ) and rabbit anti-
Ki-67 monoclonal antibody (Thermo Fisher Scientific, Fremont, 
Calif., USA) were used to identify podocyte cells and proliferating 
cells separately.

  For WT-1 single staining, a rabbit-on-rodent AP-polymer kit 
(Biocare Medical) was used for additional blocking and substitu-
tive secondary antibody according to the manufacturer’s proto-
col. Staining was visualized with the Warp Red chromogen kit, 
giving a red color (Biocare Medical).

  For Ki-67 staining, a rabbit-on-rodent HRP-polymer kit (Bio-
care Medical) was used for additional blocking and substitutive 
secondary antibody according to the manufacturer’s protocol. 
Staining was visualized with the Vector SG substrate kit giving a 
blue gray color (Vector). Following SG substrate color develop-
ment, PAS staining was performed by incubating the tissue in 
0.5% periodic acid and Schiff ’s reagent for 2 min separately, and 
then in 1% sodium metbisulfite solution for 10 min.

  For nephrin and podocin staining, sections were incubated 
overnight at 4   °   C with guinea pig anti-nephrin antibody (Fitzger-
ald Industries, Concord, Mass., USA) or rabbit anti-podocin an-
tibody (Alpha Diagnostics, San Antonio, Tex., USA) followed by 
biotinylated secondary antibodies (Vector). The ABC kit (Vector) 
was used for signal amplification and 3,3 � -diaminobenzamidine 
(Sigma) was used as a chromogen. Quantification of nephrin and 
podocin staining was performed by examining all tissue sections 
for the intensity of glomerular staining as we have previously re-
ported  [22] .

  For all stains, negative controls consisted of omitting the pri-
mary antibodies. Normal rat and mouse kidneys were used as 
positive controls, as all the antigens are expressed under physio-
logical conditions.

  Staining Quantitation and Statistical Analysis 
 Quantification of positively stained cells was performed on 

individual animals at each time point using a combination of 
bright-field and fluorescent microscopy as we have reported  [8] . 
Double-positive cells were identified as follows. The presence of 
blue/gray color in the nucleus by bright-field microscopy indi-
cated positive staining for PAX2. If the same nucleus also showed 
the presence of red color in the nucleus by fluorescent microscopy, 
this indicated positive staining for WT-1, and the cell was then 
considered a double-positive stained cell. The mean number of 
glomeruli analyzed was 30 (95% CI: 18–41) per animal. Because 
of known changes in glomerular size with aging and weight in-
creasing, ImageJ software was used to measure the length of the 
Bowman’s basement membrane and glomerular tuft area accord-
ing to ‘The ImageJ User Guide’ (version 1.44) as we described pre-
viously  [8] . These measures were then used as denominators for 
the number of positively stained podocytes, and double-stained 
cells along Bowman’s basement membrane and in tuft, respec-
tively. For multiple comparisons, one-way ANOVA was used and 
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post hoc analyses were performed by LSD test. Paired-samples t 
test was performed if animal number was equal in each group, 
which needs to compare; p  !  0.05 was considered significant. All 
values are expressed as mean  8  SEM.

  Results 

 ATRA Increases the Number of Glomerular Epithelial 
Transition Cells in PHN Rats 
 To determine if ATRA increased the number of glo-

merular epithelial transition cells (defined as cells in the 
glomerulus expressing both PEC- and podocyte-specific 
proteins), double immunostaining was performed for 
PAX2 and WT-1 ( fig. 2 ) in the early- and late-treatment 
PHN groups. The length of Bowman’s basement mem-
brane, measured in millimeters, was used as the denom-
inator.

  Early-Treatment Group 
 The number of double-positive cells along Bowman’s 

basement membrane increased in the early DMSO treat-
ment PHN rats at week 2 (3.98  8  0.50 vs. 0.39  8  0.17/mm 
Bowman’s basement membrane length, normal sheep se-
rum-injected rats, p  !  0.001) and week 5 (5.52  8  0.63 vs. 
0.39  8  0.17/mm, normal sheep serum-injected rats, p  !  
0.001). Compared to DMSO treatment, the early treat-
ment with ATRA significantly augmented the increase in 
the number of transitional cells lining Bowman’s base-
ment membrane at week 2 (9.14  8  0.50 vs. 3.98  8  0.50/
mm, DMSO-treated PHN rats, p  !  0.001) and week 5 
(8.74  8  0.85 vs. 5.52  8  0.63/mm, DMSO-treated PHN 
rats p  !  0.001) ( fig. 2 E-1).

  The number of transition cells within the glomerular 
tuft was also quantified, and was expressed as the num-
ber of cells double-staining for PAX2 and WT-1 per 
square millimeter of glomerular tuft area. Transition 
cells were not increased in the early DMSO-treated PHN 
rats at week 2 (26.43  8  7.89 vs. 13.91  8  7.97/mm 2  glo-
merular tuft area, normal sheep serum-injected rats, p  1  
0.05), nor at week 5 (75.19  8  16.72 vs. 13.91  8  7.97/mm 2 , 
normal sheep serum-injected rats, p  1  0.05). In contrast, 
in PHN rats, ATRA increased the number of transition 
cells per square millimeter of glomerular tuft area at 
week 2 (185.40  8  16.79 vs. 26.43  8  7.89/mm 2 , DMSO-
treated PHN rats, p  !  0.001) and week 5 (366.96  8  62.80 
vs. 75.19  8  16.72/mm 2 , DMSO-treated PHN rats, p  !  
0.001) ( fig. 2 E-2).

  These data show that when ATRA is first given to PHN 
rats at the onset of proteinuria, the number of glomerular 
transition cells is significantly increased along Bowman’s 
basement membrane and in the glomerular tuft.

  Late-Treatment Group 
 To determine the effect of initiating ATRA in ad-

vanced disease, treatment was first initiated at week 5 in 
the group called ‘late-treatment’ rats. Compared to age-
matched rats given normal sheep serum, the number of 
transitional cells lining Bowman’s basement membrane 
was not increased at week 16 in late-treatment PHN rats 
given DMSO (3.43  8  0.36 vs. 3.00  8  0.63/mm, normal 
sheep serum-injected rats, p  1  0.05). In contrast, in the 
late-treatment group, ATRA significantly increased the 
number of transition cells in PHN rats at week 16 (6.08 
 8  0.70 vs. 3.43  8  0.36/mm, DMSO-treated PHN rats, 
p  !  0.01) ( fig.  2 F-1). As expected, staining was absent 
when either primary antibody was omitted ( fig. 2 D-1 to 
D-4).

  In the late-treatment PHN group, ATRA had no effect 
on the number of transition cells per square millimeter 
of glomerular tuft area at week 16 (p  1  0.05 vs. late treat-
ment with DMSO) ( fig. 2 F-2). These data show that when 
given late in the course of disease, ATRA increased the 
number of transition cells along Bowman’s basement 
membrane, but not within the glomerular tuft at the time 
point studied.

  ATRA Increases the Number of Proliferating Cells 
along Bowman’s Basement Membrane in PHN Rats 
 Prior to published descriptions of glomerular epithe-

lial transitional cells, we reported that ATRA reduced 
podocyte proliferation in vitro and in vivo, defining 
podocytes by their anatomic position along the glomer-
ular basement membrane (GBM) and the expression of 
synaptopodin  [3] . Thus, in order to study the effects of 
ATRA on the proliferation of glomerular epithelial cells 
along Bowman’s basement membrane, Ki-67 immuno-
staining was performed ( fig.  3 ). The number of Ki-67-
positive cells lining Bowman’s basement membrane was 
significantly increased in early DMSO-treated PHN rats 
at week 2 (4.3  8  1.4 vs. 1.4  8  0.3/mm Bowman’s base-
ment membrane length, normal sheep serum-injected 
rats, p  !  0.01). There was a statistically significant in-
crease of proliferating cells along Bowman’s basement 
membrane in early-treatment ATRA PHN rats at week 2 
(6.00  8  0.90 vs. 4.30  8  1.40, DMSO-treated PHN rats, p 
 !  0.05) ( fig. 3 E). In contrast, compared to DMSO-treated 
PHN rats, there was no significant increase of Ki-67-pos-
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itive cell number along Bowman’s basement membrane 
in ATRA-treated PHN rats either at week 5 in the early-
treatment group ( fig. 3 E), or at week 16 in the late-treat-
ment group ( fig. 3 F).

  Long-Term ATRA Improves Podocyte Number in PHN 
Rats 
 We have previously reported that podocyte number 

decreases in membranous (PHN) rats, occurring later in 
the course of disease  [2] . We therefore asked if the in-
crease in glomerular transition cells by ATRA was associ-
ated with increased podocyte number, and the data are 
shown in  figure 4 . As expected, podocyte number was 
decreased at week 16 in late-treatment DMSO membra-
nous rats (962  8  55 vs. 1,431  8  94/mm 2  glomerular tuft 
area, age-matched normal sheep serum-injected rats, p  !  
0.01). However, ATRA significantly increased podocyte 
number at week 16 in late-treatment membranous rats 
(1,592  8  85 vs. 962  8  55/mm 2 , DMSO-treated PHN rats, 
p  !  0.001).

  Moreover, podocyte number in ATRA-treated ani-
mals at week 16 was similar in number to age-matched 
non-diseased controls (1,592  8  85 vs. 1,431  8  94/mm 2 , 

normal sheep serum-injected rats, p = 0.352). These data 
showed that when ATRA treatment was initiated in mem-
branous rats after 3–4 weeks of disease, treatment for the 
next 10 weeks normalized podocyte number.

  ATRA Had No Effect on Proteinuria in PHN Rats 
 We have reported that ATRA significantly improves 

proteinuria in mice with experimental FSGS disease  [3] . 
In contrast, there was only a trend towards a lower protein/
creatinine ratio in PHN rats treated with ATRA for 10 
weeks (80.40  8  70.40 vs. 219.95  8  137.80, DMSO-treated 
PHN rats, p = 0.360), and no statistically significant de-
crease in protein/creatinine ratio compared to the day-5 
time point, before the initiation of ATRA treatment (80.40 
 8  70.40 vs. 186.15  8  66.14, day-5 diseased rats, p = 0.453) 
( fig. 5 ). In order to better explain this, we examined neph-
rin and podocin staining. There was a segmental decrease 
in immunostaining for nephrin in 18.5% of glomeruli at 
week 16 in DMSO-treated PHN rats. This was reduced to 
11% in the ATRA-treated animals (p  !  0.05). Similarly, at 
week 16, 26.4% of glomeruli had a segmental decrease in 
podocin staining in PHN rats given DMSO, compared to 
15.8% in ATRA-treated animals (p  !  0.05).

  Fig. 2.  Glomerular epithelial transition cells, defined as cells dou-
ble-staining for PAX2 (blue/gray) and WT-1 (red), increase in 
membranous nephropathy.  A-1  Low-powered light microscopic 
view of double staining for PAX2 (nuclear, blue gray) and WT-1 
(nuclear, red) in normal sheep serum-injected rats.  A-2  Fluores-
cent microscopic view of the  A-1  visual field; only WT-1 staining 
is seen because only the Warp Red substrate is visible by fluores-
cent microscopy.  A-3  Light microscopic view of the inset shown 
in  A-1 . The arrowheads indicate examples of PAX2-positive 
(WT-1-negative) cells and a WT-1-positive (PAX2-negative) cell. 
 A-4  Fluorescent microscopic view of the inset shown in  A-2 . The 
arrowheads indicate examples of PAX2-positive (WT-1-negative) 
cells and a WT-1-positive (PAX2-negative) cell. The asterisks in-
dicate the WT-1-negative nucleus.  A-5  Combined light and fluo-
rescent microscopic view of the inset in  A-1 , where fluorescent 
Warp Red is superimposed on the bright field. Arrowheads indi-
cate PAX2-positive (WT-1-negative) or WT-1-positive (PAX2-
negative) cells.  B-1  Low-powered light microscopic view of double 
staining for PAX2 (nuclear, blue gray) and WT-1 (nuclear, red) in 
DMSO-treated PHN rats.  B-2  Fluorescent microscopic view of the 
 B-1  visual field.  B-3  Light microscopic view of the inset shown in 
 B-1 . Arrowheads indicate examples of a PAX2-positive (WT-1-
negative) cell and a WT-1-positive (PAX2-negative) cell. The ar-
row indicates an example of a cell double-staining for PAX2 and 
WT-1.  B-4  Fluorescent microscopic view of the inset shown in 
 B-2 . Arrowheads indicate examples of PAX2-positive (WT1-neg-

ative) cells and a WT-1-positive (PAX2-negative) cell. The asterisk 
indicates the WT-1-negative nucleus. The arrow shows a WT-1-
positive nucleus (red).  B-5  Combined light and fluorescent micro-
scopic view of the inset in  B-1 , where fluorescent Warp Red is 
superimposed on the bright field. Arrowheads indicate PAX2-
positive (WT1-negative) or WT-1-positive (PAX2-negative) cells. 
The arrow shows a double-positive cell.  C-1  Low-powered light 
microscopic view of double staining for PAX2 (nuclear, blue gray) 
and WT-1 (nuclear, red) in ATRA-treated PHN rats.  C-2  Fluores-
cent microscopic view of the  C-1  visual field.  C-3  Light microscop-
ic view of the inset shown in  C-1 . Arrowheads indicate examples 
of PAX2-positive (WT-1-negative) cells and a WT-1-positive 
(PAX2-negative) cell. Arrows indicate examples of cells double-
staining for PAX2 and WT-1.  C-4  Fluorescent microscopic view 
of the inset shown in  C-2 . Arrowheads indicate examples of PAX2-
positive (WT-1-negative) cells and a WT-1-positive (PAX2-nega-
tive) cell. Asterisks indicate the WT-1-negative nucleus. Arrows 
show WT-1-positive nucleus (red).  C-5  Combined light and fluo-
rescent microscopic view of the inset in  C-1 , where fluorescent 
Warp Red is superimposed on the bright field. Arrowheads indi-
cate PAX2-positive (WT-1-negative) or WT-1-positive (PAX2-
negative) cells. Arrows show the double-positive cells.  D  Repre-
sentative images of controls in which primary antibodies were 
omitted. Images from normal rats, which served as positive con-
trol, PAX2 and WT-1 ( D-1 ), PAX2 only ( D-2 ), WT-1 only ( D-3 ), no 
primary antibody ( D-4 ). Original magnification  ! 400.   
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  ATRA Increases the Number of Glomerular Epithelial 
Transition Cells in Experimental FSGS 
 The FSGS model in mice induced by the antiglomer-

ular antibody was used as a second model, to test the 
hypothesis that ATRA increases the number of glomer-
ular transition cells in disease. We have previously pub-

lished data on podocyte number using this model  [3] . 
Double staining for PAX2 and WT-1 was used to mea-
sure the number of transition cells, and the results are 
shown in  figure 6 . There was only a trend towards an 
increase in the number of transition cells along Bow-
man’s basement membrane due to ATRA at week 1 (3.20 
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 Fig. 2.  Glomerular epithelial transition cells, defined as cells dou-
ble-staining for PAX2 (blue/gray) and WT-1 (red), increase in 
membranous nephropathy. E-1 The number of cells staining pos-
itive for PAX2 and WT-1 normalized for Bowman’s basement 
membrane (BBM) length (mm) was significantly higher at both 
weeks 2 and 5 in early DMSO-treated PHN rats (gray columns) 
compared to normal sheep serum-injected rats (white column). 
PAX2/WT-1-positive cells/mm of BBM were significantly higher 
in ATRA-treated rats (black columns) compared to DMSO-treat-
ed rats at week 2, week 5 in early treatment.  E-2  The number of 
cells staining positive for PAX2 and WT-1/mm 2  of glomerular 
tuft area was not significantly increased in DMSO-treated PHN 
rats (gray columns) at weeks 2 and 5 in early treatment. PAX2/
WT-1-positive cells/mm 2  of glomerular tuft area were significant-

ly higher in ATRA-treated PHN rats (black columns) compared 
to DMSO-treated rats at both weeks 2 and 5.  F-1  No significant 
increase in PAX2/WT-1-positive cells/mm of BBM in DMSO-
treated rats (gray columns) at week 16 in the late-treatment group. 
PAX2/WT-1-positive cells/mm of BBM length were significant 
higher in ATRA-treated PHN rats (black column) compared to 
DMSO-treated rats (gray column) and normal sheep serum-in-
jected rats (white column) at week 16.  F-2  PAX2/WT-1-positive 
cells/mm 2  of glomerular tuft area were not significantly higher at 
week 16 in DMSO-treated PHN rats compared to normal sheep 
serum-injected rats. There was no statistically significant differ-
ence in PAX2/WT-1-positive cells/mm 2  of glomerular tuft area 
between DMSO- and ATRA-treated PHN rats at week 16 in the 
late-treatment group.
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 8  0.60 vs. 2.04  8  0.62 mm Bowman’s basement mem-
brane length, DMSO-treated FSGS mice, p = 0.223). 
However, ATRA significantly increased the number of 
transition cells along Bowman’s basement membrane by 
week 2 (7.45  8  0.83 vs. 1.26  8  0.48/mm, DMSO-treated 
FSGS mice, p  !  0.001) ( fig. 6 E). ATRA also increased the 
number of transition cells within the glomerular tuft at 
week 1 (44.06  8  20.41 vs. 11.85  8  11.85/mm 2  glomeru-
lar tuft area, DMSO-treated FSGS mice p  !  0.05), and at 
week 2 (48.80  8  23.34 vs. 13.45  8  13.45/mm 2  glomeru-
lar tuft area, DMSO-treated FSGS mice, p  !  0.05) 
( fig. 6 F). These data show that ATRA increases the num-
ber of transition cells along Bowman’s basement mem-
brane and within the glomerular tuft in experimental 
FSGS.

  ATRA Increases the Number of Proliferating 
Cells along Bowman’s Basement Membrane in 
Experimental FSGS Mice 
 In order to study the effects of ATRA on the prolifera-

tion of glomerular epithelial cells along Bowman’s base-
ment membrane in FSGS mice, Ki-67 immunostaining 
was performed ( fig. 7 ). ATRA increased the number of 
Ki-67-positive cells along Bowman’s basement mem-
brane at week 1 (4.82  8  0.71 vs. 1.84  8  0.41/mm, corn 
oil-treated FSGS mice, p  !  0.05) and week 2 (5.67  8  1.21 
vs. 1.57  8  0.40, corn oil-treated FSGS mice, p  !  0.01). 
These results suggest that ATRA augments the prolifera-
tion of cells lining Bowman’s basement membrane in 
FSGS animals.
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  Fig. 3.  Ki-67 (blue/gray)/PAS staining, representing proliferating 
cells increased in animals with experimental membranous ne-
phropathy and was augmented by ATRA administration.  A–C  
Representative images of Ki-67/PAS staining at                                                                ! 400 magnifica-
tion (arrowheads indicate examples of positive cells, blue/gray nu-
clei).  D  Staining was not detected when the primary antibody (1st 
Ab) was omitted as a negative control.  ! 200.  E  The number of 
Ki-67-positive cells/mm of BBM was significantly higher in 

DMSO-treated PHN rats (gray columns) at week 2. There was an 
increase in Ki-67-positive cells/mm of BBM in ATRA-treated rats 
(black columns) at week 2 compared with PHN + DMSO rats, but 
not at week 5.  F  There was no statistical difference in the number 
of Ki-67-positive cells/mm of BBM between normal sheep serum-
injected rats (white column), DMSO-treated PHN rats (gray col-
umn) or ATRA-treated PHN rats (black column) in late treatment 
at week 16. Colors refer to the online version only.             
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  Fig. 5.  Renal function in animals with 
 experimental membranous nephropathy. 
Renal function, as measured by protein-
uria/urine creatinine was increased in all 
22 animals prior to treatment initiation 
at day 5 (white column). Compared to 
DMSO-treated PHN rats (gray columns), 
there was a trend towards a decrease in 
proteinuria/urine creatinine ratio in 
ATRA-treated PHN rats (black columns) 
at week 16, but no statistical difference at 
any time point. There was also no signifi-
cant decrease in proteinuria/creatinine ra-
tio in ATRA-treated rats at week 16 com-
pared to day 5.                                                                                       
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  Fig. 4.  Podocyte number is normal after 
long-term ATRA treatment in PHN rats. 
 A–C  Representative images of WT-1 (red) 
staining are shown in normal sheep se-
rum-injected rats, DMSO-treated PHN 
rats at week 16 and ATRA-treated PHN 
rats at week 16.  D  Negative control staining 
where the primary antibody was omitted. 
The dotted circles outline the glomeruli, 
and the arrowheads show examples of pos-
itive staining.  E  Podocyte number, mea-
sured as the number of WT-1-positive 
cells/mm                                                                     2  of glomerular tuft area. Podo-
cyte number decreased in membranous 
rats at week 16 in rats given DMSO (gray 
column). ATRA treatment (black column) 
was associated with an increase in podo-
cyte number, comparable to normal (white 
column). Color refers to the online version 
only.           
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  Discussion 

 Studies have shown that podocytes do not have the 
cell cycle machinery necessary to adequately replace the 
decrease in cell number in many glomerular diseases, 
including membranous nephropathy and FSGS  [1] . The 
resultant decrease in podocyte number is a critical de-

terminant and predictor for the development of protein-
uria and progressive glomerulosclerosis  [1] . More re-
cently, studies have shown the presence of glomerular 
cells that express both a podocyte and PEC proteins. 
These are commonly referred to as glomerular epithelial 
transition cells. Appel et al.  [4],  Sagrinati et al.  [5]  and 
Ronconi et al.  [6]  have shown that their origin is likely 
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  Fig. 6.  Increased double staining for PAX2 (blue/gray) and WT-1 
(red) representing transition cells, in FSGS.  A-1  Low-powered 
light microscopic (LM) view of double staining for PAX2 (nuclear, 
blue gray) and WT-1 (nuclear, red) in normal sheep serum mice. 
 A-2  Fluorescent microscopic view of the  A-1  visual field, only 
WT-1 staining is seen because only the Warp Red substrate is vis-
ible by fluorescent microscopy.  A-3  Light microscopic view of the 
inset shown in  A-1 . Arrowheads indicate examples of PAX2-pos-
itive (WT-1-negative) cells and a WT-1-positive (PAX2-negative) 
cell.  A-4  Fluorescent microscopic view of the inset shown in  A-2 . 
Arrowheads indicate examples of a PAX2-positive (WT-1-nega-
tive) cell and a WT-1-positive (PAX2-negative) cell. The asterisk 
indicates the WT-1-negative nucleus.  A-5  Combined light and
fluorescent microscopic view of the inset in  A-1 , where fluorescent 
Warp Red is superimposed on the bright field. Arrowheads indi-
cate a PAX2-positive (WT-1-negative) or WT-1-positive (PAX2-
negative) cells.  B-1  Low-powered light microscopic view of double 
staining for PAX2 (nuclear, blue gray) and WT-1 (nuclear, red) in 
corn oil-treated  � glom mice.  B-2  Fluorescent microscopic view of 
the  B-1  visual field.  B-3  Light microscopic view of the inset shown 
in  B-1 . Arrowheads indicate examples of a PAX2-positive (WT-1-
negative) cell and a WT-1-positive (PAX2-negative) cell.  B-4  Fluo-
rescent microscopic view of the inset shown in  B-2 . Arrowheads 
indicate examples of a PAX2-positive (WT1-negative) cell and a 
WT-1-positive (PAX2-negative) cell. The asterisk indicates the 
WT-1-negative nucleus.  B-5  Combined light and fluorescent mi-
croscopic view of the inset in  B-1 , where fluorescent Warp Red is 
superimposed on the bright field. Arrowheads indicate PAX2-
positive (WT1-negative) or WT-1-positive (PAX2-negative) cells. 
 C-1  Low-powered light microscopic view of double staining for 
PAX2 (nuclear, blue gray) and WT-1 (nuclear, red) in ATRA-treat-

ed  � glom mice.  C-2  Fluorescent microscopic view of the  C-1  vi-
sual field.  C-3  Light microscopic view of the inset shown in  C-1 . 
Arrowheads indicate examples of a PAX2-positive (WT-1-neg-
ative) cell and a WT-1-positive (PAX2-negative) cell. Arrows in-
dicate examples of cells double-staining for PAX2 and WT-1.  C-4  
Fluorescent microscopic view of the inset shown in  C-2 . Arrow-
heads indicate examples of a PAX2-positive (WT-1-negative) cell 
and a WT-1-positive (PAX2-negative) cell. The asterisk indicates 
the WT-1-negative nucleus. Arrows show WT-1-positive nucleus 
(red).  C-5  combined light and fluorescent microscopic view of the 
inset in  C-1 , where fluorescent Warp Red is superimposed on the 
bright field. Arrowheads indicate PAX2-positive (WT-1-negative) 
or WT-1-positive (PAX2-negative) cells. Arrows show the double-
positive cells.  D  Representative images of controls in which pri-
mary antibodies were omitted. Images from normal rats, which 
served as positive control, PAX2 and WT-1 ( D-1 ), PAX2 only ( D-

2 ), WT-1 only ( D-3 ), no primary antibody ( D-4 ). Original magni-
fication  ! 630.   E The number of cells staining positive for PAX2 
and WT-1/mm of BBM was not significantly different at either 
week 1 or 2 in corn oil-treated  � glom mice (gray columns) com-
pared to normal sheep serum-injected mice (white column). 
PAX2/WT-1-positive cells/mm of BBM were significantly higher 
in ATRA-treated  � glom mice (black columns) compared to corn 
oil-treated  � glom mice at week 2, but not at week 1.    F  The number 
of cells staining positive for PAX2 and WT-1/mm   2  of glomerular 
tuft area was not significantly increased in corn oil-treated  � glom 
mice (gray columns) at weeks 1 and 2 compared to normal sheep 
serum-injected mice (white column). PAX2/WT-1-positive cells/
mm 2  of glomerular tuft area were significantly higher in ATRA-
treated  � glom mice (black columns) compared to corn oil-treated 
 � glom mice at weeks 1 and 2. 
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PECs. A subset of these cells are likely progenitors for 
podocytes.

  Although we have previously reported an increase in 
the number of glomerular epithelial transition cells (de-
fined as cells in the glomerulus expressing both PEC- and 
podocyte-specific proteins) in PHN rats  [7] , the current 
study was designed to determine if ATRA could further 
augment this population of cells in disease. Indeed, when 
ATRA was first administered to membranous nephropa-
thy rats (PHN model) immediately upon the detection of 
proteinuria, and regularly thereafter, the number of tran-
sition cells lining Bowman’s basement membrane and 
lining the GBM within the glomerular tuft were signifi-
cantly increased compared to membranous rats given ve-
hicle (DMSO). Early administration of ATRA resulted in 
an increase in staining for Ki-67 in cells lining Bowman’s 
capsule, consistent with an increase in proliferation.

  Next, in order to better recapitulate the clinical setting 
of more advanced disease, membranous rats were first 
given ATRA late in the course of established disease (be-
ginning at week 5), and regularly thereafter. The data 
showed that this late administration augmented the num-
ber of transition cells lining Bowman’s basement mem-
brane, but not within the glomerular tuft. In contrast to 
the decrease in podocyte number at week 16 in membra-
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nous rats given vehicle, podocyte number was similar to 
age-matched healthy controls (given normal sheep se-
rum) in membranous rats given ATRA at this time point.

  To address whether these ATRA-associated changes 
are somehow unique to the PHN model or to rats, we ex-
amined archival tissue from our previously published 
study where ATRA administration improved proteinuria 
and increased podocyte number in mice with experimen-
tal FSGS  [3] . Our results show that ATRA also increased 
the number of transition cells lining Bowman’s basement 
membrane at the later time point week 2, and also along 
the GBM at both time points. Thus, these data show that 
in two models of reduced podocyte number, administer-
ing retinoids increased the number of glomerular epithe-
lial transition cells, and improved podocyte number. 
This was accompanied by an increase in the number of 
proliferating PECs lining Bowman’s basement mem-
brane in both models.

  Despite a normalization of podocyte number in PHN, 
ATRA did not statistically improve proteinuria. This 
likely reflects the complex pathophysiology in this dis-
ease. For example, our data showed that although ATRA 
limited the decrease in levels for the slit-diaphragm pro-
tein nephrin and podocin in membranous rats, the de-
crease was still substantial compared to control. This and 
likely other pathways not affected by ATRA might ex-
plain the lack of effect on proteinuria. To our knowledge, 
no studies have correlated parietal transition cell number 
with the rescue of renal function. Moreover, the func-
tional roles of parietal transition cells are not yet well de-
lineated. Therefore, another interpretation might be that 
the degree to which parietal transition cell number in-
creased following ATRA was still not sufficient, or could 
not fully transition into mature normal function podo-
cytes lining the GBM.

  Retinoids are derivatives of vitamin A. Their biologi-
cal effects include inhibition of proliferation, induction 
of differentiation, cell survival and decreasing inflamma-
tion. Retinoids can also induce proliferation under cer-
tain circumstances  [23] . ATRA has been shown by our 
group and others to have several beneficial biological ef-
fects on the glomerulus during disease. Examples include 
acute and chronic models of mesangioproliferative glo-
merulonephritis, where retinoids improved renal func-
tion, decreased albuminuria, and reduced glomerular 
damage  [12–16, 19, 24] . In puromycin aminonucleoside-
induced nephrosis, retinoids reduced proteinuria by pro-
tecting podocytes from injury  [10] . Isotretinoin signifi-
cantly reduces glomerular damage in rats with chronic 
glomerulonephritis  [25] . The protective effects of reti-

  Fig. 7.  Ki-67 (blue/gray)/PAS staining, representing proliferating 
cells in experimental FSGS mice, was augmented by ATRA ad-
ministration. The number of Ki-67-positive cells/mm of BBM was 
not significantly different in corn oil-treated                      � glom mice (gray 
columns) at weeks 1 and 2 compared to normal sheep serum-in-
jected mice (white column). Ki-67-positive cells/mm of BBM were 
increased in ATRA-treated  � glom mice (black columns) at both 
weeks 1 and 2 compared to corn oil-treated  � glom rats.                                                                                 
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noids have also been reported in mice with diabetic ne-
phropathy  [26] , in antibody-mediated podocyte injury 
 [27]  and in experimental HIVAN  [12, 13] . We showed that 
ATRA augments staining for nephrin, podocin, and syn-
aptopodin in podocytes  [3] .

  To our knowledge, this is the first in vivo study to re-
port that ATRA increases the proliferation of PECs and 
the number of glomerular epithelial transition cells, de-
fined as cells expressing both a podocyte and a PEC pro-
tein, on Bowman’s basement membrane. This is in con-
trast to the reported decreased proliferation and differen-
tiation that ATRA induces in injured podocytes on the 
GBM  [3, 12] . Intriguingly, Ronconi et al.  [6]  used reti-
noids in the culture medium to differentiate PEC pro-
genitor cells towards the podocyte lineage. Taken togeth-
er, these findings suggest that retinoids may serve as a 
trophic mitogen versus growth arrest and differentiation 
factor for glomerular epithelial cells that depend on the 
distinct molecular pathways governing their state of lin-
eage commitment and anatomic location in the glomeru-
lus  [6] . Indeed, the recent discovery that cell-cycle con-
trols are unique in PECs as compared to podocytes sup-
ports this notion  [28] .

  The precise mechanism underlying how ATRA might 
induce PECs to begin to express a protein once consid-
ered unique to podocytes is unknown. Retinoids have 
been shown to regulate many signaling pathways affect-
ing cell proliferation, differentiation, reproduction, and 

maintenance of normal tissues, especially epithelial cells 
 [11] . Based on studies that we and others have undertaken 
on ATRA’s effects on podocyte differentiation and prolif-
eration  [3, 10, 12] , future considerations should be direct-
ed at nuclear retinoic acid receptors and retinoic acid re-
sponse elements  [10] , cyclin-dependent kinase inhibitors 
 [29, 30] , signaling pathways including cAMP/protein ki-
nase A pathway, MAPK1,2 and Stat3 phosphorylation 
 [12] , and the p38 MAPK pathway  [31] . As noted above, 
however, ATRA may interact with molecular pathways in 
PECs that do not overlap with those in podocytes.

  In summary, the results of the current study show that 
giving retinoids to animals with experimental glomeru-
lar disease resembling membranous nephropathy and 
FSGS increases the number of glomerular epithelial tran-
sition cells and podocytes.
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