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Calcineurin is an important signaling molecule in the
kidney and may be involved in a variety of processes.
The phosphatase subunit of calcineurin (CnA) has
three isoforms, «, B8, and v. In this study, we investi-
gated the effect of loss of calcineurin A-a (CnA-a) or
calcineurin A-f3 (CnA-f3) on the development and func-
tion of the kidney. Total calcineurin expression and
activity was significantly reduced in whole kidney ho-
mogenates from both CnA-a —/— and CnA-f8 —/— mice.
Kidneys of CnA-B —/— mice appear normal and the
mice develop with no phenotypic abnormalities. In
contrast, kidneys of CnA-a —/— animals fail to fully
develop. In particular, postnatal maturation of the
nephrogenic zone (NZ) is defective. Within the NZ,
glomeruli also fail to mature and lack mesangial cells.
In addition to alterations in development, there is an
absence of proliferation and an increase of cell death
in the NZ with loss of CnA-«. Finally, increased col-
lagen deposition is observed and serum creatinine
levels are significantly increased in CnA-a —/— ani-
mals compared to wild-type littermates, indicating
that kidney function is impaired. In summary, ab-
sence of CnA-a but not CnA-8 leads to a defect in
normal maturation of the NZ and glomeruli, alter-
ations in the cell cycle, and impaired kidney function.
(Am J Pathol 2004, 165:1755-1765)

Calcineurin is a calcium-dependent, serine/threonine
phosphatase that functions as a signaling intermediate in
a variety of cell signaling pathways. Initially characterized
as a component of the activated T cell receptor (TCR)
complex and as a target of therapeutically successful
immune-suppressing drugs,’ calcineurin has since been
identified as a downstream signaling element in a variety
of signal transduction systems. Factors including angio-

tensin 11,>-* IGF-1,>® and TGFB® have all been shown to
signal through calcineurin. In addition, calcineurin has
been shown to be an important intracellular phosphatase
in the regulation of cytoskeletal integrity in neurons. ™"
Dephosphorylation of the cytoskeletal component tau by
calcineurin maintains neuron integrity. Build-up of hyper-
phosphorylated tau, one feature of neurofibrillary plagues
that are characteristic of Alzheimer’s disease, is due at
least in part to decreased activity of calcineurin.’® Cal-
cineurin has also been implicated in a number of other
organ systems including the heart, where it participates
in hypertrophic responses,’®'® and the kidney where
inhibitors of calcineurin result in renal dysfunction, matrix
accumulation, and fibrosis.'®"”

Calcineurin is made up of a catalytic subunit called A
and a regulatory subunit, designated B. The A subunit
contains the phosphatase domain which is activated only
when the B subunit is bound to both calmodulin and
calcium. There are three known isoforms of the A subunit,
a, B, and y. Calcineurin A-a (CnA-a) and -B (CnA-B) are
reported to be widely expressed while the y isoform is
limited to the testes and, to a lesser extent, the brain.”
Despite the broad tissue distribution of CnA-a and
CnA-B, there appears to be some specificity of action
among the isoforms. For example, under hypertrophic
conditions, CnA-B appears to be specifically up-regu-
lated in the heart'® while CnA-a appears to be the pre-
dominant isoform up-regulated in the diabetic kidney.'®

Further evidence of tissue-specific action of cal-
cineurin A isoforms is seen in transgenic mice lacking
each isoform. CnA-a knockout mice were created and
develop brain lesions consistent with a build-up of hyper-
phosphorylated tau'® and show memory impairment.®°
Interestingly, the immune systems of the mice are essen-
tially normal and T cell responses to agonists are only
partially impaired under culture conditions.?’? In con-
trast, mice lacking CnA-B develop normally but fail to
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produce mature T cells.?®> These mice also show an
impaired cardiac hypertrophic response.?* Mice lacking
calcineurin B or mice lacking both CnA-a and CnA-gB die
in utero,'®2>2% suggesting that there is some degree of
compensation between the two isoforms.

Use of calcineurin inhibitors is therapeutically limited
because of nephrotoxicity. Moreover, use of calcineurin
inhibitors during pregnancy is becoming increasingly
common. As a result, there is a need for greater under-
standing of the role of calcineurin in kidney function and
development. Genetic knockout of calcineurin A isoforms
provides unique model systems to study the role of cal-
cineurin in normal kidney development and function.
Therefore, the purpose of this study was to examine the
effect of the loss of calcineurin isoforms on the develop-
ment and function of the kidney.

Materials and Methods

Materials

Total CnA antibody used in Western blotting and anti-
platelet endothelial cell adhesion molecule (PECAM) an-
tibody were from Chemicon (Temecula, CA), synaptopo-
din was from Research Diagnostics International
(Flanders, NJ), p27 antibodies were purchased from
Santa Cruz (Santa Cruz, CA), and a-smooth muscle actin
antibody was purchased from Sigma (St. Louis, MO).
Proliferating cell nuclear antigen (PCNA) antibody was
obtained from Dako (Carpinteria, CA). Antibodies used
for loading controls included actin (from Sigma) and
Erk1/2 (Santa Cruz).

Transgenic Mice
Calcineurin A-a Transgenic Mice

Mice were created by J. Seidman (Howard Hughes
Medical Institute, Harvard Medical School, Boston, MA)
as previously described®' and kindly provided to our
laboratory. Animals were maintained and bred in the
animal facility at the Audie Murphy Veterans Hospital,
San Antonio, in accordance with Institutional Animal Care
and Use Committee standards. Genotypes of offspring
from heterozygous breeding pairs were determined by
PCR reaction using the following primers: 5" - GGC AGG
AGA GTA AAT TCT TGC, 3’ - GTG GAA TTC TCT GGA
GAC AAA CCA CC, and neo - TCT TGA TTC CCA CTT
TGT GGT TCT A.

The majority of CnA-a —/— mice have a shortened
lifespan (unpublished observation also confirmed by J.
Seidman). Therefore, most of the studies described were
conducted at 18 days of age, a time point when postnatal
maturation of the kidney is complete and when majority of
CnA-a —/— mice were viable. CnA-a —/— mice were
created on a mixed genetic background. Therefore all
experiments were carried out with wild-type and, where
indicated, heterozygous littermates.

Calcineurin A-B Transgenic Mice

These mice were created as previously described®* and
kindly provided to our laboratory by J. Molkentin (Chil-
dren’s Hospital Medical Center, Cincinnati, OH). Animals
were maintained and bred in the animal facility at the
Audie Murphy Veterans Hospital, San Antonio, in accor-
dance with Institutional Animal Care and Use Committee
standards. Genotypes of offspring from heterozygous
breeding pairs were determined by PCR reaction using
the following primers: 5" -TCA GTA AGG TGT CTG CAT
TC, 3" -TTA GGC TAT ATT AAG CAA TCT G, and neo
-GAA GGA GCC AAG CTG CTATT.

Creatinine Determinations

Urine was collected by bladder massage and blood was
collected at the time of sacrifice by cardiac puncture.
Serum and urine creatinine levels were determined by the
Jaffe method, according to the manufacturer’s instruc-
tions (Sigma).

Western Blot

Whole kidneys were homogenized in TNESV lysis buffer
(50 mmol/L Tris-HCI (pH 7.4), 2 mmol/L ethylenediamine
tetraacetic acid (EDTA), 1% NP-40, 100 mmol/L NaCl,
100 mmol/L Na orthovanadate, 100 ug/ml leupeptin, 20
wg/ml aprotonin, and 10~7 M phenylmethylsulfonyl
[PMSF]). Twenty-five ug of protein was analyzed by 10%
SDS-PAGE. Following transfer of the proteins to nitrocel-
lulose, the membrane was incubated in 5% milk-TBST (20
mmol/L Tris-HCI, pH 7.6, 137 mmol/L NaCl, 0.1% Tween
20) and then immunoblotted with 1:500 dilution of primary
antibodies. Horse-radish peroxidase (HRP)-conjugated
donkey-anti-rabbit secondary antibodies were added at
1:2000 and proteins were visualized by enhanced chemi-
luminescence (Pierce, Rockford, IL).

Calcineurin Phosphatase Assay

Calcineurin phosphatase activity was determined follow-
ing a protocol published by Fruman et al.?” Briefly, the
calcineurin substrate, Rll, was phosphorylated in vitro
with 250 U recombinant PKA, 50 mmol/L adenosine
triphosphate (ATP), 50uCi [y*2-PJATP, 0.15 mmol/L RlI,
and 500 wl of 2X reaction buffer (40 mmol/L MOPS, 4
mmol/L MgCl,, 0.1 mmol/L CaCl,, 0.4 mmol/L EDTA, 0.8
mmol/L  ethylene  glycol-bis(2-aminoethyl  ether)-
N,N,N’,N’-tetraacetic acid (EGTA), 0.5 mmol/L dithiothre-
itol (DTT), and 0.1 mg/ml bovine serum albumin [BSA]).
Lysates were prepared by resuspending homogenized
kidneys in a hypotonic lysis buffer (50 mmol/L Tris (pH
7.5), 1 mmol/L EDTA, 1 mmol/L EGTA, 0.5 mmol/L DTT,
50 wg/ml PMSF, 10 ug/ml leupeptin, and 10 wg/ml apro-
tinin) followed by three cycles of freeze-thawing in liquid
nitrogen and a 30°C water bath. Calcineurin activity in
each sample was determined by incubating equal parts
lysate, 3X reaction buffer (40 mmol/L Tris (pH 7.5), 0.1
mol/L NaCl, 6 mmol/L MgCl,, 0.1 mmol/L CaCl,, 0.5



mmol/L DTT, 500 nmol/L okadaic acid, and 0.1 mg/ml
BSA), and labeled RII peptide at 30°C for 10 minutes. The
reaction was stopped by addition of 0.1 mol/L KPO, in
5% trichloro acetic acid (TCA). Control reactions were
simultaneously performed using a reaction buffer in
which EGTA was substituted for CaCl,. To determine the
amount of phosphate released by calcineurin in each
sample, reactions were then added to PolyPrep columns
(BioRad, Hercules, CA) containing AG-50X Dowex ion
exchange resin (BioRad) prepared as described.?” Fi-
nally, 5 ml scintillation fluid was added to the flow-through
from each column and the released phosphate was mea-
sured in a scintillation counter. Final calcineurin activity
was calculated by subtracting the calcium-independent
activity in EGTA buffer from each reaction and expressed
per ng protein.

Histology

Kidneys were immediately immersed in formalin or
quickly frozen in liquid nitrogen for further analyses. Rou-
tine histology was performed in hematoxylin and eosin-
stained, 4-um-thick sections of kidneys from each geno-
type. In addition, kidneys from three to five animals of
each genotype were analyzed using TdT-mediated d-
UTP nick-end labeling (TUNEL) assay to identify cells
undergoing cell death, and stained with trichrome to
identify extracellular matrix deposition.

Immunohistochemistry

Four-umol/L-thick paraffin-embedded tissue sections
were prepared by de-waxing followed by quenching of
endogenous peroxidases by incubation in 0.3% H,0O, in
methanol for 30 minutes. Antigens were unmasked by
incubation in 10 mmol/L citrate buffer at 80°C for 10
minutes. Sections were then rehydrated in PBS-0.1%
BSA for 15 minutes before addition of appropriate block-
ing serum for 15 minutes. Sections were incubated with
primary antibodies (dilutions of 1:100 to 1:250) overnight
in a humidified chamber at 4°C. On the following day,
sections were washed three times in PBS-0.1% BSA and
then incubated with biotinylated secondary antibodies
(dilutions of 1:100) for 1 hour at room temperature. Bound
antibody was identified by immunoperoxidase ABC staining
following the manufacturer’s instructions (Vector Laborato-
ries, Burlingame, CA). In addition, sections were counter-
stained with hemotoxylin. Finally, coverslips were mounted
with Permount (Sigma) and sections were viewed by bright-
field microscopy.

Immunofluorescence

Six-umol/L-thick frozen sections were mounted on
glass slides and then fixed in acetone. Sections were
rehydrated in PBS-0.1% BSA before blocking with the
appropriate 1gG. Primary antibodies were added at con-
centrations between 10 and 20 ug/ml for 1 hour at room
temperature. After incubation with primary antibodies,
sections were washed three times for 5 minutes each
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time in PBS-0.1% BSA. Fluorescence-conjugated sec-
ondary antibodies were added at dilutions of 1:100 for 45
minutes at room temperature followed by washing in
PBS-0.1% BSA. Sections were mounted with Crystal
Mount (Dako) and allowed to dry before viewing with
fluorescence microscopy. Cell types within the glomeru-
lus were identified by detecting proteins characteristic of
each cell type. Synaptopodin was used to detect mature
podocytes, PECAM to detect endothelial cells, and
a-smooth muscle actin was used to identify mesangial
cells.

Plastic Embedding and Electron Microscopy

Cortices from kidneys of animals of each genotype were
dissected, finely chopped, and then embedded in plastic.
Ultra-thin sections were cut and stained with toludine blue.
Sections were examined by electron microscopy.

Morphometric Analyses

Kidney blocks were oriented to optimally cut sections
through the central axis of the kidney to allow full mea-
surement of all zones of the kidney including the tip of the
papilla. Regions of the kidneys were determined by an-
atomical boundaries as follows: the cortex is defined as
the outer portion of the kidney containing glomeruli (cor-
tical and juxtamedullary), proximal, and distal tubules
beginning from the capsule to the transition point of S2 to
S3 segments of proximal tubules. The outer stripe of the
outer medulla (OSOM) includes S3 proximal tubules and
thick ascending loop of Henle to the boundary where S3
transitions to thin descending loops of Henle. The inner
stripe of the outer medulla (ISOM) includes thin and thick
loops of Henle flanked by S3/thin limb and thin limb/thick
limb of Henle boundaries. The inner medulla is defined as
the region from the inner stripe of the outer medulla
boundary to the tip of the papilla. Collecting ducts (cor-
tical and medullary) are located in all zones of the kidney.

Results

Defects in Nephrogenic Zone Development with
Loss of CnA-a But Not CnA-B

The phenotypes of mice which lack the « isoform of
calcineurin A a (CnA-a)®' and mice lacking CnA-g**
have been reported. However, the effects of CnA-a or
CnA-B knockout on the development and function of the
kidney have not been described.

Using total protein lysates from kidneys of wild-type,
heterozygous, and null animals, we examined expression
of total CnA in CnA-a and CnA-B transgenic mice. Figure
1A shows that expression of total calcineurin is de-
creased in both CnA-a heterozygous and homozygous
animals. Similarly, expression of total calcineurin was
reduced in whole kidney homogenates of CnA-B —/—
mice compared to wild-type and heterozygous litter-
mates (Figure 1B). We next examined calcineurin activity
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Figure 1. Calcineurin A expression and activity in knockout animals. A:
Expression of total calcineurin A was examined in protein lysates from
homogenized kidneys of CnA-a wild-type, heterozygous, and homozygous
mice by immunoblotting with an antibody specific for the phosphatase
domain. Levels of actin were also determined to confirm equal loading of
samples. B: Expression of total calcineurin A was examined in protein
lysates from homogenized kidneys of CnA-B wild-type, heterozygous,
and homozygous mice by immunoblotting with an antibody specific for
the phosphatase domain. Levels of actin were also determined to confirm
equal loading of samples. C: Calcineurin activity was determined in whole
kidney lysates of CnA-a wild-type, heterozygous, and homozygous ani-
mals using an in vitro assay previously described (see Materials and
Methods). Data shown are the mean levels of calcineurin activity in five
animals of each genotype * SEM. *, P < 0.05 compared to wild-type. D:
Calcineurin activity was determined in whole kidney lysates of CnA-fB
wild-type, heterozygous, and homozygous animals using an in vitro assay
previously described (see Materials and Methods). Data shown are the
mean levels of calcineurin activity in five animals of each genotype *
SEM. *, P < 0.05 compared to wild-type.

in whole kidney homogenates from each transgenic line
and found a roughly 60% decrease in activity from CnA-«
—/— kidneys (Figure 1C, P < 0.05) and an approximate
40% decrease in activity from CnA-B —/— kidneys (Figure
1D, P < 0.05).

Body mass and individual organ weights from CnA-a
and CnA-B wild-type, heterozygous, and knockout ani-
mals were measured at 18 days of age and the results
are summarized in Table 1. CnA-B —/— animals are not
different from wild-type whereas CnA-a —/— mice are
significantly smaller. Further, the average weights of
brain, heart, liver, and kidney of CnA-a—/— mice are all
significantly reduced compared to wild-type animals.
Heart, liver, and kidney weights also show a trend toward
a decrease in heterozygous animals. To determine
whether the reduction in organ weights was consistent
with overall reduction in body mass of CnA-a transgenic
animals, organ weights were normalized by body weight,

Table 2. CnA-a Organ Weights Normalized by Body Weight

n Heart (% bw) Liver (% bw) Kidney (% bw)

+/+ 11 .610 = .04 4.01 £ .10 1.52 £ .04
+/—= 11 587 = .03 3.81=x .15 1.38 = .04"
—-/— 9 646 £ .04 3.28 = .09** 1.27 £ .05

Data shown are the mean = SEM.
* p < 0.05 compared to +/+; **, p < 0.01 compared to +/+.

and the results are presented in Table 2. Heart size is
proportional to body size, but both liver and kidney
weights are significantly reduced independent of body
weight. Moreover, heterozygous animals demonstrate a
reduction in kidney mass that is significantly different
from wild-type.

Examination of organ sizes indicated that kidney
growth may be particularly impaired in CnA-a —/— mice.
Therefore, kidney sections from 4- and 18-day-old wild-
type and knockout animals were examined. Figure 2
shows that in wild-type animals, postnatal kidney matu-
ration progresses from day 4 (Figure 2A), which still retain
many developmental features, to fully mature by 18 days
postnatal (Figure 2B). Kidneys increase in size, develop
mature medullary rays, and develop significant cortical
mass. At 4 days postnatal, kidneys from CnA-« null ani-
mals are relatively normal and comparable to wild-type
animals (Figure 2C). However, by 18 days postnatal,
there is a noticeable delay of maturation evident as a lack
of overall mass, poorly defined medullary rays, and de-
creased cortical mass (Figure 2D) compared to wild-type
animals. Kidneys from CnA-B null mice appear to de-
velop normally postnatally (Figure 2, E and F).

To determine what regions of the kidney are most
affected by loss of CnA-a, the cross-sectional axes of
kidney sections from wild-type, heterozygous, and
knockout animals were examined and the lengths of each
of the four major regions were determined and are pre-
sented in Table 3. There were no significant differences in
the inner medulla, inner stripe of the outer medulla
(ISOM), or cortex of heterozygous animals compared to
the wild-type animals. Interestingly, the outer stripe of the
outer medulla (OSOM) of heterozygous animals was also
significantly decreased. When the regions of the CnA-«
—/— kidneys were examined, all four regions were found
to be affected by loss of calcineurin. However, the inner
medulla and ISOM were only mildly altered (18% de-

Table 1. Growth and Organ Weights of Transgenic Animals at 18 Days Postnatal
Body Femur Brain Heart Liver Kidney
n weight (g) (cm) (mg) (mg) (mg) (mg)
CnAa
+/+ 11 9.56 = .2 1.6 £ .04 385 6.7 60.7 = 4.7 392 = 16 145 +53
+/— " 9.62 = .2 1.6 £.03 400 = 8.7 57.6 = 3.0 360 = 14 130 + 5.4
—/= 9 5.69 + 4 1.5+ .04 357 £ 8.4* 33.0 £ 2.0* 169 = 12* 70.6 = 2.7*
CnAB
+/+ 8 9.60 = .8 1.74 = .05 425 + 11 59.1 =58 383 = 37 139 = 11
+/= 8 9.62 .9 1.76 = .04 n/a 52.3 = 3.7 368 + 32 136 £ 8.2
-/= 8 9.06 = .8 1.75 = .05 402 + 11 535 +50 386 = 43 140 = 9.3

Data shown are the mean = SEM.
* p < 0.01 compared to +/+; **, p < 0.05 compared to +/+.
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Figure 2. Effect of CnA-a —/— on postnatal kidney maturation. Cross-sections of kidneys from 4 day and 18 day postnatal wild-type and CnA-a and CnA-$
homozygous animals were stained with hemotoxylin and eosin. Original magnification, X40. All pictures are to scale. A: Four-day-old wild-type animal, B:
Eighteeen-day-old wild-type animal, C: 4-day-old CnA-a —/— animal, D: Eighteen-day-old CnA-a —/— animal, E: Four-day-old CnA-B —/— animal, F:

Eighteeen-day-old CnA-B —/— animal.

crease and 16% decrease, respectively) while the OSOM
and cortical regions were more markedly decreased
(55% and 47%, respectively).

Closer examination of cortical sections from wild-type
and knockout animals at 4 days postnatal and 18 days
postnatal shown in Figure 3 confirms this observation. At
4 days postnatal, wild-type, CnA-a —/—, and CnA-B —/—
cortical sections have a characteristic range of matura-
tion from immature late-S phase glomeruli (identified with
an *) to fully mature, juxtamedullary glomeruli. Medullary
rays are also visible in all genotypes at this stage (indi-
cated by arrows). By 18 days postnatal, however, the
maturation process evident in wild-type and CnA-B —/—
animals is absent in CnA-a knockout animals. Poorly
developed, surface glomeruli persist (arrowhead), and
there is a significant lack of maturation of tubules within
the NZ.

Table 3. CnA-a Mice: Cross-Sectional Axis of Kidney Regions

(mm)
Inner
n  medulla ISOM OSOM Cortex
+/+ 9 163+.10 068+ .04 0.63* .04 0.93 + .04
+/— 8 153 +.15 0.83+.08 047 = .05 0.93* .06

—/— 8 133x.09" 057 *.09 0.29* .03 0.49 = .04

Data shown are mean = SEM.
* p < 0.05 compared to +/+; **, p < 0.001 compared to +/+.

While there were no differences in total number of
immature and mature glomeruli (data not shown), there
were alterations in the development of glomeruli within
the NZ of CnA-a —/— animals. Figure 4 shows that not
only are NZ glomeruli from CnA-a knockout animals
smaller, but there appears to be a defect in cellular
development (Figure 4, A and B). Ultrastructural evalua-
tion by electron microscopy revealed a marked attenua-
tion of mesangial cells in NZ glomeruli of CnA-a —/—
animals (Figure 4, C and D). Furthermore, no mesangial
matrix was observed by electron microscopy or by stain-
ing with PAS (data not shown). To further investigate the
cell types present in wild-type and knockout NZ glomer-
uli, mesangial, epithelial, and endothelial cells were
examined by identification of specific markers for each
cell type. Figure 5 shows that while mesangial cells are
readily detected by anti-a-smooth muscle actin anti-
bodies in wild-type kidneys (Figure 5A), there was
again a marked attenuation of cells within glomeruli of
CnA-a —/— animals the mesangial cell marker (Figure
5E). Also consistent with results obtained by electron
microscopic evaluation of glomeruli, both endothelial
and epithelial cells were detected by expression of
characteristic proteins PECAM and synaptopodin, re-
spectively (wild-type, Figure 5, B, C, and D (merged
image) and CnA-a —/—, Figure 5, F, G, and H (merged
image)).
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Figure 3. Effect of CnA-a —/— on postnatal development of the nephrogenic zone (NZ). Cortical sections of kidneys from 4-day-old and 18-day-old animals were
stained with hemotoxylin and eosin and examined by light microscopy. Original magnification was X400. Brackets designate the nephrogenic zone (NZ). A:
Four-day-old wild-type animal. B: Eighteen-day-old wild-type animal. C: Four-day-old CnA-a —/— animal. D: Eighteen-day-old CnA-a —/— animal. E:

Four-day-old CnA-B —/— animal. F: Eighteen-day-old CnA-B —/— animal. Arrows identify developing cortical rays, asterisks denote late S-phase glomeruli, and
arrowheads identify poorly developed, surface glomeruli.

Alterations in the Cell Cycle within the NZ of
CnA-a —/— Kidneys

The lack of maturation in the NZ of CnA-a knockout mice
was further examined. First, proliferation within the NZ
was investigated by identifying cells that stain positive
for PCNA (Figure 6). In wild-type animals, PCNA stain-
ing is strongest within the NZ and occurs progressively
less often in the inner, more mature areas of the cortex
(Figure 6A). In contrast, there is very little evidence of
PCNA-positive cells within the NZ of CnA-a knockout
animals (Figure 6B). However, proliferating cells could
be identified in some mature glomeruli (Figure 6C)
indicating that there is a defect in proliferation specific
to the NZ and not a generalized proliferative failure in
CnA-a —/— animals. PCNA staining in the NZ was not
different in CnA-B wild-type and knockout animals
(data not shown).

Next, cell death was examined in the cortex of wild-
type and CnA-a knockout animals by TUNEL assay. In
wild-type cortical sections, there is very little evidence of
cell death (Figure 6D). Loss of CnA-«, however, results in
a significant increase in cell death, particularly within the
NZ (Figure 6E) and juxtamedullary glomeruli (Figure 6F).
Further examination of individual glomeruli revealed that
there is a 3.5-fold increase in the number of glomeruli that
show signs of cell death from 2.1% in wild-type animals to

7.4% in knockout animals (P < 0.05). There was no
difference in rates of cell death in the NZ with loss of
CnA-B (data not shown).

Decreased proliferation and increased cell death in the
NZ indicate an alteration in the cell cycle due to loss of
CnA-a. The cyclin-dependent kinase inhibitor p27 has
been implicated in control of proliferation and cell survival
in the NZ.2873° Therefore, we examined expression of
p27 in CnA-a +/+ and —/— kidneys. Figure 7A shows
that expression of p27 is increased in CnA-a knockout
kidneys compared to kidneys from wild-type and het-
erozygous animals. The proliferative defects in CnA-«
mice are concentrated in the NZ. As such, we examined
the regions of CnA-a kidneys to determine where p27 is
overexpressed by immunohistochemistry (Figure 7B).
Figure 7, Bi and Biii, show normal expression of p27 in a
4 day old mouse kidney. Compared to wild-type, CnA-«
knockout results in a dramatic overexpression of p27 in
the NZ (Figure 7Bii) and specifically in the epithelium of
NZ glomeruli (Figure 7Biv). Loss of CnA-B has no effect
on p27 expression in the NZ (data not shown).

Kidney Function Is Impaired

Finally, we investigated the effect of loss of CnA-a and
CnA-B on kidney function. First, we examined creatinine
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Figure 4. Loss of calcineurin A-« results in marked reduction in mesangial cells in juxtamedullary glomeruli. Ultra-thin cortical sections from 18-day-old wild-type
and —/— animals were stained with toluidine blue and examined by light microscopy and by high-power electron microscopy. A: Glomerulus from a wild-type
animal. Original magnification, X600. B: Glomerulus from a CnA-a —/— animal. Original magnification, X600. C: Glomerulus from a wild-type animal. Epithelial
cells (EP), endothelial cells (EN), mesangial cells (MC), and mesangial matrix (MM) are labeled. Original magnification, X5600. D: A representative cortical
glomerulus from a CnA-a —/— animal. Epithelial cells (EP) and endothelial cells (EN) are labeled. Original magnification, X5600.

excretion as determined by levels of creatinine in both se-
rum and urine from wild-type, heterozygous, and knockout
animals. Figure 8A shows that wild-type animals maintain
very low serum levels of creatinine throughout the first 4
weeks postnatal. Urine creatinine excretion increases
steadily to reach a stable level between 2 and 3 weeks of
age, consistent with final postnatal maturation of the kidney
(Figure 8B). Serum and urine creatinine levels of CnA-B
—/— mice were not different from wild-type (data not
shown). Interestingly, CnA-a heterozygous animals show
a slight increase in serum creatinine levels significantly
different from wild-type animals. However, urine creati-
nine secretion in heterozygous animals is not different
from wild-type mice. Finally, CnA-a —/— mice show sig-
nificant elevations of serum creatinine by 4 days of age

that increase throughout the study period. In addition,
knockout animals demonstrate a significant decrease in
urine creatinine concentration compared to wild-type and
heterozygous animals. Next, we examined collagen dep-
osition by trichrome stain in wild-type and knockout kid-
ney sections. Figure 8C shows that there is little evidence
of collagen deposition in wild-type and CnA-B —/— ani-
mals but CnA-a —/— kidneys demonstrate an increased
amount of collagen deposition (Figure 8D). Interestingly,
the area of increased extracellular matarix (ECM) ap-
pears to be limited to the tubulointerstitium and does not
include glomeruli. There was no difference in trichrome
staining with loss of CnA-B (data not shown). Taken to-
gether, the results suggest a significant impairment of
kidney function in CnA-a knockout animals.



1762  Gooch et al
AJP November 2004, Vol. 165, No. 5

Figure 5. Expression of cell-specific markers demonstrates lack of mesangial cells in CnA-a —/— juxtamedullary glomeruli. Expression of cell markers was
determined in cortical sections from 18- day-old wild-type (A-D) and CnA-a —/— animals (E-H) by immunofluorescence using specific antibodies to
synaptopodin to identify podocytes (A and E) and PECAM to detect endothelial cells (B and F) and their areas of co-expression (merged images C and G).
a-smooth muscle actin was used to identify mesangial cells in juxtamedullary glomeruli of newborn animals (D and H). Data shown are representative of at least
three animals.
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Figure 6. Decreased proliferation and increased cell death in the NZ of homozygous animals. Proliferating cells were identified in cortical sections of 18-day-old
wild-type and CnA-a —/— animals by immunohistochemical staining with anti-PCNA antibody (A—C). PCNA expression was detected with DAB chromagen and
sections were counterstained with hemotoxylin. The nephrogenic zone (NZ) is indicated with brackets. A: PCNA expression in an 18-day-old wild-type animal.
B: PCNA expression in an 18-day-old —/— animal. C: PCNA expression in a representative mature glomeruli of an 18-day-old —/— animal. Arrows indicate cells
positive for PCNA expression. Data shown are representative of at least three animals of each genotype. Cortical sections from wild-type and CnA-a —/— animals
were examined for evidence of cell death using TUNEL method (see Materials and Methods). TUNEL-positive cells were detected using the DAB chromogen and
sections were counter-stained with methyl green. The nephrogenic zone (NZ) is indicated with brackets. D: TUNEL stain of 18-day-old wild-type cortical section.
E: TUNEL stain of an 18-day-old —/— cortical section. F: TUNEL stain of a representative glomeruli from an 18-day-old —/— animal. Arrows indicate a glomeruli
positive for cell death. Data shown are representative of at least three animals of each genotype.



Figure 7. Loss of CnA-a results in increased p27 expression in the NZ. A: p27
protein expression was examined in whole kidney homogenates by direct
immunoblotting. Each lane represents one animal. Actin was also detected as
a control for equal loading. B: p27 expression was determined by immuno-
histochemistry in wild-type and CnA-a —/— mice using a specific antibody.
Protein expression was detected with DAB chromagen and sections were
counter-stained with hemotoxylin. The nephrogenic zone (NZ) is indicated
in brackets. (i) Four-day-old wild-type animal showing normal p27 expres-
sion, (ii) Four-day-old CnA-a —/— animal showing increased p27 expres-
sion, (iii) higher magnification of wild-type cortical section showing normal
p27 expression in glomeruli, and (iv) higher magnification of CnA-a —/—
cortical section showing increased p27 expression in glomeruli. Results are
representative of at least three animals of each genotype.

Discussion

In this study, we describe for the first time the effect of
loss of calcineurin A isoforms on kidney function and
development. First, we show that loss of CnA-a or CnA-B
significantly reduces both total calcineurin A protein ex-
pression and activity in the kidney. Interestingly, CnA-a
appears to make up a slightly greater proportion of both
total calcineurin A protein levels and activity, supporting
earlier observations that the « isoform may be the pre-
dominant isoform expressed in the kidney.®" However,
despite expression of CnA-a and CnA-B in the kidney, it
is clear that CnA-«a plays a more critical role in the devel-
opment of the kidney and in postnatal kidney function. In
our laboratory, mice lacking CnA-a are born at a normal
rate, but are smaller than littermates within days after
birth, and have a shortened lifespan. CnA-a mice suffer
from progressive kidney failure and most animals die
between 21 and 28 days of age. On closer examination,
loss of calcineurin is associated with significant alter-
ations in kidney development. In this study, we report
three interrelated findings that are specific to mice lack-
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Figure 8. Evidence of impaired kidney function in CnA-a knockout mice.
Serum creatinine (A) and urine creatinine (B) levels were determined in
wild-type, heterozygous, and homozygous mice over time. Data shown are
the mean of two to six measurements at multiple time points = SEM. A curve
was generated using non-linear regression. *, P < 0.001 and **, P < 0.01
compared to wild-type. Presence of ECM, particularly collagen, was detemi-
ned in cortical sections of 18-day-old wild-type (C), and CnA-a —/— (D)
animals by trichrome staining (see Materials and Methods). Collagen depo-
sition is evident as areas that stain blue. Results are representative of at least
three animals of each genotype.

ing CnA-a: postnatal defect in development of the NZ
and superficial glomeruli, cell cycle alterations in the NZ,
and impaired kidney function with loss of CnA-a. Each of
these alterations represents a previously undescribed
role for calcineurin in the kidney and suggests that there
are specific functions of CnA-a isoform.

First, we report that loss of CnAa impairs development
of the kidney, specifically within the NZ. While the kidneys
of CnAa —/— mice are smaller due to an overall decrease
in size of the animals, we found that kidney growth was
further impaired as evidenced by a significantly de-
creased kidney/body weight ratio compared to wild-type
litermates. Of the four main regions of the kidney, inner
medulla, ISOM, OSOM, and cortex, the OSOM and the
cortex are particularly affected. A dose response was
also observed as heterozygous animals also showed a
significant decrease in kidney size unrelated to body size
(Table 2) and a small but significant decrease in the
OSOM. Together, these data indicate that calcineurin is
required for normal development and growth of the kid-
ney, especially within regions most affected by postnatal
growth. Interestingly, the defect in cortical development
appears to be specific to the NZ. Nephrons within the
juxta-medullary region appear to develop normally and
are sufficient to support renal function several weeks
postnatally. This suggests that distinct mechanisms gov-
ern the development of early versus late nephrogenesis.
Interestingly, our finding that calcineurin is important for
NZ development is mirrored in a recent study that spe-
cifically targeted inhibition of calcineurin activity to the
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gestational period coinciding with onset of nephrogen-
esis. Tendron et al®? describe that administration of cy-
closporin A to pregnant rabbits during a 5-day period
when embryonic nephrogenesis is initiated is sufficient
to reduce nephron mass in the pups. Specifically, the
pups showed a defect in NZ development. This exper-
imental finding supports our conclusion from CnA-a
—/— mice that calcineurin is required for normal kidney
development.

Within the NZ, glomeruli were also affected by loss of
CnA-a. Specifically, there is a deficiency of mesangial
cells. Interestingly, mesangial cells appear to be present
in juxta-medullary glomeruli, which compete develop-
ment antenatally, and are only absent in glomeruli within
the postnatally developing NZ. It will be interesting to
determine whether the loss of mesangial cells is due to
decreased proliferation and increased cell death as was
observed in the NZ, which would suggest a direct role for
calcineurin in mesangial cells, or due to a lack of recruit-
ment of mesangial cells by endothelial and/or epithelial
cells, suggesting a role for calcineurin in these cell types
with an indirect effect on mesangial cells.

Concomitant with defects in development within the
NZ, we report that loss of CnA-«a results in alterations in
the cell cycle. Further supporting a role for calcineurin in
control of proliferation in the kidney is a recent study by
Chang et al,®® showing that targeted disruption of the
regulatory calcineurin B subunit (and, therefore targeted
inhibition of both CnA-a and CnA-B) in the urinary tract
resulted in a defect in proliferation. The knockout was
targeted to metanephric mesenchymal cells and a loss of
proliferation was observed in glomeruli as well as proxi-
mal and distal tubules. Interestingly, we find decreased
proliferation and increased cell death specifically within
the NZ of CnA-a —/— mice, suggesting that there may be
a specific role for the « isoform in terminal nephrogen-
esis. The nature of the defect appears to be disruption of
normal cell cycle as evidenced by increased levels of the
cyclin-dependent kinase inhibitor p27, also specifically in
the NZ. This is consistent with inhibition of proliferation in
these structures and increased cell death. Interestingly,
knockout of p27 in a transgenic mouse model results in
organomegaly, including the kidney.®* Also, up-regula-
tion of cux-1, a transcription factor implicated in tran-
scriptional repression of p27 and expressed in the NZ of
the developing kidney, also decreases p27. Transgenic
mice over-expressing cux 1 have increased proliferation
in the NZ2° and an increased number of mesangial cells
in NZ glomeruli.*® Thus, it is possible that calcineurin is
also important in a pathway that functions to regulate cell
cycle events specifically in the developing kidney. Inter-
estingly, over-expression of cux 1 also results in a loss of
p27 in the epithelium of glomeruli and an over-prolifera-
tion of mesangial cells,*° an observation that parallels the
increase of p27 in glomerular epithelial cells and loss of
mesangial cells in CnA-a —/— mice. The two models
suggest coordination between epithelial cell cycle regu-
lation and survival/proliferation of mesangial cells.

Last, there is a defect in kidney function that may be a
direct result of loss of calcineurin, but may also be due to
the lack of development of the cortical nephrons. In the

case of the latter, these data would suggest that juxta-
medullary nephrons are not sufficient for postnatal kidney
maturation or function as the animal grows. However, it is
also possible that loss of calcineurin directly impairs renal
function. For example, as early as 4 days postnatal, se-
rum creatinine levels are slightly increased suggesting
that normal filtration is not taking place before significant
defects in cortical nephrogenesis are observed. While
there appears to be increased ECM deposition, it is not
possible to determine whether the up-regulation is due to
a direct loss of calcineurin or due to an indirect effect of
immature nephrons and/or decreased kidney function.

In interpreting the data from this model, several con-
siderations should be noted. Kidney function appears to
be impaired from birth and undoubtedly poor function
may contribute to the structural/histological findings. In
addition, the animals have several other defects. Notably,
their livers are also significantly smaller. It is unknown
what the defect in liver growth/maturation may contribute
to the kidney phenotype. Data from this transgenic model
may also have implications for the clinical use of cal-
cineurin inhibitors. In particular, inhibition of calcineurin
may impair the ability of some nephrons to recover from
injury, especially if proliferation of the mesangium is
required.

Calcineurin is a ubiquitous signaling protein that has
been implicated in a variety of pathways in multiple organ
systems. Specific roles for calcineurin A subunit isoforms
may be a key mechanism for tissue-specific effects of
calcineurin. In the kidney, calcineurin is involved in up-
regulation of ECM'®'7 as well as in the inhibition of ECM
accumulation®® suggesting a cell and/or tissue-specific
mechanism of action. Calcineurin A isoform expression/
action may be one way calcineurin acts in a tissue-
specific manner. For example, CnA-«, and not CnA-B or
CnA-v, is specifically up-regulated in diabetic glomeru-
Ii."® Inhibition of calcineurin action in a rat model of dia-
betes improved glomerular hypertrophy and accumula-
tion of TGFB and ECM proteins,®® suggesting that CnA-a
may be involved in these processes. Our data are con-
sistent with a role for CnA-«, particularly in the mesan-
gium and possibly endothelial cells. Also, we observed
changes in ECM production in CnA-a —/— mice, however
it is not clear whether increased ECM is due to a direct
effect of CnA-a loss or the result of an indirect response
to impaired nephron function. It is interesting to note that
the increase in ECM was in the tubulointerstitium and not
in glomeruli. This is consistent with previous findings that
inhibition of calcineurin is associated with tissue-specific
regulation of ECM proteins.®®

In summary, loss of CnA-a results in a postnatal defect
in development of NZ and in the development and/or
survival of mesangial cells. These defects appear to be
the result of cell cycle changes, in particular increased
expression of the cyclin-dependent kinase inhibitor p27.
In addition to, or as a result of, these developmental
alterations, loss of CnA-« is associated with poor kidney
function evidenced by increased ECM production and
high serum creatinine values. Collectively, CnA-a knock-
out mice provide an interesting model of growth impair-



ment specifically in NZ, calcineurin-mediated cell cycle
alterations, and progressive, early renal failure.
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