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Summary

This study identifies a role for the gene for the POU
transcription factor Brnl in distal tubule formation and

function in the mammalian kidney. Normal development of
Henle’s loop (HL), the distal convoluted tubule and the
macula densa was severely retarded irBrnl-deficient
mice. In particular, elongation and differentiation of the
developing HL was affected. In the adult kidney, Brnl was
detected only in the thick ascending limb (TAL) of HL. In

addition, the expression of a number of TAL-specific genes
was reduced in the Brnl1*~ kidney, including Umod,
Nkce2/Slc12al Bsnd Kcnjl and Ptger3 These results
suggest that Brnl is essential for both the development and
function of the nephron in the kidney.
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Introduction complex organ systems. POU transcription factors, which carry

Mammalian kidney development is initiated by the reciprocaft €°mmon DNA binding motif called a POU domain, regulate
interaction of two primordial mesodermal derivatives: the? Variety of developmental processes. Brnl (Pou3f3 — Mouse

ureteric bud and the metanephric mesenchyme. First, tfg€nome Informatics) and Brn2 (Pou3f2 — Mouse Genome
ureteric bud is induced from the mesonephric (Wolffian) ducthformatics) are members of the class I1l family of mammalian
by the metanephric mesenchyme, then the metanephr’?(pu transcription factors, and s_hare extremely high sequence
mesenchyme near the bud is transformed to form the rend@mology within the POU domain. They are both prominently
vesicle, a spherical cyst consisting of early epithelial cellseXpressed in the central nervous system during embryonic
Through a series of invaginations and elongations, this cy&€velopment (He et al., 1989). These two factors show a high
finally develops into the mature nephron, which is a minimallyevel of redundancy, as targeted mutagenesis of either of these
functional filtration unit central to kidney function (Kuure et 9enes only leads to changes in very restricted regions of the
al., 2000; Sched! and Hastie, 2000). The mammalian kidnéyrain. Brnl-deficient mice die within 48 hours of birth, but
contains many nephrons, each consisting of a glomerulus agfiow histological abnormalities only in the hippocampus
tubules. The glomerulus acts to filter the plasma and théegion (data not shown), which are not sufficient to explain
tubules, which are divided into proximal, intermediate andheir postnatal death. Analysis of tH&n1/Brn2 double
distal, function to reabsorb water and small molecules such &utants showed that Brnl and Brn2 regulate the production
ions from the filtrate (Bachmann and Kriz, 1998). Among theand positioning of neocortical neurons (McEvilly et al., 2002;
nephron tubules, Henle’s loop (HL) has a unique structure arigugitani et al., 2002), but the cause of death in the Brnl-
is essential for hypertonic urine production, which conservegeficient mice remains unclear.
water and ions to maintain homeostasis in the body (Greger, Brnl, but not Brn2 or any other class Ill POU proteins, is
1985). Although a number of molecules including transcriptioralso expressed in the developing kidney of rat embryos, but its
factors and growth factors have been implicated by genetftinction here remains unknown (He et al., 1989). We describe,
screens in the early phases of mammalian kidney developmeiit, detail, our analysis of the spatial and temporal patterns of
the mechanisms controlling the unique and complex nephrddrnl expression in the developing mammalian kidney.
patterning remain to be elucidated (Kuure et al., 2000; Sche#listological and functional changes to the kidney in Brnl-
and Hastie, 2000). This patterning is a key process for thmutant mice were also analyzed. The results clearly suggest
establishment of kidney function later in development. that Brnl may play an essential role not only in the formation
Transcription factors are essential for the development aif the HL, distal convoluted tubule (DCT) and macula densa
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(MD) structure in the developing kidney, but also in thecounterstaining with Hematoxylin, samples were dehydrated and

function of the thick ascending limb (TAL) of HL in the adult mounted. Three animals for each genotype were subjected to analysis.

kidney. Total and stained cells were counted in at least four independent
Henle's loops to give a percentage of BrdU-positive cells. The average
percentage for each animal was then subjected to statistical analysis.

Materials and methods TUNEL assay

Generation of Brn1--mice Kidneys were dissected from newborn mice, fixed in 10% neutral
To construct the targeting vector, we used Lambda DASH Il phagirmalin and embedded in paraffin wax. Sections were cutpah 6
clones isolated from a 129/SV mouse genomic library. A Sléib- and subjected to a TUNEL assay. The labeling of fragmented nuclear
Not fragment derived from the' Begion ofBrnland a 1.3 kApa- DNA with terminal deoxynucleotide transferase (Tdt) was performed
Apad fragment from the ‘3region were used as homologous flanking using an ApopTag Peroxidase Kit (Interogen).

sequences. A 1.2 kb pGK-neo cassette was inserted at¢he 8f

the right arm for positive selection. Linearized plasmid DNA wasln situ hybridization (ISH)

electroporated into J1 ES cells as described (Nakai et al., 1995). @kgans were fixed in 4% PFA overnight. In situ hybridization of 10
700 G418-resistant colonies, we identified eleven properly target?l-n cryostat sections was performed as described (Minowa et al.,
clones as determined by Southern blot analysis. Two independent B§99).” Riboprobes were synthesized using the following mouse
cell clones were microinjected into C57BL/6J blastocysts, resultingDNAs: Ptger3(10-364),Umod(625-932) Nkcc2(Slc12al — Mouse

in the birth of male chimeras. Germline transmission of the disruptegienome Informatics) (3086-3331)cc (360-741),Ncx1 (Slc8al —
Brnlallele was achieved by mating with C57BL/6J females. Mouse Genome Informatics) (442-80@ENaC (Scnnlb — Mouse

o Genome Informatics) (658-976) ahtbs1(167-516).
Antibodies

A polyclonal anti-Brnl antibody was generated by immunizing aRNase protection assay (RPA)

rabbit with the synthetic polypeptide, PDDVYSQVGIVSAD, mRNA levels were measured using an RPA as previously described

corresponding to amino acids 469-482 of mouse Brnl. The specificiijakai et al., 1995)32P-labeled riboprobes were generated from the

of the Brnl antibody was confirmed by western blot analysis (FigeDNAs described above for use in in situ hybridization. The mouse

1B), which was performed as previously described (Yao et al., 20028DNAs of Bsnd(203-688) Egf(1084-1546)Clcnk1l(844-1322), and
Kcnjl(124-511) were also used for RPA. A plasmid containing ~100

Electrophoresis mobility-shift assay (EMSA) bp of the mousdsapd cDNA was a kind gift from Dr A. Orimo
EMSA experiments were performed as previously described (NakgBaitama Medical School, Iruma, Saitama). The intensities of the
et al., 1995). radioactive protected bands were quantified on an Image Analyzer

) ) . ) (Fuji Film). Test signals were normalized to thepdsignal for each
Histology, immunohistochemistry and electron sample. The ratios of observed to wild-type signal were then
microscopy calculated.

For light microscopy, organs were fixed in Bouin’s fixative, embedded

in paraffin wax and sectioned. Kidney morphology was visualizedClinical chemistry

using 6 pm longitudinal or coronal sections stained with eitherFor newborn mice, blood samples were collected by decapitation,
Hematoxylin and Eosin or periodic acid-Schiffs (PAS). For Brnlwhile urine samples were collected by forced voiding. In adult mice,
immunohistochemistry, organ samples were fixed in 4%plood was collected retro-orbitally using capillary tubes. Urine
paraformaldehyde (PFA) overnight. Cryostat sections ofpff®  samples were collected by spontaneous voiding. Serum urea nitrogen
thickness were cut then incubated with anti-Brn1 antibody overnighfevels were measured using a UN-B Test Wako (Wako). Serum
Signals were visualized using a Vectastain ABC kit (Vectorcreatinine and electrolyte concentrations were measured using
Laboratories), counterstained with kernechtrot, dehydrated angrichem (Fuji Film). Serum and urine sample osmolalities were
mounted on glass slides. For Caspase 3, phosphorylated MARKeasured using a Fiske Osmometer Model 110 (Fiske Associates). To

(ERK1/2), and Bcl2 immunohistochemistry, organ samples were fixegletermine the daily urine output, mice were kept in metabolic cages
in 4% paraformaldehyde (PFA) overnight. Paraffin wax embeddeg@nder euhydrated conditions.

sections were cut (Bm) then incubated with anti-cleaved caspase-3

antibody (Aspl75) (Cell Signaling Technology) or anti- Glomerular maturity index and glomerular counts

phosphorylated MAPK (ERK1/2) antibody (Cell Signaling six newborn animals for each genotype were analyzed. The
Technology) or anti-Bcl-2 antibody (BD PharMingen) overnight. gjomerular maturity index was calculated as described previously

Signals were visualized using a Vectastain ABC kit (Vector(Njimuyra et al., 1995). The maturity index determined for each animal
Laboratories), counterstained with Hematoxylin, dehydrated, angz5 an average of the score for all glomeruli present in a median

mounted on glass slides. For electron microscopy, tissues were fixgghgitudinal section. The total number of glomeruli was also

in 2% PFA/1% glutaraldehyde in 0.1 M phosphate buffer angyyantitated in a median longitudinal section for each animal.
embedded in Epon 812 resin. Semi-thin sectiongnf]l were used

for Toluidine Blue staining, while ultrathin sections were prepared for
examination in a transmission electron microscope. Results

Cell proliferation assay Homozygous Brnl-mutant mice died within 24 hours
E16.5 timed-pregnant heterozygous females were injectegf birth because of renal failure

intraperitoneally with BrdU (Amersham) at 100 mg-kgf body Jo generat®m1 knockout mice, a 1.2 kb genomic region that
e ! .

weight. Approximately 3 hours after injection, females were sacrific . S :
and the embryos recovered. Kidneys dissected from the embryos wéﬂ&lucjed the translation initiation site and 70% of Bral-

fixed in Bouin's fixative, embedded in paraffin wax and sectioned-0ding region was replaced wifGK-neé contained within
longitudinally at a (6um). Sections were then incubated with anti- the targeting vector (Fig. 1A). Genotyping of F2 offspring
BrdU antibody (Becton Dickinson) diluted 1:100 overnight at 4°C.generated by double heterozygous breeding identified the
Signals were visualized using a Vectastain ABC kit. Followingexpected Mendelian frequency (24.5%) of homozygous
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Fig. 1. Generation oBrnl knockout mice anc A +/+
histological changes in their kidneys at birtt E B XNXA BE TR\
(A) Representation of the wild-type allele, wild-type _ | || gy | | |
targeting vector and targeted alleleBof 1. aliele 5 probe Bro1  37rabe
TheBrnlopen reading frame is shown as a X il

black box. The locations of the externah8d L .

internal 5 probes are indicated. NEO, targeting - &
neomycin-resistance gene driven by \ecior inEof—5ra
phosphoglycerate kinase gene promoter; C E B xEB A
diphtheria toxin A-chain gene; EcaRl; B, mutated | | |
BanHl; X, Xhd; N, Noti; A, Apal. allele —  — DOR

(B) Western blot analysis of kidney extracts LS T
from newborrBrn1 mutants. The specific

band of Brn1 detected by a polyclonal B C ~
antiserum is reduced Brn1*-mice and %93;;96\
absent fronBrn1-~mice. (C) Electrophoresi e 4l ol (D) B RXXN
mobility-shift assay (EMSA) using brain o7

extracts derived from newboBrn1 mutants. 66

Cell extracts oBrnl-transfected NIH 3T3 Brn-15{- 4 .

cells (3T3Brnl) served as a Brn1 protein s B -
control. Lysates of P19 cells treated with

retinoic acid (P19-RA) were used as a Brn:
protein-positive control. (D,E) Staining of th
kidney medulla derived froBrn1*+ (D) and i
Brn1-=(E) mice with Hematoxylin and - i
periodic acid-Schiff (PAS). The collecting T probe [
ducts (CD) irBrn1--kidneys are comparabl.
with those of tha@rn1** kidney. The lops of Henle (HL), however, are absent fronBthé/~kidney. Interstitial cells (IC) are prominent in the
Brn1-~kidney in comparison with the wild-type kidney. (F,G) CorticeBiwfl*/* (F) andBrn1~-(G) kidneys stained with Hematoxylin and
Eosin. No significant differences in cortex morphology were observed beBretii* andBrn1-/~kidneys. G, glomerulus. Scale bar: 5.

mutants, suggesting that there was no lo®8rof~- mutants Table 1. Developmental status and function of kidneys in

in utero. Absence of the Brnl gene producBm1~- mice newborn Brnl mutant mice

was confirmed by western blot analysis (Fig. 1B) and Genotype
electrophoresis mobility shift assay (EMSA) (Fig. 181/~ It e e

pups were indistinguishable from normal littermates and therBeod = 1541007 15650.03 1 2050.03
was no significant difference in body weight at birth (Table 1), & FE30L % 0.015:0.001 0.015:0.001 0.012+0.001
However, most died within 36 hours, with none surviving forgyn (serum) (mg/di) 26.741.7 26.941.1 442412
more than 48 hours. Dissection of BBenl7- mice 2 hours K (serum) (mEg/l) 4.8+0.1 5.2+0.1 7.2+0.8
after birth revealed significantly lower urine volumesNumbers of glomeruli* 44.246.8 47.741.6 42.3+4.7

compared with those measured in Bra1** or Brn1*- mice. Glomerular maturity index 2.03+0.05 2.02+0.03 1.96+0.03
This Prompt‘?d usto analyze k'dney functlon in these_ mice. The*Numbers of glomeruli were counted in the median longitudinal section.
blood urea nitrogen (BUN) and potassium (K) levels in the sera tp<0.05 versus +/+ bistest, following ANOVA.

of the Brn1~~mice were significantly higher than in the sera Meants.e.m.r6).

of either theBrn1** or Brn1*~ mice (Table 1). These data
indicate that renal dysfunction may contribute to the premature

death ofBrn1-- mice. Brn1 mutant mice (data not shown), although these numbers
At postnatal day 0 (POBrn1~'-kidneys were ~20% less in were difficult to quantitate.
weight than those of eith&rn1** or Brn1*~ mice (Table 1), To determine the function of Brnl in kidney development,

suggesting a hypoplasticity of tBen1~-kidneys. Histological we analyzed its expression during mouse development.
analyses showed equivalent numbers of collecting ducts (CD$hroughout the initial phases of kidney development, we could
in the medulla region of boBrn1*+ andBrn17-kidneys (Fig.  not identify any Brnl-immunoreactive cells in any part of the
1D,E, data not shown). PAS staining, however, revealedmbryonic kidney. Brnl expression was first identified in a
drastically reduced numbers of HLs in the kidney8wfl7=  spherical cyst (Fig. 2A,B), a region of the renal vesicle
mice (Fig. 1D,E). In addition, the areas occupied by interstitiatontaining early epithelial cells transformed from the
cells between the CDs were more prominentBml7~  metanephric blastema. This cyst, through a series of
kidneys, consistent with the HLs being replaced by these celisvaginations and elongations, initiates nephrogenesis to
(Fig. 1D,E). By contrast, no remarkable changes were observgeénerate first comma-shaped and then S-shaped bodies (Kuure
in the cortices oBrn1--kidneys (Fig. 1F,G). The number of et al., 2000; Sched| and Hastie, 2000). Brn1 was specifically
glomeruli and the extent of their maturation in the kidneys ofletected in the prospective HL, DCT and the MD within S-
Brn1~- mice were not significantly different from those of shaped bodies (Fig. 2C,D). During a subsequent stage in the
Brn1** or Brn1*~ mice (Table 1). In addition, there was no development of these bodies into mature nephrons, Brnl was
significant difference in proximal tubule number between theletected within the developing HL, DCT and MD, but not in
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= s S, » \ — PCTand its
A ﬁrl B ureteric bud G\-.': - n“:;ba,‘f = prospective region
¥ & . i 2 v Y :‘__" ixps HLand its

V5% prospective region

DCT and its

r‘s prospective region
#z£% CNT and its
Fig. 2.Brnl is expressed in the developing loop c et {ﬁ’j prospective region

of Henle (HL) and distal convoluted tubule

(DCT) during nephrogenesis. Brnl

immunostaining (A,C,E,G,H) and schematic
drawings of the key stages of nephron
development (B,D,F,l). Brn1 immunoreactivity is §
present in sections of the renal vesicle (RV; A,B);
within the prospective HL, the DCT and the

macula densa of nascent S-shaped bodies (C,D);
within the elongating HL (E,F); and within the

thick ascending limb (TAL), macula densa (MD)
and DCT (G-I) of the newborn kidney. Brn1-
positive region of the nephron are indicated by a
red outline in the schematic drawings (B,D,F,I).

RV, renal vesicle; BC, Bowman'’s capsule;

PCT, proximal convoluted tubule;

CNT, connecting tubule; tDL, thin descending

limb. Scale bar: 2¢im. (B,D,F,l) Modified, with ‘
permission, from Fischer et al. (Fischer et al.,

1995). —_—

the glomerulus, proximal tubule or CD (Fig. 2E,F). In maturecharacterizes the immature loop differentiation stage. We could
nephrons, Brnl expression endured in the MD and DCT, butot detect any immature loops within tfB#n1-/- kidney,
became regionalized to the TAL in HL (Fig. 2G-l). This despite an extensive analysis. To confirm this observation, we

expression pattern persisted through adulthood. guantitated the developing HLs Brnl mutant kidneys at

) . E16.5 (Fig. 3E,F). This analysis confirmed the absence of
Elongation of HLs was severely retarded in immature loops iBrn1-- kidneys (Fig. 3F). The number of
homozygous Brnl-mutant mice primitive loops inBrn1~- kidneys was twice that found in

The expression of Brnl in the developing HL prompted uither Brn1** or Brn1*~ kidneys (Fig. 3E). This proportion

to analyze HL development irBrnl7~ mutant mice. remained true for mice at E17.5 or PO (data not shown). We
Nephrogenesis occurs continuously in the peripheral region @bncluded that HL development was either perturbed or
the kidney beginning at embryonic day 12.5 (E12.5) andeverely retarded at the primitive loop stag®inl-deficient
lasting until P7-10 (Potter, 1972). Thus, newer nephrons aigdneys.

sequentially added to the nephrogenic zone, the outer regionTo clarify the mechanism inhibiting primitive loop
of the cortex beneath the renal capsule, while older nephrodgvelopment in Brnl7~ kidneys, we examined cell
move into deeper regions of the cortex with elongating HLgroliferation within elongating HL by bromodeoxyuridine
extending toward the medulla. Three distinct stages ofBrdU) labeling at E16.5, the time point at which immature
developing HL were observed in the wild-type mouse kidneyLs first appear iBrn1** and Brn1*~ mice. Within the HL

at E16.5, similar to the same stages in rat (Neiss, 1982). Tlamlage, we observed a similar extent of BrdU incorporation
first stage, the anlage, is a U-shaped structure located in thenong theBrnl mutant kidneys (Fig. 3G-l). During the
nephrogenic zone (Fig. 3A,D). The next stage, the primitivgrimitive loop stage, the amount of BrdU incorporation in
loop, elongates through the boundary of the cortex anBrnl-- kidneys was significantly lower than that Bfn1*+*
medulla, with a bend lying within the medullary ray or outerandBrn1*- kidneys (Fig. 3J-L), indicating a reduction in cell
medulla (Fig. 3B,D). In both stages, HLs contain cuboidaproliferation within the primitive loops drn17-mice. These
epithelial cells undergoing multiple mitoses. HLs in thesedata demonstrate an essential role for Brnl in tubular cell
stages were also observed within Bral7-kidney at E16.5. proliferation at the primitive loop stage of HL development.
In wild-type mice, we detected immature loops, the third stag@/e next examined the possible involvement of apoptosis in the
of the developing HL. These loops possess a dilated tubutetarded development of HL Brn1~—mice by TUNEL assay
lumen and a morphologically differentiated tubule epithelium(Fig. 3M-P). At birth, we found cells in wild-type mice
(Fig. 3C,D). Some bends in these immature loops reach almastdergoing apoptosis only at the bend of the immature loop
to the papillary tip, the innermost region of the kidney.(Fig. 30 arrow). This physiological apoptosis plays an
Cytologically, the descending limb of the immature loopessential role in the generation of the thin ascending limb of
displays a darkly stained thin epithelium. By contrast, théhe mature HL, which first appears just after birth in rat kidneys
ascending limb of the immature loop contains lightly stained(Kim et al., 1996). IrBrn1~-kidneys lacking immature loops
tall cuboidal epithelial cells (Fig. 3C), defining the (Fig. 3P), significant numbers of apoptotic cells were detected
differentiation and proliferation of tubular epithelial cells thatthroughout the primitive loop bend (Fig. 3N, arrows).
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Fig. 3. Arrest of loop of Henle (HL) A V5 a0 D E

elongation at the primitive loop stage ol 3 TR ; Anlage Primitive loop

in Brni-deficient kidney. e - Primitive - 2°J .

(A-C) Classification of HL development: o B4 > | i, loop ‘2-% 15 ;

stages; anlage (A), primitive loop (B) ar L% -‘g @10

immature loop (C). Each developing HL ~ Anlage ! Immature 2§ 5 p i

stage is outlined by arrowheads. B < < loop 0 ._

(D) Schematic drawing of the anlage, F -
primitive loop and immature loop of S TG

Henle. (E,F) Quantitation of the numbei > oy 20 4

of primitive loops and immature loops o 1 > < ® S 15

Henle inBrn1-deficient kidneys. All o ¥ ! 2% o

observable independent HLs were cour » 4 g% E® 1 |

within one median longitudinal section Primitive’ Immature * €8 5

from each animal at E16.5. The numbe  109P A¢ . loop o L s .;_

primitive loops of Henle iBrn1-/-

:<idn|eys incr_ergselq/filsl_giﬁCam(')é)from the BrdU labeling TUNEL Active Caspase-3
evels seen iBrn idneys (E). ] . ] X
However, no immature loops of Henle G & o r‘ ‘“4-_ | X W e N 2l YA %
were identified iBrn1-~kidneys (F). g A | 50—

Data are shown as the meanzs.ema3( F . “ el 310 |
or 4). *P<0.05 compared witBrn1** s 2RI S F 330

kidney (ANOVA). (G-L) BrdU labelingin | « ‘e’ 30 il -
the anlage and primitive loops of Henle | qage -~ m!;a D I : . B ';_‘ﬁ-

E16.5. No significant difference in the J s Kode® o He 4~ - | O &

numbers of BrdU-incorporated cells L I Wity ! E _
betweerBrn1** andBrn1--kidneys was . Primitive loop |Primitive  * Primitive . || Primitive’ . Primitive
detectable at the anlage stage (G-). At : R 1 E— e o lope = g’p o I.';.op
primitive loop stage, the number of cells 0y g:g' 0 TP ¥ +
incorporating BrdU was significantly oy e ¢ : Py | 4

decreased iBrn1--kidney in compariso | - .y L 210/ s | e e e

with theBrn1*/* kidney (J-L). Data are Fat N S8 i 0 | P

shown as the meanzs.e.m=8 or 4). Primitiie Primitive e 4l + | ¥ 4 _

*P<0.05 compared witBrn1** kidney loop » % “leop - — | Papilla Papilla —||Papilla Papilla

(ANOVA). (M-P) TUNEL analysis of

primitive and immature loops of Henle at PO. In Bra1** kidney, TUNEL-positive cells were detected in the bend of the immature loop of
Henle, near the papillary tip of medulla (O, arrow). TUNEL-positive cells were never observed in the primitive loop (VBrivithéidney,
TUNEL-positive cells were present near the bend of primitive loop (N, arrows). The HL could not be identified in the pilld-dfidneys
(P). (Q-T) Active caspase 3 immunostaining of primitive and immature loops of Henle at POBinH&kidney, active caspase 3-positive
cells were detected in the bend of the immature loop of Henle, near the papillary tip of medulla (S, arrow). Active casjiasecel[s were
never observed in the primitive loop (Q). In Bi1~-kidney, active caspase 3-positive cells were present near the bend of primitive loop
(R, arrow). The HL could not be identified in the papill8afil~-kidneys (T). Scale bars: 20n.

Apoptotic cells were never detected in this region of eithepossibly suppresses apoptosis in primitive loop and, therefore,
Brn1** or Brn1*- kidneys (Fig. 3M). To determine whether Brnl deficiency may result in the premature induction of
apoptosis observed iBrn1** immature loop andBrnl”-  physiological apoptosis in primitive loop. Primitive loop
primitive loop is associated with the activation of caspas@poptosis may at least in part contribute to the perturbation of
cascade, we examined active caspase 3 expression Hy development inBrnl”— mice. These results support an
immunohistochemical analysis. Active caspase 3-positive cellsssential role for Brnl in the growth and survival of developing
were detected in almost the same manner to that observed toypular epithelial cells.

TUNEL assay described above (Fig. 3Q-T). This result o _ )

suggests that apoptosis in bd@nn1** immature |Oop and leferentlr_:ltlon of HLs, MD and DCT is suppressed In

Brn1~- primitive loop was induced through the activation of Brn1-"- kidney

caspase cascade. We further examined the expressions Adthough tubular epithelial cells within the wild-type primitive
phosphorylated MAPK (ERK1/2) and anti-apoptotic proteinloop retain an immature appearance histologically, several
Bcl2, both of which are known to suppress apoptosis. Themolecular markers for HL are identifiable in the primitive loop,
expressions were not detected in HLs throughout theisuggesting the initiation of differentiatiodmod a gene that
developmental stages by immunohistochemical analysi®ncodes a glycoprotein marker of the TAL (Bachmann et al.,
Therefore, we could not find any specific changes in theit990), is first expressed in the anlaB&er3 a receptor for
expressions foBrn1** immature loop andrnl-- primitive  prostaglandin E(Breyer et al., 1993), andkcc2(Slc12a), a

loop (data not shown). These results exclude the possiblrimetanide-sensitive Na-K-2Cl co-transporter (Schmitt et al.,
involvement of MAPK (ERK1/2) and Bcl2 in the apoptosis 1999), begin to be expressed in the prospective TAL region of
induction in Brn1~~ primitive loops or in the apoptosis the primitive loop. In situ hybridization analysis of PO kidney,
suppression iBrn1** primitive loops. Taken together, Brnl however, failed to detect mRNA expression for any of these



4756 Development 130 (19) Research article

A Umod Ptger3 Nkcc2 Fig. 4. Differentiation of the TAL, MD and DCT was impaired in the
\ G R < i Brnl-deficient kidney. (A) In situ hybridization analyses of the TAL
\ ] B (Y Ne in newbornBrn1** andBrn1--kidneys. The expression of the
5 \ | \ : Voa e i Tamm-Horsfall glycoprotein gen&(nod, the prostaglandinE
++ \:3 viog AT TR receptor subtype BRjene Ptger3 and bumetanide-sensitive Na-K-
\f' avf & 3 A, 2Cl co-transporter gendlkcc2/Sic12a)lwas detected in the TAL of
Wb R R N the Brn1**, but not theBrn1--kidney, suggesting that TAL
) edil YL, differentiation was impaired in Brnl-deficient animals. Scale bar:

50 um. (B) Histological and in situ hybridization analyses of the MD
and the surrounding TAL cells Brn1** andBrn1--kidneys. PAS
staining demonstrates that the MDEm1** kidneys (arrows)
-/- possesses the defining MD features; cells are crowded and protrude
into the tubular lumen. The putative MDRmn1-"~ mice
(arrowheads) does not display these features. Using in situ
- hybridization analysis, expression of the constitutive type 1 isoform
B . of nitric oxide synthase genBl¢s) was detected in the MD of the
PAS stainiag pani Plowd Brn1**, but not theBrn1--kidney. Ptger3expression was detected
v W 'f; in both the MD and the surrounding TAL cellsRrh1+* kidney but
s ' was absent from thBrn1--kidney. Scale bar: 2am. (C) In situ
+H+ oL hybridization analysis of DCT iBrn1*/* andBrn1-~kidneys. The
AL expression of the thiazide-sensitive Na-Cl co-transporter gene
e (Ncc/Sic12aR a maker for DCT, was detectedBm1** but not
S Brn1-~kidneys. The expression of the Na/Ca exchanger gene
44 b4d 2 (Ncx1/Slc8a), a maker of the distal part of the DCT and for the
/- : : CNT, was altered iBrn1--kidneys in comparison with that of
] Brn1** kidneys, suggesting thhtcx1expression iBrni-~-kidneys
remained only in the CNT. The expression of the amirolide-sensitive
epithelial Nd channel geneBEnaC/Scnnlp a marker for CNT and
C Nee Nex1 BENaC CD, was indistinguishable Brn1** kidney from that irBrn1-"-
kidneys. Scale bars: 20m.

3 ) to the hilus of the glomerulus (Fig. 4B). Brn1-- kidneys,
however, the same cells did not exhibit any of the characteristic
: features of the MD. Instead, these cells displayed the same
£ ¢ morphology as the surrounding cells (Fig. 4B). In situ
f hybridization ofBrn1-- nephrons, including the putative MD
- region, failed to detect expression of the constitutive type 1
isoform of the nitric oxide synthase geh®§]) or Ptger3(Fig.
4B), characteristic markers of MD cells (Breyer et al., 1993;
Fischer et al.,, 1995). By immunohistochemical analysis,
genes in the HL primitive loop iBrn1—mice (Fig. 4A). This phosphorylated MAPK (ERK-1/2) was detected in macula
observation was confirmed using RNase protection assagensa and the surrounding cellsBmi1*/* kidney, but not in
(RPA) of mRNA extracted from PBrn1--kidneys (see Fig. Brnl--kidney (data not shown). Electron microscopic analysis
6). These results suggest that differentiation of the Hlalso failed to identify cells with any of the typical feature of
primitive loop is perturbed iBrn1-—mice. This differentiation MD cells, such as luminal microvilli or basal and lateral
defect may be independent from the defect in HL elongatiomembrane foldings (Bachmann and Kriz, 1998; Fischer et al.,
described above. Admodexpression should be initiated in the 1995; Schmitt et al., 1999) (Fig. 5). These results suggest that
anlage stage prior to the observation of any growth defects tiie Brnl deficiency also disrupted development of the MD.
induced apoptosis iBrn17~ kidney, the lack ofUmod Interestingly, the morphology of the putative TAL, including
expression suggests that tBen1 deficiency results in a far the putative MD, inBrn1/- kidneys differed from that of
more complex developmental defect arising at the earlier stagBsn1*'* andBrn1*~TAL. The putative TAL oBrn1-/-kidneys
of differentiation. retained the undifferentiated features of tubular cells, including
During nephrogenesis, Brnl is also expressed in the MD argimple cell membranes and small, sparse mitochondria with the
DCT and in the cell populations from which these regions ariseytoplasm (Fig. 5), supporting the observation that the
(Fig. 2). The MD mediates tubulovascular signaling and renilifferentiation of TAL cells is perturbed Brn1--kidneys.
secretion (Ito and Ren, 1993; Skott and Briggs, 1987), while As it is difficult to identify the DCT in PO kidneys
the DCT facilitates the reabsorption of NaCl and?'Ca histologically, we examined the expression of the thiazide-
(Bachmann and Kriz, 1998). We also examined the MD andensitive Na-Cl co-transporter gemMégdSlcl12a3 which is a
DCT in Brnl mutant kidneys at PO, histologically and by in specific marker of DCT cells (Schmitt et al., 1999). We
situ hybridization. InBrn1** and Brn1*- kidneys, the MD, detectedNcc expression by in situ hybridization in both
consisting of a plaque of columnar tubular cells protruding int@rn1*+ and Brn1*- kidneys, but not iBrn1-- kidneys (Fig.
the lumen within the cortical TAL of HL, was found adjacent4C). The Na/Ca exchanger gerdé¢x¥Slc8alis normally
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Fig. 5. Transmission electron micrographs of the MD and the BEg : - - "
surrounding TAL cells oBrn1*+ (left) andBrn1~-(right) kidneys. oo

MD cells of theBrn1*'* kidney exhibit characteristic features,
including multiple luminal microvilli and basal and lateral
membrane foldings. TAL cells of tigrn1** kidney display TAL|.
characteristic morphology, such as lateral extension, abundant
microvilli, basal and lateral membrane foldings and cellular
interdigitation. The putative TAL cells and MD cells of Be1/~

kidney are indistinguishable from each other, exhibiting immatureMD
morphology, including simple cell membranes, sparse luminal
microvilli, and small and sparse mitochondria with the cytoplasm.
Scale bar: 2am.

expressed in the distal region of the DCT and the connectirigtraperitoneal injection of dDAVP (1-desamino-8-D-arginine-
tubule (CNT) (Schmitt et al., 1999), a region of tubule thawvasopressin; 0.4g kg1) nor percent body weight loss after 24
follows the DCT. InBrn1-- kidneys,Ncx1Slc8alexpression hours water deprivation revealed any significant difference in
differed from that observed Brn1*/* or Brn1*~kidneys (Fig.  the two genotypes (data not shown). Therefore, it was clear that
4C). The development of CNT appeared normaBin17-  adultBrn1*~mice retain sufficient kidney function to generate
kidneys, as judged by the expression pattern of the amirolidé&ypertonic urine that is indistinguishable from that of wild-type
sensitive epithelial Nachannel gengBEnaQScnnlbwhichis  mice. These results suggest that TAL cells in Bral*-

a marker for CNT and CD (Schmitt et al., 1999). The patterkidney are functionally normal and the significant reduction in
was indistinguishable from that 8in1** or Brn1*~kidneys  gene expression may not result from a general dysfunction of
(Fig. 4C). These results show that the expression of severBAL cells. Therefore, the Brnl gene dosage effects on the
molecules essential for DCT function was reduced in thexpression levels of functionally essential TAL genes imply
Brnl/- kidney. Electron microscopic analysis alsothat Brnl is essential for TAL function by activating the
demonstrated that there were some immature cells in the DG@Xkpression of these genes.

region of Brn1-/~ kidneys, which were not present in either

Brn1** or Brn1*- kidneys (data not shown). Together, these

data suggest that the differentiation of DCT cells is perturbe Newborn Adult

by a deficiency in Brnl.

+H+ 4 -l- Hef ot I-f i+ Ht - [

Expression levels of Umod, Ptger3, Nkcc2, Kenj1 Umod [ +

I ’ . ' 0.50+0.09*  0.03+0.00** 0.76£0.05*
and Bsnd were significantly reduced in the TAL of i
HLs of Brni*- kidneys Ptger3 | 0.52+0.05¢ 0.10+0.02** | = = | 0.49+0.03*
In mature nephrons, Brnl expression in the HLs waNkecc2 |s = 0.78+0.03* 0.11£0.02+= | 0.70+0.07*
regionalized within the TAL regior_1 (Fig. 2H,1). RPA analysis kenj1 - 0.67-+0.08% 0= ._! 0.64+0.08*
of mRNA extracted fronBrn1~- kidneys at PO indicated a Eat | &
drastic reduction in the expression of several genes that & -9 g [ 083=004 0.16:0.03¢ '”‘ 0.76x0.10
normally expressed in the TAL (Fig. 6), confirming the Bsnd - s 0.66+0.00* 0.30+0.18* | = | 0.58+0.06*
differentiation d-efe'c.t of HL. Intgresgngly, this ane}ly5|s alsOpienkt o 090+0.00 0.31-£0.00% | 0692018
demonstrated significant reductions in the expression levels
Umod Ptger3 Nkcc2 Kcnjl (encoding an apical Kchannel) Gapd m

(Simon and Lifton, 1998) arBlsnd(encoding a basolateral I

channelB-subunit) (Birkenhager et al., 2001; Estevez et al.
; L . >

2.001) inBrn1*’ kidneys at PO (Fig. 6). MQrpthpglcaIIy, t_hese sing total RNA from newborn and adult kidneys. The expression of

kldney§ were unaltered.' We  also ldent|f|¢d+/ significan mod Ptger3 Nkcc2andKcenjl (encoding apical Kchannel) were

reductions in the expression of these geneBriml™™ adult  hearly undetectable in the kidneys of newbBm1--mice. The

kidneys (Fig. 6), in which Brnl expression within the TAL is mRNA level of epidermal growth factoEgf) in theBrn1--kidney

half of that in wild-type kidneys (data not showiNkccZ  was reduced to ~20% to that of the wild type in newborn. The

Kcnjl andBsndare essential for the reabsorption of NaCl bymRNA levels of the basolateral TAL Gthannel Clcnk1) and itsp-

TAL cells (Birkenhager et al., 2001; Estevez et al., 2001subunit Bsnd in theBm17~kidney were reduced to about 30% of

Simon and Lifton, 1998; Takahashi et, &000), which is a Wild-type levels in newborn. The mRNA levelsikcc2 Bsndand

necessary step in hypertonic urine generation as it establish@l indispensable regulators of N@absorption, were

a countercurrent multiplier system (Greger, 1985). Wi ignificantly reduced iBrn1*~kidneys in comparison with the

. ; ; : evels ofBrn1*/* kidney in both newborn and adult kidneys. The
g‘erﬁfﬁre .Wamgld tg sxam'ré%,\ll(ldney fu_ncnon |E+thg|_adul RNA levels ofumodandPtger3in Brn1*~kidneys were also
m mice. Bloo ata ( , creatinine, NaK®, significantly reduced in comparison wBin1** kidneys. The mean

and osmolality) and urine data (osmolality and daily uringajyes and s.e.m. of the ratios of the mutant to the wild-type signals
volume) in Brn1*~ mice under euhydrated conditions were are displayed at the right of the protected band patten3s4). All
indistinguishable from that of wild-type mice (data notdata were normalized to ti@apdsignal prior to statistical analysis.
shown). In addition, neither urine osmolality 2 hours afterrP<0.05, **P<0.001 compared witBrn1** kidney (ANOVA).

Fig. 6.Brn1 gene dosage effects on gene expression levBisin
mutant kidneys. We performed an RNase protection assay (RPA)
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Discussion involvement oBrn1 mutations in these individuals should also
In this study, we demonstrated the essential role of Brnl in thHee analyzed in the next study.
development of HL, DCT and MD within the mouse kidney.
Development oBrn1~-HLs was retarded at primitive loop ~ We thank Dr N. Yamanaka for his helpful advice on the histological
stage, which may be due to a reduction in cell proliferation an@nalyses.
induction of apoptosis. We showed that this apoptosis in
PR X ; . v
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