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Abstract.Numerous murine models of polycystic kidney disized, by specific staining and electron microscopy, to differ-
ease (PKD) have been described. While mouse models argiated proximal tubules, thick limbs, distal tubules, and col-
particularly well suited for investigating the molecular pathdecting ducts. In later stages, the cysts were largely confined to
genesis of PKD, rats are well established as an experimertallecting ducts. Although the renal histopathologic features
model of renal physiologic processes. Han:SP&prats have are strikingly similar to those of human ARPKDypk/wpk
been proposed as a model for human autosomal dominamitants exhibited no evidence of biliary tract abnormalities.
PKD. A new spontaneous rat mutation, designatgk has The wpk locus maps just proximal to th€y locus on rat
now been identified. In the mutants, the renal cystic phenotyperomosome 5, and complementation studies demonstrated
resembles human autosomal recessive PKD (ARPKD). Thisat these loci are not allelic. It is concluded that the clinical
study was designed to characterize the clinical and histopatlamd renal histopathologic features of this new rat model
logic features ofwpk/wpkmutants and to map thepklocus. strongly resemble those of human ARPKD. Although homol-
Homozygous mutants developed nephromegaly, hypertensiogy mapping indicates that ratpk and human ARPKD in-
proteinuria, impaired urine-concentrating capacity, and uremialve distinct genes, this new rat mutation provides an excel-
resulting in death at 4 wk of age. Early cysts were presentlient experimental model to study the molecular pathogenesis
the nephrogenic zone at embryonic day 19. These were locatd renal pathophysiologic features of recessive PKD.

Renal cystogenesis occurs with a number of inherited, devel-Recent genetic studies have identified the principal genes
opmental, and acquired diseases (1). A common feature amamgplved in ADPKD (PKD1 and PKD2) (5,6). In addition,
this otherwise heterogeneous set of disorders is the develbipkage studies have defined the predominant, if not exclusive,
ment of epithelium-lined cysts arising from various nephrolocus for ARPKD PKHDZ1) (7,8). Although ADPKD is inher-
segments and the collecting ducts. ited as a dominant trait, multiple lines of evidence indicate that
Of these conditions, the inherited polycystic kidney diseasassecond somatic mutation in this disorder may be necessary
(PKD) have been most extensively investigated. These diséor disease expression (9,10). This suggests that, like ARPKD,
ders, which are transmitted as single Mendelian traits, causBPKD is initiated by recessive cellular mechanisms. How-
significant morbidity and death among both adults and childrever, the molecular pathogenic events involved in the initiation
(2). Autosomal dominant PKD (ADPKD) causes 6 to 8% ofnd progression of renal cystic diseases remain largely
end-stage renal disease among adult patients. With autosoarédnown.
recessive PKD (ARPKD), 30 to 50% of affected neonates dieln addition to human PKD, numerous mouse and rat models
in the perinatal period. Surviving ARPKD patients, in combihave been described (11-13). Most of these involve disruption
nation with children with juvenile nephronophthisis, comprisef a single gene, and the mutant phenotypes closely resemble
6 to 14% of all pediatric patients with end-stage renal disealseman PKD with respect to morphologic features, cyst local-
(3,4). ization, and disease progression. Several models are the result
of spontaneous mutations, whereas others were engineered
D through either chemical mutagenesis or transgenic technolo-
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Correspondence to Dr. J. Nauta, Sophia Childrens Hospital, Molewaterpl
60, 3015 GJ Rotterdam, The Netherlands. Phone: 31-10-4636363; Fax: 3l%uced by chemical cystogens, primarily in rats.

4636801; E-mail: nauta@alkg.azr.nl Although the numerous mouse PKD mutations provide pow-
1046-6673/1112-2272 erful models to characterize the genetic factors that regulate
Journal of the American Society of Nephrology renal cyst initiation and disease progression, these models have

Copyright © 2000 by the American Society of Nephrology limited utility for renal physiologic investigations. In contrast,


https://core.ac.uk/display/19185843?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

J Am Soc Nephrol 11: 2272-2284, 2000 New Rat Model of ARPKD 2273

rats represent a well established model system for investigatgepnotype ofPrml, a poly_morphic marker that is tightly linked to the
renal physiologic parameters such as renal blood flow, GFR{ PKD1 locus (17). Wistar+/wpk heterozygotes of both genders
renal tubular transport, and BP regulation. In rats, PKD hre bred with BB-DP rats, and F1 progeny heterozygous fowfile

been reported in the Han:SPRDymodel (14) and the Wistar- mutation were intercrossed to generate F2 rats. Affected homozygotes
chi model (15). Han:SPRIBy rats have been well CharaCter-COU|d be identified by abdominal palpation on postnatal day 12.
. ) All animals were fed standard rat chow containing 24% protein and

ized and have peeq StUdleq extenS|\{er fas a model of ADPlﬂ%d free access to acidified tap water (pH 2.5 to 3.0). All experiments
The rengl cystic dllsegse. in the ,W'Sta"' model resembles were conducted in accordance with the Dutch guidelines for the care
ARPKD in that lectin-binding studies localize the tubular cystg,q use of laboratory animals.

to collecting ducts. However, unlike in human ARPKD, the

renal insuﬁiciency progresses slowly and is associated Wi&]inical Parameters

Skﬁ:ettfilsarzg?)rrrt??/v“gedséscribe a new rat PKD model. Affected Kidney weight, body weight, BP, and urine and blood chemistry

values were assessed for groups of six to eight rats at the age of 3 to

homozygotes develop rapidly progressive PKD that clinically |\ - affected wpkiwpk rats were compared with phenotypically

and histologically resembles human ARPKD. This mutatiofhaffected littermates. Affecte@ly/Cyrats were compared with/+

occurred spontaneously in an outbred Wistar strain. We thefigermates. In contrast te-/wpk heterozygotess/Cy rats could be

fore designated the mutant locugk (Wistar polycystic kid- identified histologically, and these pups were excluded from further

neys). We have localizedpkto chromosome 5. This locus isanalysis.

distinct from the rat Han:SPRBy locus, and its mouse and The weights of the left and right kidneys wpk/wpkhomozygotes

human orthologs are not allelic with any previously describetid not differ. The kidney weights were therefore combined and

mouse PKD model or human PKD gene. However, on the bagiPressed as a percentage of body weight. Data for male and female

of the phenotypic similarities with human ARPKRypk rats pups \t/)vertelpoc_)ledl, because gender effects were never observed for
: : : . : repupbertal animails.

prowdg anew experlmental model for mvestlgat.lng the pathB_BP was measured in six pairs of 3- to 4-wk-old rats anesthetized

genesis of recessive PKD. Because renal physiologic feature

h b I died i K hould ide the fi wﬁ% ketamine and thiopental, using an indwelling catheter in the
ave been well studied In ratgpkrats should provide the first femoral artery. Blood was obtained, by cardiac puncture, from six

model system for evaluatiqn of the ab_norma"ties in re_nﬁhirs of wpk/wpkhomozygotes and unaffected littermates. Urea ni-
tubular transport and systemic BP regulation that are associat@gen, creatinine, and total bilirubin levels were measured in the

with recessive PKD. plasma using a Kodak Ektachem 700 spectrophotometer (Kodak,
Utrecht, The Netherlands). Urine was collected after cervical dislo-

Materials and Methods cation, _afte 2h offgs_ting, from 4-wk-old affected and unaffectegk

Rats rats. Urinary creatinine levels were measured by the Jaffé method and

. ) . . . urinary protein levels by absorption spectroscopy.

The wpl_< mutation was first recognized in 1_994_|n a colony of For older animals, urinary protein excretion, BP, and blood chem-
outbred Wistar ra_ts, U:WU_ (Cpb), at Utrecht I_J_nlvers_lty (Utrecht, Tthtry values were compared between test-proven heterozygbusk
Netherlands). This breeding colony was initiated in 1989 from 19+¢s and wild-type control animals, at the age of 1.5 yr for female
ancestral breeding pairs obtained from the National Institute of PUbHﬁimals and 1 yr for male animals. Twenty-four-hour urine specimens
Health and the Envirgnment (Rl\,/M; Bilthoven, The Netherlands). Nﬁlere collected using metabolic cages. BP was determined by tail
new rats have been introduced into the colony since 1989. In 199, 8, smography. The animals were trained for this procedure before

breeding pair of test-proven heterozygotes were transferred to H@ measurements (18). Blood was obtained by aortic puncture, with
University of Rotterdam (Rotterdam, The Netherlands), and a neW ., anesthesia.

subcolony was initiated. This colony has been maintained by brother-
sister matings for more than five generations. Individuals heterozy- . . . .
gous for the mutant allele were identified in each generation iﬂssue Preparation for Histologic Analysis and
test-crossing phenotypically normal offspring from knowrElectron Microscopy (EM)
heterozygotes. For histologic analysis, kidneys were obtained frampk/wpkand

The Han:SPRDEy rat model of PKD (16) was used in comple-control animals on embryonic day 19 and postnatal days 0, 7, 14, and
mentation experiments and as a phenotypic reference for our evalRa- The cystic phenotype was established by histologic assessment.
tion of the homozygousvpk/wpkrats. In this model;+/Cy heterozy- Multiple-organ necropsies, including heart, lung, liver, pancreas,
gotes develop slowly progressive PKD that leads to renal failure $pleen, brain, and intestine, were performed on 21-d-old homozygous
male animals only, a6 mo of age, wherea€y/Cy homozygotes mutants and adult heterozygotes. Heterozygous female animals were
develop a severe form of PKD within the first few weeks of lifestudied at the age of 1.5 yr and male animals were studied at the age
Heterozygous Han:SPRB{Cy breeding pairs were kindly provided of 1 yr.
in 1994 by F. Deerberg (Central Institute for Laboratory Animal For light microscopic and immunohistochemical analyses, the kid-
Breeding, Hannover, Germany), and a breeding colony was estabys and livers were fixed in 4% paraformaldehyde in phosphate-
lished at the University of Rotterdam. BB-DP rats, an inbred strabuffered saline (PBS) (pH 7.4) and embedded in paraffin. For liver
(F30) derived from biobreeding, diabetes mellitus-prone rats, wehn&stologic analyses, the left ventral lobe was dissected, fixed in 4%
kindly provided by H. A. Drexhage (Department of Immunologyparaformaldehyde in PBS, and embedded in paraffin with the con-
Erasmus University, Rotterdam, The Netherlands). vexity toward the surface of the block.

To map thewpk locus, we used a (Wistarfwpk X BB-DP)F1 For EM, representative kidney samples were fixed in 2.5% glutar-
intercross, which was initially generated to test linkage toRK&1 aldehyde, postfixed in 1% osmium tetroxide, and dehydrated in a
locus. The inbred BB-DP strain was selected on the basis of gsaded alcohol series. For scanning EM, the samples were then critical
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point-dried, mounted on stubs, coated with gold/palladium, and eRCR-Based Genotyping

amined with a JEOL JSM 25 scanning electron microscope (JEOL,To type progeny for the inheritance of alleles of anonymous DNA
Tokyo, Japan). For transmission EM, the fixed and dehydrated saficrosatellite markers, spleen genomic DNA was prepared according
ples were embedded in Epon. Thin sections were stained with uragylstandard protocols. Initial mapping was performed using interval
acetate and lead citrate and examined with a Philips C100 electiplotype analysis (23). For these studies, we selected microsatellite
microscope (Philips, Eindhoven, The Netherlands). Human kidn@yarkers whose Wistar and BB-DP alleles differed in size by at least
tissue from a neonate with ARPKD and end-stage renal failure W@ﬂ)p and mapped within approximate|y 10 cM of the proxima| and
used as a comparative reference for the scanning EM analysesjigfal ends of each chromosome.

wpk/wpkkidneys. After chromosomal localization, further mapping was performed
using markers spaced at 20-cM intervals along chromosome 5 (low-
resolution linkage mapping study) and then within 4 cMD&Rat73
high-resolution linkage mapping study). All markers were chosen
fom the on-line Whitehead/Massachusetts of Technology database
Jacfcessible at http://mwww-genome.wi.mit.edu/; described by Szgirer

AP (24)]. PCR primer pairs for these markers were purchased from

Evaluation of Biliary Ductal Plates

In addition to the renal cystic lesions, intrahepatic morpholog
features were evaluated for six affectegk/wpkhomozygotes and six
phenotypically unaffected animals (age, 21 d). The depth and ang|
the liver sections were standardized for histologic and morphomet search Genetics (Huntsville, AL).
analyses, as described previously (19). Bile ductules and recognizab Borward primers were endilabeled with-?PJATP, and PCR

portal areas were systematically examined |n_each section, b_y %?rﬁplification was performed as described (25). Amplified fragments
observer blinded to the phenotypes of the animals. A recognizab %re analyzed on denaturing 6% polyacrylamide gels
r .

portal area was defined as a venule accompanied by one or more Yavl
ductules.

Analysis of Genetic Data
Immunohistochemical Analyses Genotype data, obtained by analyzing 35 affected F2 progeny for

The localization of the renal cysts was evaluated by immunodetéglﬁreozaﬁngeg]?;Kﬁ::rkglo\év: ltgtmaepatnoalthssegd:cgf Zascgezzifggf !
tion of nephron segment-specific proteins and lectin binding sites, E/@uhaﬂsjand Beielr (2?:’) To Eon}s/fruct Iovz- Iandxhi g—resolutio; Iink-y
postnatal days O, 7, 14, and 21. On the basis of preliminary studies, ) 9

e S .
following reagents were selected. As a rat proximal tubule marker, \ge maps, individual chromosomal haplotypes were inferred from F2

used polyclonal goat anti-rat dipeptidyl peptidase 4 (dpp4) atdiluti(:?senotypIC data, as described previously (25), and markers were or-

of 1:500 (kindly provided by E. de Heer, Leiden University Medica ered tg minimize the numbers of crossover events needed to account
Center, Leiden, The Netherlands) (20). As a marker of the thin li B the inferred haplotypes.

of Henle's loop (medulla) and proximal tubules (cortex), we used

polyclonal rabbit anti-rat aquaporin-1 (Agpl) at 1:100 (generous giResylts

of P. Deen, University of Nijmegen, Nijmegen, The Netherlands). ﬁ?\/istar—wpk/wpk Phenotype

a marker of the thick ascending limb, we used polyclonal rabbit

anti-human Tamm-Horsfall glycoprotein at 1:200 (Biomedical TEChr‘hore than five generations. using a svstem of brother-sister
nologies, Stoughton, MA). As a marker of cortical and medulla 9 ! 9 y

ry - -
collecting tubules, we used polyclonal rabbit anti-rat Aqp2 at 1:1d%‘at'ngs' Hgterozygot.es eXh'b't(?d anormal PheT‘OtyPe and bred
(generous gift of P. Deen, University of Nijmegen). All antibodie&S Productively as wild-type Wistar rats. A typical litter con-
were diluted in PBS with 0.5% dried milk and 0.15% glycine. ~ tained 9 to 14 pups. As expected for an autosomal trait,
Schéferet al. (16) reported increased expression of collagen tyg@pproximately one-fourth of the offspring of test-proven het-
IV and laminin in the renal cysts of 2-mo-old Han:SPRI)Cy rats. erozygotes expressed PKD, and male and female animals were
Therefore, for comparative purposes, kidney sections from 21-d-c¢fected in equal numbers (23.5 and 24.2%, respectively). Of
Wistarwpk/wpkrats, 21-d-old Han:SPR@y/Cyrats, and 2-mo-old note, approximately 10% of the F1 pups died within the first 2
+/Cy rats were analyzed with Jones’ silver stain, as well as with\g of postnatal life. These were not available for systematic
polyclonal rabbit anti-mouse collagen IV antibody at 1:200 (Conabor%'tudies, because dead pups are generally eaten by the parents.

tive Medical Products) (21) and a polyclonal rabbit anti-mouse laminin Th .
. . : e phenotype of homozygous mutants was characterized
antibody at 1:50 (Eurodiagnostica, Arnhem, The Netherlands) (22). pro%ressiyep nephromeggly and abdominal distension

The tissue sections were pretreated with 0.1% pronase in PBS P’\?r h | p loabl ld K
5 to 10 min before the incubations with anti-Tamm-Horsfall glyco- ephromegaly was first palpable on postnatal day 12. By 4 w

protein, anti-dpp4, and anti-collagen IV and with 0.2% sodium dod®f 29€, homozygous mutants were runted and had large palpa-
cyl sulfate in PBS for 5 min before the incubations with anti-Aqp20l€ Kidneys. Affected rats died at 4 to 6 wk of age. The total
Anti-laminin and anti-Agp1 were used without pretreatment of thkidney weight was=10% of the body weight at 4 wk (Table
tissue sections. Primary rabbit antibodies were detected using swije In comparison, the kidney weight was 1% of the body
anti-rabbit peroxidase conjugate at 1:100 (Dako). Goat anti-dpp4 waeight for unaffected littermates and 20% of the body weight
detected using rabbit anti-goat peroxidase conjugate at 1:100 (Dakg). Han:SPRDEy/Cymutants at the same age. At 3 wk of age,
The sections were stained with 0.05% diaminobenzidine/0.01% 'ka/wpk homozygotes exhibited elevated plasma urea and
drogen peroxide and counterstained with hematoxylin. creatinine levels, proteinuria, and low urine osmolality after 2 h
of fasting, compared with unaffected littermates. The mean
Statistical Analyses arterial BP, as assessed under anesthesia by direct measure-
Clinical data are expressed as means and SD. Differences betw@nt in the femoral artery, was markedly elevated (Table 1).
wpk and control animals were analyzed biest. The weight of the liver relative to the kidney-free body weight

Our Wistar-+/wpkcolony breeding has been maintained for
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Table 1. Clinical features of homozygous mutants and unaffected littermates at 3 to 4 wk%f age

Wistar Han:SPRDEy

wpk/wpk Unaffected CylCy +/+
Body weight (g) 43.3-6.8 48.2+7.2 343+35 381+58
Kidney weight/body weight< 100 (%) 10.9+ 06> 1.1+01 21.8+14 10*05
BP (mmHg) (mean) 139 26° 90+ 10 ND ND
Plasma urea concentration (mM) 298 89+07 51.2+88 13.2+17
Plasma creatinine concentrationM) 42 +11° 24+ 9 70+ 15° 35+ 10
Urinary protein excretion (mg/mmol of creatinine) 580307° 33+ 26 ND ND
Urine osmolality (mosmol/kg) 394 87° 961+ 584 ND ND

2Body weight, kidney weight, and plasma concentrations of urea and creatinine were measured for 3-wk-old rats; proteinuria, urine
osmolality, and mean BP were measured for 3- to 4-wk-old rats. Values are given as m&hsND, not done.
PP < 0.01versuscontrols.

and the plasma bilirubin levels were not significantly different
for homozygous mutantgersusunaffected littermates.
Test-proven heterozygotes were clinically unaffected. Ther|
was no significant difference between 18-mo-old femala/pk
heterozygotes and age-matched, wild-type, control animals wit
respect to body weight (345 24 versus344 + 29 g), systolic BP
(135 9versusl28+ 7 mmHg), plasma creatinine levels (41
4 versus46 = 5 uM), or urinary protein excretion rate (20 13
versus27 + 18 mg/d per 100 g body wt). Similarly, 1-yr-old male
+/wpk heterozygotes did not differ from age-matched contro
animals with respect to body weight (547 31 versus517 +
25 g), systolic BP (130t 7 versus127 = 8 mmHg), plasma
creatinine levels (47 5 versus49 = 7 uM), or urinary protein
excretion rate (4@= 26 versus38 = 21 mg/d per 100 g body wt).

Pathologic Features of wpk/wpk Kidneys

At a gross level, neonatalpk/wpkkidneys exhibited normal _ _ _
architecture, including normal lobulation, medullary rays, arfg9ure 1. Normal (right) and cystic (left) kidneys at 3 wk of age.
g/lagnlflcatlon, X2.3. The affected kidney has a well maintained

well defined corticomedullary demarcation. In affected pups,”: ) :
the kidneys progressively enlarged but maintained a reniforrféﬂnlform shapg, a smooth capsular surface, and radially oriented cysts.
: ) . ) e renal pelvis and ureters are not dilated.

shape, despite the progressive cystic changes in the paren-

chyma. The capsular surface was smooth. The renal pelvis aggtic disease, there was an apparent reduction in the number

calices were not enlarged and maintained a normal relationdbglomeruli and nondilated tubules, and those remaining ap-

the parenchyma (Figure 1). The ureters were present gsehred to be compressed between innumerable tubular cysts.

nondilated. This pattern is very similar to that observed in thaterstitial fibrosis was not observed, and the renal vasculature

kidneys of human neonates with ARPKD. was unremarkable. In contrast to the early cystic kidneys, the
The histopathologic findings were characterized by progresysts in more advanced disease were lined with a relatively

sive cystic dilation of the renal tubules. Early cysts were notéthmogeneous cell type. Within individual cysts, the cell den-

at 19 d of embryonic development (Figure 2, A and B). At thajities varied considerably. Interestingly, areas of high cell

stage, as well as in neonatal kidneys, the lesions were predalBnsity were often juxtaposed with similar areas in neighboring

inantly localized in the renal cortex. The cysts were round eysts (Figure 2E). This observation suggests that focal epithe-

oval and were lined with either a single layer of cuboidal cellfal cell proliferation within cysts may be determined by the

or flattened epithelia (Figure 2C). Some of the cysts were lingskcal biologic environment. However, true epithelial hyperpla-

by a brush border-bearing cell type, suggesting proximal tubsia with associated polyps or microadenomas, as noted in

lar epithelia. The cell density of the epithelial lining was higihuman ADPKD (26), inCy/Cy rats (16), and in the myc

in most but not all cysts. Glomerular cysts were not observeskerexpression model of PKD (27), was never observed.
With subsequent disease progression, cysts developed

throughout the entire kidney (Figure 2D); cortical cysts wetdgnmunohistochemical Analyses

arrayed in a radial orientation, whereas medullary cysts wereCysts in neonatal kidneys were stained with either anti-dpp4,

generally round and of variable size. In kidneys with advanceanti-Tamm-Horsfall protein, or (from day 1 onward) anti-Agp2
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antibody, indicating cellular characteristics typical of proximabrane morphologic features, as assessed with Jones’ silver

tubules, thick ascending limbs, or collecting tubules, respestaining, were not significantly different between cystic tubules

tively. Staining of medullary cysts with anti-Aqp1, indicating aand normal tubules in either early or advanced disease. More-

thin loop-derived cell type, was rarely observed. Cortical cystser, there was no difference in the expression of the tubular

were occasionally stained with anti-Agpl in a weak patterbasement membrane constituents collagen type IV and laminin

These cysts were lined by a brush border-bearing cell type amden cystic and noncystic tubules were compared. In contrast,

were also stained with anti-dpp4, indicating proximal tubulesollagen type IV and laminin were overexpressed in the tubular

Individual cysts were typically lined with only one cell typebasement membranes associated with some but not all renal

and overlapping staining patterns (except for anti-Agpl staitubular cysts in SRPD-/Cy and SRPDEy/Cy kidneys (data

ing in proximal tubules) were not observed. By 2 wk of age, theot shown) (16).

vast majority of cysts appeared to be derived from collecting

ducts, because the majority of cysts were stained with anfilectron Microscopy

Agp2. At 3 wk of age,>90% of the cysts expressed Aqp2 Scanning EM results were consistent with the light micro-

(Figure 2F). In comparison, renal cysts in 3-wk-dly/Cy scopic observation that early and late cysts have different

homozygotes appeared to arise from all nephron segmeepsthelial linings (Figure 3). The cell surface characteristics of

(data not shown). early cystic tubules varied considerably among individual
In wpk/wpkhomozygotes, the renal tubular basement meraysts. Some tubules exhibited a homogeneous brush border,

Figure 2.Light microscopy of kidneys at different ages. (A and B) Normal (A) and cystic (B) kidneys at embryonic day 19. Clusters of cysts
in the cortex suggest that adjacent cysts are dilations of tubular loops of the same nephron. Medullary cysts are markedly smaller. Hematoxy
magnification,x30. (C) Neonatal kidney with cortical cysts lined by various types of epithelium. Methylene blue; magnificatiaf, (D)
Cortical area of an end-stage cystic kidney, exhibiting large epithelial cysts. Glomerular cysts were not observed. The few glomeruli a
nondilated tubules seem to be compressed between innumerable cysts. Hematoxylin; magnifi@tidi) Considerable variation in cell
densities within individual cysts. Areas of high cell density were often juxtaposed with similar areas in neighboring cysts. Methylene blue
magnification, X80. (F) Aquaporin-2 (Agp2) staining of the vast majority of cysts in a 3-wk-old cystic kidney. Diaminobenzidine and
hematoxylin; magnificationx 100.
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Figure 3.Scanning electron microscopy (EM) of renal cysts in neonatal (A) and 3-wk-old (B to F) affepldd/pkrats and of an end-stage
human autosomal recessive polycystic kidney disease (ARPKD) kidney (G and H). (A) A neamp&ialpk cyst is lined by a brush
border-bearing cell type, suggesting a proximal tubular cell type. (B) In this 3-wkpldwpkkidney, radially aligned fusiform cysts can be
observed, at low magnification, in the cortex, with more rounded cysts in the medulla. (C) At this stage, the cysts are densely packed and
epithelia of adjacent cysts are often juxtaposed, with little interstitial tissue between them. Normal renal structures can barely be idgntified. (
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Figure 4. Transmission EM of renal lesions in neonatal (A and B) and 3-wk-old (C andfdB)wpkrats. (A) Neonatal cyst lined by proximal
tubular epithelium. The cells are characterized by a well differentiated brush border, an apical endosomal/lysosomal apparatus, a dense net
of microtubules, normal intracellular organelles (including peroxisomes), and many mitochondria, which are short and randomly distribute
The basal laminae are regular and intact. Magnificatiof000. (B) Cortical cyst lined by collecting tubular cells, featuring a relatively smooth
cell surface, apical tubulovesicular profiles, and a regular basement membrane of normal thickness. Magniigafion(C) Cyst-lining cells

of a 3-wk-old affected rat. The characteristics of principle cells include a fairly smooth apical surface, a few short microvilli, basolateral folds
a tight cytoplasmic network of tubulovesicular profiles below the apical membrane, and sparse mitochondria. The basal laminae are intact :
regular. Magnificationx5000. (D) Evidence that the intercellular junctions of these cells are relatively deep and tight and the cells have narrov
folds of cytoplasm that interlock with counterparts of adjacent cells. Magnificati@%,000.

Figure 3 (Continued. The vast majority of cysts are lined by a homogeneous cobblestone-like cell pattern. (E) Most cells have the typica
characteristics of principle cells, including a relatively smooth rounded surface and a single cilium. (F) Other cells have the characteristics
intercalated cells, including a relatively rough angular surface and no cilium. The microprojections are moderate in both size and number,
described for type B intercalated cells (28). (G and H) Human ARPKD cysts are typically lined with a homogeneous cobblestone-like ce
pattern (G) and a mixture of principle and intercalated cells (H). Magnificatid@800 in A; X10 in B; X100 in C; X450 in D; X6500 in E;

X2000 in F;x650 in G;*2000 in H.
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characteristic of proximal tubules (Figure 3A). Others exhibFable 2. Intrahepatic biliary profiles of 3-wk-oldvpk/wpk
ited more distal tubule or collecting duct characteristics, in- rat$
cluding fewer microvilli and smoother apical surfaces. Some
exhibited the typical characteristics of collecting ducts, with a
prominent single cilium, as illustrated for 3-wk-old tissue pgrtal areas/100 veins 16262.7 14.9+ 2.2
(Figure 3E). Bile ductules/portal area  1.270.13  1.19+ 0.07
Cysts in kidneys with advanced disease were radially ori
ented. In contrast to early cysts, these cysts were uniformly” The development of the biliary system is expressed as the

. - ... _nNmber of recognizable portal areas, relative to the total number of
lined by a homogeneous cobblestone cell type, |ndlcat|ngv in profiles. Bile ductules/portal area is a measure of biliary

collecting duct origin (Figure 3, B to D). These cells exhibited;ojiteration. Numbers are given as meansSD. The differences
the typical phenotype of principal cells, including relativelyre not statistically significant.
smooth apical surfaces and a well differentiated, conspicuous,
single cilium (Figure 3E). These cilia were prominent for the
vast majority of cortical cysts and less prominent or absent foystic disease, and F1 male and female animals bred in a robust
medullary cysts. In addition, the epithelial lining of most cystsanner.
contained a small number of rough-surfaced cells with char-Of the 225 F2 progeny generated to date, 55 (24.4%) exhib-
acteristics previously described for rat type B intercalated ceited recessive PKD. The number of Bk/wpkpups is con-
(Figure 3F) (28). This mixed pattern of principal and intercasistent with that expected for the Mendelian inheritance of a
lated cells is characteristic of cortical and outer medullasingle recessive trait. Detailed histologic analysis of F2 mu-
collecting ducts in rats and is very similar to the pattertants was not performed.
observed for the vast majority of the cysts in our human
ARPKD reference sample (Figure 3, G and H) (28). Genetic Mapping of wpk
Transmission EM results were consistent with both the light To test whethemwpk is allelic with the Cy locus on rat
microscopic and scanning EM findings. Early renal cysts ichromosome 5, we crossed test-proven Wistampk and
wpk/wpkrats were lined by well differentiated cells with theSPRD-+/Cy heterozygotes. None of the 35 F1 pups manifested
phenotypic characteristics of either proximal tubules, thidke severe, early-onset phenotype evident for eithp/wpkor
ascending limbs, distal tubules, or collecting ducts (Figure 4y/Cyrats. As expected, 17 of the 35 pups (48.5%) expressed
Microvilli were well formed, cell junctions and basal laminaea phenotype consistent with that described for SPRDQy
were intact, and the cellular organelles were normally distribketerozygotes. These data exclude allelism betweenvpie
uted. At 3 wk of age, the vast majority of cortical and meduland Cy loci.
lary cysts were lined by a homogeneous layer of cells with theWe then performed a whole-genome scan using interval
characteristic phenotype of collecting duct cells (29). Abnohaplotype analysis, as described by Neuhaus and Beier (23). In
malities evident in human ADPKD and in the Han:SPRDeffect, by typing markers at the ends of each chromosome, we
Cy/Cymodel,e.g, basement membrane thickening, intercelligenerated a series of 20 chromosomal intervals for the 35
lar vacuoles, or intratubular micropolyps, were not observedfected F2 progeny of the (Wistariwpk X BB-DP)F1
(26). The basal laminae were intact, with normal architectuietercross.
and thickness. Among the progeny of an intercross, a proportion of the F2
pups inherit chromosomes that are apparently nonrecombinant
Nonrenal Tissues (NR), that is, the .aIIeIes of marker; alpng .these chr.omoso.mes
: . . correspond to a single parental strain (in this case, either Wistar
Multiorgan necropsies of 3-wk-old Wistavpk/wpk pups : . .
and adult Wistar+/wpkheterozygotes did not reveal any non®" BBTDP)' In the analysis of a recessive mutation suohpis
o . .. a rapid genome scan can be performed by analyzing each
renal structural abnormalities. Of particular note, no evidenc

of ductal plate malformations or biliary cysts was observed t(ﬁ:?romosome for the distribution of NR intervals. The fewer

. . . : ) 4 . R chromosomes that correspond to the unaffected parental
light microscopy in multiple liver sections from six 3-wk-old

i : . “strain (BB-DP), the less likely it is that the loci along that
wpk/wpk rats. Morphometric analyses of standardized liver, S . )

: ) . ... _chromosome are randomly distributed. Accordingly, this chro-
sections revealed no evidence of portal triad abnormalities or

) . O mosomal interval is more likely to carry the mutation.
bile ductule proliferation invpk/wpkhomozygotes, compared o ) .

. . g The distribution of chromosomal intervals is evaluateg®y
with unaffected control animals (Table 2). Similarly, pancre-

o . . analysis. The maximal inferregf value is calculated for each
atic tissue exhibited normal ducts and normal endocrine a .
romosomal interval and expressed as a percentage of the max-

exocrine structures in both mutant and control animals (dacta . ; . .

not shown). imal possmle)(2 value. Prey|ous mo.dehng experiments have
established>75% of the maximal possiblg’ value as the thresh

old for linkage (23). Therefore, this strategy provides an efficient

(Wistar-+/wpk X BB-DP)F1 +/wpk Intercross method to identify candidate chromosomes for more detailed

In our (Wistar-+/wpk X BB-DP)F1 intercross, F&/wpk analyses, using standard recombinational mapping techniques.

hybrids were identified by progeny testing. Evaluation of aged Analysis of our data set revealed 88% of the maximal

F1 male and female rats revealed no manifestations of repaksibley? value for chromosome 5 and75% of the maximal

Wistarwpk/wpk  Wistar-+/+
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possibley? value for all other chromosomal intervalBable 3). exhibit enlarged echogenic kidneys and oligohydramnios be-
These data provided presumptive evidence for linkage to chiiause of poor fetal renal output. At birth, these neonates often
mosome 5. We typed the initial cohort of 35 affected F2 pugxhibit a critical degree of pulmonary hypoplasia that is in-
with a series of anonymous DNA microsatellite markersompatible with survival. Renal function, although frequently
spaced at approximately 20-cM intervals along this chromoempromised, is rarely a cause of neonatal death. For infants
some. These pups and an additional 19 F2 pups (total of Who survive the perinatal period, systemic hypertension and
pups and 108 meioses) were typed with markers within 4 cpogressive renal failure usually evolve (4). In addition, pa-
of D5Rat73 These data, which are summarized in Figure &ients with ARPKD have defects in both urine-diluting and
positionwpk within a 11.1-cM interval centered dd5Rat73 urine-concentrating capacities. Hyponatremia, presumably re-
We screened 146 markers to identify the 40 informative markulting from defects in free water excretion, is often observed
ers required for interval haplotype analysis, indicating that ti{é).
polymorphism rate between the outbred Wistar and BB-DP pa-Similarly, renal cysts invpk/wpkhomozygotes develom
rental strains was only 27.5%. Similarly, for the low- and highdterg and enlarged kidneys are palpable within the first few
resolution mapping studies, we screened 16 markers to identifgeks of life. Disease progression is associated with continued
the six (37.5%) informative markers shown in Figure 5. This lonenal enlargement, systemic hypertension, proteinuria, signifi-
polymorphism rate was not unexpected, given that the Wistar az@ht reductions in urine-concentrating capacity, progressive

BB-DP strains are phylogenetically related. renal insufficiency, and death by 4 to 6 wk of age. As in human
patients with ARPKD (30), early renal cysts wpk/wpkho-
Discussion mozygotes develop in both proximal and distal nephron seg-
Similarities Between the Rat wpk/wpk Phenotype andments. With disease progression, the cystic lesions in both the
Human ARPKD rat model and human ARPKD predominantly involve the cor-

The ratwpk model and human ARPKD exhibit numeroudical and medullary collecting ducts.
similarities in their clinical phenotypes and renal histopatho- Although Wistarwpk/wpkmutants do not express a biliary
logic features. phenotype, we suspect thapkrelated disease expression may
The majority of human patients with ARPKD are identifiedbe modulated by the genetic background, as has been demon-
eitherin utero or at birth. The most severely affected fetusestrated for thecpk mouse model (31). Genetic backgrounds

Table 3. Haplotype analysfs

Haplotype Analysis

Single-Point
Chromosome Markers n Analysis, y2 Max P expMyZ % mao? NR Haplomypes
1 D1Rat8-D1Rat84 35 4.8-0.5 70 14.6 20 19
2 D2Rat1-D2Rat103 35 3.9-0.5 70 27.6 39 13
3 D3Rat3-D3Rat7 35 2.3-6.9 70 44.8 64 7
4 D4Rat149-D4Rat67 34 0.3-1.2 68 28.4 41 12
5 D5Rat125-D5Rat41 34 66-1.4 68 60.2 88 2
6 D6Rat105-D6Ratl 34 3.8-2.2 68 28.4 41 12
7 D7mit20-D7Rat115 32 15-21 64 30.2 47 10
8 D8Rat56-D8Rat12 35 4.7-2.8 68 46.1 67 6
9 D9Rat43-D9Ratl 35 2.8-0 70 22.8 32 15
10 D10Rat2-D10Rat47 35 2.8-0 70 22.8 32 15
11 D11Rat52-D11Rat37 29 7.6-11.6 58 39.7 68 5
12 D12Rat2-D12Rat22 34 3.3-0.7 68 23.5 34 14
13 D13Rat4-D13Rat157 35 4.8-8 70 30.2 43 12
14 D14Rat5-D14Rat51 35 1.4-2.3 70 22.8 32 15
15 D15Rat5-D15Rat29 35 2.3-1.9 70 22.8 32 15
16 D16Ratl16-D16Rat21 35 8.3-1.6 70 35.7 51 10
17 D17Rat6-D17Rat51 35 1.6-0.2 70 38.6 55 9
18 D18Rat29-D18Rat13 35 1.6-1.2 70 30.2 43 12
19 D19Rat28-D19Rat2 34 4.7-1.4 68 46.1 67 6
20 D20Rat21-D20Rat29 35 1.6-3.5 70 20.6 29 16

A complete genome scan was performed with 20 chromosomal intervals flanked by proximal and distal mark&$Reigand
D1Rat84 respectivelyn, number of animals in the data sgf values for each marker are indicated. Max® maximal possible? for
the indicated number of animals; exp ¥, maximal inferred experimental®; % max 2, percentage of the maximal possitf& NR
haplotypes, number of nonrecombinant haplotypes inherited from the unaffected parental strain.
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A. (32-35) as well as environmental factors, such as dietary
protein restriction, use of soy proteins instead of casein pro-
teins, use of dietary flaxseeds, use of nonacidified drinking
water, and potassium citrate treatment, have been reported to
alter disease progression in murine PKD models (36-39).
Moreover, adequate treatment of high BP may have an addi-
tional beneficial effect on both renal and patient survival rates,
as it does for human patients (40).

This wpkmodel complements two established rat models of
PKD, i.e. the Cy model and thehi model. In contrast to both
human ARPKD and thevpk model, theCy mutation can be
expressed as both a dominant and a recessive trait (14). We

94 2 4 8 demonstrated that the renal phenotypeCy/Cy rats is more
severe than that currently described for tingk model (Table
B. 1). Histologic studies of the cysts in bo@ty/Cyand +/Cy rats
indicated that these may arise in any nephron segment. This is
consistent with the pattern observed for human patients with
ADPKD and is in contrast to the collecting tubular localization
of the cysts in advanced stages of both human ARPKD and
wpk/wpkdisease. Although thehi model has not been as well
characterized as either tizy model or thewpk model, thechi
D5SRatl125 model exhibits less progressive disease and includes skeletal
abnormalities in addition to the renal lesions (15). In the
D5Rat210 original reports, there was no specific mention of whether
4/108=3.7+1.8 biliary lesions are manifested in that model.

DSRat73, wpk

D5Rati125
D5Rat210
wpk
DSRat73
D5Rat131

E R B EN
HE N BEO
N N[O
O B E N

Systemic Hypertension
— Hypertension is a common finding among human patients
8/108=74+2.5 with PKD and contributes to both morbidity and death. Lon-
D5Rat131 gitudinal observations indicate that hypertension is a major
determinant of disease progression in ADPKD (41). Among
affected children, hypertension occurs in both ADPKD and
ARPKD but tends to be more severe in ARPKD (42—46).
Stimulation of the renal-angiotensin-aldosterone axis
(RAAS) seems to be a major mechanism causing hypertension
in ADPKD (41). Whether and to what degree increased activity
of the RAAS contributes to hypertension in ARPKD remains
unclear. The limited available data are conflicting. Histopatho-
logic observations indicate that, with progressive disease, the
glomeruli are compressed in the septa between expanding
collecting duct cysts. Mechanical compression of the glomeruli
and the intrarenal vasculature could, at least theoretically,
stimulate RAAS activity. However, clinical data from affected
neonates indicate that ARPKD is actually a low-renin state,
with expansion of total body volume and occasional hypona-
D5SRatd41 tremia (40).
Given the extensive body of work on BP regulation in rats
and the striking phenotypic similarities between the waik
Figure 5.Gen_etic_: Ioc_alization of thespklocus on chromosome 5. (A) model and human ARPKD, we propose thapk rats may
Haplotype distribution among 108 test chromosomes from thgqyide a new powerful model system for investigation of the

(Wistar-—+/wpk X BB-DP)F1 intercross. For each locus, black boxe . . . . . s
represent the inheritance of Wistar-derived alleles and white bo ers]yS|0|Og|C and genetic mechanisms that contribute to hyper

represent the inheritance of BB-DP-derived alleles. The number gfnsmn In recessive PKD.

chromosomes for each haplotype is shown below the columns. (BE . ..

Interval between markef5Rat125and D5Rat41 which were used Absence of Biliary Abnormalities

in the initial interval haplotype analysis. The map distances, in cen-In this study, we observed no biliary histopathologic features
timorgans, were calculated from the recombination frequencies db-Wistarwpk/wpkhomozygotes. This is a shortcoming of the
served for each interval and are expressed with the standard erronsodel, because bile duct proliferation and periportal fibrosis

D5Rat71
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are typically present in all patients with ARPKD. Howeverpolymorphism rate for the two parental strains, presents prob-

because we did not examine the liver histologic features of ks for further refinement of the genetic interval and appli-

wpk/wpkhomozygotes, we cannot exclude the possibility thaation of positional cloning strategies to identify thpkgene.

the genetic background affects the expression of biliary lesiofberefore, we are currently generating a congenic Wistar-

in thewpkmodel, as has been demonstrated fordplemouse wpk strain using a standard backcross strategy. By the 10th

model of ARPKD (31,47). backcross generatior;99% of the genome in this congenic

line will be derived from the inbred Wistar strain. At that point,

Cellular Morphologic Features of wpk/wpk Renal Cystwe will generate a new F2 cohort by breeding the congenic
Characterization of the cystic epithelia in twpk model has Wistar-+/wpk line with a second inbred strair.g, Brown

yielded a number of interesting insights. First, the initial cystdorway, so that the polymorphism rate for the two parental

seem to be derived from functioning unobstructed nephrors¢tains is more robust. We will also monitor the available

and the cystic epithelia maintain their segment-specific phertatabases for potential candidate genes that map to the candi-

types. These observations are consistent with data for tfete wpk region on rat chromosome 5 or the homologous

mouse bpk and cpk models and suggest that the diseaseegions in the human and/or mouse genomes.

susceptibility genes in these models do not disrupt the early

stages of nephrogenesisg., induction of mesenchyme-to- Conclusions

epithelium transformation, acquisition of stem cell character, \ye have characterized the clinical and histopathologic phe-
fate determination, epitheliogenesis, and polarization (48). potypes of a new rat PKD model. Like the mowgsk and bpk

_In more advanced disease, cysts in the Wistakiwpk  mqodels, the ratvpkmodel strongly resembles human ARPKD.
kidneys are lined by well differentiated collecting duct cells, a§owever, the hepatobiliary lesions typically associated with
assessed by segment-specific marker profiling and EM. Ajyman disease were not observed in affeatguk/wpk rats.
though the cystic epithelia seem to have escaped the normgiology mapping indicated that the rapk gene is distinct
mechanisms controlling tubular diameter, they retain specifiom the human ARPKD gen®KHD1, as well as from the rat
epithelial phenqtypes, with heterogeneou§ po_pulati.ons of pr'@y gene and the mousepk and bpk genes. Because the
c_|pal cells and intercalated cglls, and ma|nta|n.the|_r organizgistarchi locus has not been mapped, complementation test-
tion as monolayers. Interestingly, the cyst epithelium is n@{q would be required to determine whether e and wpk
uniformly proliferative, with focal areas of increased prolifertations are allelic. In addition to the identification of a new
ation adjacent to cysts. This observation suggests that Ggdhe involved in the pathogenesis of recessive PKD, this new
proliferation is influenced by local environmental factors ag;; mutation provides an excellent experimental model for

well as by the defective gene. Interestingly, no abnormalities g,y of the renal pathophysiologic processes associated with
the extracellular matrix or the basal lamina were associatggessive PKD.

with renal cyst initiation or progression impk/wpkkidneys.
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