Kidney International, Vol. 59 (2001), pp. 126-136

The pck rat: A new model that resembles human autosomal
dominant polycystic kidney and liver disease
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The pck rat: A new model that resembles human autosomal
dominant polycystic kidney and liver disease.

Background. The pck rat is a recently identified model of
polycystic kidney disease (PKD) and liver disease (PLD) that
developed spontaneously in the rat strain Crj:CD/SD. Its pat-
tern of inheritance is autosomal recessive.

Methods. To characterize this new model, we studied pck
rats derived from F9 breeding pairs from Charles River Japan
and control Sprague-Dawley rats. Blood and tissues (kidneys,
liver, and pancreas), obtained from these rats at 1, 7, 21, 70,
and 182 days of age, were used for biochemical determinations,
light and electron microscopy, and immunohistochemistry.

Results. The pck rats develop progressive cystic enlargement
of the kidneys after the first week of age, and liver cysts are
evident by day 1. The renal cysts developed as a focal process
from thick ascending loops of Henle, distal tubules, and collect-
ing ducts in the corticomedullary region and outer medulla. Flat
and polypoid epithelial hyperplasia were common in dilated
tubules and cysts. Apoptosis was common and affected normal,
as well as dilated tubules, but less frequently cysts lined by
flat epithelium. The basement membranes of the cyst walls
exhibited a variety of alterations, including thinning, lamella-
tion, and thickening. Focal interstitial fibrosis and inflammation
were evident by 70 days of age. Segmental glomerulosclerosis
and segmental thickening of the basement membrane with
associated effacement of the podocyte foot processes were
noted in some rats at 70 days of age. The PKD was more severe
in male than in female pck rats, as reflected by the higher
kidney weights, while there was no gender difference in the
severity of the PLD. Mild bile duct dilation was present as
early as one day of age. With age, it became more severe, and
the livers became markedly enlarged. Even then, however,
there was only a mild increase in portal fibrosis, without forma-
tion of fibrous septae. Slight elevations of plasma blood urea
nitrogen levels were detected at 70 and 182 days of age.

Conclusions. The pck rat is a new inherited model of PKD
and PLD with a natural history and renal and hepatic histologic
abnormalities that resemble human autosomal dominant PKD.
This model may be useful for studying the pathogenesis and
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evaluating the potential therapies for PKD and PLD. The iden-
tification of the pck gene may provide further insight into the
pathogenesis of autosomal dominant PKD.

Autosomal dominant polycystic kidney disease
(ADPKD) is genetically heterogeneous. Much of the
understanding of its pathogenesis derives from studies
in animal models. While chemically induced models were
initially used, an increasing number of inherited models
of renal cystic disease have been identified in recent
years [1-4]. Unfortunately, while some of them resemble
human autosomal recessive polycystic kidney disease
(ARPKD), none of the spontaneously inherited models
are a perfect paragon for ADPKD. The Han:SPRD rat,
which has been extensively used as a model of ADPKD,
significantly differs from the human disease, mainly by
the predominant involvement of proximal tubules in the
heterozygote state and by the lack of extrarenal manifes-
tations, except for a few liver cysts in old females [5-8].
Recently, a number of Pkdl and Pkd2 gene-targeted
mice have been generated, but the phenotypic expression
of the disease in the heterozygote state has been very
mild [9-12]. The compound heterozygote Pkd2—/WS25
most closely resembles human ADPKD. Many studies,
mainly using spontaneously occurring models of inher-
ited disease, have shown that the course of the renal
cystic disease can be markedly altered by therapeutic
interventions [13, 14]. However, the results of treatment
are inconsistent and vary between animal models. There-
fore, it has become essential to determine to what extent
observations in a particular rodent strain can be extrapo-
lated to human ADPKD. Because of its size, a closely
homologous rat model of human ADPKD would have
great advantages. The pck rat is a recently identified
model of PKD that developed spontaneously in the rat
Crj:CD/SD or registered name of Charles River Japan
“cesarean derived SD (Sprague-Dawley) strain,” the
original stock of which was introduced from Charles
River (Wilmington, MA, US). It has many features that



Lager et al: The pck rat

A Male

B Female

600 -+
500 A
400 A
300 A
200 A
100 1

Kidney weight Body weight
g

% BW
o =N w A

Liver weight
% BW

E

N=33 33 36 38 35
1 7 21 70 182 1 7

Age, days

resemble human ADPKD, although the pattern of inher-
itance is autosomal recessive [15].

METHODS
The pck rat colony

The colony of pck rats was derived by breeding pairs
(F9 generation) obtained from Charles River Japan
(Tokyo, Japan). SD rats obtained from Charles River
(USA) were used for controls.

Study design

Blood and tissue (kidneys, liver, and pancreas) sam-
ples were obtained from pck and control SD rats at 1,
7,21, 70, and 182 days of age under pentobarbital (50
mg/kg body weight, IP) anesthesia. Blood samples were
obtained by cardiac puncture. The kidneys, liver, and
pancreas were placed into preweighed vials containing
10% buffered formaldehyde. In some animals, specimens
from the renal cortex and medulla were fixed in 2.5%
glutaraldehyde in 0.1 mol/L cacodylate buffer for elec-
tron microscopy. Urine samples were obtained by blad-
der puncture in 182-day-old pck and control SD rats.

Histology and immunohistochemistry

Four micrometer tissue sections stained with hematox-
ylin and eosin and Masson’s trichrome were used for the
histologic analysis of the kidney, liver, and pancreas. To
determine the origin of the cysts, kidney sections were
stained for the tubular markers lysozyme for the proxi-
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Fig. 1. Body, kidney, and liver weights in

21 70 182 Sprague-Dawley (SD; [J) and polycystic kid-
ney (pck; W) control rats. *P < 0.05 vs. SD
Age, days rats; TP < 0.05 vs. male rats.

mal tubule (BioGenex, San Ramén, CA, USA) [16],
Tamm-Horsfall protein for the thick ascending loop
(Cortex Biochem, San Leandro, CA, USA) [17], and
epithelial membrane antigen for the distal tubule and
collecting duct (BioGenex) [18]. To assess the presence
and rate of apoptosis, renal and hepatic sections were
stained using the ApopTag Peroxidase Kit (Intergen,
Purchase, NY, USA).

Electron microscopy

Glutaraldehyde-fixed renal cortex and medulla from
pck and control SD rats were processed in bloc with
uranyl acetate and were embedded in epon. Semithin
sections were examined, and areas of interest were se-
lected. Ultrathin sections were stained with lead citrate
and examined using a Phillips CM-10 electron micro-
scope.

Biochemical determinations

Plasma concentrations of creatinine, blood urea nitro-
gen, bilirubin, alkaline phosphatase, and aspartate amino-
transferase (AST) were measured using a Hitachi 977
analyzer. Urine protein was measured using a BCA Pro-
tein Assay Reagent Kit (Pierce, Rockford, 1L, USA).
Urine creatinine was measured using a Beckman Ana-
lyzer.

Data analysis

Results are presented as means = standard deviation
(SD). Conventional parametric and nonparametric meth-
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Fig. 2. Representative cross sections of kid-
neys from control SD and pck rats at 1, 7,
21, 70, and 182 days of age (hematoxylin and

ods were used for statistical analysis. All tests were two
sided with P values of 0.05 or less to indicate statistical
significance.

RESULTS
Macroscopic appearance of the kidney, liver,
and pancreas

The growth of the pck rats was comparable to that of
control SD rats. On the other hand, the absolute and
relative kidney and liver weights, after the first week of

eosin, X50).

age, were consistently higher in the pck than in the con-
trol SD rats (Fig. 1). The PKD was more severe in male
than in female pck rats, as reflected by the higher kidney
weights, while there was no gender difference in the
severity of the polycystic liver disease (Fig. 1). The en-
largement of the kidneys and the liver was progressive
and most marked in the older animals (Fig. 2). Close
examination of the liver in the older animals revealed
an irregular surface with numerous macroscopic cysts
resembling human polycystic liver disease (Fig. 3). No
lesions were detected in the pancreas (data not shown).
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Fig. 3. Gross anatomy of the kidneys (A and B) and livers (C-F) from control SD (A, C, and E) and pck (B, D, and F) rats.

Microscopic examination of the kidney

Examination of the kidneys at one and seven days of
age revealed no abnormalities in the pck as compared
with the control SD rats, except for mild focal tubular
dilation in the corticomedullary region at seven days of

age (data not shown). Renal cysts were evident at 21
days of age as greatly dilated tubules, predominantly at
the corticomedullary region and outer medulla (Fig. 4).
The development of the cysts occurred as a focal pro-
cess, with well-developed cysts surrounded by normal-
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Kidney

7 days

182 days

appearing tubules. The cysts increased in number and size
with advancing age and were evident in the renal cortex
by 70 days of age (Fig. 4). The cells lining the cysts ranged
from tall cuboidal to flat and derived predominantly from
the thick ascending limb, distal tubule, and collecting
duct, as demonstrated by lack of staining for lysozyme
(Fig. SA) and positive staining for Tamm-Horsfall pro-
tein and/or epithelial membrane antigen (Fig. 5 B, C).
In some cysts, flat or polypoid epithelial cell hyperplasia
was noted (Fig. 6). Apoptotic nuclei were very rare in
the older control SD rats, while they were markedly
increased in number in the pck rats. At one and seven
days of age, many apoptotic nuclei were present in the

Liver

Fig. 4. Representative kidney and liver tissue
sections from pck rats at 1, 7, 21, 70, and 182
days of age (hematoxylin and eosin, X100).

inner medulla and nephrogenic zone in both the control
SD and pck rats. In the older pck rats, apoptotic nuclei
were present in normal tubules, in focally dilated tubules,
and in cellular casts and were less frequent within cells
lining larger cysts (Fig. 7). Apoptotic nuclei were ob-
served more frequently in cysts lined by hyperplastic or
cuboidal epithelium than in those lined by flat epithe-
lium. Focal interstitial fibrosis and inflammation and
proximal tubule dilation were evident by 70 days (Fig.
8A). The renal arteries and arterioles were normal, how-
ever, segmental glomerulosclerosis was noted in a few
rats at 70 days (Fig. 8B). Ultrastructurally, the basement
membranes of the cysts in the pck rats exhibited a variety
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Fig. 5. Immunohistochemical staining for ly-
sozyme (A), Tamm-Horsfall protein (B), and
epithelial membrane antigen (C) of kidney
tissue sections from pck rats at 70 days of age.
Original magnification X100. Reproduction of
this illustration in color was partially funded
by Merck & Co., Inc.

Fig. 7. Immunohistochemical staining for apoptosis in renal sections
from control SD (A) and pck rats (B to F) at 21 (A and B) and 70
(C to F) days of age. Apoptotic nuclei were observed in normal and
focally dilated tubules (arrows) and cellular casts (E and F) and less
frequently within cells lining larger cysts (curved arrow; X200). Repro-
duction of this illustration in color was partially funded by Merck &

Fig. 11. Immunohistochemical staining for
apoptosis in liver sections from control SD
(A) and pck (B-D) rats at 21 (A and B) and
70 (C and D) days of age. Apoptotic nuclei
were observed in cells lining dilated bile ducts
and in adjacent hepatocytes. (A, X150; B-D,
%200). Reproduction of this illustration in color
was partially funded by Merck & Co., Inc.
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of changes, including thinning, lamellation, and thick-
ening (Fig. 9). The glomeruli also showed segmental
alterations of the basement membranes with associated
effacement of the podocyte foot processes (Fig. 10).

Microscopic examination of the liver and pancreas

Mild bile duct dilation was present as early as one day
of age. The number of portal triads affected and the
size of the cysts increased with advancing age (Fig. 4).
Apoptotic nuclei were increased in number compared
with the normal control and were present in cells lining

Fig. 6. Examples of flat (A) and polypoid (B)
epithelial cell hyperplasia (arrows) in dilated
renal tubules from pck rats (hematoxylin and
eosin, X200).

Fig. 8. Representative kidney and liver tissue
sections from pck rats at 10 weeks of age. Note
the presence of focal inflammation and fibrosis
in the renal interstitium (*; A) and segmental
glomerulosclerosis (arrow; B). There was only
mild portal fibrosis in the liver without forma-
tion of septa (C and D). (Masson’s trichrome;
A, C X100; B, D X200).

dilated bile ducts and in adjacent hepatocytes (Fig. 11).
Mild portal inflammation and acute cholangitis occurred
in a few animals. There was a mild increase in portal
fibrosis with age, but without formation of fibrous septae
(Fig. 8 C, D). No microscopic cysts or other lesions were
detected in the pancreas (data not shown).

Laboratory parameters Despite marked renal and he-
patic enlargement and histologic abnormalities, only a
slight elevation of the plasma blood urea nitrogen levels
was detected at 70 and 182 days of age (Fig. 12). The
urine protein excretion was significantly higher in male
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Fig. 9. Transmission electron micrographs of tubular basement mem-
branes in 10-week-old pck (A-C) and control SD (D) rats. Ultrastructur-
ally, the cysts in the pck rats showed a variety of basement membrane
alterations. The basement membranes were thinned (A), lamellated
(B), and thickened (C). Tubular basement membranes from normal
rats lacked these changes (D). Magnifications: A, X5800; B, X9700; C,
X7400; D, X9700.

and female pck rats than in the SD controls (5.5 = 2.5
and 3.0 = 1.5 vs. 0.8 £ 0.2 and 1.2 = 0.3 mg protein/mg
creatinine, P < 0.001). The plasma concentrations of
bilirubin and alkaline phosphatase were similar in male
and female pck rats and within the range reported for
normal SD rats [19]. While the serum levels of bilirubin
increased (0.22 = 0.04 and 0.20 = 0.0 mg/dL at 70 days
vs.0.50 = 0.24 and 0.38 = 0.09 mg/dL at 182 days for male
and pck rats, respectively), those of alkaline phosphatase
decreased significantly with age (687 = 72 and 643 + 66
U/L at 70 days vs. 340 = 157 and 337 = 127 U/L at 182
days for male and female pck rats, respectively).

DISCUSSION

Autosomal dominant polycystic kidney disease
(ADPKD) and autosomal recessive PKD (ARPKD) are
the most important inherited renal cystic diseases in hu-
mans. PKD also occurs in the rat and the mouse and in
many other animal species from the goldfish to the mon-
key [1-4]. The inherited models of PKD in rats and mice
are summarized in Tables 1 and 2 [reviewed in 4]. The
disease in some of these models, such as the cpk, bpk,
and orpk mice, resembles human ARPKD because of
the rapid progression, involvement of the collecting
ducts, and association of biliary dysgenesis. The disease
in pcy and kat2J mice and in ARPK and Han:SPRD rats
is slowly progressive and resembles human ADPKD.

None of these experimental models is genetically homol-
ogous to human ADPKD. In addition, human ADPKD
is genetically heterogeneous with at least three loci:
PKDI1, PKD2, and PKD3. PKDI and PKD2 and the
genes responsible for PKD in the orpk and Kat2J mice
have been identified [20-25]. The fact that their functions
and the mechanisms by which their mutations cause cys-
tic disease remain unknown indicates that the mecha-
nisms responsible for maintenance of the differentiated
renal tubular epithelial cell phenotype and the develop-
ment of PKD are likely to be very complex. Therefore,
the identification of new animal models and the responsi-
ble genes are likely to be very helpful for the elucidation
and understanding of these complex mechanisms.

The model of PKD described in this article has been
recently identified [15]. This model is different from pre-
viously reported models of PKD in rats. The pck rat is
clearly different from the ARPK model described by
Ohno and Kondo and Inage et al, which is characterized
by the association of skeletal abnormalities and facial
dysmorphism, the origin of the cysts in the collecting
ducts, and the mild hepatic involvement [26, 27]. It is
also strikingly different from the Han:SPRD rat, which
exhibits severe cystic dilation of all nephron segments
with massive renal enlargement and death from uremia
at three weeks of age in the homozygous state and pro-
gressive cystic disease, which starts in the pars recta of the
proximal tubules and is mostly confined to this nephron
segment in the heterozygous state [5-8]. In the pck rat,
the cysts involve mainly the thick ascending loops of
Henle, distal tubules, and cortical collecting ducts. As in
human ADPKD and acquired renal cystic disease, but
to a lesser extent than in the Han:SPRD rat, the PKD
in the pck rats is more severe in male than in female
animals. Unique to the pck rat is the severe involvement
of the liver, which resembles human autosomal dominant
polycystic liver disease. The polycystic liver disease in
this animal model is more severe than that described in
the Pkd1l and Pkd2 knockouts and may be of particular
value in studying possible therapies for polycystic liver
disease [9-12].

There are significant similarities between the cyst phe-
notypes of the pck rats and human ADPKD. In both,
the kidneys can appear normal at birth, and the cystic
disease is slowly progressive. In both, the renal disease
is more severe in males than in females. Although the
tubular segment of origin of most cysts in ADPKD re-
mains uncertain, one study has suggested that most de-
rive from the distal nephron and collecting ducts [28].
In both cases, the development of renal cysts appears to
be a focal phenomenon. In human ADPKD, the focal
development of the cysts has been explained by the two-
hit hypothesis [29]. This explanation is less likely to ac-
count for the focal development of the cyst in the pck
rat, which is an autosomal recessive disorder. This obser-
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Fig. 10. Transmission electron micrographs
of glomerular loops from control SD (A) and
ten-week-old pck (B) rats. The glomeruli from
the pck rats showed segmental thickening of
the basement membrane with associated po-
docyte foot process effacement (B) when com-
pared with normal rats (A). Magnification
X7400.

Fig. 12. Plasma blood urea nitrogen (BUN)
and creatinine levels in control SD and pck

A 70 days B 182 days
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vation suggests that other factors, in addition to the so-
matic inactivation of the PKD gene not affected by the
germline mutation, may contribute to the focal character
of ADPKD.

As in other models of PKD, we found evidence of
tubular epithelial cell hyperplasia, increased rates of apo-
ptosis, thickening and lamellation of the basement mem-
branes in the cysts, and interstitial inflammatory infil-
trates [6, 7, 30, 31]. We found that most apoptotic cells
in the kidneys were not in the cysts, but in nondilated
tubules. The apoptotic cells were more commonly seen
in cysts with cuboidal or hyperplastic epithelium than
in those with flat epithelium. These observations are
consistent with the interpretation that apoptosis is preva-
lent at early stages of cystogenesis and down-regulated
as the cysts develop. Because of down-regulation of apo-
ptosis in well-developed cysts, the flat epithelium in these
cysts may have a survival advantage despite lower rates
of cell proliferation. On the other hand, we found that the

rats. Symbols are: ((J) male; (M) female ani-
pck mals. *P < 0.05 vs. SD rats.

thickening of basement membranes and development
of interstitial inflammation and fibrosis occur at more
advanced stages of the disease and, therefore, are less
likely to be important in early cystogenesis.

In summary, the pck rat is a new spontaneously oc-
curring inherited model of polycystic kidney and liver
disease with a natural history and renal and hepatic histo-
logic abnormalities that resemble human ADPKD. As
such, this model may be useful in studying the pathogene-
sis and evaluating potential therapies for polycystic kid-
ney and liver disease. In addition, the identification of
the pck gene, which may be a homologue of a known
human or mouse PKD gene or a new PKD-associated
gene, is likely to provide further insight into the patho-
genesis of ADPKD.
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Table 1. Inherited murine models of polycystic kidney disease

Chromosome

Mouse Inheritance assignment Progression Renal pathology Associated features

cpk AR 12 rapid PT — CD Pancreatic and mild portal fibrosis in DBA/2J
or CD1 background; biliary cysts in old het-
erozygotes

bpk AR 10 rapid PT — CD Biliary dysgenesis

orpk AR 14 rapid PT — CD Scruffy fur, growth retardation, preaxial poly-
dactyly, biliary dysgenesis

jepk AR 10 rapid G, PT, LH, DT, CD Enlarged bile ducts, pancreatic ducts and gall-
bladder; glomerulocystic disease in 25% of
old heterozygotes

jck AR 11 slow cortex, outer medulla —

pey AR 9 slow PT, LH, DT, CD Accelerated incisor eruption, intracranial aneu-
rysms

CFWwd AD — slow G, PT, LH, DT, CD Hepatic cyst, thoracic aortic aneurysms, mark-
edly attenuated in germ-free environment

CBA/N XR X slow G, PT, LH, DT B-lymphocyte deficiency

CBA/Ca-KD AR — slow cortex and medulla T-cell-mediated autoimmune disease

Kat and kat2J AR 8 variable G, PT Sparse fur, growth retardation, facial dys-
morphism, hydrocephalus, choroid plexus
cysts, anemia, male sterility

Krd AD 19 variable medulla Renal agenesis, hypoplasia; hydronephrosis;

retinal defects; embryonic lethal in homozy-
gotes

Abbreviations are: AR, autosomal recessive; AD, autosomal dominant; XR, X-linked recessive; Definitions are: G, glomeruli; PT, proximal tubule; LH, loop of

Henle; DT, disease tubule; CD, collecting duct; __, predominant involvement

Table 2. Inherited rat models of polycystic kidney disease

Chromosome

Mouse Inheritance assignment Progression Renal Pathology Associated Features

wpk AR — rapid PT — CD —

ARPK AR — slow CD Skeletal abnormalities, facial dysmorphism

Han:SPRD AD 5 slow PT, LH, DT, CD Hepatic and pancreatic cysts (old females only); renal
disease more severe in males; early lethality in homo-
zygotes

pck AR — slow LH, DT, CD, PT —

Abbreviations are: G, glomeruli; PT, proximal tubule; LH, loop of Henle; DT, disease tubule; CD, collecting duct; __, predominant involvement.
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