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Expression of phospholipase A2 receptor in primary cultured podocytes derived from 
dog kidneys
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ABSTRACT.	 Phospholipase A2 receptor (PLA2R) expressed in human podocytes has been highlighted as a causative autoantigen of human 
idiopathic membranous nephropathy. However, its expression was found to be minimal or absent in murine and rat podocytes. In this study, 
immunofluorescence revealed the expression of PLA2R in the glomerular podocytes in the kidney tissue sections of dogs. We then attempted 
to culture canine podocytes and investigate the expression of PLA2R in these cells. Glomeruli were isolated from dog kidneys and cultured 
to obtain podocytes using nylon mesh-based isolation method as followed for isolating rat podocytes. The cultured cells expressed PLA2R 
mRNA and protein in addition to other podocyte markers (synaptopodin, podocin and nephrin). These results indicate that the canine 
podocytes express PLA2R.
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Phospholipase A2 receptor (PLA2R) is a type I transmem-
brane glycoprotein related to the C-type animal lectin family 
[8] and is reported to mediate various biological processes 
via secretory PLA2 stimulation in various cells and tissues 
[5, 7]. Recently, the expression of PLA2R in glomerular 
podocytes of the human kidney was demonstrated, and anti-
PLA2R autoantibodies were discovered in the majority of 
patients with idiopathic membranous nephropathy (MN) [1], 
a major cause of nephrotic disease in humans. Subsequent 
studies also reported an association between human idio-
pathic MN and PLA2R, with the latter as a causative antigen 
[9–11]. However, its expression was found to be minimal or 
absent in mice and rats [2, 3, 17]. To date, a suitable animal 
model for human idiopathic MN induced by autoantibodies 
against PLA2R has not been established. For this reason, the 
function of this receptor in podocytes and whether the circu-
lating autoantibodies actually bind to PLA2R on podocytes 
remain unclear. Therefore, the development of a suitable 
animal model is critical to understand the pathogenesis of 
human idiopathic MN.

In dogs, MN is a major spontaneous glomerular disease, 
and its histopathological and clinical characteristics are 
analogous to human idiopathic MN [4, 13]. However, there 
are no reports describing the expression of PLA2R in canine 
podocytes. In veterinary medicine, several researchers have 
investigated canine glomeruli using tissue specimens and 
showed the expression of some podocyte-specific proteins 
[12, 16]. However, there has been no in vitro research using 

canine cultured glomerular podocytes, because of the lack of 
a standard culture protocol for canine podocytes.

Here, we detected the expression of PLA2R in the renal 
glomerular podocytes in the tissue sections of dogs by im-
munofluorescence (IF). We then established a method of 
primary culture for canine podocytes and comfirmed the 
expression of PLA2R, a candidate autoantigen for human 
idiopathic MN, in primary cultured podocytes.

Renal tissues were obtained from three 12-month-old 
male beagles. All dogs were purchased from a laboratory 
animal breeding and supply company (Kitayama Labes Co., 
Ltd., Nagano, Japan) and were confirmed to be healthy by 
physical examination. The animals were used for clinical 
education and euthanized in accordance with the guidelines 
approved by the Animal Research Committee of Azabu Uni-
versity (No. 100408-3).

The unilateral kidneys were dissected from the dogs im-
mediately after euthanasia as described below, fixed in 10% 
neutral buffered formalin, processed routinely and embed-
ded in paraffin wax. The kidneys of the dogs were confirmed 
to be histologically normal by hematoxylin and eosin stain 
and periodic acid-Schiff reaction.

The method used for the primary culture of podocytes was 
based on a method for rat kidneys [15]. A 21-gauge butterfly 
needle was inserted into the artery of the other kidney im-
mediately removed after euthanasia using an excess amount 
of pentobarbital (over 50 mg/kg body weight, intravenous 
injection) under inhalation anesthesia with 2% isoflurane, 
and the kidney was perfused with 20 ml phosphate buffered 
saline (PBS: pH 7.2, 0.01 M) and 30 ml PBS containing 
36 mg of iron powder (φ6 µm; Wako, Tokyo, Japan). Renal 
cortical tissue was then cut into 1–2 mm cubes in Hanks’ 
balanced salt solution (HBSS; Invitrogen Life Technologies, 
Carlsbad, CA, U.S.A.). The tissues were digested in HBSS 
containing 1 mg/ml collagenase A (Roche Diagnostics 
GmbH, Mannheim, Germany) and 0.2 mg/ml deoxyribo-
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nuclease I (Roche Diagnostics GmbH) at 37°C for 60 min 
with gentle agitation. The collagenase-digested tissues were 
gently pressed through a 250-µm tissue strainer (Thermo 
Fisher Scientific, Basingstoke, U.K.). Glomeruli containing 
iron powder in the tissue suspension were gathered using a 
magnetic particle concentrator (Dynal AS, Oslo, Norway) 
and washed at least four times with PBS. Finally, collected 
glomeruli were suspended in a suitable amount (approxi-
mately 12 ml) of PBS, and the suspension was poured onto a 
70-µm cell strainer (BD Biosciences, Stockholm, Sweden); 
the glomeruli remaining on the cell strainer were carefully 
collected. During the procedure, kidney tissues were main-
tained at 4°C, except for collagenase digestion.

Isolated glomeruli were seeded onto type I collagen-
coated culture dishes or glass coverslips (Asahi techno 
glass, Tokyo, Japan) in Dulbecco’s modified Eagle’s me-
dium: nutrient mixture F-12 (D-MEM:F-12, 1:1; Invitrogen) 
containing 5% fetal bovine serum (FBS; Hana-nesco Bio., 
Tokyo, Japan) supplemented with 0.5% insulin–transferrin–
selenium-A (ITS-A) liquid media supplement (Invitrogen) 
and 1% antibiotic–antimycotic liquid (Invitrogen). IF was 
performed after incubation at 37°C in a humidified incubator 
with 5% CO2 for three days.

For subculture of primary cultured podocytes, the cellular 
outgrowths obtained following three days of incubation were 
detached using a trypsin ethylenediaminetetraacetic acid 
(EDTA) solution containing 2 g Difco™ Trypsin 250 (BD 
Biosciences) and 0.4 mg EDTA, disodium salt, dihydrate in 
200 ml of 0.01 M PBS, pH 7.2, passed through a 40-µm 
sieve (BD Biosciences) to remove the remaining glomerular 
cores, and the filtered cells were gathered by centrifugation 
at 1,000 ×g. The obtained cells were then cultured on col-
lagen I-coated dishes for 1 day and processed for reverse 
transcriptase polymerase chain reaction (RT-PCR) or West-
ern blotting (WB) preparation.

The primary antibodies used in this study were the fol-
lowing reagents: mouse anti- PLA2R (Atlas Antibodies AB, 
Stockholm, Sweden, 1 in 100 dilution for IF and 1 in 700 
for WB), rabbit anti-human podocin (Sigma, St. Louis, MO, 
U.S.A.), goat anti-synaptopodin (Santa Cruz Biotechnology, 
Santa Cruz, CA, U.S.A.; 1 in 100 dilution for IF) and rab-
bit anti-canine nephrin (Kobayashi et al. 2012 [16], 1 in 50 
dilution for IF).

For IF, the dewaxed kidney sections were pretreated with 
citrate buffer (pH 6.0) at 121°C for 15 min in an autoclave 
before incubation with anti-PLA2R antibody. The cultured 
podocytes were fixed in methanol for 5 min at 4°C (PLA2R, 
podocin and nephrin) or in 4% paraformaldehyde at 4°C 
(synaptopodin). The cultured cells were treated with 0.1% 
Triton X-100 in PBS for 5 min after fixation by paraformal-
dehyde. Non-specific protein binding to the tissue sections 
and cultured cells was blocked with 4% Block AceTM (Yuki-
jirushi, Sapporo, Japan) for 10 min at room temperature, 
and these specimens were then incubated with the primary 
antibodies at 4°C overnight. After washing with PBS, the 
specimens were incubated with secondary antibodies for 
1 hr at room temperature. One of the following secondary 
antibodies was used: Alexa Fluor 488-conjugated goat anti-

rabbit IgG and Alexa Fluor 568-conjugated rabbit anti-goat 
IgG (Invitrogen; 1 in 500 dilution). Next, the specimens 
were washed with PBS; thereafter, they were counterstained 
and mounted with Vectashield mounting medium containing 
4,’6’-diaminido-2-phenylindole (DAPI; Vector Laborato-
ries, Burlingame, CA, U.S.A.). Images were obtained using 
a FSX100 fluorescence microscope (OLYMPUS, Tokyo, 
Japan).

For RT-PCR, total RNA was extracted from subcultured 
podocytes using the RNeasy Plus Micro Kit (Qiagen, Hilden, 
Germany). First-strand cDNA was obtained from total RNA 
using a Sensiscript RT kit (Qiagen) with random primers 
(Invitrogen) in the presence of RNasin ribonuclease inhibi-
tor (Promega, Madison, WI, U.S.A.). The primer sequences 
were designed based on the predicted mRNA sequences of 
Canis lupus familiaris nephrosis 1, congenital, Finnish type 
(nephrin) (NPHS1) (NCBI database, accession number: 
XM_541685), Canis lupus familiaris nephrosis 2, idiopathic, 
steroid-resistant (podocin) (NPHS2) (XM_547443.2), Canis 
lupus familiaris synaptopodin (SYNPO) (XM_536465.5) 
and Canis lupus familiaris phospholipase A2 recep-
tor 1 (PLA2R1) (XM_545489.4). The primer sequences 
were as follows: NPHS1: forward, TCGGGTAGCAG-
GAAACTTGG; reverse, AAGCCACCTCCCAGAAGAGT; 
NPHS2: forward, CAAAGTGCGGGTGATCGCT; reverse, 
GGCAACCAAAGGAAGTGCAG; SYNPO: forward, 
ACCCCATGGACTCAACGAAG; reverse, GGCCCAAC-
GCTGGTTTCTG; PLA2R1: forward, ACAGGAGAAAAC-
GGAGCAGG; reverse, ACTCCCAAGAGCCAGCATTC; 
canine glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH): forward, CTGAACGGGAAGCTCACTGG; reverse, 
GTCGAAGGTGGAAGAGTGGG. Amplification of canine 
GAPDH was used as a housekeeper. PCR reactions using 
KOD FX Neo (Toyobo, Osaka, Japan) were performed as 
follows: denaturation at 94°C for 2 min; 40 cycles of dena-
turation at 98°C for 10 sec, annealing at 64°C for 30 sec and 
extension at 68°C for 30 sec; and a final extension step at 
68°C for 30 sec.

For WB, the cultured podocytes were lysed in RIPA buf-
fer [consisting of 0.1% sodium dodecyl sulfate (SDS), 1% 
NP-40, 150 mM NaCl and 0.5% sodium deoxycholate in 
50 mM Tris-HCl, pH 7.4] with Protease Inhibitor Cocktail 
Set I (Wako, Osaka, Japan), and protein concentrations 
were assayed using the Lowry method (DC Protein Assay, 
BioRad, Hercules, CA, U.S.A.). For SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE), the samples were mixed 
with an equal volume of sample buffer containing 10% 
beta-mercaptoethanol (5% final concentration) and then 
boiled for 5 min. Proteins (10 µg/lane) were run on 10% 
polyacrylamide slab gels and transferred to polyvinylidene 
fluoride membranes. The membranes were blocked with 
10% skimmed milk in PBS with 0.1% Tween 20 for 1 hr at 
room temperature and incubated overnight at 4°C with the 
primary antibodies diluted in Immuno-enhancer Reagent A 
(Wako). After washing, the membranes were incubated with 
a horseradish peroxidase-conjugated goat anti-mouse IgG 
antibody (Dako Cytomation, Glostrup, Denmark; 1 in 2,000 
dilution) diluted in Immuno-enhancer Reagent B (Wako) for 
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1 hr at room temperature. Immunoreactivity was visualized 
using Luminata™ Forte Western HRP Substrate (Millipore, 
Temicula, CA, U.S.A.) and detected using an LAS4000 (GE 
Healthcare Japan Co., Ltd., Tokyo, Japan).

Using IF for renal tissue sections, the expression of 
PLA2R was observed in the podocytes cell body and cell 
processes in the glomeruli as well as parietal epithelial cells 
(PECs) (Fig. 1).

A number of decapsulated glomeruli were collected from 
cortical tissue. However, a low rate of blood vessel and 
tubular contamination was observed (3.3 ± 1.5%; n=3). Cel-
lular growth of podocytes from isolated glomeruli was first 
detected within 2 days and became prominent by 3–4 days in 
culture (Fig. 2). The podocyte morphology was irregular, of-
ten exhibiting arborization with long cytoplasmic processes 
and multinucleation. Their morphology was identical to 
that of primary cultured rat podocytes described in previous 
reports [15, 19]. These cultured cells showed distinct expres-
sion of the podocyte-specific proteins—nephrin, podocin 
and synaptopodin (Fig. 3A). Synaptopodin exhibited a stress 
fiber-like appearance and cross striation. The cultured cells 
expressed nephrin and podocin in the cytoplasm and mar-

Fig. 1.	 Expression of phospholipase A2 receptor (PLA2R) in the 
canine glomerulus. The expression of PLA2R (red) was mainly 
observed in podocytes cell body and cell processes and also in 
parietal epithelial cells. Intrinsic fluorescence of red blood cells 
was demonstrated as yellow. Bar=30 µm.

Fig. 3.	 Expression of phospholipase A2 receptor (PLA2R) and podocyte markers in primary cultured canine podocytes. Im-
munofluorescence for podocyte-specific proteins (synaptopodin, podocin and nephrin) (A) and PLA2R (B), reverse transcriptase 
polymerase chain reaction (RT-PCR) for podocyte-specific markers (NPHS2, SYNPO and NPHS1), PLA2R1 and GAPDH(C) 
and Western blotting for PLA2R protein (D) in canine primary cultured podocytes. Mouse IgG: negative control. Arrowheads: 
expression on marginal region. Asterisk: Isolated glomerulus. Bar=25 µm.



G. SUGAHARA ET AL.898

ginal region. Notably, the podocytes also expressed PLA2R 
in the cytoplasm and marginal region (Fig. 3B). Expression 
of PLA2R and podocyte-specific proteins in the primary 
cultured podocytes was also confirmed by RT-PCR and WB 
for subcultured podocytes (Fig. 3C and 3D). Furthermore, a 
small number of fibroblast and tubular epithelial cells from 
contaminated blood vessels and tubules were observed. All 
examinations were performed using renal tissue from three 
different dogs, and they showed the same results (data not 
shown).

In this study, we revealed the expression of PLA2R in 
canine podocytes, and to our knowledge, this is the first 
report to demonstrate the expression of PLA2R in podocytes 
of non-primate mammals. Considering the high incidence of 
MN in dogs, this result represents an important new insight 
that dogs can potentially be used as an experimental or possi-
bly spontaneous model for human idiopathic MN associated 
with PLA2R. The marginal localization of PLA2R in canine 
cultured podocytes consistent with that of foot process-as-
sociated proteins (nephrin and podocin) is also an important 
finding supporting this possibility, because the binding of 
circulating antibodies against PLA2R on the basal surface of 
the podocyte foot processes is assumed to be the mechanism 
for subepithelial deposition of immune complexes which is 
a characteristic feature in idiopathic MN, as suggested by 
various reports using experimental rat models of MN [14] 

and human neonatal MN [6]. The expression of PLA2R in 
PECs is not reported in human, and it may be a characteristic 
feature of dogs.

In addition, we succeeded in establishing an effective 
primary culture method for canine podocytes by modifying 
an isolation method established for rats in a previous report 
[15]. A good preparation has previously been identified 
wherein 95% of the isolated tissue structures were glomeruli 
[18]; the samples obtained in the present study were assumed 
to be a good preparation according to this criterion. More-
over, we confirmed the reproducibility of the experiments 
using kidneys from three different dogs. Cultured podocytes 
derived from human, mice and rat glomeruli have been used 
in many studies aimed at elucidating their physiological and 
pathophysiological characteristics. The methods for primary 
podocyte culture are relatively convenient and well-estab-
lished in rodents [15, 18]. Also, primary cultured podocytes 
from isolated glomeruli are assumed to retain their in vivo 
phenotype.

Cultured canine podocytes in the present study expressed 
similar podocyte-specific markers as they did in in vivo 
studies [12, 16]. The in vitro experiments using cultured 
podocytes may contribute to investigations into the func-
tion of PLA2R in podocytes and canine glomerular diseases, 
including MN.

Fig. 2.	 Phase-contrast microscopy of isolated canine glomeruli and cellular growth of podocytes. Phase-contrast microscopy of 
isolated glomeruli from canine renal tissue (A) and their cellular outgrowths after 2 days (B) and 3 days (C and D) in culture. 
*Isolated glomerulus, Bar=100 µm.
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