
ABSTRACT

Primary renal cells have been isolated and propagated successfully from rodent, swine, 
and human kidney tissue1, and therapeutic benefits of the rodent cell populations have 
been demonstrated in vivo in a rodent model of progressive renal failure2. Key 
therapeutic attributes associated with in vivo application of rodent renal cell populations 
included positive effects on tubule-associated functions with histologic evidence of 
tubular regeneration, indicating that the cells were capable of stimulating some degree 
of nephrogenesis, either through direct or indirect mechanisms.

The goal of this study was to build and apply an in vitro 3D culture system to assess the 
capability of these cells for autonomous ex vivo nephrogenesis and/or screen for 
exogenous factor requirements. 3D culture systems that replicate renal organogenesis 
have been used for mechanistic studies of tubule, collecting duct, and nephron formation 
and morphogenesis.  Most studies used immortalized or embryonic cells and tissues, 
which may have limited clinical translation.

Developmentally-relevant genes were responsive to hypoxia in primary CRC 2D cultures. 
The ability of CRC to reform mature kidney structure ex vivo was evaluated in 3D cultures 
made by suspending expanded primary CRC in MatrigelTM Growth Factor Reduced 
extracellular matrix (M-GFR). Extent of ex vivo nephrogenesis was evaluated by 
fluorescence microscopy.

Under atmospheric oxygen conditions, duct-derived cells and nephron tubule-derived 
cells contained within the population of CRC formed epithelial cysts in the 3D culture 
system, reminiscent of the ureteric buds and renal vesicles, respectively. However, no 
advanced morphogenetic processes such as duct branching, epithelial fusion, and nephron
formation that rely on mutual induction in vivo were observed. A limited number of 
exogenous cues (e.g. GDNF, HGF, FGF7, and hypoxia) were investigated for their ability to 
drive nephrogenesis in the 3D cultures, but structure formation was still restricted to 
buds and vesicles.

CRC grown in 3D cultures with M-GFR under atmospheric or hypoxic conditions were not 
capable of autonomous ex vivo nephrogenesis that relies on mutual induction (e.g. tubule 
outgrowth, branching, and fusion); however, hypoxia may prime CRC to be more 
responsive to a nephrogenic environment, provided the proper exogenous cues are 
present. Additional work is required to identify the complex cues necessary to derive CRC 
to nephrogenesis in vitro.
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CONCLUSIONS

Similar to the therapeutic rat kidney (RK) cells, canine renal cells (CRC) are a 
heterogeneous pool of renal cell types.  CRC are capable of forming epithelial cysts 
in 3D M-GFR cultures, however this potential is lost over subsequent passages.  
Interestingly, CRC respond to transient hypoxia by upregulating developmentally-
related genetic programs.  These data, in addition to in vivo studies in the rat1, 
suggest that the therapeutic mode of action in models of renal regeneration 
possibly involves the reemployment of developmental paradigms.  Moreover, these 
data suggest that CRC may have similar therapeutic attributes as RK in a canine 
model of chronic renal failure.

Table 1. Overview of Renal Cell 3D Culture Systems

Name Species
Cell or Tissue 

Type Stage

Branching 
morphogenesis 
(ductogenesis)

Nephron 
formation 

(tubulogenesis) Ref.

MDCK-I Canine Cell Line Adult
Spontaneous in 

Collagen I No 4,5

MDCK-II Canine Cell Line Adult
HGF-induced in 

Collagen I No 5

IMCD Mouse Cell Line Adult
HGF-induced in 

Collagen I No 6

UB Mouse
Ureteric Bud 
Tip Explant Embryonic

BSN-CM induced 
in M-GFR/Col I No 7,8

BSN Mouse

Metanephric 
Mesenchyme 

Cell Line Embryonic No ? 8

MM Mouse

Metanephric 
Mesenchyme 

Explant Embryonic No

Co-culture with 
spinal cord or 
brief exposure 

to Lithium 
Chloride 9-11

RK Rat Heterogeneous Adult TBD TBD 1-3

CRC Canine Heterogeneous Adult TBD TBD -

Figure 1. Characterization of 
Primary Canine Renal Cells (CRC)

Paraffin sections of kidneys were stained with 
fluorophore-labeled lectins to determine cell-type 
specificity in canine tissues (Figure 1A-B).  Peanut 
agglutinin (red) labels a subset of the distal convoluted 
tubules (DT), while Dolichos biflorus agglutinin (DBA) 
marks the collecting ducts (CD).  Neither lectin binds to 
proximal tubules (PT) or cells of the glomerulus (G).  
These markers persist in 2D cultures of CRC (Figure 1C, 
D) and 3D cultures (Figure 1E), indicating that cellular
identities are maintained to some degree in vitro.  All 
nuclei were counterstained with DAPI (blue).

Figure 2. CRC cyst-formation in 3D M-GFR cultures is passage-dependent

Single cell suspensions of CRC were cultured in 75% MatrigelTM Growth Factor Reduced extracellular matrix (M-GFR) 
in atmospheric oxygen (21%) to assess their capability to form three-dimensional structures.  CRC were capable of 
forming epithelial cysts within 4-6 days, but did not spontaneously form tubules or branching structures.  These 
data indicate that either the instructive cues or the permissive environment of renal morphogenesis are lacking in 
the in vitro culture system.  Cyst formation capacity, as a possible indicator of regenerative mechanism and 
potential, is reduced upon serial passage of cells in 2D.  This reduction coincides with the loss of epithelial 
morphology of CRC in 2D cultures over serial passage.  Madin Darby Canine Kidney I cells (MDCK-I) and the 
therapeutically relevant2  rat primary kidney cells (RK) also exhibit cyst-forming capacity in M-GFR.  Both MDCK-I 
and RK have been shown to form branched tubular structures in 3D collagen type I gels3, but these structures are 
not observed in 75% M-GFR.

Figure 4. Autonomous ex vivo nephrogenesis does not 
occur in 3D cultures of heterogeneous CRC

CRC cysts were grown in the presence of either HGF, FGF7 or GDNF (in atmospheric 
oxygen and hypoxic culture conditions), and morphogenesis was assayed by 
fluorescence microscopy.  All cysts were counterstained with rhodamine-phalloidin.
Lectin staining reveals the identity of the cyst structures.  DBA-positive cysts 
(derivatives of the collecting duct) are reminiscent of ureteric buds3, while DBA-
negative cyst (nephron epithelia-derived structures) resemble renal vesicles of the 
developing kidney. While there is no in vitro evidence for morphogenetic progression 
beyond the cyst stage in any of these culture conditions, future experiments will focus 
on combinations of factors.

Figure 3. Morphogenetic genes are 
upregulated in hypoxic 2D cell culture

CRC were grown in 2D culture under atmospheric oxygen 
(21%) or hypoxic (2%) conditions. Cellular response was 
assayed by quantitative RT-PCR after 24 and 48 hours of 
culture. Gene expression levels are normalized to the levels 
expressed under atmospheric oxygen. Morphogenetic genes 
are upregulated under hypoxic cell culture conditions. Yellow 
shaded area represents the 95% confidence interval for 
atmospheric expression. FGF8 (a required factor for cell 
survival and nephron maturation12) is upregulated at 24 hrs 
and WNT11 (inducer of nephron formation13) is upregulated at 
48 hrs.  These data indicate that hypoxia may create a 
permissive environment for adult-derived CRC to undergo in 
vitro nephrogenesis.
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CHARACTERIZATION OF PRIMARY ADULT CANINE RENAL CELLS (CRC) IN A 3-
DIMENSIONAL (3D) CULTURE SYSTEM PERMISSIVE FOR EX VIVO NEPHROGENESIS
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