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Abstract

Background and Aim: Kidney regeneration is required for dogs with end-stage renal failure. Decellularization is one of the
bioengineering techniques, which involves the removal of all tissue cells and cellular components and conservation of the
extracellular matrix (ECM). Studies in rats have shown that decellularized kidney has regenerative potential; however, there
are no reports on renal decellularization in dogs. Here, we showed the decellularization of the canine kidney.

Materials and Methods: The renal artery of the cadaveric canine kidney was cannulated and the whole kidney was frozen
at —80°C. After completely thawing, it was perfused with physiological saline and sodium dodecyl sulfate (0.5%, 6 h)
through the cannulated renal artery to achieve decellularization. To assess the efficiency of the decellularization protocol,
histological and immunohistochemical analysis of decellularized kidney was performed.

Results: The results of hematoxylin and eosin (H and E) staining revealed that the decellularized canine kidney had no
apparent cellular components. In addition, 4’,6-diamidino-2-phenylindole (DAPI) staining showed no visible nuclear
components within the whole decellularized kidney. Therefore, both H and E and DAPI staining showed decellularization of
the canine kidney. Our decellularization protocol also preserved the basement membrane of glomerulus, shown by periodic
acid methenamine silver, periodic acid—Schiff, fibronectin, and collagen type IV stain.

Conclusion: Our decellularization protocol could eliminate cellular components and remaining native ECM structures of
canine kidney. These results could promote further research into canine kidney regeneration, which may be the first small
step to regenerate the canine kidney waiting for renal transplantation.
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Introduction Therefore, organ regeneration could be possible
therapeutics for animals with renal failure.

Kidney disease is an important problem in dogs R ) : )
Decellularization is a unique procedure with

and cats. Chronic kidney disease (CKD) is the most - - -
common kidney disease in dogs and cats, and the esti- & Potential ability to overcome organ failure [8,9].

mated prevalence of CKD, according to one study in It involves the removal of all cells while preserving
the UK, was 0.37% in dogs [1]. CKD is irreversible e?;tracellular matrix (ECM) {10'12]' These organ-spe-
cific ECM proteins contribute to cell migration,
proliferation, and differentiation [13-15]. Hence,
these properties enable the decellularized scaffold
of the organ to be a niche for the reseeded cells [8].
This bioscaffold also preserves the three-dimensional
structure; therefore, organ regeneration could be
achieved by recellularization of the original or imma-
ture cells [8].

Our group previously reported the decellulariza-
tion of organs including the liver, heart, and pancreas
in pigs, and these organs could achieve recellulariza-
Copyright: Tajima, et al. Open Access. This article is distributed under tion [15-18]. In addition, some reports indicated that
Ucense " (http:/creativecommont.ora/licenses/by/4.0/5,  whicn  the possibility of renal regeneration in rats using the
permits unrestricted use, distribution, and reproduction in any decellularized kidney; thiS bioengineering technique
edum, provided you Sive aporoprite <redl o i ersal a1so showed apotential forurine productionin he recel-
license, and indicate if changes were made. The Creative Commons lularized kidney [14,19]. Furthermore, some groups
Public Domain Dedication waiver (http://creativecommons.org/ have reported large-scale kidney decellularization in

publicdomain/zero/1.0/) applies to the data made available in this R >
article, unless otherwise stated. animals such as pigs and rhesus monkeys [14,20,21].

and progressive [2-5], which may eventually lead to
a terminal loss of renal function. Apart from renal
transplantation, there is no treatment to improve the
renal function of patients with end-stage renal fail-
ure [6]. Some reports have indicated that old age and
severe azotemia may increase mortality rates after
renal transplantation [6,7]. Hence, renal transplanta-
tion in the early stages is desired to improve progno-
sis. However, the fundamental shortage of donors has
limited renal transplantation in veterinary medicine.
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These reports showed that the recellularized organ can
potentially regenerate the functional organ.

The protocol of whole-organ decellularization
relies on the animal species and organ type. Various
decellularization methods have been reported in the
kidney [14,20,21]. Although freezing is widely used
for physical decellularization, it could effectively dis-
rupt the cellular membrane and induce cell lysis [11].
In addition, sodium dodecyl sulfate (SDS) has been
reported as one of the most effective chemicals for
decellularization, due to its ability to remove cellular
components and remnants [ 11]. Hence, the combination
of physical and chemical decellularization protocols is
used for many organs [16-18]. However, decellulariza-
tion of the canine kidney has not been reported.

In this study, we performed canine kidney decel-
lularization using a cadaveric kidney. To the best of
our knowledge, this is the first report on canine kidney
decellularization.

Materials and Methods

Ethical approval

This experimental procedure to use canine
cadaveric kidneys from euthanized dogs was approved
by the Animal Care and Use Committee of Kitasato
University (Approval No. 19-006).

Harvest and storage of canine kidney

Kidneys of beagle dogs (n=3) euthanized for
reasons not related to this study were obtained. The
cadaveric kidneys were harvested within 12 h post-eu-
thanasia. To harvest the cadaveric kidneys, all pro-
cedures were performed under sterile conditions. A
midline incision was made to open the retroperito-
neum. The renal artery, renal vein, and ureter were
isolated. The renal artery was cannulated with an 18G
indwelling needle and the renal vein and ureter were
cut before harvesting the kidney from the canine’s
body. The harvested kidneys (approximately 5-7 cm
in the major axis) were either stored at —80°C until
decellularization or were immediately used as control
for histological analysis.

Decellularization protocols

The decellularization method was slightly
modified from the previous reports on porcine
kidneys [20]. After completely thawing of the fro-
zen canine kidney, physiological saline was per-
fused into the renal artery for 2 h using a peristaltic
pump (Masterflex peristaltic tubing pumps; Cole-
Parmer Instrument Company, USA) at a flow rate of
15 mL/min. Next, 0.5% SDS (Wako Pure Chemical
Industries, Japan) was perfused for 6 h to decellular-
ize the kidney. The decellularized kidney was subse-
quently perfused with saline for 2 h to remove the SDS
solution and analyzed histologically. We confirmed
the canine decellularization protocol in triplicate.

Histological analysis
First, histological analysis of cadaveric and
decellularized kidneys was performed. The obtained

cadaveric and decellularized kidneys were immediately
immersed and fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 24 h at 4°C. The fixed
samples were embedded in paraffin and cut into 4 um
sections. Subsequently, they were deparaffinized in
xylene, rehydrated in water, and stained with hema-
toxylin and eosin (H and E) or mounted with mount-
ing medium 4’,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Inc., USA). Using four random
microscopic photographs of the cadaveric and decellu-
larized kidney, the DAPI-positive area was measured
by ImageJ software (National Institute of Health,
Bethesda, USA). In addition, the decellularized kidney
sections also stained with periodic acid methenamine
silver (PAM) and periodic acid—Schiff (PAS) by stan-
dard protocol [22] and observed by microscopy.

Immunohistochemical analysis

Paraffin-embedded sections of decellularized
kidney were also used for immunohistochemical anal-
ysis including fibronectin (Merck K.K., Tokyo, Japan)
and collagen type IV (LifeSpan Biosciences, Inc.,
Washington, USA). In brief, the slides were rehydrated
in the same way as histological analysis. To perform
diaminobenzidine staining, the tissue was incubated
with H,O, for 30 min for removing endogenous stain-
ing. Antigen retrieval was performed by microwave
for 20 min, and non-specific binding of antibodies was
blocked by normal goat serum (Agilent Technologies
Japan, Ltd., Tokyo, Japan). Then, the slides were incu-
bated with anti-fibronectin antibody (1:100) for over-
night at 4°C. After washing with PBS, the EnVision
labeled polymer-horseradish peroxidase system
(Agilent Technologies Japan, Ltd.) was used as the sec-
ondary antibody. Peroxidase activity was detected with
diaminobenzidine substrate (Agilent Technologies
Japan, Ltd.). Alternatively, collagen type IV was
detected by immunofluorescence staining. Sections
were treated for heat-mediated antigen retrieval in
citrate buffer at pH 6.0, and non-specific reaction of
primary antibody was blocked by goat serum. Primary
antibody for collagen type IV was diluted 50:1 and
incubated for 1 h at room temperature. After rinsing,
collagen type IV-stained sample was incubated with
secondary antibody labeled with Alexa 488 for 1 h at
room temperature. These samples were mounted and
observed using light and fluorescence microscopy.

Statistical analysis

Data were expressed as meantstandard devition
(SD). To compare the nuclear staining positive areas
between cadaveric and decellularized kidneys, Mann—
Whitney non-parametric test was performed by
GraphPad Prism software (version 7.0d for Mac, La
Jolla, USA). p<0.05 was considered to be statistically
significant.

Results

To prove the efficiency of our decellularization
protocol, the cadaveric canine kidney was evaluated
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by macrophotography during decellularization.
Immediately after thawing the cadaveric kidney, the
kidney contained blood and appeared reddish-brown
(Figure-1a). Physiological saline was then perfused
through the renal artery to wash out the blood within
the cadaveric kidney. Finally, to remove all renal cells,
SDS solution was perfused for 6 h. Subsequently,
the kidney color gradually became brighter during
decellularization (Figure-1b). In addition, after SDS
perfusion, the whole kidney changed from white to
translucent (Figure-1c and d). Through macrophoto-
graphic assessment, our SDS-based protocol might
achieve decellularization of the canine kidney, while
maintaining three-dimensional kidney structures.

Besides the gross changes of the kidney after
decellularization, we also assessed the effectiveness
of our decellularization protocol by H and E stain-
ing. The cadaveric kidney showed dense renal cells,
including the glomerulus and tubules (Figure-le
and f). Conversely, the decellularized kidney showed
no apparent cellular components within the whole
canine kidney; however, renal ECM, including the
basement membrane of the glomerulus, Bowman’s
capsule, and tubular structures, was present in the
decellularized kidney (Figure-1g and h). These
results indicated that our decellularization proto-
col removed almost cellular components within the
canine kidney at the microscopic level, while pre-
serving renal microstructures.

To assess the removal of nuclear remnants within
our decellularized canine kidney, DAPI staining of the

cadaveric and decellularized kidney was performed.
The result showed that the cadaveric kidney main-
tained ubiquitous existence of DAPI-positive renal
cells (Figure-2a and b). Conversely, the decellular-
ized kidney showed no visible DAPI staining in the
sectioned area of the kidney (Figure-2c and d). The
DAPI-positive area between cadaveric and decel-
lularized kidneys was compared using randomized
high-power focus (HPF) images (Figure-2e). This
comparison revealed that the decellularized kid-
ney had a significantly reduced DAPI-positive area
(460.75+£374.89 pixel/HPF; mean+SD) compared to
the cadaveric kidney (196844.25+15107.85 pixel/
HPF, p=0.0286, Mann—Whitney U-test). These results
indicated that our decellularization protocol removed
most DNA contents within the decellularized canine
kidney.

Finally, we tried to detect ECMs within the
decellularized canine kidney. PAM staining of decel-
lularized kidney showed maintenance of basement
membrane or reticulum fibers around the glomerular
structure (Figure-3a). PAS staining of decellularized
kidney showed remaining of mucopolysaccharides
(Figure-3b), which is contained in the basement mem-
brane. Furthermore, decellularized kidney demon-
strated positive expression of fibronectin (Figure-3c)
and collagen type IV (Figure-3d) within the basement
membrane by immunohistochemical analysis. Above
all, the decellularized kidney demonstrated that
remaining of basic ECMs including fibronectin and
collagen type I'V.

;;;;
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Figure-1: Representative gross and histological photograph of the canine kidney during decellularization. The cadaveric
canine kidney after thawing and before perfusion (a). Canine kidney during sodium dodecyl sulfate perfusion through
renal artery (b). Canine decellularized kidney immediately after complete perfusion of all solutions (c). Ra=Renal artery,
Rv=Renal vein. U=Ureter. Cross-section of canine kidney after decellularization (d). H and E staining of cadaveric (e and f)
and decellularized (g and h) canine kidney. H and E staining shows glomerular (e and g) and tubular (f and h) structure.
All images, scale bars: 25 pm. H and E=Hematoxylin and eosin.
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Figure-2: Analysis of DAPI staining in the decellularized canine kidney. DAPI staining of cadaveric (a and b) and decellularized

(c and d) canine kidney. DAPI staining shows glomerular (a and

c) and tubular (b and d) structure. DAPI-positive area was

compared between the cadaveric and decellularized kidney (e). The graph shows meanzxstandard deviation. All images,
scale bars: 25 pm. *p<0.05. HPF=High-power focus, DAPI=4’,6-diamidino-2-phenylindole.
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Figure-3: Staining of extracellular matrix in the decellularized canine kidney. Periodic acid methenamine silver staining
of decellularized canine kidney (a). Periodic acid-Schiff staining of decellularized canine kidney (b). Fibronectin (c) and

collagen type IV (d) staining of decellularized kidney by immun

Discussion

Decellularization is one of the unique bioengi-
neering techniques with the potential to regenerate
three-dimensional organs [9]. In this study, we decel-
lularized the canine kidney using a commonly used
protocol, which involved a combination of the freez-
ing and SDS perfusion methods.

Our decellularization protocol achieved gross
architectural changes in the cadaveric canine kidney.
This white to translucent color change provides an
indication of decellularization quality. Histological
analysis also supported this gross change of the

ohistochemical analysis. All images, scale bars: 50 pm.

kidney. H and E and DAPI staining showed no visible
cellular and nuclear components within the decellular-
ized scaffold except for organ-derived ECM; this indi-
cates the robustness of our decellularization method.
In addition to the removal of the cellular components,
our protocol also preserved the renal microstructures
such as glomerulus and tubules basement membrane.
Above all, our decellularization protocol achieved the
elimination of all cellular components and the remain-
ing native ECM structures.

In this study, we freeze the cadaveric kidney as a
decellularized protocol. Furthermore, we successfully
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decellularized the kidney from cadaveric dogs. This
protocol has an advantage for storage the cadaveric
kidney until decellularization. The obtaining donation
of canine kidney could be preserved and used for decel-
lularization by freezing. However, detailed verification
of available harvested and preserved period is needed.

Complete decellularization is confirmed with (1)
lack of nuclear materials in histologic analysis with
H and E and DAPI staining, (2) residual DNA content
should not exceed 200 base pair fragment length, and
(3) the amount of dsDNA should not exceed 50 ng/mg
of dry weight [23]. This study did not measure DNA
level within the canine decellularized kidney. Before
applying clinical transplantations, DNA concentra-
tion in the decellularized kidney should be clarified
and further research is needed. Alternatively, in this
study, we observed histological decellularization. This
finding could allow for the achievement of low immu-
nogenicity and facilitate renal transplantation with-
out immunosuppressive drugs when the bioscaffold
reseeded with low immunogenic cells such as induced
pluripotent stem cells derived from renal cells. In
future, the expansion culture of definitive cell source
needs scaffold to accomplish three-dimensional organ
regeneration. Our decellularized bioscaffold would be
suitable for these cells.

In addition, decellularized bioscaffold provides
appropriate niche for cell differentiation. Therefore,
some established stem cells such as mesenchymal
stem cells were known to have the potential to differ-
entiate into functional cells within the decellularized
scaffold [24,25]. ECMs are known to be important
components of niche [26]. These reports indicated
that our canine decellularized kidney, which remain-
ing important basement membrane such as fibronec-
tin and collagen type 1V, might have the potential to
differentiate into the functional renal cells using these
stem cells. Further experiments are needed.

Conclusion

We have achieved the decellularization of the
canine kidney with preserving renal microstructures
and ECMs. This result of basic research could pro-
mote further approach into kidney regeneration; this
may be the first step to regenerate the canine kidney
waiting for renal transplantation.
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