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Abstract
Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are themost common known genetic cause of Parkinson’s disease, and
LRRK2 is also linked to Crohn’s and Hansen’s disease. LRRK2 is expressed in many organs in mammals but is particularly
abundant in the kidney. We find that LRRK2 protein is predominantly localized to collecting duct cells in the rat kidney, with
much lower expression in other kidney cells.While genetic knockout (KO) of LRRK2 expression iswell-tolerated inmice and rats,
a unique age-dependent pathology develops in the kidney. The cortex and medulla of LRRK2 KO rat kidneys become darkly
pigmented in early adulthood, yet aged animals display no overt signs of kidney failure. Accompanying the dark pigment we
find substantial macrophage infiltration in LRRK2 KO kidneys, suggesting the presence of chronic inflammation that may
predispose to kidney disease. Unexpectedly, the dark kidneys of the LRRK2 KO rats are highly resistant to rhabdomyolysis-
induced acute kidney injury compared with wild-type rats. Biochemical profiling of the LRRK2 KO kidneys using
immunohistochemistry, proteomic and lipidomic analyses showamassive accumulation of hemoglobin and lipofuscin in renal
tubules that account for the pigmentation. The proximal tubules demonstrate a corresponding up-regulation of the
cytoprotective protein heme oxygenase-1 (HO-1) which is capable of mitigating acute kidney injury. The unusual kidney
pathology of LRRK2 KO rats highlights several novel physiological roles for LRRK2 and provides indirect evidence for HO-1
expression as a protective mechanism in acute kidney injury in LRRK2 deficiency.

Introduction
Genetic variation in the LRRK2 gene is linked to a number of dis-
eases through genome-wide association studies including Par-
kinson’s disease, Crohn’s disease and Hansen’s disease (1–5).
The LRRK2 gene encodes a large multi-domain protein kinase
with an ankyrin-like repeat region on the N-terminal side, a leu-
cine-rich repeat region, a Rab-like GTPase domain, a tyrosine-
kinase-like kinase domain and a WD40-like repeat domain near

the C-terminus. Missense mutations in and near the LRRK2
enzymatic domains are the leading known genetic cause of
late-onset Parkinson’s disease (6,7). Enzymatically active LRRK2
kinase has a dimeric configuration and has been shown to
auto-phosphorylate its own GTPase domain. This process is
enhanced by pathological mutations, so therapeutics to reduce or
ablate LRRK2 are under development (8–13). However, the physio-
logical function of LRRK2 is still not clear, nor are the potential

Received: January 21, 2015. Revised: March 25, 2015. Accepted: April 20, 2015

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2015, Vol. 24, No. 14 4078–4093

doi: 10.1093/hmg/ddv147
Advance Access Publication Date: 22 April 2015
Original Article

4078

http://www.oxfordjournals.org


deleterious effects of reducing or ablating LRRK2 activity or ex-
pression (14,15).

LRRK2 is expressed in many cell types and tissues in mam-
mals, with the highest expression in kidneys (16,17). To define
the function of LRRK2 and its relationship to disease, and to
understand the potential negative biological effects of inhibiting
or ablating LRRK2, LRRK2 knockout (KO) rats and mice have been
developed. Overall there is close homology between LRRK2 pro-
tein in mice (87% homology to humans) and rats (86% homology
to humans), so phenotypes in KO animals provide a window into
function that cannot be compensated for by other proteins. Sev-
eral reports focusing on phenotypic analysis of LRRK2 KO mice
andmore recently rats have indicated that there are abnormalities
in the kidney as well as homeostatic alterations of the immune
system (17–22). In mice, progressive darkening of the kidneys be-
gins as early as 6-months of age, although there is no evidence
of overt kidney failure in LRRK2 KO mice aged 2 years (23). LRRK2
KO mice have an abnormal accumulation of α-synuclein (60-fold)
along with other ubiquitinated proteins in the kidney, potentially
due to defective lysosomal function (17).

Unanswered questions include the specific subset of renal
cells that normally express LRRK2 protein, the nature of the dys-
function across the kidney due to the lack of LRRK2 expression in
those cells, the source of pigmentation that develops over time,
and whether the LRRK2 KO kidney phenotype represents a
unique form of prodromal kidney disease that may render the
kidney susceptible to injury. Through the course of our studies
with LRRK2 KO rats in models of Parkinson’s disease (24), we
noticed that the dark pigmentation occurs in the LRRK2 KO rat
kidney as early as 8 weeks post-natal, much earlier than in mice
(19,23). To better understand the kidney pathology in LRRK2 KO
rats, we challenged adult animals with heme-mediated gly-
cerol-induced acute kidney injury (rhabdomyolysis) and found
that the animals were surprisingly resistant to injury. To further
understand the potential compensatory and protective mechan-
isms we defined and characterized the comparative morpho-
logical, biochemical and proteomic changes in LRRK2 KO rats.
We report that LRRK2 KO kidneys are dark brown in color because
of increases in hemoglobin, H-ferritin and abnormal accumula-
tion of fucosylated glycans, which are the core constituents of
lipofuscin. This accumulation of blood products triggers an
up-regulation of cytoprotective factors like heme oxygenase-1
(HO-1), providing potential protection against kidney injury.

Results
LRRK2 KO rat kidneys show pigmentation but lack
histological or morphological defects—localization
of LRRK2 protein to kidney collecting duct cells

Compared with wild type (WT) kidneys, LRRK2 KO kidneys are
darkbrown incolorwith full pigmentationdevelopedby4months
(Fig. 1A). The entire thickness of the parenchyma of the LRRK2KO
kidney was dark brown in color with pigmentation preserved
both in frozen optimal cutting temperature compound (OCT) as
well as paraffin embedded blocks. In contrast, periodic acid-
Schiff (PAS) and hematoxylin and eosin staining (H&E) demon-
strated normal histological structure, including the glomeruli,
in LRRK2KOkidney sections (Fig. 1B and SupplementaryMaterial,
Fig. S1A). PAS staining of 12-month LRRK2 KO kidneys sect-
ions also demonstrated normal histology of the cortex, medulla
and papilla with the exception of an increase in the number of
mononuclear cells in the papilla and a more intense PAS stain
(Supplementary Material, Fig. S1B). Previously, we developed an

immunohistochemical protocol using optimized monoclonal
antibodies to detect LRRK2 in the kidney (25,26). All LRRK2 anti-
bodies have the propensity to detect other proteins although
LRRK2 is the dominant species for severalmonoclonal antibodies
when applied to rat tissue lysates (25). Application of the N241
monoclonal antibody to LRRK2 KO rat kidney lysates revealed two
predominant LRRK2 isoforms of full-length protein (∼280 kDa) and
a smaller truncated species (∼160 kDa) (Fig. 1C). These two iso-
forms are consistent with those detected inmouse kidney protein
lysates using other LRRK2 antibodies (18). No LRRK2 protein could
be detected in the LRRK2 KO lysates ensuring that the rats used in
this study have no LRRK2 expression.

To localize LRRK2 protein within the kidney, several markers
were selected to define different kidney cell types including
aquaporin-2 (AQP2, collecting duct cells), lotus tetragonolobus
lectin (proximal tubules) and Na+K+ATPase alpha 1 subunit
(high intensity in distal tubules). Immunofluorescence studies
demonstrated that LRRK2 is specifically expressed in the renal
collecting duct cells in the papilla and in the outer medulla
(Fig. 1D–I). While we did see non-specific staining in the LRRK2
KO kidneywithMJFF-C41-2 antibody, the LRRK2 signal was easily
discernable from non-specific signal found inmatched LRRK2 KO
sections, and the distributionwas consistent with immunohisto-
chemical staining previously reported with the same antibody in
the kidney (26). All of the specific LRRK2 signal co-localizes with
theAquaporin-2 signal, whereas thenon-specific signal observed
in both WT and LRRK2 KO sections does not (Fig. 1G–I, high mag-
nification insets). LRRK2 expression in the cortical collecting
ducts wasmuch lower and difficult to resolve against non-specific
background in the LRRK2 KO sections (Supplementary Material,
Fig. S1C).

Increased macrophage infiltration in LRRK2 KO kidneys

Previous reports have indicated various and subtle alterations in
immune system homeostasis in LRRK2 KO mice and rats (18,20–
22,27). LRRK2 is expressed in myeloid cells of the innate immune
system (24,28,29). Although morphologically the LRRK2 KO kid-
ney appeared normal, PAS staining revealed increased numbers
of mononuclear cells in the papillary region. Therefore, we used
flow cytometry to quantify the number and proportion of bone
marrow-derived cells in single-cell suspensions of enzymatically
digested kidneys from male WT and LRRK2 KO rats. Cells were
stained with the live/dead indicator, 7-aminoactinomycin D
(7-AAD), and then characterized based on the rat surfacemarkers
CD45 (cluster of differentiation factor 45, leukocyte commonanti-
gen) and CD11b/c (ITGAM, CR3A, cluster of differentiation mol-
ecule 11).

LRRK2KOkidneys exhibited∼2-fold increase in the intra-renal
CD45+ cell population as compared with WT kidneys (Fig. 2A).
Further characterization of intra-renal CD45+ cells with CD11b/c
demonstrated amodest but significant increase in the proportion
ofmacrophages (defined as live cells, CD45+ andCD11b/c+)within
the CD45+ cell population (Fig. 2B and C). We did not detect sig-
nificant differences in the proportion of CD45+ CD11b/c+ cells in
all other organs in LRRK2KO rats including the liver, spleen, heart,
testicles, blood, broncheo-alveolar lavage (BAL) fluid and bone
marrow, compared with WT controls (Supplementary Material,
Fig. S2). These data demonstrate that the tendency toward intra-
organ macrophage accumulation in LRRK2 KO rats is specific to
the kidney.

To identify the areas of macrophage accumulation in the kid-
ney, we selected the myeloid cell marker CD68 (clone ED-1) that
identifies phagocytic myeloid cells. CD68+ myeloid cells were
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quantified in WT and LRRK2 KO rat kidney sections. This
approach corroborated the flow cytometry data, with an approxi-
mate doubling of CD68+ cells in LRRK2 KO sections (Fig. 2D and E).
Figure 2F and G show highermagnification of a CD68+ cell (green)
with blue-colored nucleus (DAPI) in WT and LRRK2 KO kidney
sections.

LRRK2 KO rats are protected against heme-mediated
glycerol-induced rhabdomyolysis

It is well established that phagocytic myeloid/macrophage cell
infiltration influence kidney tubular damage, injury and repair
by augmenting the inflammatory response (30–33). Macrophages
are also considered critical in the progression of acute kidney
injury for mediating inflammation or repair (33,34). Our data
indicate that LRRK2 KO rat kidneys have increased CD68+ (immu-
nohistochemistry) and CD45+/CD11b/c+ (flow-cytometry) macro-
phages. These results suggest that the LRRK2 KO kidneys may be
inflamed and show different renal tubular damage and functional
parameters when comparedwithWTkidneys (35). To test this hy-
pothesis and further understand the impact of LRRK2 deficiency
on kidney pathophysiology, we challenged 3-month LRRK2 KO
male rats with glycerol-induced, heme-mediated acute kidney in-
jury (rhabdomyolysis) and matched saline-injected animals as
controls.

Baseline serum creatinine values in LRRK2 KO rodents have
been described as normal, consistent with the lack of inherent
kidney failure in these animals (18,27). To ensure that there
were no baseline abnormalities in the rats used in this study,
serum creatinine values for the WT and LRRK2 KO rats for Day 1
toDay 5 after saline injection (i.e., vehicle control) weremeasured
and did not differ in between WT and LRRK2 KO rats (Fig. 3A).
However, there was a striking difference in the renal function
measured by serum creatinine levels for the WT versus LRRK2
KO rats Day 1 to Day 5 after 7.5 ml/kg of 50% glycerol injection
(Day 1: WT, 1.59 ± 0.38 versus LRRK2 KO, 1.04 ± 0.14; day 2: WT,
2.13 ± 0.72 versus LRRK2KO, 0.69 ± 0.10;Day 3:WT, 2.39 ± 0.96 versus
LRRK2KO, 0.50 ± 0.04; Day 4:WT, 2.03 ± 0.82 versus LRRK2KO, 0.43 ±
0.04; Day 5: WT, 1.46 ± 0.55 versus LRRK2 KO, 0.39 ± 0.02 mg/dl,
P < 0.05) (Fig. 3B). These results show that the LRRK2 KO rats were
protected from injury. Levels of lactate dehydrogenase and creatine
kinase at 24 h after glycerol injectionwere not significantly different
between theWTand LRRK2KO animals, indicating the same degree
of muscle injury in both groups (Supplementary Material, Fig. S3).

We also assessed the extent of injury by evaluating the loss of
brush border in the proximal tubules and quantifying the num-
ber of tubular casts by examining PAS stained kidney sections.
The number of casts for glycerol injected WT rats (61.6 ± 12.8)
was significantly higher in the inner medulla as compared with
LRRK2 KO rats (23.4 ± 4.7) (Fig. 3C, H and I). PAS stained kidney

Figure 1. Pigmentation in LRRK2 KO rats and LRRK2 localization in kidneys. (A) Discoloration in LRRK2 KO kidneys is apparent as early as 8 weeks post-natal. Shown are

4-month wild type (WT) and LRRK2 KO kidneys, cut in frozen optimal OCT that highlight the intense dark pigmentation in the LRRK2 KO cortex, with less pigment in the

papilla andmedulla. Twelve-month LRRK2KOkidneys are comparably darker in color externally comparedwithWTkidneys. (B) PAS staining of 3-monthWTand LRRK2KO

kidneys sections are shown. Nomorphological abnormalities or other evidence of kidney disease is apparent (see Supplementary Material, Fig. S1). Scale bar is 1 m. (C)
Western blot of total kidney protein lysates from 12-month-oldWTand LRRK2 KO kidneys using anti-LRRK2 rabbit monoclonal antibody N241. LRRK2 can be detected as a

∼280 kDa species and amore intense ∼160 kDa isoform. (D–I) Images of immunofluorescence staining of LRRK2 (green color, C41-2 antibody) and Aquaporin-2, AQP2 (red

color), from 5 µm thick cryosections of outer medulla and papilla from 3-month-old WT rat kidneys are shown. The most intense staining for LRRK2 (green) across the

kidney localizes with the collecting ductmarker AQP2 (red color, E and H). (J–L) Confocal images of matched LRRK2 KO sections cut in tandem and obtained with the same

laser intensities as in panel D–I. Non-specific LRRK2 staining (green color) is punctate in appearance (magnification insets) whereas LRRK2 staining is diffuse (high

magnification insets, panels G–I). All results shown are representative of at least three animals per group processed at the same time. Scale bar for D–F panels is

200 µm, G–L panels is 50 µm, and inset shows higher magnification of tubule cells.
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sections of the glycerol-injected WT and LRRK2 KO rats also re-
vealed increased brush border loss in the proximal tubules of
WT rats as comparedwith LRRK2KO rats (Fig. 3F and G). The over-
all integrity of the brush border in the proximal tubules of the
outer medulla in the saline injected WT and LRRK2 KO rats did
not appear different (Fig. 3D and E). Overall, the LRRK2KOkidneys
exhibit less tubular damage and better renal function compared
with age matched WT animals.

LRRK2 KO rat kidneys have distinct biochemical and
proteomic profiles

In order to characterize the mechanism of protection from gly-
cerol-induced acute kidney injury in the LRRK2 KO animals, we
first explored protein changes in the LRRK2 KO kidneys. Whole-
kidney protein lysates from 12-month WT and LRRK2 KO rats

were resolved on acrylamide gels and imaged with colloidal Coo-
massie. A 14 kDa band of stronger intensity in LRRK2 KO lysates
emerged as compared with the WT lysates, and excision of this
band and MS/MS (tandem mass spectrometry) analysis revealed
a possible match to hemoglobin-α (alpha) (Fig. 4A).

Hemoglobin possesses strong spectral absorbance charac-
teristics and can produce reddish to blackish hues in solution
under physiological pH and oxidative conditions (36–40). Spectral
analysis of lysates from the LRRK2 KO kidneys revealed a sharp
spike in ∼420 nm absorbance (Fig. 4B), consistent with adult
hemoglobin-α. Denaturing sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and western blot analysis
of the lysates using an antibody specific for adult hemoglobin-α
confirmed the accumulation of hemoglobin in the LRRK2 KO kid-
neys (Fig. 4C). Confocal microscopy demonstrated that there was
an increase in hemoglobin staining in LRRK2 KO renal tubules in

Figure 2. Macrophages in LRRK2 KO kidneys. (A–E) Single cell suspensions were derived from enzymatically digested kidneys and analyzed by flow cytometry for the

presence of intra-renal macrophages (CD45+ CD11b/c+). Cells were obtained from 4 WT and 5 LRRK2 KO rats. (A) Proportion of 7-AAD negative/CD45+ cells. (B)

Representative flow cytometry histograms depicting the proportion of CD45+ staining positive for CD11b/c. (C) Graph showing a modest increase in the percentage of

CD11b/c cells within 7-AAD negative/CD45+ cells obtained from the LRRK2 KO kidneys. (D) Immunofluorescence staining of CD68+ cells (green color) in 5 µm thick

cryosections of cortex, medulla and papilla from 3-month-old WT and LRRK2 KO kidneys. Sale bar is 200 µm. (E) Semi-quantitative estimation of the number of CD68+

cells in cortex, medulla and papilla of WT and LRRK2 KO kidneys. Data are derived from 3 WT and 3 LRRK2 KO rats, at least five high power fields analyzed for cortex,

medulla and papilla per animal. Higher magnification of a CD68+ cell (green) with blue-colored nucleus (DAPI) from (F) WT or (G) LRRK2 KO kidney sections. Scale bar

for F and G is 15 µm. All column graphs depict group mean ± SEM, and *P < 0.05 (two-way Students T-test).
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the cortex and outer medulla (Fig. 4G and Supplementary Mater-
ial, Fig. S4) as comparedwith theWTkidneys (Fig. 4D and Supple-
mentary Material, Fig. S4). In addition, there was an increased
LAMP-1 (lysosome-associated membrane protein-1) staining in
the renal tubules of the LRRK2 KO cortex and outer medulla
(Fig. 4H and Supplementary Material, Fig. S4) as compared with
the WT kidneys (Fig. 4D and Supplementary Material, Fig. S4).
Hemoglobin deposits in the LRRK2 KO kidneys closely corre-
spondedwith pigmentation observed on a gross anatomical level
(Fig. 4G–I, Supplementary Material, Fig. S4 and Fig. 1A). The intra-
cellular localization revealed that the hemoglobin-positive struc-
tures co-localized with LAMP-1-positive vesicles (Fig. 4I and J) in
LRRK2 KO kidney sections. As lysosomal degradation is the nor-
mal pathway for hemoglobin turnover (41), these results suggest
that the LRRK2 KO kidney lysosomal system is not efficiently
degrading hemoglobin in the kidney.

Our results are consistent with previous studies that show
mouse LRRK2 KO kidneys have abnormal lysosomal function
and increased LAMP-1 (a marker of late endosomes) cytoplasmic
staining in the kidney tubules (17,27). We performed further
global-proteomic mass spectrometry analysis from lysates as

shown in Figure 4A to identify additional pathways of disruption.
Protein lanes from theWTand LRRK2KO lysateswere excised and
separated into eight equal segments and digested with trypsin
(starting from top of the gel to the bottom of the gel: marker
size range 188 to 3 kDa). Peptides were assigned into 803 protein
groups using stringent quality control cutoff filters and peptides
were quantified using label-free spectral counting to identify
other proteins accumulating in the LRRK2 KO kidney (Fig. 5A).
The top 10 protein changes are listed in Table 1.

Of note, the largest observed change is a nearly 20-fold in-
crease in myosin 9 (MYH9) in LRRK2 KO kidneys. MYH9 is asso-
ciated with increased risk for chronic kidney disease (42), and a
marker for focal segmental glomerulosclerosis (43). However,
despite the up-regulation of MYH9 we observed no increase of
urinary protein levels in LRRK2 KO rats (∼0.1 g/dl for both WT
andKO, P > 0.05), consistent with previous studies (22). Other not-
able protein changes observed in the LRRK2 KO rat kidney in-
cluded an accumulation of the most abundant protein in blood,
α1-macroglobulin (Fig. 5B). Lysosomal-compartment resident
proteins cathepsin B and prosaposin (sulfated glycoprotein 1)
were also increased (also confirmed by western blot as shown

Figure 3. LRRK2 KO rats are protected against rhabdomyolysis. (A) Serum creatinine values measured after saline injection in 3-monthWT and LRRK2 KO rats at baseline,

Days 1, 2, 3, 4 and 5 post injections. ThreeWTand three LRRK2KO rats are included in the saline-control group. (B) Serum creatinine valuesmeasured at baseline, Days 1, 2,

3, 4 and 5 after glycerol injections (7.5 ml/kg of 50% glycerol in water, half the dose injected in each anterior thigh; intramuscular injections) in 3-monthWT and LRRK2 KO

rats. ThreeWT rats and 5 LRRK2 KO rats are included in the glycerol-kidney injury group. *P < 0.05, two-way Student’s T-test. (C) Semi-quantitativemeasurements of casts

from PAS sections fromWTand LRRK2 KO inner medulla treated with saline or glycerol. *P < 0.05; five high power fields analyzed each from threeWT, three LRRK2 KO rats

for saline injected group and threeWT, five LRRK2KO rats for glycerol injected group. (D–G) Representative PAS stainedWTand LRRK2KO outermedulla and (H and I) inner
medulla kidney sections after 5 days of either saline or glycerol injections, as indicated. Scale bars are 200 µm for panels D–G, and 400 µm forH and I. Green arrows indicate

the integrity of the brush border in the tubules. Inset shows the higher magnification of the tubule. Representative casts are indicated by arrow heads.
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in SupplementaryMaterial, Fig. S6), indicative of up-regulation of
lysosomal pathways and consistent with previously published
results in the mouse LRRK2 KO kidneys (17,23). We also note that
there was an increase in haptoglobin (along with hemoglobin),
which has high affinity for binding hemoglobin (Supplementary
Material, Fig. S6). Thehaptoglobin–hemoglobin complex is subse-
quently removed by the phagocyticmyeloid/macrophage system
(CD68+ cells that have accumulated in the LRRK2 KO kidney) in
order to limit its oxidative injury (44). Our data also indicate
that there was an up-regulation of complement B. Haptoglobin
(an acute phase reactant) togetherwith complement are up-regu-
lated when there is an ongoing inflammatory process in stress
conditions (45,46). Abnormal alterations in peripheral cells of
LRRK2 KO rats have also been reported previously (22). Input of
all proteins differentially abundant (greater or less than 2-fold) in
the LRRK2 KO as compared with WT into GeneGO (https://portal.
genego.com) showed a remarkable enrichment of genes asso-
ciatedwith human lysosomal diseases and lipidoses, implicating
a prominent role for LRRK2 in lysosomal function in both periph-
eral and renal cells (Fig. 5C).

Increased heme oxygenase-1 (HO-1) in LRRK2 KO rat
kidneys

Our studies indicated that the LRRK2KO rats are protected against
heme-mediated glycerol induced acute kidney injury. In add-
ition, our mass spectrometry and immunofluorescence studies
indicate an increase in hemoglobin in LRRK2 KO rat kidneys.
HO-1 is a well-known cytoprotective enzyme that catalyzes the
breakdown of heme from heme-related proteins releasing iron
(stored as H-ferritin, FtH), carbon monoxide (CO), and biliverdin
(47). HO-1 is induced in response to oxidative stress (48,49). It
has been previously reported that pre-conditioning rats with
hemoglobin causes a robust induction of HO-1, which affords
protection against kidney injury due to glycerol-induced rha-
bdomyolysis (50,51). Mice that transgenically over-express HO-1
protein are protected against kidney damage caused by rhabdo-
myolysis (52) and HO-1 KOmice are highly sensitive to acute kid-
ney injury (53,54).

We therefore examined basal levels of HO-1 and FtH in 3-
month WT and LRRK2 KO rat kidneys. Quantitative real-time

Figure 4.Accumulation of hemoglobin-α in LRRK2 KO rat kidneys. (A) Colloidal Coomassie-stained acrylamide gel of total kidney lysates from 12-monthWTand LRRK2 KO

rats. Proteins corresponding to the indicated bands are abbreviated (details of the proteins in Table 1). The arrow indicated at ∼14 kDa band of protein up-regulated in the

LRRK2 KO lysatewas excised and identified bymass spectrometry as hemoglobin-α (HbA). (B) Spectral analysis ofWTand LRRK2KOwhole-kidney lysates showing a spike

of absorbance at ∼420 nm consistent with hemoglobin-α (36–40). (C) Western blot result of 6-month-oldWTand LRRK2KO kidneys shows increased hemoglobin-α protein

expression in the LRRK2 KO kidneys. VDACwas used as loading control and did not vary between lysates with respect to total protein (∼10 µg loaded per lane). (D–I) LRRK2
KO kidneys have increased hemoglobin-α staining specifically in the renal tubules that colocalize with lysosome associated membrane protein 1 (LAMP-1) stained

structures. Confocal images of immunofluorescence staining of hemoglobin-α (red) and LAMP-1 (LAMP-1; green) in outer medulla from 3-month WT and LRRK2 KO rat

kidneys. Scale bar is 25 µm. (J) High-magnification confocal image of the colocalized hemoglobin-α (red) and LAMP-1 (green), scale bar is 25 µm.
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polymerase chain reaction (PCR) confirmed that the HO-1 mRNA
levels were significantly higher in the LRRK2 KO rat kidneys as
compared with age matched WT rat kidneys (Fig. 6A). LRRK2 KO
rats showed significantly increased HO-1 and FtH protein levels
compared with age matched WT rats as confirmed by western
blot analyses (Fig. 6B–D). Immunofluorescence staining studies
revealed HO-1 and FtH increased specifically in renal tubules in

the outer medulla (Fig. 6E and F left panels) in LRRK2 KO kidneys.
The localization of HO-1 was confirmed by the Na+K+ATPase
staining that contrasts distal tubules (intense signal) with that
of proximal tubules or collecting ducts (faint signal). HO-1 colo-
calized only with the faint green staining of the proximal tubules
or collecting ducts (Fig. 6F right panels). Figure 6G and H shows
Na+K+ATPase staining the distal tubules with intense green
stain and Na+K+ATPase also staining the proximal tubules with
faint green stain, respectively. Importantly, the HO-1 staining
did not colocalize with the AQP2 staining that demarcates cells
that normally express LRRK2 (Supplementary Material, Fig. S5),
highlighting the non-cell autonomous nature of dysfunction
and subsequent compensation of the unique LRRK2 KO kidney
phenotype.

Hypertension in LRRK2 KO rats

Hemoglobin is an important regulator of vasodilation via nitric
oxide (NO) buffering (55). It has previously been noted that
LRRK2 KO rats have lower red blood cell counts (at 8 months of
age), lower hematocrit values (at 8 months of age) and a high re-
ticulocyte count (at 2 months of age) (27). These results suggest
that loss of LRRK2 causes chronic low-grade hemolysis, thereby
causing increased release or decreased turnoverof hemeproteins
that alter NO buffering. Previous reports also indicate that LRRK2
KO mice are hypertensive (18). Hemoglobin has high affinity for
NO and hemoglobin bound to NO can limit the bioavailability of
NO, likely contributing to increased blood pressure (56). As the
LRRK2 KO rats show hemoglobin accumulation in the kidney,
we compared diastolic and systolic blood pressures and found in-
creased blood pressure in 3-month old LRRK2 KO rats compared
with WT rats (Fig. 7 A). Mean arterial blood pressure in LRRK2
KO rats (119.5 ± 12.6 m of Hg) was also significantly higher as
compared with WT rats (101.4 ± 12.1 m of Hg) (Fig. 7A). LRRK2
KO rats had significantly lower heart rate compared with the
WT rats (LRRK2 KO, 412.8 ± 15.2 versus WT, 470.6 ± 64.3, beats
per minute, P < 0.05) (Fig. 7B).

LRRK2 KO rat kidneys have distinct lipid profile
alterations

Abnormal accumulation of lipofuscin has been suspected in
LRRK2KOmouse kidney due to strong autofluorescence in kidney
sections, and amore recent study using a carbol fuchsin and pic-
ric acid staining for residues of lysosomal digestion confirmed
these findings (17,27). Lipofuscin is an intracellular, cytosolic,
granular red/brown pigment consisting of autofluorescent lyso-
somal storage body material with aggregated and oxidatively-
modified lipids (57). During routine processing of LRRK2 KO
kidneys, the buoyancy of the pigmented kidneys was increased
compared withWT kidneys processed in parallel in sucrose solu-
tions (Fig. 8A), suggesting a fundamental difference in kidney
composition and density possibly due to accumulation of abnor-
mal lipids. Similar to reports in mice, we also detected large
amounts of autofluorescence in LRRK2 KO kidney sections, and
these deposits were quenched by using Sudan Black B, which
selectively mitigates lipofuscin autofluorescence (Fig. 8B).

To gain a better understanding of the lipid changes in the kid-
ney, we performed a lipid extraction from whole-kidney lysates
from both WT and LRRK2 KO kidneys and obtained a unique
white-fluffy layer specific to the LRRK2 KO kidney upon reconsti-
tution of the lipids into methanol (Fig. 8C). Matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) analysis of the
white-fluffy layer compared with solubilized lipids from WT

Figure 5. Accumulation of blood-products and lysosomal proteins in LRRK2 KO

kidneys. Total protein lysates were derived from whole-kidney samples of WT

and LRRK2 KO rats and analyzed by Accurate Mass Tag LC/MS/MS to identify

proteins with differential abundance. (A) Of note, 12 906 peptides were

quantified corresponding to 803 unique protein groups, with at least two

peptides required for measuring a protein group, with the false-discovery rate

set for 2%. (B) Examples of the most differentially expressed proteins up-

regulated in LRRK2 KO kidney lysates are shown in this graph. These proteins

correspond to abundant blood products (macroglobulin, haptoglobin and

hemoglobin) as well as lysosomal proteins (prosaposin, cathepsin B). (C) All

proteins differentially expressed in the LRRK2 KO kidney (2-fold up or down)

were input into GeneGO for detection of enrichment of disease-associated

proteins. The top 10 diseases associated with these proteins are given.
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kidneys revealed overall intensified lipid signatures in the usual
m/z ranges in LRRK2 KO kidneys (Fig. 8D). However, very highm/z
species of lipids (between 1200 and 2000 m/z) were identified spe-
cific to the LRRK2 KO kidney (Supplementary Material, Table S1).
These species showed possible database matches to annotated
oxidized fucosylated glycans. For example, the most abundant
high m/z species (1592.27 m/z peak, Supplementary Material,
Table S1) matches to a known component of lipofuscin (lipid
map identification LMGP12120002, Fig. 8E and F). Taken together,
these data suggest that LRRK2 KO rat kidneys are dark brown in

color due to a profound accumulation of oxidatively modified
hemoglobin and lipofuscin components.

Discussion
The LRRK2 gene came to initial notoriety becausemissensemuta-
tions in the enzymatic domains are the leading known genetic
cause of inherited Parkinson’s disease (2,6,58,59). Efforts are un-
derway to develop therapeutics that might attenuate or ablate
LRRK2 function (15). Complete germ-line KO of LRRK2 protein in

Table 1. Overview of WT and LRRK2 KO kidney proteome analysis: top 10 protein changes

Symbol Protein name Molecular weight
(kDa)

Normalized spectral
counts

Fold
change

LRRK2 KO LRRK2WT KO/WT

Myh9 Myosin, heavy polypeptide 9, non-muscle 226.25 56 3 18.7
Scpep1 Retinoid-inducible serine carboxypeptidase 50.91 22 3 7.3
CfB Protein Cfb 141.38 7 1 7.0
Ttn Titin 3904.04 7 1 7.0
Pyroxd2 Pyridine nucleotide-disulfide oxidoreductase domain-containing

protein 2
62.82 13 2 6.5

Afm Afamin, isoform CRA_c 69.18 6 1 6.0
Sgp-1 Sulfated glycoprotein 1 61.07 6 1 6.0
A1m Alpha-1-macroglobulin 167 35 7 5.0
Ces4 Liver carboxylesterase 4 62.25 5 1 5.0
Ppp2r1b Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit

A beta isoform
76.04 5 1 5.0

The overview of the proteomic analyses in this table is shown as an increase in abundance of proteins in LRRK2 KO kidneys versus WT kidneys with top 10 changes.

Figure 6. Increased heme oxygenase 1 (HO-1) in LRRK2 KO kidneys. (A) HO-1 mRNA expression levels were analyzed by quantitative real-time PCR for 3 month WT and

LRRK2KO rat kidneys. HO-1mRNA levels normalized to β-actin and are represented asmean ± SEM from4WTand 4 LRRK2KO rats. (B)Western blot results using anti-HO-1

and anti-H-ferritin (FtH) antibodies from whole-kidney lysates derived from 3 month WT and LRRK2 KO rats. Ponceau S staining of the membrane corresponds to total

protein loaded per lane. (C and D) Densitometric analyses of the western blot results for HO-1 and FtH from WT and LRRK2 KO kidney lysates, normalized to Ponceau S

(Fig. 6B). *P < 0.05 and ***P < 0.001, two-way Student’s T-test, from four WT and three LRRK2 KO rats. (E) Representative images of immunofluorescence staining of FtH (red

color) from 5 µm thick cryosections of outer medulla from 3 month WT and LRKR2 KO rats, and (F) HO-1 (red) and Na+K+ATPase (green). HO-1 (red) staining merges with

Na+K+ATPase (green) staining in the proximal tubules but not distal tubules of the LRRK2KOkidneys (bottompanel Fig. 6F). For E: scale bar indicates 400 µm. For F: scale bar

indicates 200 µm. (G–H) Na+K+ATPase preferentially stains the distal tubules (intense green color) as compared with proximal tubules (faint green color).
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mice or rats, while notmimicking therapeutic targeting of the pro-
tein, provides a reasonable foundation to understand normal
physiological function of the gene product and identify potential
unintended deleterious effects due to complete inhibition of
LRRK2 expression. Despite evolutionary genomics data suggesting
homologs of LRRK2persist to evensingle cell organisms (60–62), re-
moval of the expression of the gene (i.e., KO) frommice and rats is
overall well-tolerated andMendelian transmission of the deficient
allele can be observed in these models (17,18).

Compensatory changes and the nature of phenotypes due to
LRRK2 deletion are not well understood. Nevertheless, numerous
subtle abnormalities have been noted in LRRK2 KOmice and rats.
These rodentmodels show impaired autophagy–lysosomal path-
ways, metabolic dysfunction evidenced by increased insulin le-
vels, variations in prolactin and growth hormone mRNA levels,
and altered innate immune cell homeostasis in the inflammatory
responses (17–19,22,23,28,63). However, in bothmice and rats, the
most striking phenotype is in the kidney and this phenotype be-
gins early in life. The discoloration associated with the LRRK2 KO
kidney is a phenotype often associated with acute kidney injury
(64). Yet, the animals do not show loss of kidney function and live
to normal ages. The discoloration (dark brown pigmentation) is
readily evident in early adulthood in rats, apparently occurring
much earlier in life than in LRRK2 KO mice (19,23).

Consistent with previous reports, the kidney presents with an
overall normal architectureon routinehistological examination, al-
though there are noticeable accumulations of mononuclear cells.
These are CD68+ cells that behave as professional phagocytic cells
(65,66)which are possibly recruited to the kidney because of the ac-
cumulation of blood-products in the tubular cells. The abnormal
accumulation of macrophages appears to be specific to the kidney
because we could not see similar macrophage infiltration in any
other organ evaluated. Inflammation mediated by macrophages
is a well-known component in several models of kidney injury
(33). Therefore, we hypothesized that the LRRK2 KO kidney repre-
sents a prodromal disease state that will have different responses
as comparedwith theWTanimalswhen challengedwithan insult.
We investigated the functional effect of challenging the LRRK2 KO
rats with glycerol induced heme-mediated acute kidney injury.
Surprisingly, the LRRK2 KO rats are protected and resistant to this
form of kidney injury. Therefore, since it became clear we funda-
mentally did not understand the LRRK2 KO kidney phenotype, we
performed a series of biochemical experiments to better identify
the nature of the changes occurring in the LRRK2 KO kidney.

A combination of proteomic and lipidomic assays revealed ac-
cumulation of blood- and lysosomal products in the kidney.

Strongly pigmented molecules that accumulate in the kidney in-
clude hemoglobin as well as oxidized lipids and other blood pro-
ducts that are not usually abundant in healthy kidneys. The
reason for hemoglobin accumulation that occurs in the LRRK2
KO kidney is not clear. Several possibilities could explain this
phenomenon. First, previous studies have reported the presence
of anemia and reticulocytosis as early as 2 months of age in
LRRK2 deficient rats (27). Compromised macrophage function in
LRRK2KO rats, normally responsible for degradation of the chem-
ical components of red blood cells, could lead to excessive deliv-
ery of heme proteins to the kidney.

In mice, LRRK2 KO kidneys accumulate α-synuclein, a protein
not normally expressed in kidney (17). Since some reticulocytes
express the highest concentrations of α-synuclein (67), it seems
probable that the deposition of α-synuclein in the LRRK2 KO kid-
ney is comparable in magnitude to the other more abundant
blood products such as hemoglobin and macroglobulin that
also accumulate. However, recent studies by Nishi et al. (68)
have shown that hemoglobin is synthesized locally in the rat kid-
ney by glomerular mesangial cells, so we cannot rule out that
LRRK2 KO may have local effects on hemoglobin production in
compensation for loss of LRRK2 protein.

It is important to note that we found LRRK2 protein coloca-
lizes with AQP2, a renal collecting duct marker, yet hemoglobin
deposition (and HO-1 induction) occurs in the proximal tubules.
It seems highly unlikely that local impaired lysosomal function
in renal collecting duct cells can account for all the changes oc-
curring in the LRRK2 KO kidney. For example, as stated, the recyc-
ling of heme proteins by macrophages may be impaired as
macrophages and the reticuloendothelial system are the primary
sites for heme and hemoglobin breakdown (69,70). LRRK2-defi-
cientmacrophages should therefore be explored in future studies
for their ability to degrade hemoglobin and operate correctly in
protein-recycling pathways. It is possible that the macrophage
recruitment to the kidney may not reflect an inflammatory pro-
cess, but instead a response to the accumulation of hemoglobin
in the tubules. Although alternative-activation states for macro-
phages are becoming better understood (71), we were severely
limited in defining the activation states of macrophages that ac-
cumulate in the rat LRRK2 KO kidney because of a lack of anti-
bodies that can cross-react with rat (as opposed to human or
mouse) proteins. It is clear that further studies will be required
to identify the precise mechanism of hemoglobin accumulation
in the LRRK2 KO rats.

Previous reports elucidate a possible role for LRRK2 physi-
ology in oxidative stress (17,72,73). LRRK2 KO results in an

Figure 7.Hypertension in LRRK2KO rats. (A) Diastolic, systolic andmean arterial blood pressuresweremeasured by Tail cuff in 3month inWTand LRRK2KO rats for and (B)
heart rate (beats perminute). Columns show groupmean values from at least sevenWT and six LRRK2 KO rats, and error bars are ± SD. *P < 0.05, two-way Student’s T-test.

(mm Hg) millimeters of mercury.
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Figure 8. Renal lipidosis in LRRK2 KO rats. (A) LRRK2 KO kidneys are buoyant in a dilute sucrose solution. (B) Autofluorescence in frozen sections from WT and LRRK2 KO

kidneys analyzed by confocal microscopywith 555 nm excitation and emission captured from 580–630 nm. Treatment of sections with Sudan Black B reagent normalized

the autofluorescence in LRRK2 KO rat kidneys. (C) Whole-kidneys lysates fromWT and LRRK2 KO rats were processed through 3k-molecular weight cutoff filters; the flow-

through (FT) and captured (Cap) fractions were delipidated and the lipid layer was removed, dried and reconstituted in methanol (tube shown). A white precipitate was

observed only in LRRK2KO3k-Cap fractions (indicated byawhite arrow). (D–E) MALDI-TOFanalysis shows intensified lipids in LRRK2KO3K-Cap sample (frompanel C) and

shows highm/z species (1000–2000, panel E and see Supplementary Material, Table S1 for details of the peaks identified) that cannot be detected inWT kidney lysates. (F)
Example database match of the high m/z species to a fucosylated glycan is shown.
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accumulation of hemoglobin in the kidney and elicits the ex-
pected cytoprotective response of induction of HO-1. HO-1 is in-
volved in breakdown of heme to CO, biliverdin and iron. All of
these components are able to potentlymodify oxidative stress re-
sponses and should be considered when evaluating in vivo re-
sponses. Previous studies have illustrated the potent protective
effects of pre-treatment with hemoglobin in the glycerol induced
rhabdomyolysis model of acute kidney injury (50,51). This effect
is dependent on up-regulation of HO-1, and is suggestive that the
protection that LRRK2 KO rats show from glycerol-induced
rhabdomyolysis may be dependent on HO-1. The effects of HO-
1 up-regulation in LRRK2 deficiency in mediating protection
from rhabdomyolysismight be exploredwith chemical inhibitors
of HO enzyme activity like tin protoporphyrin (SnPP) in future
studies. Administration of SnPP has been shown to worsen kid-
ney damage in a ratmodel of glycerol induced acute kidney injury
(50). Therefore, the use of SnPP to suppress HO enzyme activity in
LRRK2 KO animals and subjecting them to glycerol induced acute
kidney injury should make these animals more prone to glycerol
induced damage. However, one caveat implicit to HO enzyme ac-
tivity suppression using metalloporphyrins is that they may
exert non-specific adverse biological effects unrelated to HO-1
suppression (74–76). Another possible approach to test themech-
anistic link of HO-1 conferring protection to glycerol induced
damage would be to generate LRRK2 and HO-1 double KO trans-
genic animals. As transgenic animals that over-express HO-1 are
resistant to acute kidney injury (52) and HO-1 KOmice are highly
sensitive to acute kidney injury (51), genetic KO of HO-1 may be
preferred to force rhabdomyolysis sensitivity in the LRRK2 KO.
The current unavailability of the HO-1 KO rat limited this ap-
proach in the current study, butmay be the focus of future efforts.

Electron microscopic analyses of lung ultrastructure in 16-
month-old LRRK2 KO rats have indicated abnormalities and in-
creased numbers of lamellar bodies in type II pneumocytes (27),
similar to the findings in the LRRK2 KO mice (18). Although we
did not perform ultrastructural studies of lungs from the LRRK2
KO rats in this study, our flow cytometry analysis of lung revealed
comparable populations ofCD45+CD11b/c+ cells as comparedwith
WT rats, in contrast with LRRK2 KO kidneys that show elevated
numbers of these cells. A recent report indicated that administra-
tion of LRRK2 kinase inhibitors in non-human primates induced
off target lysosomal abnormalities in type II pneumocytes of the
lung (77). In thenon-humanprimatestreatedwithLRRK2 inhibitors,
there was a decrease (in contrast to the expected increase) in the
urinary levels of di-docosahexaenoyl (22:6) bis(monoacylglycerol)
phosphate (di-22:6-BMP) which is a biomarker of kidney lysosomal
dysregulation (77). In addition, it has been reported that lipocalin-2
(marker for kidney injury) is significantly reduced in both the urine
and plasma of LRRK2 KO animals (22). Together with our results in
this report, these observations collectively imply that LRRK2 kinase
inhibition might be well tolerated in the kidney.

In conclusion, our results provide a striking example of a pre-
sumed prodromal disease state that resulted in the opposite
effect as initially hypothesized when challenged in a well-
established disease model. Thus peripheral defects in LRRK2 KO
rats as well as local changes in the kidney produce both compen-
satory cytoprotective changes as well as changes associated with
kidney disease, but add to an overall protective effect from acute
kidney injury. However, it is not clear whether the LRRK2 KO kid-
ney phenotype can be reproduced through the removal of LRRK2
expression in kidney alone as macrophages appear to have a key
role in the phenotype. It is also not clear whether ablation of
LRRK2 kinase activity through long-term chronic LRRK2 kinase
inhibition might also produce the LRRK2 KO kidney phenotype.

These important questions will need to be addressed in future
studies to understand potential adverse effects associated with
targeting LRRK2 in diseases such as Parkinson’s disease.

Materials and Methods
Animals

LRRK2 KO rats and WT controls on the Charles River Long-Evans
background strain were purchased from Sigma Advance Genetic
Engineering (SAGE, St. Louis, MO, USA) laboratories or Charles
River Laboratories (Wilmington, MA, USA). Rats used in this
study were bred and maintained at the University of Alabama
at Birmingham. All protocols were approved by the University
of Alabama at Birmingham Animal Care and Use Committee
that is fully accredited by the AAALAC.

Histology and immunofluorescence staining

Rat organs were harvested and drop-fixed either in 10% neutral
buffered formalin or 2% paraformaldehyde (PFA) for a time period
of 2 h to overnight at 4°C. Formalin fixed tissues were paraffin
embedded and sectioned onto slides at University of Alabama at
BirminghamComparative Pathology Laboratory. The PFA fixed tis-
sues were immersed in 20% sucrose solution and embedded in
Tissue-Tek OCT compound (Sakura Finetek U.S.A., Inc., CA, USA)
and cryosectioned into 5 µm thick sections. For immunofluores-
cence staining, the slides were blocked with 1.5–3% normal horse
serum in 1× phosphate buffered saline (PBS) or 1× PBS 0.05%
Tween-20, and incubated with the following primary antibodies
or their corresponding IgG controls and dilutions over night at 4°
C: rabbit anti-LRRK2 MJFF2 (1:50 dilution, used with 1% SDS anti-
gen retrieval step at room temperature for 5 min; C41-2 #3514-1,
Epitomics, Burlingame, CA, USA); rabbit anti- hemoglobin-α
(1:100, #sc21005, Santa Cruz Biotechnology, Dallas, TX, USA);
goat anti-LAMP1 (1:100, #sc17768, Santa Cruz Biotechnology); rab-
bit anti-H-ferritin (1:100, #sc25617, Santa Cruz Biotechnology);
mouse anti Na+K+ATPase alpha 1 subunit (1:100, #05369, EMD
Millipore, Billerica, MA, USA); goat anti-Aquaporin2 (1:50, #sc9882,
SantaCruzBiotechnology);mouseanti-ratCD68 (1:100, #MCA341R,
AbD Serotech, NC, USA). Incubation of rabbit or mouse or goat
secondary antibodies conjugated to FITC or Texas red or Alexa
Fluor 594 (30 min at room temperature; 1:100-1:200 dilution,
Jackson ImmunoResearch Laboratories, West Grove, PA, USA;
Life technologies, Grand Island, NY, USA) was subsequently
done after washes. Autofluorescence eliminator reagent (#2160,
EMD Millipore) was used as per manufacturer’s recommendation
for quenching lipofuscin specific autofluorescent signal. The
slides were mounted using Vectashield HardSet Mounting Me-
dium with DAPI (Vector Laboratories, CA, USA). The images were
taken by LeicaDMIRB epifluorescencemicroscope (LeicaMicrosys-
tems, IL, USA) using Image PRO 5.1 software (Media Cybernetics,
Inc, MD, USA) or a Leica TCS SP5 confocal microscope (Leica
Microsystems).

Western blot analysis

Immunoblot analysis was performed as previously described (78).
Briefly, frozen tissues were lysed in radioimmunoprecipitation
buffer, 10–75 μg of protein electrophoresed in a 10–15% SDS-poly-
acrylamide gel, and transferred onto a Hybond C Extra membrane
(Amersham Biosciences, Pittsburgh, PA, USA). Membranes were
incubatedwith anti-HO-1 (1:5000dilution; Stressgen, Farmingdale,
NY, USA), anti-H-ferritin (1:1000, #sc25617, Santa Cruz Biotechnol-
ogy), anti-voltage-dependent anion channel 1 (VDAC1) (1:5000,
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#ab14734, Abcam, USA), anti-haptoglobin (1:2000, #ab131236,
Abcam), anti-cathepsinB (1:2000, #sc13985, SantaCruzBiotechnol-
ogy) and anti-LRRK2 (1:1000, N241, Neuromab, USA) antibodies fol-
lowed by a peroxidase-conjugated goat anti-rabbit (or mouse) IgG
antibody (1:3000–1:5000 dilution; Jackson ImmunoResearch La-
boratories, West Grove, PA, USA). Horseradish peroxidase activity
was detected using enhanced chemiluminescence. The mem-
branewas stainedwith PonceauS solution (#P7170, Sigma-Aldrich,
St. Louis, MO, USA) to confirm loading and transfer.

Mass spectrophotometry and spectrophotometric
analysis

Frozen kidney tissues procured from rats perfused with cold-PBS
were lysed by Dounce homogenization followed by probe-type
sonication in SDS-containing lysis buffer [50 mM Tris–HCl pH
7.4, 1% SDS, protease and phosphatase inhibitors (Complete
tablets, Roche, Indianapolis, IN, USA)] and the extractswere stored
at −80°C until further analysis. Frozen lysates were thawed at 4°C,
and 1 ml aliquots were centrifuged at 12 000g at 4°C, for 10 min.
The supernatant was transferred to a fresh tube, and protein
was quantified using a bicinchoninic acid assay protein assay
(Pierce, Thermo Scientific, Rockford, IL, USA). A small portion of
each sample was diluted to 1 µg µl−1, and 100 µl were transferred
to a UV transparent 96-well assay plate (Corning Incorporated,
Corning, NY, USA) and analyzed for differences in spectral absorb-
ance from 200–-999 nmwith a Synergy 2 Multi-Mode plate reader
(BioTek,Winooski, VT,USA). The remaining sampleswere concen-
trated and separated using Amicon Ultra 3 kDa molecular weight
cutoff centrifugal filter devices (Millipore), and the buffer was ex-
changed into 100 m ammonium bicarbonate. The two fractions
included a “captured” and a “flow-through”, of which were split
in half and one half each fraction were delipidated separately
using the Bligh and Dyer method (79). The lipid containing layers
were separated and concentrated to near dryness under argon, re-
constituted in 50% methanol, and placed in a sonication bath to
gently clarify the solution prior to analysis by MALDI-TOF-mass
spectrometry. In the captured lipid fractions, each lipid extract
was further centrifuged at 12 000g at 4°C, for 10 min, the super-
natant was removed, and the resulting pellet was dissolved in
50 µl of 50:50 chloroform/methanol solution. Lipid extracts were
analyzed using an UltraflexIII MALDI-TOF-MS (Bruker Daltronics,
Billerica, MA, USA) operated in reflector mode after first mixing
with an 80% ethanol/20% water saturated 2,5-dihydroxybenzoic
acid matrix (Sigma-Aldrich) 50:50 with each sample and placed
on a MALDI-TOF probe using a dried drop method. Each of the
resulting spectra was generated in automatic mode by summing
500 individual spectra taken at 100 Hz from 500–5000m/z.

For the proteomics analysis, an aliquot from each of the non-
delipidated captured samples containing 15 µg of protein was
denatured and separated on a 10% Bis–Tris gel (Invitrogen,
Grand Island, NY, USA), and stained with colloidal Coomassie
gel staining kit (Invitrogen) as per manufacturers’ instructions.
Each gel lane was cut into eight fractions, and enzymatically
digested with Trypsin Gold (Promega, Madison, WI, USA) over-
night according tomanufacturer’s instructions, followed by acid-
ification to pH 3–4 with 10% formic acid for analysis by liquid
chromatography-mass spectrometry.

Each peptide digest fraction was analyzed using a linear trap
quadrupole XL (LTQ XL) ion trap mass spectrometer equipped
with a nano-electrospray source, and a Surveyor Plus binary
high-pressure liquid chromatography (HPLC) pump (Thermo Sci-
entific) using a split flow configuration. Separations were carried
out using a 100 µm× 13 cm pulled tip C-18 column (Jupiter C-18

300 A, 5 µm). TheHPLCwas set upwith twomobile phases that in-
cluded solvent A (0.1% FA in ddH2O), and solvent B (0.1% FA in 85%
ddH2O/15%ACN), andwas programmed as follows: 15min at 0% B
(2 µl/min, load anddesalt), 100 min at 0%–50%B (∼0.5 nl/min, ana-
lyze), 20 min at 0% B (2 µl/min, equilibrate). During the first 15 min
of loading and desalting, the source was set at 0.0 V. The LTQ XL
was operated in data-dependent triple play mode, with a survey
scan range of 300–1200m/z, followed by an ultra-zoom scan used
for charge state determination (∼20k resolution @ 400m/z) and an
MS2 scan, both carried out with 2.0 Da isolation widths on the
three top most intense ions. MS data were collected in profile
mode for all scan types. Charge state screening and dynamic ex-
clusion were enabled with a minimum signal intensity of 2000,
a repeat count of 2, and exclusion duration of 90 s for ions ± 1.5
m/z of the parent ion. The automatic gain control settings were 3
× 104, 5 × 103 and 1 × 104 ions for survey, zoom and collision-
induced dissociation (CID) modes, respectively. Scan times were
set at 25, 50 and 100 ms for survey, zoom and CIDmodes, respect-
ively. ForCID, the activation time, activationQ andnormalized col-
lision energy were set at 30 ms, 0.25, and 35% respectively. The
spray voltagewas set at 1.9 kV following thefirst 15minof loading,
with a capillary temperature of 170°C.

The XCalibur RAW files were centroided and converted to
MzXML and the mgf files were then created using both ReAdW
and MzXML2Search, respectively (http://sourceforge.net/projects/
sashimi/). The data were searched using SEQUEST (v27 rev12, .
dta files), set for two missed cleavages, a precursor mass window
of 0.45 Da, tryptic enzyme, variablemodificationM at 15.9949, and
static modifications C at 57.0293. Searches were performed with a
rat subset of the UniRef100 database, which included common
contaminants such as digestion enzymes and human keratins.
Identified peptides were filtered, grouped and quantified using
ProteoIQ v2.3.04 (Premierbiosoft, Palo Alto, CA, USA). Only pep-
tides with charge state of ≥2+ and a minimum peptide length of
six amino acids were accepted for analysis. ProteoIQ incorporates
the two most common methods for statistical validation of large
proteomedatasets, false discovery rate (FDR) andprotein probabil-
ity (80–82). Relative quantification was performed via spectral
counting (83,84), and spectral count abundances were normalized
between samples (85).The FDR was set at <1% cutoff, with a total
group probability of ≥0.7 and peptides ≥2 assigned per protein.

Real-time quantitative PCR

RNA was isolated from rat kidneys using TRIzol reagent (Life
technologies) as per manufacturer’s instructions. SYBR green-
based real-time PCR was done using cDNA products conver-
ted from total RNA (Life technologies). The ΔΔCt method was
used for relative mRNA expression quantification. Primers for
beta-actin (forward: 5′-CTGTATGCCTCTGGTCGTA-3’; reverse:
5′-CCATCTCTTGCTCGAAGTCT-3’) was used as loading con-
trol. HO-1 primer sequence used was forward: 5′-CGTGCAGA
GAATTCTGAGTTC-3’; reverse: 5′-GACGCTTTACGTAGTGCTG -3’.
Each reaction was performed in triplicates.

Isolation of leukocytes for flow cytometry

Leukocytes were isolated as previously described with minor
modifications (78). Rats were anesthetized with isoflurane and
perfused with 60 ml of ice-cold saline through the left ventricle
to clear the kidney of leukocytes in the circulation. The kidney
was minced and enzymatically digested using 1.67 Wünsch
U/ml Liberase DL (Roche Diagnostics, Indianapolis, IN) in Dulbec-
co’s modified Eagle’s medium medium for 30 min at 37°C.
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Disaggregation was completed by pulling the homogenate
through syringe needles with progressively smaller bores fol-
lowed by passage through a 70 μm nylon filter (Fisher Scientific)
to remove undigested material. After centrifugation, the pellet
was suspended in NycoPrep 1.077 density-gradient solution
(Axis-Shield PoC, Oslo, Norway), overlaid with PBS, and centri-
fuged at 1000g for 15 min at 4°C. The interphase, containing
low-density cells, including macrophages and dendritic cells,
was collected and washed with staining buffer (PBS, 0.5% bovine
serum albumin, 0.01% sodium azide). The same cell isolation
protocol was used for liver, spleen, heart, bone marrow, blood
and testicles. Bronchial cells were isolated by lavage using
20 ml of PBS. Blood was collected via cardiac puncture and red
blood cells (RBCs) were lysed for 5 min at room temperature
using ammonium-chloride–potassium (ACK) lysing solution.
Bone marrow was flushed from the femur and subjected to
lysis in ACK solution to remove RBCs.

For analysis by flow cytometry, the cells were first stained on
ice for 30 min with 7-aminoactinomycin D (eBioscience, San
Diego, CA) viability staining solution and the following fluoro-
chrome-conjugated anti-rat antibodies: phycoerythrin-conju-
gated CD11b/c (clone OX42) and allophycocyanin-conjugated
CD45 (clone OX1), both antibodies purchased from eBioscience.
Cells were then washed and analyzed on a FACS Caliber flow cyt-
ometer (BD Bioscience, San Jose, CA). Isotype-matched, fluores-
cently conjugated antibodies of irrelevant specificity were used
as controls. Results were analyzed using FlowJo Software (Tree
Star Inc, Ashland, OR).

Glycerol induced rhabdomyolysis

Glycerol-induced rhabdomyolysis was performed as previously
described (49). Three-month-old WT and LRRK2 KO rats were ad-
ministered saline or 7.5 ml/kg of 50% glycerol in water, half the
dose injected intramuscularly in each anterior thigh. All the
rats in this study were deprived of water 15 h prior to glycerol
or saline injections. Serum was collected prior to dehydrating
the rats for baseline assessment. Animals were monitored for
up to 5 days post-injection. On Days 1–5 post-injection, renal
function was evaluated by measurement of serum creatinine
using mass spectrometry. Rats were euthanized 5 days after
the injection for histology, protein, flow cytometry and RNA
analysis.

Statistical and systems analyses

Statistical analyseswere performed using Graphpad Prism 6 soft-
ware (GraphPad Software, Inc. La Jolla, CA, USA). P values of <0.05
were considered significant. Pathway enrichment analysis was
accomplished using MetaCore data-mining and pathway analysis
(https://portal.genego.com/).
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