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Leucine-Rich Repeat Kinase 2 
(Lrrk2)-Sensitive Na+/K+ Atpase 
Activity in Dendritic Cells
Zohreh Hosseinzadeh1,2,*, Yogesh Singh1,*, Derya R. Shimshek3, Herman van der Putten3,4, 

Carsten A. Wagner5 & Florian Lang1

Leucine-rich repeat kinase 2 (Lrrk2) has been implicated in the pathophysiology of Parkinson’s 
disease. Lrrk2 is expressed in diverse cells including neurons and dendritic cells (DCs). In DCs Lrrk2 was 
shown to up-regulate Na+/Ca2+-exchanger activity. The elimination of Ca2+ by Na+/Ca2+ -exchangers 
requires maintenance of the Na+ gradient by the Na+/K+ -ATPase. The present study thus explored 
whether Lrrk2 impacts on Na+/K+ -ATPase expression and function. To this end DCs were isolated 
from gene-targeted mice lacking Lrrk2 (Lrrk2−/−) and their wild-type littermates (Lrrk2+/+). Na+/K+ 

-ATPase activity was estimated from K+ induced, ouabain sensitive, current determined by whole cell 
patch clamp. Na+/K+ -Atpase α1 subunit transcript and protein levels were determined by RT-qPCR 
and flow cytometry. As a result, the K+ induced current was significantly smaller in Lrrk2−/− than in 

Lrrk2+/+ DCs and was completely abolished by ouabain (100 µM) in both genotypes. The K+ induced, 
ouabain sensitive, current in Lrrk2+/+ DCs was significantly blunted by Lrrk2 inhibitor GSK2578215A 
(1 µM, 24 hours). The Na+/K+ -Atpase α1 subunit transcript and protein levels were significantly lower 
in Lrrk2−/− than in Lrrk2+/+ DCs and significantly decreased by Lrrk2 inhibitor GSK2578215A (1 µM, 

24 hours). In conclusion, Lrrk2 is a powerful regulator of Na+/K+ -ATPase expression and activity in 
dendritic cells.

Leucine-rich repeat kinase 2 (Lrrk2) has been implicated in the pathophysiology of Parkinson’s disease (PD)1–3. 
Lrrk2 has further been speculated to participate in the pathophysiology of inflammatory bowel disease (IBD)4, 
leprosy5, and cancer6. Lrrk2 may be effective by regulating inflammatory processes7–9. Lrrk2 is expressed in sev-
eral circulating leukocytes, such as CD14+ monocytes, CD19+B cells, CD4+T cells and CD8+T cells10. Lrrk2 
is further expressed in dendritic cells (DCs)10,11, antigen-presenting cells linking innate and adaptive immu-
nity and contributing to stimulation of regulatory T cell differentiation, which impacts on the maintenance of 
self-tolerance12–15.

Lrrk2 contributes to signalling of interferon γ 11,16, NF-κ B-dependent transcription11 and regulation of reactive 
oxygen species (ROS) production11. Lrrk2 is up-regulated by bacterial lipopolysaccharide and lentiviral particles10 
and contributes to monocyte maturation17. Lrrk2 participates in the regulation of microglia inflammation and 
neurodegeneration18. However, cellular mechanisms accounting for Lrrk2 dependent pathophysiology of inflam-
mation and PD are still incompletely understood.

Lrrk2 is involved in Ca2+ signaling19. According to recent observations Lrrk2 up-regulates Na+/Ca2+ 
-exchanger expression and activity in DCs thus blunting Ca2+ -signals and attenuating Ca2+ -dependent functions 
of DCs20. Upregulation of Na+/Ca2+ -exchanger expression and activity could decrease cytosolic Ca2+ activity 
([Ca2+]i) only, if the electrochemical Na+ gradient is high enough to extrude Ca2+ against its steep electrochem-
ical gradient. Na+/Ca2+ -exchanger function thus requires maintenance of the Na+ gradient across the cell mem-
brane, a function of the Na+/K+ ATPase21. Inhibition of the Na+/K+ ATPase dissipates the Na+ gradient across 
the cell membrane, leads to reversal of the driving force of Na+/Ca2+ -exchange and thus increases [Ca2+]i22,23. To 
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the extent that a function of Lrrk2 is the stimulation of Ca2+ extrusion by up-regulation of Na+/Ca2+ -exchangers, 
the efficacy of the kinase requires adequate Na+/K+ ATPase activity. We hypothesized that Lrrk2 may, in addition 
to its effect on Na+/Ca2+ -exchange, up-regulate Na+/K+ ATPase activity.

The present study thus explored whether Lrrk2 participates in the regulation of Na+/K+ ATPase activity 
in DCs. DCs were isolated from gene-targeted mice lacking Lrrk2 (Lrrk2−/−) and their wild-type littermates 
(Lrrk2+/+) and Na+/K+ ATPase expression at mRNA and protein levels determined by RT-PCR and Western blot-
ting, respectively. Na+/K+ ATPase activity was measured by patch clamp. As a result, Na+/K+ ATPase expression 
and activity were indeed lower in Lrrk2−/− DCs than in Lrrk2+/+ DCs. Moreover, treatment of Lrrk2+/+ DCs with 
Lrrk2 inhibitor GSK2578215A decreased Na+/K+ ATPase activity. The up-regulation of Na+/K+ ATPase activity 
contributes to the maintenance of the steep electrochemical Na+ gradient required for Ca2+ extrusion by the Na+/
Ca2+ -exchanger.

Results
The present study explored, whether Lrrk2 has an impact on the Na+/K+ -ATPase activity in DCs. To this end 
ouabain sensitive K+ -induced outward currents were recorded utilizing whole cell patch clamp in DCs isolated 
from bone marrow of gene-targeted mice. Comparison was made between DCs isolated from mice lacking func-
tional Lrrk2 (Lrrk2−/−) and DCs isolated from their wild type littermates (Lrrk2+/+).

As shown in Fig. 1, the addition of 5 mM K+ to the bath solution was followed by an outward current, which 
was significantly smaller in DCs from Lrrk2−/− mice than in DCs from Lrrk2+/+mice. In both genotypes, the K+ 
induced current was abrogated by the addition of 100 µ M ouabain (Fig. 1A,B).

Further experiments explored whether genetic knockout of Lrrk2 was mimicked by pharmacological inhibi-
tion of the kinase by the Lrrk2 inhibitor GSK2578215A. As shown in Fig. 2, a 24 hours pre-treatment of Lrrk2+/+ 
DCs with GSK2578215A (1 µ M, 24 hours) was followed by a significant decrease of K+ induced current. In both, 
the presence and absence of GSK2578215A, the K+ induced current was abrogated by the addition of 100 µ M 
ouabain (Fig. 2A,B).

Figure 1. Na+/K+ -ATPase currents in Lrrk2−/− and Lrrk2+/+ DCs. (A) Original whole cell recordings at 
− 40 mV in Lrrk2+/+ DCs (upper) and Lrrk2−/− DCs (lower) in absence (Na+) and presence of 5 mM K+ (K+) 
in bath. K+ was added in absence (left) or presence (right) of ouabain (100 µ M). (B) Means ±  SEM (n =  7-8) of 
whole-cell current at − 40 mV normalized to cell capacitance in Lrrk2+/+ DCs (white bar) and Lrrk2−/− DCs 
(black bar). ***(p <  0.001) indicates significant difference between genotypes, unpaired t-test.
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In order to test whether Lrrk2 influences Na+/K+ -ATPase at the transcript and/or protein level, transcript 
levels of the Na+/K+ -ATPase α 1 subunit were analyzed by RT-PCR and protein expression was analyzed using 
flow cytometry. As illustrated in Fig. 3A. the transcript levels of the Na+/K+ -ATPase α 1 subunit were significantly 
lower in Lrrk2−/− DCs than in Lrrk2+/+ DCs. Thus, in the absence of Lrrk2 Na+/K+ -ATPase transcript levels in 
DCs are reduced. Decreased transcript levels were accompanied by a reduction of Na+/K+ -ATPase α 1 subunit 
protein levels. Analysis using flow cytometry revealed that Na+/K+ -ATPase α 1 subunit protein abundance was 
lower in Lrrk2−/− DCs as compared to Lrrk2+/+ DCs (Fig. 3B,C).

Additional experiments explored whether pharmacological inhibition of the kinase by the Lrrk2 inhibitor 
GSK2578215A influences Na+/K+ -ATPase α 1 subunit expression. As illustrated in Fig. 4A, a 24 h treatment of 
Lrrk2+/+ DCs with GSK2578215A (1 µ M, 24 hours) resulted in a significant decrease of Na+/K+ -ATPase α 1 sub-
unit transcript levels and protein abundance of the Na+/K+ -ATPase α 1 subunit (Fig. 4B,C).

Discussion
The present observations demonstrate that Lrrk2 affects expression levels and activity of the Na+/K+ -ATPase 
in DCs. We show that Na+/K+ -ATPase activity is lower in DCs isolated from mice lacking functional Lrrk2 
(Lrrk2−/−) as compared to DCs isolated from wild type littermates (Lrrk2+/+). The down-regulation of Na+/K+ 
-ATPase activity in Lrrk2 deficient dendritic cells (DCs) is accompanied by a decrease in the level of Na+/K+ 
-ATPase α 1 subunit-encoding transcripts and of the Na+/K+ -ATPase α 1 subunit membrane protein.

The present observations do not allow safe conclusions concerning the mechanisms accounting for the 
decrease of Na+/K+ -ATPase α 1 subunit expression in Lrrk2 deficient DCs. However, it is noteworthy that Lrrk2 
influences the activity of several transcription factors. Lrrk2 up-regulates the activity of nuclear factor κ B (NF-κ B) 
by stimulation of expression and by phosphorylation of the inhibitor Iκ Bα 11,24,25. NF-κ B has in turn been shown 
to up-regulate the Na+/K+ -ATPase26. Lrrk2 further up-regulates the forkhead box transcription factor FoxO1 by 
direct phosphorylation27. Lrrk2 retains the transcription factor nuclear factor of activated T cells (NFAT) in the 
cytoplasma and Lrrk2 deficiency leads to nuclear up-regulation of NFAT28,29.

Figure 2. Sensitivity of Na+/K+ -ATPase currents in Lrrk2+/+ DCs to Lrrk2-inhibitor GSK2578215A.  
(A) Original whole cell recordings at − 40 mV in Lrrk2+/+ DCs in absence (Na+) and presence of 5 mM K+ (K+) 
in bath prior to (upper) and following (lower) 24 hours treatment with Lrrk2-inhibitor GSK2578215A (1 µ M) 
in absence (left) or presence (right) of ouabain (100 µ M). (B) Means ±  SEM (n =  5–10) of whole-cell current at 
− 40 mV normalized to cell capacitance in Lrrk2+/+ DCs without (control; white bar) and with (1 µ M; black bar) 
a prior 24 hours exposure to Lrrk2-inhibitor GSK2578215A. ***(p <  0.001) indicates significant difference from 
absence of inhibitor, unpaired t-test.
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Figure 3. Lrrk2-dependent regulation of Na+/K+ -ATPase α1-subunit transcript and protein levels in 
Lrrk2−/−DCs and Lrrk2+/+ DCs. (A) Means ±  SEM (n =  3) of α 1-subunit Na+/K+ -ATPase transcript levels in 
Lrrk2+/+ DCs (white bar) and Lrrk2−/− DCs (black bar) with Gapdh as reference (Lrrk2−/−DCs values normalized 
to Lrrk2+/+ DCs). (B) Original histogram of Na+/K+ -ATPase protein abundance determined by flow cytometry 
in Lrrk2+/+ DCs (red) and Lrrk2−/− DCs (blue). (C) Means ±  SEM (n =  4) of Na+/K+ -ATPase protein abundance 
(mean fluorescence intensity; MFI) determined by flow cytometry in Lrrk2+/+ DCs (white) and Lrrk2−/− DCs 
(black). *(p <  0.05), **(p <  0.01) indicates significant difference between genotypes, unpaired t-test.
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A comparison of Na+/K+ -ATPase α 1 subunit expression (Figs 3 and 4) and Na+/K+ -ATPase activity (Figs 1 
and 2) suggests that Na+/K+ -ATPase α 1 subunit expression does not fully account for the differences in Na+/ 
K+ -ATPase activity. Thus, Lrrk2 may, in addition to its effect on expression, modify the activity of expressed Na+/
K+ -ATPase protein. In theory, Lrrk2 may directly phosphorylate the pump protein or may influence signalling 

Figure 4. Lrrk2-dependent Na+/K+ -ATPase α1-subunit transcript and protein levels in Lrrk2+/+ DCs 
without or with prior pharmacological inhibition of Lrrk2. (A) Means ±  SEM (n =  3) of mRNA encoding 
Na+/K+ -ATPase α 1-subunit in Lrrk2+/+ DCs without (white) and with (black) prior exposure to the Lrrk2 
inhibitor GSK2578215A (1 µ M, 24 hours) with Gapdh as reference (treated normalized to respective untreated 
Lrrk2+/+ DCs). (B) Original histogram of Na+/K+ -ATPase protein abundance quantified by flow cytometry 
in untreated (red) and GSK2578215A (1 µ M, 24 hours) treated (blue) Lrrk2+/+ DCs. (D) Means ±  SEM 
(n =  3) of Na+/K+ -ATPase protein abundance (mean fluorescence intensity; MFI) in untreated (white) and 
GSK2578215A (1 µ M, 24 hours) treated (black) Lrrk2+/+ DCs. *(p <  0.05) indicates significant difference from 
absence of inhibitor, unpaired t-test.
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molecules regulating Na+/K+ -ATPase activity. It is noteworthy that Lrrk2 activates the protein kinase B (PKB/
Akt)30, which shares the consensus sequence with serum and glucocorticoid inducible kinase SGK131, a kinase 
known to up-regulate Na+/K+ ATPase32.

The finding that Na+/K+ ATPase activity is significantly lower in Lrrk2−/− DCs than in Lrrk2+/+ DCs under 
baseline conditions suggests that Lrrk2 constitutively controls Na+/K+ ATPase activity. This is strongly supported 
by pharmacological inhibition of Lrrk2 in DCs. A 24 hours exposure of Lrrk2+/+ DCs to the Lrrk2 inhibitor 
GSK2578215A decreased Na+/K+ -ATPase expression and activity to a similar extent as the genetic knockout of 
the kinase in DCs. Collectively, these findings indicate that Lrrk2 kinase activity and expression in DCs accounts 
for the observed differences in DC Na+/K+ -ATPase activity

Downregulation of Na+/K+ -ATPase activity either by pharmacological agents33, a decrease in temperature34 
or energy depletion35, can lead to inhibition of K+ channels and result in cellular depolarization and dissipation 
of the electrical driving force for Na+ coupled transport36. Carriers affected by compromised Na+/K+ -ATPase 
activity include the Na+/Ca2+ exchangers37,38, which were previously shown to be regulated in a Lrrk2-dependent 
fashion20. Notably, Lrrk2 also affects Ca2+ signaling in neurons39 and in these excitable cells, depolarization due to 
down-regulation of Na+/K+ ATPase may modify cytosolic Ca2+ activity by activation of voltage gated Ca2+ chan-
nels40,41. To which extent Lrrk2-dependent Na+/K+ -ATPase activity and the activity of Na+/Ca2+ exchangers are 
linked, remains to be shown. In DCs, Lrrk2 clearly impacts on cytosolic Ca2+ activity, which participates in the 
regulation of diverse DC functions42 including maturation, synthesis of inflammatory cytokines and induction 
of oxidative burst39.

Na+/K+ -ATPase activity also impacts on cellular energy metabolism. The Na+/K+ ATPase is responsible for 
a large fraction (20–80%) of metabolic rate43 and accounts for about 30% of cellular ATP consumption44–47. In 
hypoxic microenvironments, such as inflammatory or tumor tissues48 the ability to regulate the Na+/K+ ATPase 
could therefore be relevant for DC survival, function and DC-mediated immune responses.

Another consequence of decreased Na+/K+ -ATPase activity might include increased cytosolic Na+ levels and 
an induction of salt-inducible kinase 1, which is a powerful stimulator of Na+/K+ ATPase and is part of a negative 
feedback loop regulating the Na+/K+ -ATPase49. In brief, future studies are needed to unravel the likely complex 
contribution on DC cell function of pump regulation by Lrrk2.

In conclusion, the present study demonstrates for the first time a Lrrk2 sensitive regulation of Na+/ 
K+ -ATPase expression and activity in bone marrow derived DCs. The impact of Lrrk2 on Na+/K+ -ATPase 
activity may affect multiple cellular functions in DCs and other cells and may be highly relevant in the pathophys-
iology of Lrrk2-pathway linked diseases.

Materials and Methods
Ethics Statement. All animal experiments were performed according to the German animal protection law 
and approved by the local authorities (Regierungspräsidium Tübingen).

Mice. Dendritic cells (DCs) were isolated from gene targeted mice lacking functional Lrrk2 (Lrrk2−/−) and 
their wildtype littermates (Lrrk2+/+). Origin of the mice, breeding and genotyping were described previously50. 
Male and female mice were studied at the age of 8–12 weeks. The mice had access to water ad libitum and to 
standard food (Altromin 1310).

Cell Culture. Dendritic cells (DCs) were cultured from bone marrow of 8–12 weeks old female and male 
Lrrk2+/+and Lrrk2−/− mice. Bone marrow derived cells were flushed out of the cavities from the femur and tibia 
with PBS51. Cells were then washed twice with RPMI and seeded out at a density of 2 ×  106 cells per 60-mm dish. 
Cells were cultured for 7 days in RPMI 1640 with L-Glutamine (GIBCO, Carlsbad, Germany) containing: 10% 
FCS, 1% penicillin/streptomycin, 1% non-essential amino acids (NEAA) and 0.05% β -mercaptoethanol. Cultures 
were supplemented with GM-CSF (35 ng/mL, Immunotools, Germany) and fed with fresh medium contain-
ing GM-CSF on days 3 and 6. At day 7, > 95% of the cells expressed CD11c, which is a marker for mouse DCs. 
Experiments were performed on DCs at days 7–9.

Flow cytometry. Bone marrow derived DCs from Lrrk2−/− and Lrrk2+/+mice were characterised by 
using surface and intracellular staining with anti-Mouse CD11c-APC (eBiosciences; clone N418), anti-Mouse 
MHCII-PE (BD Biosciences; M5/114.15.2), rabbit anti-mouse-Na+/K+ ATPase α 1 subunit protein (Cell 
Signaling, USA) and Goat anti-Rabbit IgG-FITC (Santa Cruz Biotech, USA; sc-2012). To characterise the 
DCs, 200 ×  103 BMDCs were collected and centrifuged at 600 g for 5 minutes at room temperature and washed 
once with 1x DPBS (Sigma, Germany). 0.5 µ l of antibody containing solution (0.2 µ g/µ l anti-CD11c-APC and 
anti-MHC II-PE) were added to 50 µ l of DPBS and cells were incubated for 30 minutes at room temperature in 
the dark. After incubation, cells were washed once with DPBS and fixed with 100 µ l of fixation/permeabilization 
buffer (eBioscience, Germany) for 30 minutes in the dark and washed once with 1x permeabilization buffer (eBi-
oscience, Germany). After washing, 0.5 µ l antibody containing solution (1.0 µ g/µ l anti-mouse-Na+/K+ ATPase 
α 1) was added to 50 µ l permeabilization buffer, cells were incubated in the dark for 45 minutes and cells were 
washed twice with 1x permeabilization buffer. After washing 0.2 µ l Goat anti-Rabbit IgG-FITC in 50 µ l of 1x per-
meabilization buffer was added and incubated for another 30 minutes in the dark. Finally, the cells were washed 
twice with DPBS and added 200 µ l of DPBS. All washing steps were performed at 600 g for 5 minutes and room 
temperature. Cells were acquired using BD FACSCalibur™  (BD Bioscience, Heidelberg, Germany) flow cytome-
try and data were analysed by Flowjo (Treestar, USA)53. CD11c+ DCs were gated for Na+/K+ ATPase α 1 protein 
expression, which is presented in mean fluorescence intensity (MFI).

Real-time PCR. Total RNA was extracted from mouse dendritic cells in PureLink™  RNA Mini Kit (Life 
Technologies, Germany) according to the manufacturer’s instructions54. Total RNA was used for cDNA synthesis 
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using Superscript III cDNA Synthesis kit (Life technologies, Germany) according to the manufacturer’s instruc-
tions. Polymerase chain reaction (PCR) amplification of the respective genes were set up in a total volume of 10 µ l 
using 10 ng of cDNA, 250 nM forward and reverse primer and 2x qPCR Master Mix KAPA SYBR Green (PeqLab, 
Erlangen, Germany) according to the manufacturer’s protocol. Cycling conditions were used as follows: initial 
denaturation at 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 sec, 60 °C for 1 min and then melting curve 
analysis protocol was performed. For the amplification the following primers were used (5′ -> 3′ orientation): 
Atp1α 1 F: AGCATCAATGCGGAGGATGT, R: TATCCACCTTGCAGCCGTTT and Gapdh; F: CGT CCC GTA 
GAC AAA ATG GT; R: TTG ATG GCA ACA ATC TCC AC.

Specificity of PCR products was confirmed by analysis of melting curves. Real-time PCR amplifications were 
performed on a CFX96 Real-Time System (Bio-Rad). All experiments were done in duplicate. Amplification of 
the house-keeping gene GAPDH was performed to standardize the amount of sample RNA. Relative quantifica-
tion of gene expression was achieved using the ∆∆ct method as described earlier55.

Patch clamp. Ouabain-sensitive K+ -induced currents (Ipump) reflecting Na+/K+ -ATPase activity were deter-
mined by whole cell patch clamp recording in Lrrk2−/− and Lrrk2+/+ DCs as well as in Lrrk2+/+ DCs in absence 
and presence of the LRRK2 inhibitor GSK2578215A (1 µ M, 24 hours) (Tocris, United Kingdom). Whole cell patch 
clamp experiments were performed at room temperature in voltage-clamp, fast whole cell mode56. Cells were 
continuously superfused through a flow system inserted into the dish. The bath was grounded via a bridge filled 
with the external solution. Borosilicate glass pipettes (2- to 4-MΩ resistance; Harvard Apparatus, UK) manu-
factured by a microprocessor-driven DMZ puller (Zeitz, Augsburg, Germany), were used in combination with 
a MS314 electrical micromanipulator (MW, Märzhäuser, Wetzlar, Germany). The currents were recorded by an 
EPC-9 amplifier (Heka, Lambrecht, Germany) and analyzed with Pulse software (Heka) and an ITC-16 Interface 
(Instrutech, Port Washington, NY). Currents were recorded at an acquisition frequency of 10 kHz and 3 kHz 
low-pass filtered57. To measure Na+/K+ ATPase activity, ouabain (100 µ M) sensitive K+ -induced outward cur-
rents were recorded53. The pipette solution contained (in mM): 30 NaCl, 20 KCl, 70 CsCl, 5 MgCl2, 5 HEPES, 5 
Na2ATP and 5 ethylene glycol tetraacetic acid (EGTA). The external solution contained (in mM) 60 NaCl, 80 
TEA-Cl, 1 MgCl2, 2.5 CaCl2, 5 NiCl2, 5 glucose, 10 HEPES (pH 7.4, CsOH), and 0.5 EGTA. Na+/K+ ATPase cur-
rents were elicited by switching to a bath solution that contained 60 NaCl, 80 TEA-Cl, 5 KCl, 1 MgCl2, 2.5 CaCl2, 
5 NiCl2, 5 glucose, 10 HEPES (pH 7.4, CsOH). The currents were measured at − 40 mV.

Statistical analysis. Data are provided as means ±  SEM, n represents the number of independent experi-
ments. Data were tested for significance using unpaired student´s t-test. Results with p <  0.05 were considered 
statistically significant.

References
1. Paisan-Ruiz, C. et al. Cloning of the gene containing mutations that cause PARK8-linked Parkinson’s disease. Neuron 44, 595–600 

(2004).
2. Zimprich, A. et al. Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 44, 601–607 

(2004).
3. Kang, U. B. & Marto, J. A. Leucine-rich repeat kinase 2 (LRRK2) and Parkinson’s disease. Proteomics, doi: 0.1002/pmic.201600092, 

[Epub ahead of print] (2016).
4. Barrett, J. C. et al. Genome-wide association defines more than 30 distinct susceptibility loci for Crohn’s disease. Nat Genet 40, 

955–962 (2008).
5. Zhang, F. R. et al. Genomewide association study of leprosy. N Engl J Med 361, 2609–2618 (2009).
6. Hassin-Baer, S. et al. The leucine rich repeat kinase 2 (LRRK2) G2019S substitution mutation. Association with Parkinson disease, 

malignant melanoma and prevalence in ethnic groups in Israel. J Neurol 256, 483–487 (2009).
7. Russo, I., Bubacco, L. & Greggio, E. LRRK2 and neuroinflammation: partners in crime in Parkinson’s disease? J Neuroinflammation 

11, 52 (2014).
8. Dzamko, N. & Halliday, G. M. An emerging role for LRRK2 in the immune system. Biochem Soc Trans 40, 1134–1139 (2012).
9. Mamais, A. & Cookson, M. R. LRRK2: dropping (kinase) inhibitions and seeking an (immune) response. J Neurochem 129, 895–897 

(2014).
10. Hakimi, M. et al. Parkinson’s disease-linked LRRK2 is expressed in circulating and tissue immune cells and upregulated following 

recognition of microbial structures. J Neural Transm 118, 795–808 (2011).
11. Gardet, A. et al. LRRK2 is involved in the IFN-gamma response and host response to pathogens. J Immunol 185, 5577–5585 (2010).
12. Banchereau, J. et al. Immunobiology of dendritic cells. Annu Rev Immunol 18, 767–811 (2000).
13. den Haan, J. M. & Bevan, M. J. A novel helper role for CD4 T cells. Proc Natl Acad Sci USA 97, 12950–12952 (2000).
14. Steinman, R. M. & Nussenzweig, M. C. Avoiding horror autotoxicus: the importance of dendritic cells in peripheral T cell tolerance. 

Proc Natl Acad Sci USA 99, 351–358 (2002).
15. Yamazaki, S. & Steinman, R. M. Dendritic cells as controllers of antigen-specific Foxp3(+ ) regulatory T cells. J Dermatol Sci 54, 

69–75 (2009).
16. Kuss, M., Adamopoulou, E. & Kahle, P. J. Interferon-gamma induces leucine-rich repeat kinase LRRK2 via extracellular signal-

regulated kinase ERK5 in macrophages. J Neurochem 129, 980–987 (2014).
17. Thevenet, J., Pescini Gobert, R., Hooft van Huijsduijnen, R., Wiessner, C.& Sagot, Y. J.Regulation of LRRK2 expression points to a 

functional role in human monocyte maturation. PLoS One 6, e21519 (2011).
18. Moehle, M. S. et al. LRRK2 inhibition attenuates microglial inflammatory responses. J Neurosci 32, 1602–1611 (2012).
19. Bedford, C., Sears, C., Perez-Carrion, M., Piccoli, G. & Condliffe, S. B. LRRK2 Regulates Voltage-Gated Calcium Channel Function. 

Front Mol Neurosci 9, 35 (2016).
20. Yan, J. et al. Leucine-rich repeat kinase 2-sensitive Na+/Ca2+ exchanger activity in dendritic cells. FASEB J 29, 1701–1710 (2015).
21. Shattock, M. J. et al. Na(+ )/Ca(2+ ) exchange and Na(+ )/K(+ ) -ATPase in the heart. J Physiol 593, 1361–1382 (2015).
22. Bers, D. M., Barry, W. H. & Despa, S. Intracellular Na+  regulation in cardiac myocytes. Cardiovasc Res 57, 897–912 (2003).
23. Despa, S. & Bers, D. M. Na(+ ) transport in the normal and failing heart - remember the balance. J Mol Cell Cardiol 61, 2–10 (2013).
24. Hongge, L., Kexin, G., Xiaojie, M., Nian, X. & Jinsha, H. The role of LRRK2 in the regulation of monocyte adhesion to endothelial 

cells. J Mol Neurosci 55, 233–239 (2015).
25. Kim, B. et al. Impaired inflammatory responses in murine Lrrk2-knockdown brain microglia. PLoS One 7, e34693 (2012).



www.nature.com/scientificreports/

8Scientific RepoRts | 7:41117 | DOI: 10.1038/srep41117

26. Hosseinzadeh, Z. et al. Effect of TGFbeta on Na+/K+ ATPase activity in megakaryocytes. Biochem Biophys Res Commun 452, 
537–541 (2014).

27. Kanao, T. et al. Activation of FoxO by LRRK2 induces expression of proapoptotic proteins and alters survival of postmitotic 
dopaminergic neuron in Drosophila. Hum Mol Genet 19, 3747–3758 (2010).

28. Jabri, B. & Barreiro, L. B. Don’t move: LRRK2 arrests NFAT in the cytoplasm. Nat Immunol 12, 1029–1030 (2011).
29. Liu, Z. et al. The kinase LRRK2 is a regulator of the transcription factor NFAT that modulates the severity of inflammatory bowel 

disease. Nat Immunol 12, 1063–1070 (2011).
30. Chuang, C. L., Lu, Y. N., Wang, H. C. & Chang, H. Y. Genetic dissection reveals that Akt is the critical kinase downstream of LRRK2 

to phosphorylate and inhibit FOXO1, and promotes neuron survival. Hum Mol Genet 23, 5649–5658 (2014).
31. Lang, F. & Cohen, P. Regulation and physiological roles of serum- and glucocorticoid-induced protein kinase isoforms. Sci STKE 

2001, re17 (2001).
32. Henke, G., Setiawan, I., Bohmer, C. & Lang, F. Activation of Na+/K+ -ATPase by the serum and glucocorticoid-dependent kinase 

isoforms. Kidney Blood Press Res 25, 370–374 (2002).
33. Messner, G., Wang, W., Paulmichl, M., Oberleithner, H. & Lang, F. Ouabain decreases apparent potassium-conductance in proximal 

tubules of the amphibian kidney. Pflugers Arch 404, 131–137 (1985).
34. Volkl, H., Geibel, J., Greger, R. & Lang, F. Effects of ouabain and temperature on cell membrane potentials in isolated perfused 

straight proximal tubules of the mouse kidney. Pflugers Arch 407, 252–257 (1986).
35. Rehwald, W. & Lang, F. The effect of cyanide on apparent potassium conductance across the peritubular cell membrane of frog 

proximal tubules. Pflugers Arch 407, 607–610 (1986).
36. Lang, F. & Rehwald, W. Potassium channels in renal epithelial transport regulation. Physiol Rev 72, 1–32 (1992).
37. Beller, G. A., Conroy, J. & Smith, T. W. Ischemia-induced alterations in myocardial (Na+ +  K+)-ATPase and cardiac glycoside 

binding. J Clin Invest 57, 341–350 (1976).
38. Peng, M., Huang, L., Xie, Z., Huang, W. H. & Askari, A. Partial inhibition of Na+/K+ -ATPase by ouabain induces the Ca2+-

dependent expressions of early-response genes in cardiac myocytes. J Biol Chem 271, 10372–10378 (1996).
39. Cherra, S. J. 3rd, Steer, E., Gusdon, A. M., Kiselyov, K. & Chu, C. T. Mutant LRRK2 elicits calcium imbalance and depletion of 

dendritic mitochondria in neurons. Am J Pathol 182, 474–484 (2013).
40. Catterall, W. A. Signaling complexes of voltage-gated sodium and calcium channels. Neurosci Lett 486, 107–116 (2010).
41. Simms, B. A. & Zamponi, G. W. Neuronal voltage-gated calcium channels: structure, function, and dysfunction. Neuron 82, 24–45 

(2014).
42. Connolly, S. F. & Kusner, D. J. The regulation of dendritic cell function by calcium-signaling and its inhibition by microbial 

pathogens. Immunol. Res. 39, 115–127 (2007).
43. Michiels, C. Physiological and pathological responses to hypoxia. Am J Pathol 164, 1875–1882 (2004).
44. Feraille, E. & Doucet, A. Sodium-potassium-adenosinetriphosphatase-dependent sodium transport in the kidney: hormonal 

control. Physiol Rev 81, 345–418 (2001).
45. Rajasekaran, S. A. et al. Na, K-ATPase activity is required for formation of tight junctions, desmosomes, and induction of polarity 

in epithelial cells. Mol Biol Cell 12, 3717–3732 (2001).
46. Rajasekaran, S. A. et al. Na, K-ATPase beta-subunit is required for epithelial polarization, suppression of invasion, and cell motility. 

Mol Biol Cell 12, 279–295 (2001).
47. Sznajder, J. I. Strategies to increase alveolar epithelial fluid removal in the injured lung. Am J Respir Crit Care Med 160, 1441–1442 

(1999).
48. Zanoni, I. & Granucci, F. Regulation of antigen uptake, migration, and lifespan of dendritic cell by Toll-like receptors. J Mol Med 

(Berl) 88, 873–880 (2010).
49. Jaitovich, A. & Bertorello, A. M. Intracellular sodium sensing: SIK1 network, hormone action and high blood pressure. Biochim 

Biophys Acta 1802, 1140–1149 (2010).
50. Herzig, M. C. et al. LRRK2 protein levels are determined by kinase function and are crucial for kidney and lung homeostasis in mice. 

Hum Mol Genet 20, 4209–4223 (2011).
51. Schmid, E. et al. Serum- and glucocorticoid-inducible kinase 1 sensitive NF-kappaB signaling in dendritic cells. Cell Physiol Biochem 

34, 943–954 (2014).
52. Yang, W. et al. Akt2- and ETS1-dependent IP3 receptor 2 expression in dendritic cell migration. Cell Physiol Biochem 33, 222–236 

(2014).
53. Hosseinzadeh, Z. et al. The Role of Janus Kinase 3 in the Regulation of Na(+ )/K(+ ) ATPase under Energy Depletion. Cell Physiol 

Biochem 36, 727–740 (2015).
54. Gu, S. et al. Membrane androgen receptor down-regulates c-src-activity and beta-catenin transcription and triggers GSK-3beta-

phosphorylation in colon tumor cells. Cell Physiol Biochem 34, 1402–1412 (2014).
55. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res 29, e45 (2001).
56. Almilaji, A. et al. Regulation of the voltage gated K channel Kv1.3 by recombinant human klotho protein. Kidney Blood Press Res 39, 

609–622 (2014).
57. Yan, J. et al. Impact of Janus Kinase 3 on Cellular Ca Release, Store Operated Ca(2+ ) Entry and Na(+ )/Ca(2+ ) Exchanger Activity 

in Dendritic Cells. Cell Physiol Biochem 36, 2287–2298 (2015).

Acknowledgements
This work was supported by the Deutsche Forschungsgemeinschaft DFG (SFB 766; GRK 1302/1, LA 315-15) to  
F. Lang and by the Michael J. Fox Foundation for Parkinson Research to C. A. Wagner. Technical help: The authors 
gratefully acknowledge the technical assistance of E. Faber and Melanie Hauth and the meticulous preparation of 
the manuscript by Tanja Loch and Lejla Subasic.

Author Contributions
Study design: Z.H. and F.L. Performed Experiments: Z.H. and Y.S. Analysis: Z.H., Y.S., D.R.S., H.P. and C.A.W., 
Manuscript drafting: Z.H., Y.S. and F.L. Critical discussion: All authors contributed to the construction, writing 
and editing of the manuscript.

Additional Information
Competing financial interests: D.R.S. is an employee of Novartis Pharma AG. All other authors declare no 
competing financial interests.

How to cite this article: Hosseinzadeh, Z. et al. Leucine-Rich Repeat Kinase 2 (Lrrk2)-Sensitive Na+ /K+  
ATPase Activity in Dendritic Cells. Sci. Rep. 7, 41117; doi: 10.1038/srep41117 (2017).



www.nature.com/scientificreports/

9Scientific RepoRts | 7:41117 | DOI: 10.1038/srep41117

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017


	Leucine-Rich Repeat Kinase 2 (Lrrk2)-Sensitive Na+/K+ ATPase Activity in Dendritic Cells
	Results
	Discussion
	Materials and Methods
	Ethics Statement. 
	Mice. 
	Cell Culture. 
	Flow cytometry. 
	Real-time PCR. 
	Patch clamp. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  Na+/K+ -ATPase currents in Lrrk2−/− and Lrrk2+/+ DCs.
	Figure 2.  Sensitivity of Na+/K+ -ATPase currents in Lrrk2+/+ DCs to Lrrk2-inhibitor GSK2578215A.
	Figure 3.  Lrrk2-dependent regulation of Na+/K+ -ATPase α1-subunit transcript and protein levels in Lrrk2−/−DCs and Lrrk2+/+ DCs.
	Figure 4.  Lrrk2-dependent Na+/K+ -ATPase α1-subunit transcript and protein levels in Lrrk2+/+ DCs without or with prior pharmacological inhibition of Lrrk2.


