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Abstract 

Autosomal dominant pathogenic mutations in Leucine‑rich repeat kinase 2 (LRRK2) cause Parkinson’s disease (PD). 
The most common mutation, G2019S‑LRRK2, increases the kinase activity of LRRK2 causing hyper‑phosphorylation 
of its substrates. One of these substrates, Rab10, is phosphorylated at a conserved Thr73 residue (pRab10), and is one 
of the most abundant LRRK2 Rab GTPases expressed in various tissues. The involvement of Rab10 in neurodegenera‑
tive disease, including both PD and Alzheimer’s disease makes pinpointing the cellular and subcellular localization 
of Rab10 and pRab10 in the brain an important step in understanding its functional role, and how post‑translational 
modifications could impact function. To establish the specificity of antibodies to the phosphorylated form of Rab10 
(pRab10), Rab10 specific antisense oligonucleotides were intraventricularly injected into the brains of mice. Further, 
Rab10 knock out induced neurons, differentiated from human induced pluripotent stem cells were used to test 
the pRab10 antibody specificity. To amplify the weak immunofluorescence signal of pRab10, tyramide signal amplifi‑
cation was utilized. Rab10 and pRab10 were expressed in the cortex, striatum and the substantia nigra pars compacta. 
Immunofluorescence for pRab10 was increased in G2019S‑LRRK2 knockin mice. Neurons, astrocytes, microglia and oli‑
godendrocytes all showed Rab10 and pRab10 expression. While Rab10 colocalized with endoplasmic reticulum, 
lysosome and trans‑Golgi network markers, pRab10 did not localize to these organelles. However, pRab10, did overlap 
with markers of the presynaptic terminal in both mouse and human cortex, including α‑synuclein. Results from this 
study suggest Rab10 and pRab10 are expressed in all brain areas and cell types tested in this study, but pRab10 
is enriched at the presynaptic terminal. As Rab10 is a LRRK2 kinase substrate, increased kinase activity of G2019S‑
LRRK2 in PD may affect Rab10 mediated membrane trafficking at the presynaptic terminal in neurons in disease.
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Introduction
Parkinson’s disease  (PD) is the most common neurode-
generative motor disease  characterized by Lewy bod-
ies and loss of dopaminergic neurons  in  the  substantia 
nigra pars compacta (SNc) [4, 52, 76].  Mutations  in the 
LRRK2 gene are the most common genetic cause of PD. 
The G2019S-LRRK2 mutations accounts for 30–41% 
of  all  familial cases, and 10% of sporadic PD [23, 31, 
38, 39, 57, 58, 68, 99]. A previous study by our group 
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showed that LRRK2 is expressed in the cortex, SNc, and 
in the striatum of the rodent brain particularly in layer 
V pyramidal neurons in the cortex, and spiny projec-
tion neurons in the striatum [73, 90]. Most mutations in 
LRRK2 increase its kinase activity, increasing phospho-
rylation of a broad subset of Rab GTPases [79].  Rab10 
in particular has been validated in multiple studies as 
a substrate for LRRK2 which phosphorylates threo-
nine 73 (pT73Rab10) in the switch II domain involved 
in effector binding [78, 79]. Rab10 has been implicated 
in  maintaining ER morphology,  ciliogenesis, as well as 
various  steps of membrane trafficking pathways such as 
vesicle targeting from Golgi  to plasma membrane, recy-
cling endosomes, and autophagy pathways [17, 18, 29, 40, 
42, 67, 70, 87]. Rab10 also plays a critical role in devel-
opment as evidenced by  the lethality of a Rab10 double 
knock out  in mice [45]. In neurons,  Rab10 is involved 
in polarization,  dendrite arborization, and anterograde 
transport of vesicles along the axon. Additionally, Rab10 
is involved in recycling of AMPA receptors at the syn-
apse [14, 21, 43, 88, 93].  In astrocytes and cholinergic 
interneurons, pRab10 inhibits ciliogenesis and disrup-
tions in sonic hedgehog signaling [15, 30].

In recent years,  the role of Rab10 has  gained more 
interest in PD as well as Alzheimer’s disease [3, 19].  In 
Alzheimer’s disease, a variant in the Rab10 genomic 
sequence confers protection [83]. Levels of Rab10 are 
higher in the brains of AD patients compared to healthy 
controls, and reduced expression of Rab10 decreases lev-
els of Aβ42 in animal models of AD [64]. pRab10 local-
izes to neurofibrillary tangles in the hippocampus of AD, 
Down syndrome, and Progressive Supranuclear Palsy [64, 
94]. In PD, levels of pRab10 are high in human induced 
pluripotent stem cells (iPSCs), human induced neurons 
(iNs), and neutrophils [3, 19, 20].

Despite diverse roles in neuronal function and involve-
ment in neurodegenerative diseases,  it is not known in 
detail where Rab10 and pRab10 are localized in the brain, 
likely because of its relatively low expression levels [41]. 
To understand the role of Rab10 in PD and in other neu-
rodegenerative  diseases,  it  is  important to characterize 
the localization of Rab10 and pRab10 in relevant  brain 
areas  and in different cell types in the brain. In this 
study we characterized  Rab10 and pRab10 localization 
at the cellular and subcellular level. We found Rab10 and 
pRab10 localized to most neuron and glial cell types in 
the cortex, striatum and midbrain. At a subcellular level, 
Rab10 localized to the ER, Golgi, and late endosomes, 
while pT73Rab10 did not overlap with markers of these 
organelles. Rather, pRab10 was enriched in the presynap-
tic terminal in both mouse and human cortex. Thus, our 
findings suggest a role for phosphorylation of Rab10 by 
LRRK2 in presynaptic vesicle traffic.

Materials and methods
Animals
All animal protocols were approved by our Univer-
sity’s Institutional Animal Care and Use Committee. 
Mice were on a 12-h light/dark cycle and had ad  libi-
tum access to food and water. C57BL/6J mice (Jackson 
labs), G2019S-LRRK2 knock in mice (Jackson labs, strain 
030961) on a C57BL/6J background and littermate wild 
type (WT) controls were used in this study [95]. Both 
male and female mice were used in this study.

Rab10 ASOs
ASOs were synthesized as previously described [81] 
as 20-mer gapmer phosphorothioate oligonucleotides 
with 2′-MOE groups at positions 1–5 and 15–20. The 
sequence of Rab10 ASO1 is:GToTToCAG GAT ATGATm-
CoGoGmCT, the sequence of Rab10 ASO2 is: TmCom-
CGoAAA TAT GTG GTA oGoTAmC.:Control ASO is: 
AAoToGomCTTTmCATAAmCTTomComCAmC. The 
linkages marked “o” represent the normal phosphodies-
ter (PO), and “mC” represent the 5-methlcystosine. The 
knock down effect of Rab10 ASO 1 and Rab10 ASO 2 
on Rab10 and pRab10 expression was comparable in 
immunoblot experiments using mouse brain samples 
(Additional file1 a,b,c,d) therefore, performed all the 
experiments using Rab10 ASO1.

Injections
At 3–4  months of age, C57BL/6J WT mice received 
intraventricular injections with control and Rab10 spe-
cific ASOs (Rab10 ASO 1 and Rab10 ASO 2). Mice were 
deeply anesthetized with vaporized isoflurane on a ste-
reotactic frame. Mice were then injected with 10 µL of 
30 µg/µL (in sterile PBS, total 300 µg) control and Rab10 
ASOs using the coordinates + 0.2 mm AP, + 1.0 mm ML, 
−2.4 mm DV. Solutions were injected at a constant rate 
of 0.5 µL/min; once injection was complete, the needle 
was left in place for 5 min and then slowly withdrawn.

Antibodies
Rab10 (4262S, Cell Signaling Technology) for immunob-
lot, Rab10 (ab237703, Abcam) for immunofluorescence, 
pRab10 for immunoblot (ab230261, Abcam), pRab10 
for immunofluorescence (ab241060, Abcam), Hsc70 
(ab19136, Abcam), α-Tubulin (SC23948, Santa Cruz Bio-
technology), parvalbumin, (NBP2-50036, NovusBio), 
NeuN (MAB377, Millipore), SATB2 (ab51502 Abcam), 
calretinin (MAB1568, Millipore), DARPP32 (MAB4230, 
R&D Systems), ChAT (NBP2-46620, NovusBio), DAT 
loop (6-8D6 Santa Cruz Biotechnology), tyrosine hydrox-
ylase (TH) (ab76442, Abcam), CD68 (NBP2-33337SS, 
NovusBio), GFAP (AB5541, Millipore), Olig2 (MABN50 
Millipore), KDEL receptor (sc-58774, Santa Cruz 
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Biotechnology), TGN46 (MA3-063, ThermoFisher), 
LAMP1 (1D4B, DHSB), EEA1 (NBP2-36568, NovusBio), 
α-Synuclein (610786, BD Transduction Lab), Synuclein 
(ab51252, Abcam), VAMP2 (104 211, Synaptic Systems), 
Homer1 (160 006 Synaptic Systems), Rab8a (ab188574).

Primary corticostriatal neuron culture and Rab10 ASO 
treatment
Primary corticostriatal neuron culture from E17-E18 
mouse embryo was performed as described previously 
[85]. Cells were grown in a six well plate in 37  °C incu-
bator with 5%  CO2 and 95% humidity. Neurons were 
treated with Rab10 ASO-1 and control ASO at 3 µM final 
concentration at DIV1. At DIV 14, cells were scraped 
using lysis buffer containing 1% Triton X-100 (Tx-100), 
protease and phosphatase inhibitor in 1 × Tris Buffered 
Saline (TBS) (20 mM Tris, 150 mM NaCl, pH 7.4) at 4 °C. 
The TX-100 fraction was used for immunoblots.

Immunoblotting
Mice were anesthetized using isoflurane and transcardi-
ally perfused using 0.9% saline, 10 U/mL heparin, and 
0.5% w/v sodium nitroprusside. Brains were removed 
and the cortex, midbrain and striatum were isolated and 
flash frozen using methyl butane and dry ice and stored 
at −80  °C. Samples were homogenized using sonication 
(Fisher dismembrator Model 120, 30% amplitude 2 s on, 
2 s off for 15–45 s) in lysis buffer containing 1% TX-100, 
protease and phosphatase inhibitor in 1 × tris buffered 
saline (TBS) (20 mM Tris, 150 mM NaCl, pH 7.4) at 4 °C. 
After lysing, samples were spun for 10 min at 4 °C 1000×
g. The supernatant was diluted into Laemmli buffer with 
5% fresh dithiothreitol added. Samples were resolved 
on 12% SDS-PAGE and transferred to PVDF membrane 
(Millipore) at 85  V at 4  °C for 90  min using transfer 
buffer (Tris 25 mM, glycine 192 mM, 20% methanol, pH 
8.3). Most blots were blocked using 5% non-fat dry milk 
in TBS room temperature. pRab10 blots were blocked 
using “Every Blot” blocking buffer (BioRad 12010020). 
After blocking, blots were incubated at 4  °C overnight 
with primary antibodies in blocking buffer. pRab10 blots 
were incubated with primary antibodies diluted in signal 
booster kit solution 1 (Fisher 40-720-71KIT). After incu-
bation, blots were washed three times with TBS/0.1% 
Tween (TBST) and further incubated for 1  h at room 
temperature in HRP-conjugated secondary antibody in 
blocking solution. pRab10 blots were incubated with 
secondary antibodies diluted in signal booster kit solu-
tion 2 (Fisher 40-720-71KIT). Following three rinses with 
TBST, blots were incubated in enhanced chemilumines-
cence Western Blotting Substrate (Thermofisher) at room 
temperature and developed using X-ray film.

Immunofluorescence in mouse brain
Three to four month old mice were anesthetized with 
isoflurane and transcardially perfused using 0.9% saline, 
10U/mL heparin, and 0.5% w/v sodium nitroprusside 
followed by cold 4% paraformaldehyde in phosphate 
buffered saline (PBS). Brains were postfixed in 4% PFA 
in PBS for 16 h at 4 °C, followed by 30% sucrose in PBS 
for 24–48 h for cryoprotection. Brains were snap frozen 
using 2-methyl butane and dry ice to lower the tempera-
ture up to −35 °C and after freezing, brains were stored 
at −80 °C until sectioned coronally at 40 µm thickness on 
a freezing microtome, then stored at −20 °C in cryopro-
tectant buffer (50% glycerol, 0.01% sodium azide in TBS). 
For immunofluorescence, sections were rinsed three 
times in TBS at room temperature followed by incuba-
tion in antigen retrieval solution (10 mM sodium citrate, 
0.05% Tween-20, pH 6) at 37  °C for 1  h. Sections were 
rinsed three times in TBS and blocked using 5% normal 
goat serum (Equitech-Bio Inc) with 0.1% TX-100 in TBS 
for 1  h at 4  °C. After blocking, sections were incubated 
in primary antibody solution in 5% normal goat serum in 
TBS at 4 °C overnight. After three rinses in TBS, sections 
were incubated in appropriate Alexa-conjugated second-
ary antibodies (Invitrogen) diluted in blocking solution 
for 1  h at room temperature. After secondary antibody 
incubation, sections were washed three times in TBS and 
mounted using ProLong Gold.

Tyramide signal amplification
For tyramide signal amplification (TSA) immunofluo-
rescence, mouse brain sections were rinsed three times 
in TBS at room temperature and treated with 3%  H2O2 
solution (diluted in TBS) for 10 min at room temperature. 
After three rinses in TBS, sections were incubated in 
antigen retrieval solution (10 mM sodium citrate, 0.05% 
Tween-20, pH 6) at 37  °C for 1  h. Sections were rinsed 
three times in 1X TBS and blocked using 5% normal 
goat serum (Equitech-Bio Inc) with 0.1% TX-100 in 1X 
TBS for 1 h at 4  °C. After blocking, sections were incu-
bated in pRab10 primary antibody solution in 5% normal 
goat serum in TBS at 4  °C overnight. After three rinses 
in TBS, sections were incubated in appropriate Alexa-
conjugated secondary antibodies (Invitrogen) in addition 
to goat anti-rabbit 1 × HRP polymer antibody solution 
provided with tyramide kit (B40953, Thermo Fisher), 
for 1 h at room temperature. Sections were rinsed three 
times in TBS, and incubated with Alexa Fluor 488 tyra-
mide reagent diluted in 3%  H2O2 solution in TBS buffer 
for 10 min. The reaction was quenched using stop buffer 
provided in the tyramide kit for one minute at room 
temperature and rinsed in TBS. Sections were mounted 
using ProLong Gold.
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Human brain sections and immunofluorescence
The human brain sections were from the Department of 
Neuropathology, Banner Sun Health Research Institute. 
The brain sections were from temporal cortex of three sub-
jects, one male and two females, ages > 69 years old. Neu-
ropathologic analyses confirmed the brains to be free from 
neuritic plaques, neurofibrillary tangles, and Lewy pathol-
ogy. For tyramide immunofluorescence staining, human 
brain sections were rinsed three times in PBS at room 
temperature and treated with 3%  H2O2 solution (diluted in 
PBS) for 10 min at room temperature. After three rinses in 
PBS, sections were incubated in antigen retrieval solution 
(10 mM sodium citrate, 0.05% Tween-20, pH 6) at 37 °C for 
1 h. Sections were rinsed three times in 1X PBS and blocked 
using 5% normal goat serum (Equitech-Bio Inc) with 0.1% 
TX-100 in 1X PBS for 2 h at 4 °C. After blocking, sections 
were incubated in primary antibody solution in 5% normal 
goat serum in PBS at 4 °C overnight. After three rinses in 
PBS, sections were incubated in appropriate Alexa-conju-
gated secondary antibodies (Invitrogen) in addition to goat 
anti-rabbit 1 × HRP polymer antibody solution provided 
with tyramide kit (B40953, Thermo Fisher), for 2 h at room 
temperature. Sections were rinsed three times in PBS and 
incubated with Alexa Fluor 488 tyramide reagent diluted in 
3%  H2O2 solution in PBS buffer for 10 min. The reaction 
was quenched using stop buffer provided in the tyramide 
kit for one minute at room temperature and rinsed in PBS. 
Sections were mounted using ProLong Gold.

Confocal microscopy and image quantitation
Mouse brain sections were imaged using a Nikon A1 
laser scanning confocal microscope. At least three images 
per brain section were obtained from three brain sec-
tions from three independent mice. ImageJ software was 
used for image processing. Colocalization analysis was 
performed using JACoP plugin in ImageJ. JACoP plugin 
was run using manual threshold to visualize the appro-
priate florescence intensity of the sample. The Mander’s 
colocalization coefficient (MCC) output from JACoP 
plugin was plotted using GraphPad Prism 9 software. For 
presynaptic and postsynaptic distance measurement syn-
apses were identified using a presynaptic marker VAMP2 
and postsynaptic marker Homer1 in a juxtaposed posi-
tion in one plane. For distance measurements, ImageJ 
software was used to draw a perpendicular line across 
pre- and post-synapse and plot profile tool was used to 
generate a distance profile to calculate a relative distance 
between pre- and post-synaptic marker.

Rab10 knock out culture and immunofluorescence
Rab10 knockout (KO) and WT human cortical iNs were 
provided by Dr. Matthew J. LaVoie. These cells were 
grown and differentiated into neurons with a neurogenin2 

(NGN2)-induced differentiation protocol as described 
previously [33, 69]. In brief, following differentiation, fro-
zen day 4 induced neurons were provided on dry ice by 
the LaVoie lab. Rab10 KO and WT cells were grown and 
maintained in 24-well plates with glass coverslips at a den-
sity of 100 k cells per well. Cells were grown for 12 days 
at 37 °C and 5% CO2, with greater than 95% humidity, in 
a cell culture incubator. Cells were revived and grown in 
neurobasal media supplemented with (dextrose 0.3%, glu-
tamine 1%, non-essential amino acids 0.5%, B27 supple-
ment 2%, BDNF (10  ng/mL), GDNF (10  ng/mL), CNTF 
(10  ng/mL), puromycin 10  µg/mL, doxycycline (2  µg/
mL), ROCK inhibitor (10 µM)). Next day, exchange neu-
robasal media with all supplements (added 0.5 µM cyta-
rabine) without ROCK inhibitor. Until day 10, every other 
day a half media change was performed. Day 11 complete 
neuronal media change was performed with all supple-
ments without puromycin and doxycycline. At day 13, 
cells were fixed with 4% PFA for 15 min at room tempera-
ture and immunofluorescence was performed. After fix-
ing, cells were washed four times with 0.05% saponin in 
1 × PBS and blocked using blocking solution (3% bovine 
albumin serum + 0.05% saponin in 1 × PBS) for 30 min at 
room temperature. After blocking, cells were incubated 
in pRab10 and VAMP2 primary antibodies in blocking 
solution at 4  °C overnight. Next day, after four rinses in 
0.05% saponin/PBS, cells were incubated in anti-mouse 
Alexa555-conjugated secondary antibodies (Invitrogen) 
in addition to goat anti-rabbit 1 × HRP polymer antibody 
solution provided with tyramide kit (B40953,Thermo 
Fisher), for 1  h at room temperature. Cells were rinsed 
four times in 0.05% saponin solution and incubated with 
Alexa Fluor 488 tyramide reagent diluted in 3%  H2O2 
solution in TBS buffer for 10  min. The reaction was 
quenched using stop buffer provided in the tyramide 
kit for one minute at room temperature and rinsed in 
1 × PBS. Cells were mounted using ProLong Gold.

Statistics
All statistical analyses were performed using Graph-Pad 
Prism software. The following tests were performed: two-
tailed Welch’s t-test, two-tailed Mann Whitney test, two-
tailed Nested t-test, or one-way ANOVA using Dunnett’s 
multiple comparisons test. The data was plotted as mean 
with standard error of the mean. The significance value of 
the analyses was indicated in the p value. Each statistical 
analysis test is mentioned in the respective results sec-
tion and in the figure legend.

Results
Validation of Rab10 and pRab10 antibodies in mouse brain
To validate the specificity of Rab10 and pRab10 anti-
bodies,  Rab10 and control ASOs were injected 
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Fig. 1 Validation of Rab10 and pRab10 antibodies in the brain using Rab10ASOs C57BL/6JWT mice were intracerebroventricularly injected with control 
and Rab10 ASO1 to confirm the specificity of the Rab10 and pRab10 antibodies. a Immunoblot of Rab10 in Rab10 ASO (Rab10 ASO1) and control 
ASO injected brain samples for cortex, midbrain and striatum. Hsc70 was used as a loading control. b Quantitation of Rab10 protein and normalization 
with the loading control, Hsc70, showed reduction of Rab10 in brain regions from the Rab10 ASO1 injected mouse (gray bar) compared to control 
ASO (black bar) in the cortex (p value = 0.002), midbrain (p value = 0.04) and in the striatum (p value = 0.06). Nonparametric Mann–Whitney test 
was run for statistical analyses (n = 6 biologically independent samples). c Immunoblots showed reduction of pRab10 in Rab10 ASO injected brain 
samples (Rab10 ASO1) compared to control ASO injected in brain samples in the cortex, midbrain and striatum. Hsc70 was used as a loading control. 
d Quantitation of pRab10 protein and normalization with the loading control, Hsc70, showed reduction of pRab10 in the Rab10 ASO1 injected 
mouse samples (gray bar) compared to control ASO injected mouse samples (black bar) in the cortex (p value = 0.004), midbrain (p value = 0.002) 
and in the striatum (p value = 0.004). Nonparametric Mann–Whitney test was run for statistical analyses (n = 6 biologically independent samples). e 
Immunofluorescence staining for pRab10 (green) in the striatum showed a reduction of pRab10 in the Rab10 ASO injected mice compared to control 
ASO injected mice. NeuN (red) immunofluorescence is used to help visualize location on neuronal nuclei and comparable staining in the brain area. 
Scale bar = 500 µm. All images were captured at the same laser power, gain and offset. f The zoom image shows pRab10 (green) reduction in the Rab10 
ASO injected sample compared to control ASO sample. Scale bar = 200 µm. g Normalization of pRab10 integrated density immunofluorescence 
signal with NeuN signal and quantitation using nested independent t‑test showed a significant reduction (p value = 0.0008) in the Rab10 ASO injected 
samples (gray bar) compared to control samples (black bar) (n = 3 biologically independent samples)
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intracerebroventricularly into C57BL/6J mice  to knock-
down levels of Rab10 and pRab10.  One-month  post-
injection, mice were perfused with saline, and  the brain 
was dissected to isolate cortex,  midbrain,  and striatum 
regions  for immunoblots  using antibodies to Rab10 
(4262S, CST) and pRab10 (ab230261, Abcam). Immuno-
blots showed that Rab10 and pRab10 levels were reduced 
in Rab10 ASO1 injected brain samples compared to con-
trol ASO samples (Fig.  1a, c).  Quantification of Rab10 
immunoblots showed significant reductions of Rab10 in 
the cortex (p value = 0.002), midbrain (p value = 0.04), 
and in the striatum (p value = 0.06) (Fig.  1b). Similarly, 
pRab10 levels were significantly reduced in the cortex 
(p value = 0.004), midbrain (p value = 0.002), and in the 
striatum (p value = 0.004) in Rab10 ASO1 injected mice 
compared to control ASO injected mice (Fig. 1d).

The pRab10 antibody was also tested for immunofluo-
rescence in brain sections. To overcome the weak immu-
nofluorescence signal for pRab10 when using standard 
AlexaFluor-conjugated antibodies, we utilized the tyra-
mide signal amplification technique to increase specific 
pRab10 staining. Tyramide reacts with horseradish per-
oxidase to deposit fluorescent molecules near a target 
protein. This technique combined with citric acid antigen 
retrieval resulted in detection of pRab10 signal in brain 
sections. To  confirm the specificity of the pRab10 anti-
body (ab241060, Abcam),  recommended  for immuno-
fluorescence,  a separate cohort of C57BL/6J mice were 
injected intracerebroventricularly with Rab10 ASO1 
and control ASO for immunofluorescence experiments. 
Quantitation of pRab10 immunofluorescence signal was 
performed using ImageJ software. pRab10 fluorescence 
integrated density was normalized with NeuN integrated 
density and the pRab10 normalized integrated density 
was plotted and analyzed using Graph-Pad Prism using 
two tailed Nested t-test. Data analysis showed a signifi-
cant reduction (p value = 0.0008, N = 9, three brain sec-
tions from three mice for each condition of pRab10 in 
Rab10 ASO1 injected mice compared to control ASO 
injected mice (Fig. 1e, f, g).

To further confirm the Rab10 ASO specificity, pri-
mary corticostriatal neurons were treated with control 

and Rab10 ASOs as described in the methods section. 
Immunoblots for Rab8a normalized signal with Hsc70 
signal showed that there was no decrease in the Rab8a 
levels in Rab10 ASO treated samples compared to con-
trol ASO samples (Additional file 2 e, f ), indicating that 
the Rab10 ASO did not reduce Rab8a levels. The statis-
tical analysis using unpaired t-test with Welch’s correc-
tion shows no significant difference in the Rab8a level 
in the control ASO and Rab10 ASO treated samples (p 
value = 0.56). These same samples were tested for Rab10 
levels using immunoblots and the results showed there 
was a significant decrease in the Rab10 level in Rab10 
ASO treated condition compared to control ASO condi-
tion (p value = 0.0001, N = 3) (Additional file 2 e, g).

Because the G2019S-LRRK2 mutation increases 
LRRK2 kinase activity [41, 78, 91], immunofluores-
cence for pRab10 was performed using G2019S-LRRK2 
knockin (KI) mice compared to WT littermates. Immu-
nofluorescence of pRab10 was quantified in the striatum 
because LRRK2 is highly expressed in this brain region 
[90]. For these experiments, the integrated density of the 
pRab10 fluorescence was calculated using ImageJ soft-
ware and normalized with NeuN. Indeed, the two tailed 
Nested t-test analysis shows that pRab10 immunofluo-
rescence was significantly higher in G2019S-LRRK2 KI 
striatum compared to WT controls (p value = 0.0042, 
N = 6, two brain sections from three mice for WT and 
G2019S-LRRK2 KI) (Additional file  1 e, f, g). Due to 
prior reports showing that Rab10 knockout (KO) mice 
are embryonic lethal [45], Rab10 KO induced neurons 
from human iPSCs were used to confirm the specific-
ity of the pRab10 antibody. These cells were induced to 
differentiate into neurons as reported [33, 47, 69] and 
immunofluorescence experiments were performed using 
the pRab10 antibody. In the WT iNs, pRab10 showed 
punctate immunofluorescence with some overlap with 
the presynaptic marker, VAMP2. In the Rab10 KO iNs, 
although there was some  signal, in any given area of 
the confocal image, the signal in Rab10 KO was far less 
compared to WT cells (Additional file 2 a, b). To evalu-
ate if the tyramide signal amplification contributed any 
background signal, immunofluorescence experiments 

(See figure on next page.)
Fig. 2 Localization of Rab10 and pRab10 in excitatory neurons and interneurons the cortex. C57BL/6JWT mice at 3–4 months age were used 
for immunofluorescence localization in the cortex. a Rab10 (green) was present in all cortex layers. SATB2, a marker for excitatory neurons, 
was visualized in red. The merged image showed Rab10 (green) was localized in SATB2 positive excitatory neurons expressing neurons. Scale 
bar = 50 µm. b Rab10 (green) was localized in SATB2 (red) expressing excitatory neurons. Scale bar = 50 µm. c pRab10 (green) was present in all 
cortex layers. SATB2 (red) was expressed in expressed in all cortex layers except layer I and merged image shows pRab10 (green) is localized 
in SATB2 (red) expressing neurons. Scale bar = 50 µm. d High magnification image showed that pRab10 (green) was enriched in SATB2 (red) 
expressing excitatory neurons. Scale bar = 50 µm. e A representative high magnification image showed Rab10 is expressed in calretinin expressing 
inhibitory neurons indicated by arrows. Scale bar = 50 µm. f A representative high magnification image shows pRab10 was expressed in calretinin 
expressing inhibitory neurons indicated by arrows. Scale bar = 50 µm. (n = 3 biologically independent mouse brain samples)
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were performed with or without the pRab10 antibody 
with all other steps held constant. In the experimental 
condition, the pRab10 primary antibody was used and 
in the control condition, no pRab10 antibody was added 
after the blocking step. All other reagents including the 
HRP-conjugated secondary, tyramide reagent and other 
secondary antibodies were used. Results from the “no-
pRab10” antibody condition show that there is minimal 
background signal without primary antibody (Additional 
file 2 d) compared to pRab10 antibody condition (Addi-
tional file 2 c). This allows us to interpret the signal that 
is present as specific to the pRab10 antibody and not an 
artifact of the amplification (Additional file 2 a, c).

Rab10and pRab10 localization in cortex
Immunofluorescence for Rab10 and pRab10 was per-
formed using cortical sections from C57BL/6J WT mice 
to determine the pattern of expression in the cortex. 
Rab10 and pRab10 were present in soma and diffuse neu-
ropil in all cortical layers (Fig. 2a, c). Immunofluorescence 
for special AT-rich  sequence binding protein2 (SATB2), 
a marker of excitatory neurons [27], was present in all 
layers except for layer 1 which is mostly composed of 
dendrites and axons (Fig.  2 a, c). Higher magnification 
images show that Rab10 (Fig.  2b) and pRab10 (Fig.  2d) 
were enriched in SATB2 expressing excitatory neurons in 
the cortex (Fig. 2b, d). Rab10 and pRab10 are also present 
in inhibitory neurons, detected by calretinin as a marker 
(Fig. 2e, f ).

Rab10 and pRab10 expression in striatum
A previous study from our lab showed that LRRK2 is 
expressed in striatal spiny projection neurons (SPNs) 
which comprise 95 to 98% of neurons in the striatum [22, 
56]. Rab10 is a LRRK2 kinase substrate [79], therefore, 
immunofluorescence was performed to see if Rab10 and 
pRab10 are present in SPNs. Rab10 and pRab10 immuno-
fluorescence overlapped with the SPN marker, DARPP32, 
indicated by arrows (Fig. 3a, b) Other than SPNs, Rab10 
and pRab10 were also present in GABAergic interneu-
rons, which make up 2–3% of cells in the striatum [66] 
Rab10 and pRab10 colocalized with parvalbumin-posi-
tive interneurons, in the striatum indicated by arrowhead 

(Fig.  3a, b). Rab10 and pRab10 immunofluorescence 
also overlapped with choline acetyltransferase (ChAT), 
a marker of cholinergic interneurons (Fig.  3c, d), which 
make up about 1.7% of the cell population in the rat stria-
tum [1, 9, 61, 65, 82].

Rab10 and pRab10 expression in SNc
As dopaminergic cell loss in  SNc  is  a  hallmark  of  PD 
pathology, and mutant LRRK2 causes PD,  it is impor-
tant  to  determine where LRRK2 substrates, Rab10 and 
pRab10 localize to the SNc. Immunofluorescence exper-
iments  were performed  in C57BL/6J WT mouse brain 
sections.  Low magnification images show that both 
Rab10 and pRab10 were expressed in the SNc (Fig. 4a, c). 
pRab10 also showed localization to dendrites from the 
SNc that extend into the substantia nigra pars reticulata 
(SNr). High magnification images  show that Rab10 and 
pRab10 immunofluorescence overlaps with dopaminer-
gic neuron markers, dopamine transporter (DAT)  and 
tyrosine hydroxylase (TH) immunopositive  neurons 
in the SNc (Fig. 4b, d). Therefore, Rab10 and pRab10 are 
expressed in SNc dopamine neurons that are susceptible 
in PD.

Expression of Rab10 and pRab10 in Glia cells
Glial  cells make  up roughly  half of the cells in the cen-
tral  nervous  system  (CNS) and LRRK2 has been shown 
to localize to microglia and astrocytes [30, 55, 80, 97]. 
To examine the expression of the LRRK2 substrate, 
Rab10, in  different  glial  cell  types,  immunofluorescence 
for Rab10 and pRab10 was performed  in WT C57BL/6J 
mouse brain sections from the cortex  using  differ-
ent glial cell markers. To examine the expression of Rab10 
and pRab10 in  microglia, double labeling immunofluo-
rescence was performed using an antibody to  CD68, 
a  LAMP (lysosome associated membrane protein) fam-
ily  member,  expressed in microglial cells (Fig.  5a, b). 
Additional file movie 4, 5 showed that Rab10 and pRab10 
are expressed in CD68 expressing microglia cells. Immu-
nofluorescence with an antibod.

y specific to GFAP, a marker for astrocytes,  revealed 
expression of Rab10 and pRab10 in  astrocytes (Fig.  5c, 
d). Three dimensional image analyses showed that Rab10 

Fig. 3 Rab10 and pRab10 immunofluorescence and confocal microscope images of C57BL/6J WT mouse brain striatum. a Rab10 (green) 
expression in DARPP32 (red) positive SPNs indicated by arrows, and parvalbumin (blue) positive interneurons indicated by arrowheads. Scale 
bar = 50 µm. b pRab10 (green) expression in DARPP32 (red) positive SPNs indicated by arrows and parvalbumin (blue) positive interneurons 
indicated by arrowheads. Scale bar = 50 µm. c A representative image shows Rab10 (green) expression in ChAT (red) positive interneurons 
in merged and higher magnification images indicated by arrows. Scale bar = 50, 10 µm. d A representative image shows pRab10 (green) expression 
in ChAT (red) positive interneurons in merged and higher magnification images indicated by arrows. Scale bar = 50, 10 µm. (n = 3 biologically 
independent mouse brain samples)

(See figure on next page.)
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and pRab10 were present  in  astrocytes (Additional file 
movie 6, 7).  Immunofluorescence with  an antibody to 
Olig2, a marker for oligodendrocytes, showed that Rab10 
and pRab10 both are also expressed in oligodendrocytes 
(Fig. 5e, f ). Thus, Rab10 and pRab10 are expressed in all 
main glia cell subtypes in the brain.

Rab10 and pRab10 in sub‑cellular compartments
To understand the involvement of Rab10 and pRab10 
in membrane trafficking in neurons,  it is important 
to know their localization to organelles at the subcellular 
level. Rab10 has been shown to localize at ER membranes 
and play a role in ER dynamics and maintaining morphol-
ogy [17]. Here, sections of the cortex were analyzed via 
immunofluorescence for different organelles using three 
mouse brains (three sections from each mouse). Immu-
nofluorescence data showed that Rab10 colocalizes with 
the ER marker, KDEL (Fig.  6a) but its phosphorylated 
form, pRab10, did not show a significant colocalization 
with KDEL (Fig. 6b). Mander’s colocalization coefficient 
(MCC) showed a significant overlap of Rab10 with KDEL 
(MCC = 0.196) compared to colocalization between 
pRab10 and KDEL (MCC = 0.0018, p = 0.001) suggest-
ing after phosphorylation, Rab10 does not localize to 
the ER membrane (Fig. 6c). In addition, previously it has 
been shown that Rab10 is involved recycling and present 
at the  trans-Golgi network (TGN) [12, 72]. In the pre-
sent study, Rab10  partially colocalized with TGN46, a 
TGN marker, (Fig.  6d), but  pRab10 did not show a sig-
nificant colocalization with  TGN46 (Fig.  6e). Quantita-
tion of colocalization showed a MCC = 0.056 for Rab10/
TGN46, compared to pRab10/TGN46 (MCC = 0.0001, 
p = 0.01) (Fig.  6f ). Furthermore, Rab10 partially colo-
calized with LAMP1, marker for late endosomes and 
lysosomes [37, 40] (Fig.  6g). However, again, there was 
not a significant pRab10 overlap with LAMP1 (Fig. 6h). 
Quantitation of colocalization of Rab10 with LAMP1 
showed an MCC = 0.035, compared to pRab10 and 
LAMP1 (MCC = 0.0003, p = 0.004) (Fig.  6i). Rab10 and 
pRab10 did not colocalize with early endosome marker, 
EEA1 (Fig.  6j, k) with MCC = 0.0003 for Rab10/EEA1, 
and MCC = 0.0002 for pRab10/EEA1. There was no sig-
nificant difference between MCC values (p = 0.4) (Fig. 6l).

Rab10 and pRab10 at the presynaptic terminal
LRRK2 localizes to and plays a role in synaptic vesicle 
trafficking [2, 10, 13, 49]. In addition, Rab10 has been 
shown to play a role in axonal anterograde traffic of vesi-
cles to the axon tip [14]. To determine whether Rab10 
and pRab10 localize to the presynaptic terminal or 
post-synaptic membrane, immunofluorescence was per-
formed with VAMP2 and Homer1, known presynaptic 
and postsynaptic markers, respectively from three mouse 
brains (three sections per mouse). Because of difficulties 
resolving the pre-synaptic terminal from the post-synap-
tic density, measuring the co-localization with VAMP2 
or Homer1 did not reveal any differences. We therefore 
determined the relative distance measurement between 
Rab10 and pRab10 and Vamp2 and Homer1 as previously 
using ImageJ plot profile tool [10]. To make sure the rela-
tive distance measurement was valid, a known presynap-
tic protein, α-synuclein, was used along with VAMP2 and 
Homer1. As expected, the relative distance measurement 
and quantitation shows that α-synuclein is more closely 
localized relative to VAMP2 (0.0467  µm distance) com-
pared to Homer1 (0.346 µm distance) (Additional file 3). 
Immunofluorescence showed that Rab10 overlapped 
with both VAMP2 and Homer1 (Fig. 7a). To confirm the 
closeness of the Rab10 with VAMP2 and Homer1 a rela-
tive distance measurement was performed. The distance 
measurement quantitation between Rab10-VAMP2 and 
Rab10-Homer1, shows that Rab10 is in close proximity 
with both VAMP2 (0.0373 µm) and Homer1 (0.0236 µm) 
(Fig.  7b). Interestingly, pRab10 mainly localized with 
presynaptic marker VAMP2, but not with the postsyn-
aptic marker Homer1 (Fig.  7c). Distance measurement 
and quantitation between pRab10-VAMP2 and pRab10-
Homer1shows that pRab10 is in relatively closer prox-
imity with VAMP2 (0.0353  µm) compared to Homer1 
(0.288  µm) (Fig.  7d), suggesting pRab10 localizes more 
closely to the presynaptic membrane rather than post-
synaptically. Similar quantitation was performed to find 
relative distance of Rab10 and pRab10 with α-synuclein, 
a presynaptic protein involved in PD. Immunofluores-
cence experiments and distance measurements show that 
both Rab10 and pRab10 localized with α-synuclein (Fig. 7 
e,f ). Quantitation of distance measurement indicates 

(See figure on next page.)
Fig. 4 Rab10 and pRab10 immunofluorescence and confocal microscopy images in C57BL/6J WT mouse SNc sections. a Low magnification 
confocal image shows Rab10 (green) is expressed in the SNc brain area, surrounded by a box. DAT (red) and TH (blue) immunofluorescence 
highlights the SNc brain and merged channel image shows Rab10 expression in this region. Scale bar = 500 µm. b Higher magnification 
image shows Rab10 (green) enrichment in DAT (red) and TH (blue) immuno‑positive cells in SNc, indicated by arrows Scale bar = 50 µm. c Low 
magnification confocal image shows pRab10 (green) is expressed in the SNc. DAT (red) and TH (blue) immunofluorescence to highlight the SNc 
and merged channel image shows pRab10 expression in this region Scale bar = 500 µm. d Higher magnification image shows pRab10 (green) 
enrichment in DAT (red) and TH (blue) immuno‑positive cells in the SNc indicated by arrows. Scale bar = 50 µm. (n = 3 biologically independent 
mouse brain samples)
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that Rab10 and pRab10 are in close proximity with 
α-synuclein as 0.0361  µm and 0.0347  µm respectively 
(Fig. 7g).

Finally, we examined pRab10 localization at the synapse 
in human brain temporal cortex. pRab10 showed overlap 
with presynaptic marker VAMP2 but not with Homer1, 
a postsynaptic marker (Fig.  7h). Distance measurement 
and quantitation of pRab10 with Vamp2 and Homer1 
showed that pRab10 localized more closely VAMP2 
(0.0283  µm) compared to Homer1 (0.383  µm) (Fig.  7i). 
Interestingly, pRab10 localization and its distance meas-
urement at the synapse in the human brain samples were 
similar to the results from the mouse brain cortex.

Discussion
Multiple studies show that a subset of Rab GTPases are 
LRRK2 kinase substrates, and LRRK2 can phosphorylate 
these Rab  GTPases in  vivo and in  vitro [41, 79]. Rab10 
specifically was identified as phosphorylated by LRRK2 
combining two independent genetic and chemical phos-
phoproteomic screens and has been validated in subse-
quent studies [19, 28, 32, 34, 35, 41, 79]. Furthermore, a 
variant of Rab10 was identified as potentially protective 
in Alzheimer’s disease [64]. Because of the relatively low 
expression of Rab10, we utilized tyramide signal ampli-
fication to increase the signal and better visualize locali-
zation of pRab10. To assess specificity of the pRab10 
antibody we performed Rab10 knock down experiments 
in the brain in vivo and utilized Rab10 KO iNs [47]. Our 
findings show that Rab10 and pRab10 are expressed in 
the cortex, striatum and SNc, brain regions involved in 
PD. Rab10 and pRab10 localize to excitatory neurons in 
the cortex, SPNs in the striatum, and dopaminergic neu-
rons in the SNc as well as GABAergic and cholinergic 
interneurons. At the subcellular level, we showed Rab10 
localized to the ER, TGN, and lysosomes, as expected, 
but pRab10 was not detectable in these organelles. 
pRab10, however, was detectable in a proportion of pre-
synaptic terminals.

The absence of pRab10 signal at ER, TGN and lys-
osomes could result from the rapid action of PPMIH 
which dephosphorylates Rabs phosphorylated by LRRK2 
[8]. At the presynaptic terminal however, our findings 
suggest that PPMIH activity is limited and that LRRK2-
mediated phosphorylation of Rab10 is important for syn-
aptic function. Multiple studies point to a role for LRRK2 
at the presynaptic terminal where it plays a role in release 
of dopamine from striato-nigral neurons, and glutamate 
from corticostriatal neurons [5, 6, 11, 50, 86, 92, 95]. 
LRRK2 activity plays a role in synaptic vesicle endocy-
tosis, activation of autophagy, and axonal transport of 
growth factor receptors [2, 7, 10, 24, 25, 36, 51, 59, 62, 
75, 77, 96]. In the context of increased LRRK2 activity in 
PD, aberrations in these functions could lead to reduced 
availability of synaptic vesicles for neurotransmission, 
accumulation of damaged proteins and organelles and 
impaired transport of growth factor signaling to the cell 
body; all of which could result in neurodegeneration. 
While Rab3a, which plays a well-established role in syn-
aptic vesicle endo-exocytosis is also phosphorylated by 
LRRK2, [16] our findings highlight a potentially impor-
tant role for LRRK2-phosphorylated pRab10 at the pre-
synaptic terminals.

Given the role of LRRK2 mutations in PD, in this study 
we  focused  on characterizing the  localization of Rab10 
and pRab10 in  mouse brain areas primarily  involved 
in PD pathology. We showed that Rab10 and pRab10 are 
expressed in striatum, cortex and SNc. The presence of 
Rab10 and pRab10 in the SNc and its enrichment in TH 
and DAT neurons indicate that it can play a role in these 
cells, which is important because loss of dopamine neu-
rons is responsible for some of the motor symptoms in 
PD. In addition to the SNc, the striatum plays a major 
role in controlling movement. We found that Rab10 and 
pRab10 are  both enriched in  the spiny projection neu-
rons of the striatum, consistent with a previous  study 
from our group showing that LRRK2 is enriched in these 
neurons, particularly in the striosomes [48]. pRab10 and 

Fig. 5 Rab10 and pRab10 immunofluorescence in Glia cell types. Confocal laser scanning microscopy images of C57BL/6J WT mouse brain 
sections from cortex. a A representative confocal image shows Rab10 (green) expression in CD68 (red) positive microglia cells shown in both the 
merged lower and higher magnification images indicated by arrow. Scale bar = 50, 5 µm. b A representative confocal image shows pRab10 (green) 
expression in CD68 (red) positive cells shown in both the merged lower and higher magnification images indicated by arrow. Hoechst 33,342 
staining (blue) shows the cell nucleus. Scale bar = 50, 5 µm. c A representative image shows Rab10 (green) expression in GFAP expressing astrocytes 
(red) shown in the merged lower and higher magnification images indicated by arrows. Hoechst 33,342 staining (blue) shows the cell nucleus. Scale 
bar = 20, 5 µm. d. A representative image shows pRab10 (green) expression in GFAP expressing astrocytes (red) shown in merged lower and higher 
magnification images indicated by arrows. Hoechst 33,342 staining (blue) shows the cell nucleus. Scale bar = 20, 5 µm. e A representative image 
shows Rab10 (green) expression in Olig2 expressing oligodendrocyte cells (red) shown in merged lower and higher magnification images indicated 
by arrows. Hoechst 33,342 staining (blue) shows the cell nucleus. Scale bar = 50, 5 µm. f A representative image shows pRab10 (green) expression 
in Olig2 expressing oligodendrocyte cells (red) shown in merged lower and higher magnification images indicated by arrows. Hoechst 33,342 
staining (blue) shows the cell nucleus. Scale bar = 50, 5 µm. (n = 3 biologically independent mouse brain samples)

(See figure on next page.)
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LRRK2 are also highly expressed in corticostriatal neu-
rons and LRRK2 has been shown in multiple studies to 
play an important role in corticostriatal neurotransmis-
sion which is critical for basal ganglia function [11, 26, 
48, 53, 54, 60, 63, 74, 90, 94]. Thus, future physiological 
studies on the role of LRRK2 and Rab10 in corticostriatal 
and SPN function will help understand the mechanisms 
by which aberrant LRRK2 activity contributes to PD.

Although interneurons only make up around 2–3% of 
the striatal cell population, they play an important role in 
modulating striatal transmission.  We tested Rab10 and 
pRab10 prevalence in parvalbumin, calretinin, and ace-
tylcholine expressing cells and found that they are pre-
sent in both subtypes of interneurons. Abnormal LRRK2 
kinase activity results in loss of primary cilia in these 
cholinergic interneurons [15, 30] and our data showing 
localization of pRab10 in these neurons helps support a 
role for pRab10 in suppressing ciliogenesis in response to 
hyperactive LRRK2 in cholinergic interneurons.

LRRK2 activity has been demonstrated in glial cells 
including astrocytes, microglia and oligodendrocytes [30, 
55, 97], identified with markers GFAP, CD68 and Olig2. 
We found that Rab10 and pRab10 are detected in micro-
glia,  astrocytes  and oligodendrocytes. In astrocytes, 
LRRK2 plays a role in ciliogenesis [15, 30, 35, 84]. Micro-
glia, the resident immune cells in the brain, also play a 
role in clearance of α-synuclein, a process which is regu-
lated by LRRK2 kinase activity [46, 71]. Recently, Rab10 
has been shown to be involved in micropinocytosis,  the 
process of  internalizing  small and soluble substances, 
that occurs in macrophages [44]. This process can reduce 
the pathological burden  by clearing misfolded proteins 
including α-synuclein, tau and other cellular debris. 
Finally, Rab10 has been implicated in oligodendrocyte 
maturation [98] and LRRK2 phosphorylation of Rab10 
may impact oligodendrocyte development and myelina-
tion in the central nervous system.

Studies show that phosphorylation not only interferes 
with the interaction of Rabs with its effector proteins, 
but in a few cases facilitates alternative interactions 
of Rabs with a completely new effector protein when 
they are phosphorylated [78]. For example, cargo adap-
tor proteins from  the  RILP (Rab interacting lysoso-
mal protein like) family (RILPL1 and RILPL2) involved 
in  ciliogenesis,  bind tightly with some of the phospho-
rylated Rabs  including Rab10, but not with the unphos-
phorylated Rabs [35, 78]. Another study shows that 
phosphorylation of Rab10 inhibits its interaction of 
EHBP1L1 and interferes with EHBP1L1 mediated recy-
cling [44]. Moreover, LRRK2 phosphorylated Rab10 
interacts with JIP3 and JIP4 (JNK interacting proteins), 
scaffold proteins for JNK signaling [89]. Given our results 
of enrichment of pRab10 at the presynaptic terminal, 
future studies to identify novel effectors that bind presyn-
aptic Rab10 and pRab10 are highly needed.

Conclusion
Leucine rich repeat kinase2 (LRRK2) mutations are one 
of the most common causes of familial PD, and abnormal 
LRRK2 has been implicated in idiopathic PD. Rab10 and 
its phosphorylated form, pRab10 likely play a role in neu-
rodegenerative diseases including Parkinson’s and Alz-
heimer’s diseases [64, 79, 94]. In this study, we focused on 
characterizing Rab10 and pRab10 in the brain. We show 
that Rab10 and pRab10 are expressed in brain regions 
affected in PD such as SNc, striatum, and cortex. We also 
characterized Rab10 and pRab10 expression in different 
brain cell types like spiny projection neurons in the stria-
tum, dopaminergic cells in SNc, excitatory neurons in 
the cortex, inhibitory neurons and glial cell types. Inter-
estingly, pRab10 signal was only visible at the presynap-
tic terminal while Rab10 was visible at other organelles, 
suggesting differential LRRK2 and LRRK2 phosphatase 

(See figure on next page.)
Fig. 6 Immunofluorescence confocal images showing Rab10 and pRab10 expression in subcellular compartments in the C57BL/6J WT mouse 
cortex. a Rab10 (green) colocalized with the endoplasmic reticulum (ER) marker, KDEL (red) shown in merged and zoomed in images. Scale bar = 10, 
2 µm. b pRab10 (green) did not show colocalization with the ER marker, KDEL (red) shown in merged and zoomed in image. Scale bar = 10, 2 µm. 
c Colocalization analyses using Mander’s colocalization coefficient (MCC) indicated a significant difference Rab10 protein colocalization with KDEL 
compared to pRab10 (p value = 0.001). d Rab10 (green) colocalized with the trans Golgi network (TGN) marker, TGN46 (red) shown in merged 
and zoomed in image. Scale bar = 10, 2 µm. e pRab10 (green) did not show colocalization with TGN46 (red) shown in merged and zoomed 
in image. Scale bar = 10, 2 µm. f Colocalization analyses using MCC indicated a significant difference in Rab10 protein colocalization with TGN46 
compared to pRab10/TGN46 (p value = 0.01). g Rab10 (green) colocalized with the lysosomal marker, LAMP1 (red) shown in merged and zoomed 
in image. Scale bar = 10, 2 µm. h pRab10 (green) did not show colocalization with LAMP1 shown in merged and zoomed in image. Scale bar = 10, 
2 µm. i Colocalization analyses using MCC indicated a significant difference in Rab10 protein colocalization with LAMP1 compared to pRab10 (p 
value = 0.004) j Rab10 (green) did not show colocalization with the early endosome marker, EEA1 (red) shown in merged and zoomed in image. 
Scale bar = 10, 2 µm. k pRab10 (green) did not show colocalization with EEA1 shown in merged and zoomed in image Scale bar = 10, 2 µm. l There 
was no significant difference between Rab10 and pRab10 colocalization signal with EEA1 indicated by MCC (p value = 0.4). Colocalization analysis 
was performed using ImageJ plug in, JACoP, and unpaired t‑test with Welch’s correction was used to get the significance value. (n = 3 biologically 
independent mouse brain samples)
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Fig. 7 Immunofluorescence confocal image show Rab10 and pRab10 expression at the synapse in the C57BL/6J WT mouse brain. Triple labeling 
was performed (N = 3): Rab10/VAMP2/Homer or pRab10/VAMP2/Homer, with secondary antibodies anti‑rabbit Alexa 488, anti‑mouse Alexa 
555, and anti‑chicken Alexa 647. Here the Homer1 channel color was artificially changed to blue for all images. a Rab10 (green) colocalized 
with the presynaptic marker VAMP2 (red) and with the post synaptic marker Homer1 (blue), indicated by arrow, shown in merged and zoomed 
in image Scale bar = 10, 2 µm. b Distance between Rab10 and Vamp2 (0.0373 µm) and distance between Rab10 and Homer1 (0.0236 µm). c pRab10 
(green) colocalized with the presynaptic marker VAMP2 (red), indicated by arrow but did not colocalize with the post synaptic marker Homer1 
(blue), indicated by arrow, shown in merged and zoomed in image. Scale bar = 10, 2 µm. d Distance between pRab10 and Vamp2 (0.0353 µm) 
and between pRab10 and Homer1 (0.288 µm). e Rab10 (green) colocalized with α‑synuclein (red) shown in merged and zoomed in image. Scale 
bar = 10, 2 µm. f pRab10 (green) colocalized with α synuclein (red) shown in merged and zoomed in image. Scale bar = 10, 2 µm. g Distance 
between Rab10 and α‑synuclein (0.0361) and distance between pRab10 and α synuclein (0.0347 µm). (n = 3 biologically independent mouse brain 
samples). h In human brain temporal cortex, pRab10 (green) colocalized with the presynaptic marker VAMP2 (red), indicated by arrow but did 
not colocalized with the post synaptic marker Homer1 (blue), indicated by arrow shown in merged and zoomed in image. Scale bar = 10, 2 µm. i 
Distance between pRab10 and VAMP2 (0.0283 µm) and between pRab10 and Homer1 (0.383 µm). (n = 3 human brain samples)

(See figure on previous page.)

activity in different cellular compartments. Our data 
open up avenues for research identifying novel presyn-
aptic Rab10 effectors and determining how Rab10 and 
pRab10 affect functions including synaptic vesicle traffic, 
induction of autophagy and retrograde transport. Over-
all, the enrichment of pRab10 at the presynaptic terminal 
has potential implications for both PD and AD.
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Additional file 1.  Intracerebroventricular injected C57Bl/6 WT mice with 
control ASO and Rab10 ASOs, ASO1 and ASO2, and G2019S‑LRRK2 KI 
mice to confirm the specificity of the Rab10 and pRab10 antibodies. At 
3–4 months of age, C57BL6/J WT mice received intraventricular injections 
with control and Rab10 specific ASOs. Mice were deeply anesthetized 
with vaporized isoflurane on a stereotactic frame. Mice were then injected 
with 10 µL of 30 µg/µL (total 300 µg) control and Rab10 ASOs using 
the coordinates + 0.3 mm AP, + 1.0 mm ML, ‑3.0 mm DV. Solutions were 
injected at a constant rate of 1 µL/min; once injection was complete, 
the needle was left in place for 5 min and then slowly withdrawn (a) 
Immunoblot of Rab10 in Rab10 ASOs (Rab10 ASO1 and Rab10 ASO2) and 
control ASO injected brain samples for cortex, midbrain and striatum. 
Tubulin was used as a loading control. (b) Quantitation of Rab10 protein 
and normalization with the loading control, tubulin, show reduction of 
the Rab10 in the Rab10 ASO1 compared to control ASO injected mouse 
samples in the cortex (p value = 0.0126), midbrain (p value = 0.0239) 

and in the striatum (p value = 0.0235) and reduction of the Rab10 in the 
Rab10 ASO2 compared to control ASO injected mouse samples in the 
cortex (p value = 0.0044), midbrain (p value = 0.0208) and in the striatum 
(p value = 0. 0133). One way ANOVA Dunnett’s multiple comparisons test 
was run for statistical analysis (n = 3 biologically independent samples). 
(c) Immunoblot of pRab10 in Rab10 ASOs (Rab10 ASO1 and Rab10 ASO2) 
and control ASO injected brain samples for cortex, midbrain and striatum. 
Tubulin was used as a loading control. (d) Quantitation of pRab10 protein 
and normalization with the loading control, tubulin, show reduction of 
the pRab10 in the Rab10 ASO1 compared to control ASO injected mouse 
samples in the cortex (p value = 0.0594), midbrain (p value = 0.0205) and 
in the striatum (p value = 0.1705) and reduction of the pRab10 in the 
Rab10 ASO2 compared to control ASO injected mouse samples in the 
cortex (p value = 0. 0544), midbrain (p value = 0.0192) and in the striatum 
(p value = 0.1087). One way ANOVA Dunnett’s multiple comparisons test 
was run for statistical analysis (n = 3 biologically independent samples). 
(e) Immunofluorescence for pRab10 (green) in the WT and G2019S KI 
mouse striatum region showed an increase of pRab10 in G2019S KI brain 
samples. NeuN (red) staining was used to show comparable immunofluo‑
rescence in the brain area. Scale bar = 500 µm. All images were captured 
at the same laser power, gain and offset. (f) The zoomed in image showed 
increased pRab10 (green) immunofluorescence in G2019S KI samples. 
Scale bar = 200 µm. All images were captured at the same laser power, 
gain and offset. (g) Quantitation of pRab10 integrated density immunoflu‑
orescence signal and normalization with NeuN signal showed a significant 
increase (p value = 0.004) in the G2019S KI samples (gray bar) compared 
to WT samples (black bar) (n = 3 biologically independent samples). For 
statistical analysis two tailed nested t‑test was performed.

Additional file 2.  Immunofluorescence and Immunoblot experiment. 
Immunofluorescence confocal images using 60 × oil objective show 
pRab10 antibody specificity in Rab10 KO iNs and in mouse brain. (a) 
pRab10 (green) colocalizes with the presynaptic marker VAMP2 (red) 
shown in merged and zoom image indicated by arrow in WT induced 
neurons. Scale bar 20, 5 µm. (b) pRab10 (green) staining with the pre‑
synaptic marker VAMP2 (red) shown in merged and zoom image in Rab10 
KO induced neurons (n = 6 coverslips, 4 images were collected from 
each coverslip). (c) Mouse brain cortex area confocal image: Tyramide 
488 staining (green) with pRab10 primary antibody, including anti Rabbit 
HRP conjugate and secondary antibodies, Alexa 555 goat anti mouse 
IgG, Alexa 647 goat anti chicken IgY. Zoom image from the tyramide 488 
channel. (N = 3) (d) Mouse brain cortex area confocal image: Tyramide 488 
staining (green) no primary antibody, including anti Rabbit HRP conjugate 
and secondary antibodies, Alexa 555 goat anti mouse IgG, Alexa 647 goat 
anti chicken IgY. Zoom image from the tyramide 488 channel. (N = 3) 
(e) Immunoblot for Rab8a and Rab10 in primary corticostriatal neurons 
treated with control ASO and Rab10 ASO‑1. Hsc70 was used as a loading 
control. (f) Rab8a immunoblot signal was normalized with Hsc70 signal 
and quantitation plot shows control ASO in black bar and Rab10 ASO 1 
in gray bar (N = 3, t‑test, p value 0.56). Unpaired t‑test with Welch’s cor‑
rection was performed for the statistical analsysis. (g) Rab10 immunoblot 
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signal was normalized with Hsc70 signal and quantitation plot shows 
control ASO in black bar and Rab10 ASO 1 in gray bar (N = 3, t‑test, p 
value = 0.0001). Unpaired t‑test with Welch’s correction was performed for 
the statistical analsysis. 

Additional file 3.  Immunofluorescence confocal images show 
α‑synuclein expression at synapse in the C57Bl/6J WT mouse brain. (a) 
α‑synuclein (green) colocalized with the presynaptic marker VAMP2 
(red), indicated by arrow, but did not colocalize with the post synaptic 
marker Homer1 (blue), indicated by arrow, shown in merged and zoom 
image. Scale bar 10, 2 µm. (c) Distance between α‑synuclein and VAMP2 
(0.0467 µm) and distance between α‑synuclein and Homer1 (0.346 µm). 
(n = 3 biologically independent samples).   

Additional file 4. Movie showing the Rab10 in microglia cells (CD68 posi‑
tive) in 3D view.

Additional file 5. Movie showing the pRab10 in microglia cells (CD68 
positive) in 3D view.

Additional file 6. Movie showing the Rab10 in astrocyte (GFAP positive) 
in 3D view.

Additional file 7. Movie showing the pRab10 in astrocyte (GFAP positive) 
in 3D view.
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