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Abstract.

Background: Coding mutations in the LRRK?2 gene, encoding for a large protein kinase, have been shown to cause familial
Parkinson’s disease (PD). The immediate bialogical consequence of LRRK2 mutations is to increase kinase activity, sug-
gesting that inhibition of this enzyme might be useful therapeutically to slow disease progression. Genome-wide association
studies have identified the chromosomal loci around LRRK2 and one of its proposed substrates, RAB29, as contributors
towards the lifetime risk of sporadic PD.

Objective: Considering the evidence for interactions between LRRK?2 and RAB29 on the genetic and pratein levels, we set
out to determine whether there are any consequences on brain function with aging after deletion of both genes.

Methods: We generated a double knockout mouse model and performed a battery of mator and non-motor behavioral tests.
We then investigated postmortem assays to determine the presence of PD-like pathalogy, including nigral dopamine cell
count, astrogliosis, microgliosis, and striatal manoamine content.

Results: Rehaviorally, we noted only that 18-24-month Rab29~/~ and double (Irrk2~/~/Rab29~/~) knockout mice had
diminished locomator behavior in open field compared to wildtype mice. However, na genotype differences were seen in the
outcomes that represented PD-like pathology.

Conclusion: These results suggest that depletion of both LRRK2 and RAB29 is tolerated, at least in mice, and support that
this pathway might be able to be safely targeted for therapeutics in humans.
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INTRODUCTION PD will also rise [2]. PD is classically defined
by neurodegeneration, including nigral dopamine

As of 2016, 6.1 million people worldwide were (DA) expressing neurons, reduced motor function
diagnosed with Parkinson's disease (PD) [1]. With and non-motor symptoms, including affective and
an increasing aging population, the burden of cognitive concerns. While approximately 10-15%

of cases are caused by single genetic mutations,
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PD, particularly as genome-wide association studies
have identified multiple independent risk alleles that
increase lifetime disease risk [4].

Mutations in the LRRK? gene have been found in
1% of apparently sporadic and 4% of familial PD
patients [5, 6]. Those with LRRK2 mutations have
convergent symptomatology with sporadic cases,
suggesting shared pathogenic mechanisms [5, 7].
LRRK2 is a large multidomain protein that con-
tains GTP-hinding Ras of complex pratein (ROC),
carboxyl-terminal of Roc (COR), and kinase domains
[8, 9]. Pathogenic mutations in the ROC-COR and
kinase domains result in elevated kinase activity
which mediates toxicity, indicating that LRRK? inhi-
bition may be a viable therapeutic strategy [10, 11].
LRRK2 is located in the cytosol and a number
of membranous structures, including the Golgi and
lysosomes, and shown to affect multiple cellular func-
tions, including autophagy, vesicular trafficking, and
endolysosomal system regulation [12-16].

The PARK 16 locus is ane of several chromosomal
regions associated with risk of sporadic PD [6, 17].
One of the five genes in the PARK16 locus is RAB29
(also known as RAB7L1) [4, 14, 18]. RAB29 belongs
to the family of Rab GTPases that regulate membrane
trafficking and intracellular signaling [18, 19] and is
largely localized to the Golgi complex [14, 20, 21].

While mutations at the LRRK2 and RAB29 loci
are independently associated with increased PD
risk, there is evidence suggesting a genetic inter-
action between the two genes [17]. Additionally,
LRRK?2 phosphorylates RAB29 when RAB29 is
membrane and GTP bound [21-23]. PD-related
LRRK?2 mutations exacerbate RAB29 phaosphoryla-
tion [21, 24], suggesting relevance to familial PD.
Additionally, RAB29 activates LRRK2 autophos-
phorylation and recruits LRRK2 to the Golgi and
lysosomes [14, 23, 25-27]. Recent evidence has
shown that RAB29 expression rescues impaired traf-
ficking due to pathogenic LRRK2 mutation [28].
This suggests that LRRK2 and RAB29 are reciprocal
effectors in the same pathway that may play a role in
membrane trafficking [14, 20, 25]. How the relation-
ship between LRRK?2 and RAB29 contributes to PD
pathology remains unclear.

Rodent models lacking either LRRK2 or RAB29
do not exhibit any central nervous system (CNS) phe-
notype. No significant motor or non-motor deficits
have been observed in Lrrk2~/~ mice or in mice with
silencing of striatal LRRK2 [29]. Na brain pathology
including DA neurodegeneration, alpha-synuclein, or

ubiquitin levels were found in Lrrk2~/~ mice [30].
Similarly, Rab29~/~ or Lrrk2=/~/Rab29~/~ mice
did not have any DA degeneration [31]. These results
are consistent with human genetic data where pre-
dicted loss-of-function mutations in LRRK2 are not
associated with PD risk [32]. Collectively, this data
supports the hypothesis that LRRK2 kinase inhibition
would be an effective and safe therapeutic strategy to
stop human PD progression.

While these reports demonstrate a lack of CNS
phenotype in single knockout models, there has,
to date, been no direct behavioral comparison
of Lrrk2=/~, Rab29~/~, or Lrrk2=/=/Rab29~/~
mouse models across different ages. Given the rela-
tionship between these two targets is potentially
reciprocal, additive effects of double mutants might
be expected. The current study aimed ta fully charac-
terize motor and non-motor assessments and PD-like
pathology in Lrrk2~/~/Rab29~/~ mice compared to
WT, Lrrk2~/~, and Rab29~/~ mice across different
age groups. We find that loss of both Lrrk2 and Rab29
does not result in substantial behavioral deficits or
pathological measures, suggesting the safety of tar-
geting this pathway therapeutically.

MATERIALS AND METHODS

Animals

All animal procedures were performed in accor-
dance with the Institutional Animal Care and Use
Committee of the National Institute on Aging
(ASP 463-LNG-2021) animal care committee’s
regulations. Male and female C57BL/6J mice (N=
118; approximately 30-70 g) were used for the
current study. Rab29~/~ mice were generated by
crossbreeding Rab29 LacZ-knockin mice (EUC-
OMM; Wellcome Trust Sanger Institute, Strain
EM:05517) with mice expressing Cre under the
constitutive CMV promoter (Jackson Labaratory,
stock #006054) to remave exon 4. Single Lrrk2~/~
and Rab29~/~ mice were bred to create double
knockout (Lrrk2~/~/Rab29~/~) mice. Genotypes
were confirmed using gel-based PCR (Lrrk2 pri-
mers! forwardi CTCTGAGAGCAGGAGCCGT, re-
verse: TGCCTTCCTGGACATTATTCAGCC; Rab
29 primers: forward: ATGTTTGACGTCACCAA
TGC, lacZ: CCCCCTGAACCTGAAACATA, re-
verse1 CTCCCAGACCCATGAATGTGA) and wes-
tern blot analyses using striatal tissue (LRRK?2,
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Fig. 1. Study design and genotype confirmation. Male and female mice were handled prior to behavioral testing (A). Mice underwent all
testing from 8:00 AM - 5:00 PM during their light cycle. Once all behaviaral testing was complete, brain tissue was callected far post-martem
analysis. The anterior brain was flash frazen on dry ice for striatal tissue dissection for western blat and HPLC analyses. The posterior brain
was post-fixed in 4% parafarmaldehyde for 48 hours then stored in 30% sucrose for immunohistochemistry staining of the SNec. Genotypes
were confirmed at the DNA and protein levels with diagnostic gel PCR and western blot analyses, respectively (B). Representative blots are

shown,

Abcam, ab133474; RAB29, Abcam, ab137029; see
Fig. 1B). The mice were provided with group housing
and given access to food and water ad libitum and
housed in a facility with 12-h light/dark cycles with
temperature maintained at 22-23°C, and experiments
took place between Zeitgeber Time ZT2 — ZT11.

Experimental design

Mice were tested in three age groups to deter-
mine genotype- and age-related differences across
multiple behaviors (see Fig. 1A for n by age and
genotype). Mice were handled prior to behavioral
testing to reduce stress response and body weight was
recorded. For 2 weeks, mice were tested daily on var-

ious behavioral tasks using the Rodent Behavior Core
facility (National Institute of Mental Health). These
tasks included: open field, elevated plus maze, spon-
taneous alternation, buried treat test, grip strength,
and accelerating rotarod. Experimenters evaluating
behavior were blinded to age and genotype. Once
behavioral testing was camplete, at 18-24 maonths
of age, mice were weighed and tissue was collected
for postmortem analyses. The anterior brain was
flash frozen and stored at —80°C for striatal tissue
dissection for western blot and high performance lig-
uid chromatography (HPLC) analysis. The posterior
brain was post-fixed in 4% paraformaldehyde for 48
h and then stored in 30% sucrose prior to tissue prepa-
ration for immunohistochemistry.
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Behavioral tests

Open field

Mice underwent apen field testing twice; first to
hahituate to the test and the second to test for baseline
locomator performance. Each day, mice were placed
in the testing room under red light for 1h prior to
habituate to the room. Mice were then placed in a
plexiglass chamber equipped with 2 layers of beams
(4 x 8; Photobeam Activity System-Open Field, San
Diego Instruments) for a 30min trial and allowed
to explore freely. Ambulatory frequency, a measure
for repetitive, stereatypic movements, was calculated
as the ratio of ambulatory movements to the sum of
unique beam breaks by ambulatory movement. Path
length, a measure for total distance travelled, was cal-
culated through relative distance by coordinates of
beam breaks. All other data are measured as counts.
Only data from the test day is shown.

Elevated plus maze

The elevated plus maze was used to measure dif-
ferences in anxiety-related behaviors [33]. Mice were
placed in testing room lit at 100 lux and allowed
to habituate for 1h. Mice were then placed in cen-
ter of elevated plus maze containing 2 open and 2
closed arms 77.5 cm from the floor (each arm mea-
sured 38.1 x 5.1 cm with walls 15.2cm tall). Mice
started off facing a closed arm and allowed to explore
the maze freely for 10 min. Trials were recorded and
later scored using Top Scan 3.0 software. Anxiety-
related measures were determined as percent open
arm behaviors were the sum of the open arms was
divided by the sum of all the arms.

Spontaneous alternation

To detect deficits in working memory, spontaneous
alternation was carried out on a plexiglass Y-maze
with each arm measuring 40 x 8§ x 12cm [34]. Each
mouse was placed in the center of the maze and
allowed to explore the arms freely for § min. The
sequence of arm entry and total number of arm entries
was recorded. Spontaneous alternation (percent) was
determined by taking the total number of consecutive
arm entries divided by the number of possible alterna-
tions (total arm entries minus 2) multiplied by 100.
Mice with less than 10 arm entries were excluded
from this analysis (n=13).

Buried treat test
To determine whether mice exhibited hyposmia,
a promising marker for PD severity [35] mice were

tested on the buried treat test [36]. Three days prior
to testing, mice were habituated to fruit-scented
cereal treats. The day before testing, mice were food
deprived for a minimum of 12h. On test day, mice
were individually placed in a new cage with 3 cm of
clean bedding. A chow pellet and cereal treat were
buried 0.5 cm deep. The mouse was free to locate the
treat and time to treat was recorded with a maximum
time of 5min. Three trials were performed with bed-
ding replaced in between each trial. The average time
across trials was recorded for each mouse.

Grip strength

The grip strength test was used to quantify dif-
ferences in skeletal muscular strength in mouse
forelimbs [37]. The grip strength apparatus (BioSeb)
includes a wire grid (8 x 8 cm) where mice were lifted
by the tail so that the forepaws grasped the grid and
then were gently pulled backward by the tail until they
released the grid. The maximal force was recorded
and the mean of 5 trials was included for each mouse.

Accelerating rotarod

Motor performance and motor learning were test-
ing using the accelerating rotarod assay. Mice were
habituated to the test by walking on the rod for 1 min
at the stable speed of 5rpm. Mice were then tested
for the following 3 days where they underwent 3 tri-
als each day at an increasing speed from 4-40rpm
across 5 min. Trials were separated by at least 15 min.
Latency to fall was recorded for each trial and the
mean across trials was entered for each day.

Postmortem analyses

Immunohistochemistry

Post-fixed posterior brains were sectioned on a
micratome into 30 pm coronal sections and stored in
cryoprotectant at —20°C as previously described [38].
Briefly, sections containing the substantia nigra pars
compacta (SNc) were quenched in glycine (0.3 M in
PBS) and were then washed in PBS 3 times. Sections
were blocked for 1 h at RT in blocking buffer (1%
BSA, 0.3% Triton X-100, and 10% donkey serum
in PBS). Following 3 PBS rinses, sections were incu-
bated in primary antibodies at 4°C overnight: tyrosine
hydroxylase (TH, Abcam ab112, rabbit polyclonal,
1:500), neuronal nuclei (NeuN, Abcam, ab104224,
mouse monoclonal, 1:11000), glial fibrillary acidic
protein (GFAP, Sigma-Aldrich, MAB360, mouse
monoclonal, 1:1500), Ibal (Abcam, ab5076, goat
polyclonal, 1:500), LAMP1 (Developmental Studies
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Hybridoma Bank, 1D4B, supernatant, rat, 1:200),
TGN-38 (Bio-Rad, AHP499G, sheep polyclonal,
1:500) in 1% BSA, 0.3% Triton X-100, and 1% don-
key seruminPBS. Sections were rinsed and incubated
in secondary antibodies for 1 h at RT (Alexa Fluor
488 donkey anti-rabbit IgG, donkey anti-goat IgG,
donkey anti-rat IgG, 11500; Alexa Fluor 568 don-
key anti-mouse IgG, donkey anti-sheep, 1:1500; Alexa
Fluor 647 donkey anti-rabbit IgG, 1:1500; Hoechst
33,342, 1110,000). Sections were rinsed and mounted
on glass slides which were then rinsed in water and
coverslipped using Prolong Gold mounting media.
Slides were imaged on a Zeiss 880 confocal micro-
scope at 10x and 63x magnification. For TH, NeuN,
Ibal, and GFAP: positively-labeled cells were man-
ually counted and summed across 3 nigra sections as
a representative cell count. For LAMP1, differences
in lysosomal size were determined using the average
size of positively-labeled lysosomes and then aver-
aging across 20 cells per mouse. For TGN-38, dif-
ferences in trans-Galgi network (TGN) morphalogy
were determined by the average number of fragments
across 20 cells per mouse. Image] software was used
for generating and quantifying imaging data.

Western blot

Western blot procedures were carried out as pre-
viously described [39]. Frozen striatal tissue was
dissected and homogenized in lysis buffer (20
mM Tris pH 7.5, 10% glycerol, 1mM EDTA,
150 mM NaCl, 1 x protease inhibitor cocktail (Halt),
1 x phosphatase inhibitor cocktail (Halt)) and lysed
on ice for 30 min. Samples were spun at 20,000¢g
for 10min at 4°C and pratein supernatant was sep-
arated. Protein concentrations were determined by
the Pierce 660 assay. Protein lysates were diluted
to 10ug per sample and boiled in 1 x Laemli
Sample Buffer (Bio-Rad). Samples were loaded on
pre-cast 4-20% TGX polyacrylamide gels (Criterion,
Bio-Rad). Electrophoresis was performed in 1 x pre-
mixed buffer (10mM Tris, 10mM Tricine, 0.01%
SDS, pH 8.3, diluted with water) using the Crite-
rion Vertical Electrophoresis Cell (Bio-Rad). Gels
were then transferred to 0.45 wm pore-size nitracel-
lulose membranes (Bio-Rad) using the Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were
blocked using a 111 solution of phosphate buffered
saline (PBS) and Odyssey Blocking Buffer (LiCor).
After blocking, membranes were incubated avernight
on gentle agitation at 4°C with primary antibodies
(TH, 1:1000; GAPDH, Sigma, G8795, mouse mono-
clonal, 1110,000) diluted in antibody buffer (111 of

Tris buffered saline (TBS) with (0.L1% Tween and
QOdyssey Blocking Buffer. Membranes were then
washed 3 times for 5 min each in TBS—-0.1% Tween
followed by a 1h incubation at room temperature
in fluorescent secondary antibodies (IRDye, Li-Cor)
diluted 1115,000 in antibody buffer. After 3 addi-
tional washes, western blots were imaged using the
Odyssey CLx system (Li-Cor) and quantified using
Image Studio software.

High performance liquid chromatography

Reverse-phase high performance liquid chro-
matography (HPLC) coupled to electrochemical
detection was performed based on a previously
described protocol [40, 41]. Tissue was homoge-
nized in ice-cold 0.1 M perchloric acid with 10mM
ethylenediaminetetraacetic acid (EDTA) and 1%
ethanol and spun for 45 min at 14,000 g while main-
tained at 4°C. Supernatant was collected and loaded
into an ESA autoinjector (Model 542; currently
owned by Thermo Scientific; Chelmsford, MA, USA)
and continuously maintained at 4°C. MDTM Mabile
Phase Type II comprised of 78 mM sodium phos-
phate (monobasic, monohydrate), 46 mM citric acid
monohydrate, 50 nM EDTA, 1.7 mM octane sul-
fonic acid, and 9.5% acetonitrile, adjusted to pH 3.0
with sodium hydroxide was propelled by an ESA sol-
vent delivery system (Model 582), flowing through
an external pulse dampener followed by a guard cell
(Madel 5020) set to +500 mV, before intermixing
with sample from the autoinjector. Samples were then
chromatographically separated by a Hypersil ODS
C18 Column (150x3 mm, 3 p.m particle size; Thermo
Scientific PN: 30103-153030) held at 37°C, then
passing through an analytical cell (model 5011A)
housing 2 electrodes (set to +150 mV and +250 mV,
respectively) connected to a Coulochem III electro-
chemical detector. Neurotransmitters were oxidized
upon contact with the second electrode of the analyt-
ical cell, generating a spike in current. This measure
af electrical current over time was recorded and later
analyzed using EZChrom Elite software via Scientific
Software Inc. SS420X module. Each neurotransmit-
ter was detected as a peak, therefore peak areas were
converted to picograms per milligram of tissue using
a standard curve (1E-6 to 1E-9 M).

Statistical analyses

Divergence from a normal distribution was
estimated using the Shapiro-Wilk Normality test.
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Table 1
Statistical table
Data Structure Type of Test Effect Size Power
a. Nan-normal distribution Twao-way ANOVA €.351 0.790
b. Non-normal distribution Two-way ANOVA ¢.357 0.786
c¢. Normal distribution One-way ANOVA 0.746 0.919
d. Narmal distribution One-way ANOVA 0.905 0.969
e. Nan-narmal distribution One-way ANOVA 0.702 0.901
f. Non-normal distribution Three-way ANOVA 1473 0.999
g. Non-normal distribution Three-way ANOVA 1.390 0.999
h. Normal distribution Two-way ANOVA 0.327 0.999
i. Non-normal distribution Twa-way ANOVA 0314 0.999
j- Non-narmal distribution Twa-way ANOVA 0.467 0.999
k. Narmal distribution Two-way ANOVA 0.415 0.720
1. Non-normal distribution Twa-way ANOVA 0.328 0.715
m. Non-narmal distribution Twa-way ANOVA 0.366 0.795
n. Non-normal distribution One-way ANOVA 0.754 0.844

Post-hoc power calculations for each statistical test were recorded. To calculate achieved power, we
used the calculated effect size, group sample size, and the p value from the indicated test. Superscript
letters in the text refer to the first column of the tahle.

Accelerating rotarod data was analyzed using a three-
way mixed design ANOVA (genotype X age x test
day). Postmortem analyses were analyzed for geno-
type differences in the 18-24-month age group using
a one-way between-subjects ANOVA. All other
data was analyzed with a two-way between-subjects
ANOVA (genotype x age). Tukey post-hoc analyses
were used to determine significant differences when
appropriate. All analyses were carried out using
RStudio (httpsi//rstudio.com/) and alpha was set
to 0.05. For one-way ANOVAs and main effects,
Cohen’s f and achieved power were determined using
the “powerAnalysis™ package in R. For interactions,
eta squared was calculated using the “rstatix™ package
in R. Eta squared was converted ta Cohen'’s f to deter-
mine achieved power using GPower (3.0.10; httpsi//
www.psychologie.hhu.de/arbeitsgruppen/allgemeine
-psychologie-und-arbeitspsychologie/gpower.html).
Calculated effect sizes (Cohen’s f), n, and p values
calculated from ANOVAs were used when deter-
mining achieved power (see Table 1 for values).
While both males and females were included in all
age groups and genotypes, we decided a priori to
collapse data across sex and focus on genotype and
age differences for the results. For analyses relating
to sex differences, see the Supplementary Material
and Supplementary Table 1.

RESULTS
Motor behaviors

Age- and gene-related differences in baseline
locomotor behavior was determined by placing

WT, Lrrk2~/=, Rab29~/~, and Lrrk2=/=/Rab29~/~
knockout mice in open field chambers. There were
no differences due to age or genotype in total activity,
fine movement, rearing activity, ambulatory activity,
ambulatary frequency, and path length (Fig. 2A-F).
A significant genotype x age interaction was noted
for ambulatory count (Fg 106=2.23, p=0.045%)
and path length (Fg 106=2.32, p=0.038"); how-
ever, no post-hoc comparisons between groups
were significant. In the oldest age group (18-24
months), there was a main effect of genotype where
Rab29/~ and Lrrk2~/~/Rab29~/~ mice had lower
ambulatory count (one-way ANOVA, F3 14 =4.05,
p=0.015% Fig. 2D, p<0.05) and travelled less
according to path length (F334=5.10, p=0.0059
Fig. 2F, p<0.05). Furthermore Lrrk2~/=/Rab29~/~
knockout mice had reduced ambulatory frequency
compared to WT (Fi,14=3.74, p=0.02%; Fig. 2E,
p<0.05).

Motor performance was also measured using
accelerating rotarod. There was a main effect of day
(F2,212=72.57, p=2x10"16), where latency to fall
significantly increased each day (p < 0.05). There was
also a main effect of age (Fz212=5.72, p=0.0048)
where the youngest group (6-11 months) had greater
latencies than the oldest age group (18-24 months;
p=0.005).

Overall, the motor evaluations indicated a decline
in some open field measures aged Lrrk2=/=/
Rab29~/~ mice but na effects of genotype on mator
learning as determined by rotarod. These results indi-
cate that motor function is impacted by combined
Lrrk2 and Rab?29 deficiency in modest ways.
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Non-motor behaviors

To further characterize the effects of Lrrk2 and
Rab29 deficiency, mice were tested on a variety of
non-motor behaviors. The elevated plus maze was
used to measure anxiety-related behaviors. A main
effect of age was found where 6-11 month mice
had the lowest amount of anxiety as measured by
more open arm entries (Fp 105=5.06, p=0.008h1
Fig. 3A, p=0.006) and longer time spent in the open
arms (Fy, 105 =4.73, p=0.012'; Fig. 3B, p=0.008)
compared to 18-24 month mice as well as longer
distance travelled in open arms compared to 12-17
and 18-24 month mice (Fy,105=9.41, p=0.0002];
Fig. 3C, p<0.05). A significant genotype x age
interaction was identified for percent open arm
entries (Fg 105 =3.33, p =0.005%) and distance trav-
elled (Fg,105 =2.26,p= 0.043". Rab29~/~ mice aged
6-11 months entered open arms more than 6-11-
month Lrrk2~/~/Rab29~/~ mice and 18-24 month
Rab29~/~ mice (Fig. 3A, p<0.05). Lrrk2~/~ mice

aged 6-11 months travelled farther in open arms than
12-17 and 18-24-month Lrrk2~/~ mice and 6-11-
month Lrrk2~/~/Rab29~/~ mice (Fig. 3B; p<0.05).

There were no reported age- or genotype-related
differences on farelimb strength as measured by the
grip strength test (Fig. 3D) or working memory as
measured by spontaneous alternation (Fig. 3E). There
was a genotype x age interaction found for the buried
treat test measurement of hyposmia (Fg, 106 =2.39,
p=0.034"); however, no significant post-hoc com-
parisons were noted between genotypes (Fig. 3F).
Overall, the only non-motor behaviors to show group
differences were anxiety-related and while 6-11-
month Lrrk2~/~/Rab29~/~ mice exhibited greater
anxiety behavior compared to single knockout mice,
age was the mast significant factor in increased anx-
iety behavior.

Postmortem analyses

Due to the reduced motor activity observed in
18-24-month Rab29~/~ and Lrrk2~/=/Rab29~/~
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mice, postmortem analyses focused on genotypic
differences in the oldest age group. Using immuno-
histochemistry, we determined whether known
PD-like pathologies were present in the SNc across
genotypes. For instance, DA-related cell loss was
quantified using the rate limiting enzyme in DA
synthesis, TH, and NeuN, as a marker for cell bod-
ies. As increased astrogliosis and microgliosis has
been reported in the SN of PD patients (see [42]
for review), we stained for reactive astrocytes and
microglia using GFAP and Thal, respectively. Finally,
since LRRK?2 and RAB?29 are reported to be involved
with lIysosomal and TGN trafficking, we stained
for size and morphological differences in lysosomes
and TGN using LAMP1 and TGN-38, respectively,
in TH-positive neurons. There were no differences
among genotypes in the representative cell counts for
TH, NeuN (Fig. 4), GFAP, or Ibal (Fig. 5). Also, no
genotype differences were found in either lysosomal
size or TGN fragmented morphology (Fig. 6). These
findings suggest that no PD-related pathology as well
as damaged lysosomal or TGN integrity in the SN¢
was detected due the single or double knockout.
Loss of TH protein in the striatum could indicate
degeneration at the level of dopamine projec-
tions from the SNc. Striatal tissue was isolated
from fresh frozen anterior brain and analyzed for
TH expression by western blot. There were no
differences among genotypes in striatal TH, nor-
malized to GAPDH as loading control, expression

(Fig. 7A). While this suggests that the DA pro-
jections are intact, DA neurotransmission may be
independently affected. To investigate this possibil-
ity, striatal tissue was dissected for HPLC analysis
of monoamine (norepinephrine (NE), DA, serotonin
(5-HT)) and metabolite (3,4-dihydroxyphenylacetic
acid (DOPAC), S5-hydroxyindoleacetic acid (5-
HIAA)) tissue content. There were no differences
across genotypes for monoamine or metabolite stri-
atal content (Fig. 7B). DA and 5-HT turnover ratios
were determined by dividing the metabolite by the
respective monoamine. While DA turnover was not
influenced by genotype, a main effect of geno-
type was found with 5-HT turnover (Fs 32 =3.87,
p=0.018") where reduced ratios were observed in
Rab29~/~ and Lrrk2~/~/Rab29~/~ mice compared
to WT mice (all p<0.05). Qverall, this suggests
that there was no pathological neurodegeneration
observed in DA neurons at the level of the cell body
in the SNc, striatal projections, or DA release. How-
ever, 5-HT turnover appeared to be compromised in
a Rab29~/~-dependent manner.

DISCUSSION

Prior literature suggests that LRRK2 and RAB29
operate within the same genetic pathway [9, 27,
43]. LRRK2 can phosphorylate membrane bound
RAB29, which is normally resident at the TGN
[21, 22, 43]. This interaction indicates that RAB29
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is a downstream effector of LRRK2, where it may
mediate alterations in membrane trafficking and
neurite outgrowth [31, 44]. Consistent with these
ideas, hyperactive mutations in LRRK2 can enhance
RAB29-dependent changes in TGN morphology and
be rescued by RAB29 expression [14, 28]. However,
overexpression of RAB29 can activate LRRK?2, sug-
gesting an upstream regulatory relationship of the
GTPase on kinase activity [14, 23, 27]. In addition,
RAB?29 and LRRK?2 can affect lysosomal morphol-

ogy in HEK cells [25]. Therefore, although it is
clear that RAB29 and LRRK?2 have related functions
in cells, there are several uncertainties for direction
of effect and the downstream outputs of this path-
way [45].

To investigate the nature of the interaction be-
tween these PD-related targets in viva, we gen-
erated a LRRK2 and RAB29 double knockout
(Lrrk2~/=/Rab29~/~) mouse model. A baseline
characterization of PD-related behavior and pathol-
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ogy was performed to determine whether loss of
both LRRK2 and RAB29 would result in brain
phenotypes. No differences between genotypes were
seen in measures of strength, working memory, or
hyposmia. We noted a mild motor phenotype in the
Rab297/~ and Lrrk2~/~/Rab29~/~ animals, which
we interpret to be dependent on RAB29, not LRRK2.
Additionally, when looking specifically at the oldest
age group (18-24 month), no differences in genotype
were ohserved in DA-related pathology, including
cell loss, projection damage, or neurotransmission,
in the SNc and striatum. A non-significant trend was
observed with elevated striatal DA levels in knock-
out animals compared to WT, but high variability
and the number of animals per genotype likely pre-
vented this effect from being determined at this time
(Fa32=1.11, p=0.359; Fig. 7B). Another caveat to
the present report was the inclusion of a manual
cell count for TH-positive neurons in the SNc rather
than stereology which may have prevented the detec-
tion of subtle differences in DA cell count between
genotypes. Age-related decline in DA metabolites
have been reported in LRRK?2 deficient rats, but not
compared to their WT counterparts using in vivo
microdialysis [46]. No genotype differences were

Lrrk2™"

o ...

TH

found in other measures for PD-like pathology, such
as elevated astrogliosis and microgliosis. However,
a RAB29-dependent reduction was found in striatal
5-HT turnaver. To the best of our knowledge, this
is the first association between RAB29 and 5-HT
and may be the underlying mechanism contribut-
ing towards the mild motor deficit we observed.
While DA is typically the neurotransmitter of interest
when considering PD mator symptoms, other sys-
tems, including 5-HT, contribute to both the motor
and non-motor symptoms. Striatal 5-HT and 5-HIAA
content is reduced in PD cases compared to controls
[47]. Changes in the 5-HT system have been asso-
ciated with anxiety and depression-like phenotypes
observed in PD-related LRRK2 mutant mice [48].
However, these effects may be regionally specific as
athers report no differences in basal 5-HT or 5-HIAA
in LRRK?2 deficient rats using in vivo microdialysis
although no discussion of turnover was mentioned
[46]. The lack of robust behavioral phenotype and DA
degeneration is consistent with previous reports on
single LRRK2 and Rab29 knockout models [29-31].
The lack of CNS phenotypes unfortunately prevents
an evaluation of the pathway relationship between
LRRK?2 and RAB29 at this time.

Rab29”  Lrrk2”/Rab29™

Fig. 6. Continued
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Elevated kinase activity associated with patho-
genic LRRK?2 mutations [10, 11] as well as increased
LLRRK2 phosphorylation associated with sporadic
PD indicate that LRRK?2 inhibition is a potential ther-
apeutic strategy for PD patients [49]. Given the long
duration and gradual nature of PD, chronic, ongoing
treatment will be required and it is therefore impor-
tant to understand the consequences of dampening
LRRK?2 kinase activity on a long-term basis. Infor-
mation from knockout models and loss-of-function
mutant carriers may grant some clarity towards this

issue. As shown here, knocking out Lrrk2 and its
interactor Rab29 had no significant effect on DA
pathalogy related to PD in the aging mouse model,
consistent with prior reports of single LRRK?2 knock-
outs [29, 31]. However, double knockout of LRRK?2
and LRRK1 is reported to cause early mortality and
significant DA degeneration highlighting the impor-
tance of selectively targeting LRRK2 [50].

Qverall, our results support the concept that the
LRRK2-RAB29 pathway can be safely targeted for
PD-related therapeutics, but suggest that LRRK?2
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remains the better target compared to RAB29 due to
the mild motor and 5-HTergic phenotypes seen in the
Rab297/~ and Lrrk2=/~/Rab29~/~ animals. How-
ever, the lack of a robust brain phenotype precludes us
from answering the question of the directional rela-
tionship between LRRK2 and RAB29 with the data
presented here. There are peripheral phenotypes in
models of LRRK2 deficiency, such as accumulation
of lysosomal markers in the kidney and invasion of
the alveolar space hy type-II pneumocytes in the lung
[31, 51, 52]. Further studies on the peripheral phe-
notypes in the Rab29~/~ and Lrrk2~/—/Rab29~/~
animals will be required to clarify whether LRRK2
is upstream or downstream of RAB29 in vivo.
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Supplementary Material
Combined Knockout of Lrrk2 and Rab29 Does Not Result in Behavioral Abnormalities in
vivo

Sex differences do exist in idiopathic PD prevalence (see [1] for review); however, it is
unclear whether these differences persist in LRRK2 PD. There appears to be no sex differences
in the clinical features in LRRK2 mutant carriers [2]. Both sexes were represented in each age
group and genotype, but given the low and variable n when broken down by sex (n = 2-7),
caution must be used when drawing conclusions from the results. Therefore, we included sex in
the analyses and present significant results in Supplementary Table 1. ANOV As, effect sizes,
and power calculations were carried out as described in the Methods section.

A main effect of sex was found for two measures of open field: total activity count (Fi,94 =
7.26, p=0.008") and total rearing count (Fy,04 = 18.53, p=4.1x10-5%). Males had higher counts for
both measures. Significant interactions were found for rotarod (trending; F12,188 = 1.79,
p=0.053?), percent open arm entry in elevated plus maze (Fa,03 = 3.01, p=0.034%), and grip
strength (F2,04 = 3.82, p=0.026%), but no significant comparisons could be made. Similarly, a
trending main effect was found for GFAP cell count in the nigra (F1.29 = 4.07, p=0.053¢).
Interestingly, significant main effects were found in the striatal HPLC analysis for DA (F12z =
5.77, p=0.0237), DOPAC (F12z = 8.82, p=0.006%), 5-HIAA (F12 = 7.6, p=0.010°), and 5-HT
turnover (F128 = 10.53, p=0.003'%) where females had higher levels than males. Overall, these
results hold great preliminary value for sex differences in striatal monoamine content and

potentially motor performance.
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Supplementary Table 1. Significant statistical analyses when including sex as a variable.

Measure Statistical test
1. Open field (Activity count) Three-way ANOVA

2. Open field (Rear count) Three-way ANOVA

3. Rotarod Four-way ANOVA
4. EPM (Amm entries) Three-way ANOVA
5. Grip strength Three-way ANOVA
6. THC (GFAP) Two-way ANOVA
7. HPLC (DA) Two-way ANOVA
8. HPLC (DOPAC) Two-way ANOVA
9. HPLC (5-HIAA) Two-way ANOVA

10. HPLC (5-HT turnover) Two-way ANOVA

*Determined using GPower 3.0.10 software

Effect or Interaction Effect Size
Main effect 0.446
Main effect 0.735
Interaction 0.337
(Genotype X Sex X Age X Day)
Interaction 0.311
(Genotype X Sex)

Interaction 0.285
(Age X Sex)

Main effect 0.739
Main effect 0.627
Main effect 0.966
Main effect 0.986
Main effect 1.147

Power
0.395

0.396

0.999*

0.558

0.501

0.594

0.317

0.489

0.590

0.591



