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Abstract

The progressive degeneration of dopamine (DA) neurons in the substantia nigra com-
pacta (SNc) leads to the emergence of motor symptoms in patients with Parkinson's
disease (PD). To propose neuroprotective therapies able to slow or halt the progres-
sion of the disease, it is necessary to identify cellular alterations that occur before DA
neurons degenerate and before the onset of the motor symptoms that characterize
PD. Using electrophysiological, histochemical, and biochemical approaches, we have
examined if glutamatergic synaptic transmission in DA neurons in the SNc and in the
adjacent ventral tegmental area (VTA) was altered in middle-aged (10-12 months old)
mice with the hG2019S point mutation (G2019S) in the leucine-rich repeat kinase 2
(LRRK2) gene. G2019S mice showed increased locomotion and exploratory behavior
compared with wildtype (WT) littermates, and intact DA neuron integrity. The intrin-
sic membrane properties and action potential characteristics of DA neurons recorded
in brain slices were similar in WT and G2019S mice. Initial glutamate release prob-
ability onto SNc-DA neurons, but not VTA-DA neurons, was reduced in G2019S mice.
We also found reduced protein amounts of the presynaptic marker of glutamatergic
terminals, VGLUT1, and of the GluAl1 and GIuN1 subunits of AMPA and NMDA re-
ceptors, respectively, in the ventral midbrain of G2019S mice. These results identify
alterations in glutamatergic synaptic transmission in DA neurons of the SNc and VTA

before the onset of motor impairments in the LRRK2-G2019S mouse model of PD.
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1 | INTRODUCTION

In Parkinson's disease (PD), the progressive degeneration of dopa-
mine (DA) neuronsin the substantia nigra pars compacta(SNc), causes
motor features that include slowness of movements, muscle rigid-
ity, gait abnormalities, and tremor at rest (Sveinbjornsdottir, 2016).
Identification of the neuronal alterations that occur before the onset
of motor symptoms, that is, before the loss of SNc-DA neurons, is
central to the understanding of PD pathophysiology and can con-
tribute to the design of early interventions that would slow or halt
the progression of the disease. Most PD cases are sporadic, with
aging as the main risk factor for developing the disease, but familial
forms because of mutations in several identified genes occur in ap-
proximately 10% of PD patients (Spatola & Wider, 2014). Mutations
in the leucine-rich repeat kinase 2 (LRRK2) gene (PARKS8, encoding
dardarin protein), are among the most common causes of familial PD,
producing autosomal dominant late-onset PD that is similar to idio-
pathic PD. The G2019S point mutation is a common, and the most
studied, pathogenic mutation in the LRRK2 gene (Healy et al., 2008;
Hernandez et al., 2016; Spatola & Wider, 2014). This mutation af-
fects the serine/threonine kinase domain of the LRRK2 protein
which leads to increased kinase activity (Yue et al., 2015). Increased
LRRK2 kinase activity and G2019S mutation are also observed in
sporadic PD (Di Maio et al., 2018; Healy et al., 2008), demonstrating
the importance of LRRK2 in the pathogenesis of the disease.

It has recently been recognized that presynaptic alterations
play important roles in neurodegenerative diseases and that these
changes occur in the early, prodromal phase of PD, preceding DA
neuron loss (Gcwensa et al., 2021). Given that excessive gluta-
mate release can lead to neurotoxicity and neuronal death (Wang
et al., 2020), it is possible that an altered LRRK2 function in gluta-
matergic synapses onto SNc-DA neurons contributes to G2019S-
linked PD pathology. LRRK2 is presentin brain regions that provide
glutamatergic inputs to midbrain DA neurons, that is, cortex, hip-
pocampus, and subthalamic nucleus (Giesert et al., 2013; Higashi
et al., 2007; Kuhlmann & Milnerwood, 2020; Melrose et al., 2006;
Vitte et al., 2010; West et al., 2014). However, changes in glu-
tamatergic synaptic transmission in SNc-DA neurons have not
been investigated in LRRK2 mutant rodents. Alterations in glu-
tamatergic synaptic transmission and plasticity have been identi-
fied in the striatum, cortex, and hippocampus of rodents bearing
the LRRK2-G2019S mutation, demonstrating a role for LRRK2,
and altered function of mutated LRRK2, in excitatory neuro-
transmission in these brain regions (Beccano-Kelly et al., 2014;
Chen et al., 2020; Chou et al., 2014; Li et al., 2010; Matikainen-
Ankney et al., 2016; Sweet et al., 2015; Tozzi et al., 2018; Volta
et al., 2017). It is possible that the G2019S mutation in the LRRK2
gene modifies glutamatergic synaptic transmission in SNc-DA
neurons. Indeed, LRRK2 protein was detected in low amounts in
DA neurons (Higashi et al., 2007; Kuhlmann & Milnerwood, 2020;
Vitte et al., 2010), and conditional expression of LRRK2-G2019S
in catecholaminergic neurons leads to age-dependent degenera-
tion of DA and noradrenergic neurons, suggesting that increased
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LRRK2 kinase function in these neurons contributes to their death
(Cresto et al., 2020; Xiong et al., 2018).

LRRK2 dysfunctions in midbrain DA neurons might play a role
in anxiety and depression, non-motor symptoms that are common
in PD patients during the disease and before the motor symptoms
develop (Lim & Lang, 2010; Richard, 2005). In addition to their role in
motor functions, midbrain DA neurons have a critical role in reward
processing and motivation (Russo & Nestler, 2013). An altered glu-
tamatergic neurotransmission in midbrain DA neurons, in particular
those located in the ventral tegmental area (VTA), a nucleus adja-
cent to the SN, could be implicated in anxiety and depression (Russo
& Nestler, 2013). Remarkably, VTA-DA neurons are less vulnerable
to degeneration than SNc-DA neurons in PD, possibly because of
cellular and molecular differences between these two brain regions
(Brichta & Greengard, 2014). Our aims were to determine whether
abnormalities in glutamatergic synaptic transmission occur in mid-
brain DA neurons, whether these abnormalities are rescued by the
LRRK2 kinase inhibitor LRRK2-IN-1, and whether there are regional
differences, in middle-aged (10-12 months) G2019S transgenic mice,

when degeneration of DA neurons has not started (Li et al., 2010).

2 | MATERIALS AND METHODS

2.1 | Animals

The study was not pre-registered and was designed to be explora-
tory. No randomization was performed to allocate subjects in the
study and no blinding was performed. Sample size was not calcu-
lated a priori but was estimated based on previous studies (Feng
et al., 2014; Lim et al., 2018; Sitzia et al., 2020), and verified by
post hoc power analysis. Animal experiments were approved by
our local ethical committee (Stockholms norra djurférsoksetiska
namnd, 20464-2020). We used bacterial artificial chromo-
some (BAC) LRRK2-G2019S mice which express a mutant form
of human LRRK2. These mice were obtained from The Jackson
laboratory (C57BL/6J-Tg[LRRK2-G2019S]2AMjff/J, JAX stock
#018785; RRID:IMSR_JAX:018785) and were mated as Noncarrier
x Hemizygote. Several studies have previously characterized and
validated these mice and demonstrated that the observed neu-
ronal alterations resulted from an increased G2019S-linked
LRRK?2 kinase inhibition (Belluzzi et al., 2016; Marte et al., 2019;
Melrose et al., 2010; Pischedda et al., 2021; Qin et al., 2017; Volta
et al., 2015). Mice were housed in small groups (2-5 per cage, IVC
Mouse—GM500) in a humidity-controlled room with a 12:12 h
light/dark cycle and had free access to food and water. We used
male and female, 10-12 months old, hemizygous mice (G2019S)
and non-transgenic wildtype (WT) littermates. No animal died
during the course of the experiments except when sacrificed. The
experiments using mice, except for the behavioral experiments,
were of terminal type, under deep anesthesia. Male and female
mice were compared for all the experiments in our study and
significant sex-related differences, if present, were described in
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the results. A total of 174 mice were used in the present study.
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Since we breed our mice, we use them when they become avail-
able, and when they have reached 10-12 months of age. We have
therefore included, in our studies, all the mice that were available,
and we did not assign a specific number of mice to the different
experimental groups. Therefore, there is some variability in the
numbers of mice used in the different experiments, in particular
the numbers of male and female mice. The number of mice used
for immunohistochemistry is lower than the number of mice used
for Western blotting because there is generally less variability
with immunohistochemistry than with western blotting and be-
cause we frequently use the same mouse to prepare brain slices
that are used for either the electrophysiological experiments or
for Western blotting. A total of 10 mice were used for immunohis-
tochemistry: eight mice (four WT and four G2019S) were used for
counting TH-positive cells in the SNc and VTA (Figure 2b,c), and
two mice (one WT and one G2019S) were used for co-labeling of
TH with GluA1 or GIluN1 (Figure 5a,b). The experimental design is

illustrated in Figure 1a.

2.2 | Behavioral tests

The behavioral experiments were performed between 12.00 and
16.00. Mice in their home cages were transferred to the testing
room, located in the same housing facility, and allowed to adapt for
at least 30 min before the test was initiated. The behavioral tests
were performed under this sequence for most mice: open field, light
dark, elevated plus maze, pole test, and beam test.

2.3 | Open field test

Mice were placed individually in the center of an open field arena
(48 cm x 48 cm; TSE systems, available at the Animal Behavior
Core Facility at Karolinska Institutet) and allowed to move in the
arena for 60 min during which horizontal and vertical spontane-
ous locomotor activity was tracked. Data were analyzed by TSE
software automatically (TSE ActiMot detection system, Version
08.02.03, TSE Systems GmbH, Bad Homburg, Germany). We ana-
lyzed the total distance covered, the number of rearings, and the
time spent in the center and in the periphery of the arena. The
periphery was defined as the peripheral 40% of the arena and the
center as 60% of the arena.

2.4 | Light/dark box test

We used a light/dark box arena which had an area with light (light
area: 25 cm x 25 cm, 350 lux), and an area that was dark (dark area:
25 cm x 12 c¢m, 0.5 lux). Male mice were placed individually in the
light area of the arena, facing the port entry of the dark area, and
were allowed to explore the arena for 15 min. The movements

of the mouse were video tracked using a video camera mounted
in the ceiling and coupled to the EthoVision XT11.5 software
(RRID:SCR_000441, Noldus). The time spent in the light area and
the number of entries in the light area during the 15 min of the
trial were analyzed.

2.5 | Elevated plus maze (EPM) test

We used an EPM which consisted of two open arms (35 x 10 cm
each) and two closed arms (35 x 10 cm each), elevated by 50 cm
above the floor. Male mice were placed individually in the center
of the EPM, facing an open arm, and were able to explore the
platform for 5 min during which they were video tracked as in
the light/dark box test with the EthoVision XT11.5 software
(RRID:SCR_000441, Noldus). The time spent in the open arms and
the number of entries in the open arms were analyzed. Male mice
were used in this test and in the light/dark box test because vari-
ations of estrous cycle often influence the performance of female
mice (Gould, 2009).

2.6 | Beam walking test

Mice were placed individually on one end of an elevated horizontal
beam (3.5-1 cm wide and 1 m long). They were trained during the
first 2 days of the test to traverse the beam and reach the other end
of the beam where their home cage was placed. On the third day of
the test, a metal mesh of the same width and length as the beam was
placed 1 cm above the beam, mice were videotaped while traversing
the beam for a total of three trials. We measured, manually with a
timer, and averaged the time taken by the mice to traverse the beam
and the number of paw slips during the traversal of the beam for the

three trials.

2.7 | Poletest

Mice were placed individually on top of a vertical pole (diameter:
8 mm, height: 50 cm) with their head facing upwards. They were
trained during the first 2 days of the test to turn and descend the
pole back into a cage. On the third day of the test, we measured,
manually with a timer, the time taken by the mice to turn downward
(Tturn) and the total time to descend the pole (Ttotal). Mice were
videotaped while descending the pole for a total of three trials, and

we calculated the average of the three trials.

2.8 | Brain slice electrophysiology

Mice were deeply anesthetized with isoflurane. Isoflurane was
chosen because it offers several benefits over other anesthetic
agents. Anesthetized mice underwent transcardiac perfusion
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FIGURE 1 Assessment of motor and non-motor behaviors in WT and G2019S mice. Flow-chart illustrating the experimental design (a).
Spontaneous horizontal locomotion and rearing were measured in the open field test (b-e). Panel (e) shows typical tracks for a WT mouse
and a G2019S mouse during the first 10 min of the trial. *p < 0.05; ** p < 0.01 Student's unpaired t-test; ## p < 0.01 Mann-Whitney test.
Anxiety-like behavior was assessed with the light/dark test (f, g) and the EPM test (h, i). Fine motor coordination and balance were assessed
with the beam walking test (j, k) and the pole test (I, m). Results are mean + s.e.m. from n = 12-20 mice: open field test, WT n = 15, G2019S
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FIGURE 2 Integrity of SNc- and VTA-DA neurons. (a) Confocal images showing immunofluorescence for TH in the VTA and SNc of a WT
mouse and a G2019S mouse (Scale bars 500 pm, 18 z-stacks with 2 pm interval). (b, c) Number of TH-positive cells in the SNc and VTA of
WT mice (n = 4 mice) and G2019S mice (h = 4 mice). (d-g) Western blotting of TH and DAT in the striatum (n = 24 WT mice and n = 23-27
G2019S mice) and nucleus accumbens (n = 15 WT mice and n = 12-13 G2019S mice). (h-m) Frequency (Hz) and coefficient of variation (CV,
%) of the spontaneous firing, measured in cell-attached mode, of SNc- (h, i) and VTA-DA neurons (k, ) (n = 15-23 cells from four to seven
WT mice and n = 23-27 cells from seven G2019S mice). Traces in (j) and (m) are example recordings from SNc- and VTA-DA neurons in WT
and G2019S mice
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with 60 ml ice-cold oxygenated (95% O, + 5% CO,) artificial cer-
ebrospinal fluid (aCSF) containing (in mM): NaCl (126), KCI (2.5),
NaH,PO, (1.2), MgCl, (1.3), CaCl, (2.4), glucose (10), and NaHCO,
(26). Their brains were rapidly removed and submerged in a slic-
ing solution containing (in mM): NaCl (15.9), KCI (2), NaH,PO,
(1), Sucrose (219.7), MgCl, (5.2), CaCl, (1.1), glucose (10), and
NaHCO, (26). Coronal hemisections (200-250 pm thick) contain-
ing the midbrain, the striatum, and the nucleus accumbens were
obtained using a microslicer (VT 1000S, Leica Microsystem). The
sections were incubated in a modified aCSF containing (in mM):
NaCl (126), KCI (2.5), NaH,PO, (1.2), MgCl, (4.7), CaCl, (1), glucose
(10), and NaHCO, (23.4) at 32 °C for 1 h following the slicing and
afterward at 28°C. We performed cell-attached and whole-cell
patch-clamp recordings of visually identified SNc- and VTA-DA
neurons, as described previously (Yao et al., 2018). Neurons were
identified as being DA based on several anatomical, morphologi-
cal, and electrophysiological criteria which included the location
of these neurons in the VTA and SNc, their slow spontaneous
firing (<6 Hz), the presence of an |h current and membrane ca-
pacitance (>40 pF) which characterize DA neurons. Cells that did
not meet these criteria were not further recorded and were not
included in the analyses. These criteria allowed us to differentiate
between DA neurons and non-DA neurons, and our previous study
confirmed that the recorded neurons contained tyrosine hydroxy-
lase (TH) (Yao et al., 2018). Patch electrodes (3-5 MQ) were filled
with a solution containing (in mM): 140 CsCl, 2 MgCl,, 1 CaCl,, 10
HEPES, 10 EGTA, 2 MgATP, 0.3 Na;GTP, pH adjusted to 7.3 with
CsOH. For current-clamp recordings, electrodes were filled with a
solution containing (in mM): p-gluconic acid potassium salt (120),
KCI (20), HEPES (10), EGTA (10), MgCl, (2), CaCl, (1), ATP-Mg (2),
GTPNa, (0.3), pH adjusted to 7.3 with KOH. Recordings were per-
formed with a MultiClamp 700B (Axon Instruments, Foster City
CA, USA), acquired at 10 kHz and filtered at 2 kHz. Spontaneous
firing of DA neurons was measured with tight seal (>500 MQ) cell-
attached recordings at O mV. Excitatory postsynaptic currents
(EPSCs) mediated by AMPA receptors (AMPARs) were measured at
a holding membrane potential of =80 mV, in the whole-cell mode,
in the presence of gabazine (SR-95531, 10 pM) to block GABA
receptors. NMDAR-mediated EPSCs were measured at a holding
membrane potential of +40 mV in the presence of DNQX (10 pM),
to block AMPARs, and gabazine (10 pM). EPSCs were evoked by
electrical stimulations through a patch pipette filled with aCSF
placed near the recorded neuron. Paired AMPAR-EPSCs were
evoked with interstimulus intervals of 20, 60, 100, 1000, and
3000 ms. Data were acquired and analyzed with the pClamp 10
software (RRID:SCR_011323, Axon Instruments, Foster City CA,
USA). Spontaneous EPSCs were recorded for 3-5 min. We ana-
lyzed the 3-5 min-long recordings using the Mini Analysis program
Synaptosoft (Synaptosoft, Inc.; RRID: SCR_002184) to measure
the frequency and amplitude of sEPSCs in individual neurons.
For the selection and analysis of SEPSCs, we used an amplitude
threshold of 5 pA based on the distribution of noise and seEPSC
amplitude.
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Brain slices were prepared as described for slice electrophysiology.
The dorsal striatum, nucleus accumbens, and the ventral midbrain
(containing VTA and medial substantia nigra) were dissected from
the slices, frozen, and stored at -80°C until processed. The sam-
ples were sonicated in 1% sodium dodecyl sulfate (SDS) and boiled
for 10 min. One percent SDS was diluted in water from 10% SDS
(prepared with 18 MQ water, Bio-rad, Cat. No. 1610416). Protein
concentration was determined in each sample with a bicinchoninic
acid protein assay (BCA-kit, Pierce). Equal amounts of protein
(10 or 30 ug) were re-suspended in sample buffer (4 x Laemmli
Sample Buffer, Bio-Rad, Hercules, USA, added with 10% p-
mercaptoethanol, Sigma) and separated by SDS-polyacrylamide
gel electrophoresis using a 9% or 12% running gel and transferred
to a nitrocellulose transfer membrane (Bio-Rad, Hercules, USA).
The membranes were incubated for 1 h at room temperature with
5% (w/v) fat-free dry milk (Bio-Rad, Hercules, USA) in TBS-T (Tris
base 0.05 mol/L, NaCl 0.15 mol/L, tween 0.1%). Inmunoblotting
was carried out with antibodies in 5% dry milk dissolved in TBS-T
at 4°C overnight. Antibodies were obtained from Sigma-Aldrich,
St Louis, USA (TH, Cat. No. T2928, RRID: AB_2313844, dilu-
tion 1:2000; B-actin, Cat. No. A2228, RRID: AB_476697; dilution
1:2000), Millipore, Temecula, US (dopamine transporter [DAT],
Cat. No. MAB369, RRID: AB_2190413; dilution 1:1000; VGLUT1,
Cat. No. AB5905, RRID: AB_2301751; dilution 1:1000; GIuN1,
Cat. No. MAB363, RRID: AB_94946; dilution 1:1000), and Upstate,
New York, USA (GluA1, Cat. No. 06-306-MN, dilution 1:1000).
The membranes were washed three times with TBS-T and incu-
bated, for 1 h at room temperature, with secondary horseradish
peroxidase-linked Anti-Rabbit IgG (H + L) (Cat. No. 32260, 1:5000
dilution) or Anti-Mouse IgG (H + L) (Cat. No. 32230, 1:5000 dilu-
tion) obtained from Thermo Scientific, Rockford, USA. At the end
of the incubation, membranes were washed six times with TBS-T
and immunoreactive bands were detected by enhanced chemi-
luminescence (Bio-Rad, Hercules, USA, Cat. No. 170-5061). The
membranes were then scanned in ChemiDoc MP system (Bio-Rad,
Hercules, USA) and quantified with ImageJ 1.50b software (NIH,
USA). The protein amounts were normalized to the value of B-actin

and normalized to the averaged value obtained for WT mice.

2.10 | Immunofluorescence

Mice underwent transcardiac perfusion with saline followed by 4%
PFA in PBS (PBS: 0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M
NaCl; Carl Roth, Karlsruhe, Germany, Cat. No. P087.7) under deep
isoflurane anesthesia. Their brain was removed, post-fixed in 4% PFA
overnight, and dehydrated in 30% sucrose-PBS buffer for 2-3 days.
Dehydrated brains were embedded in OCT cryomount (Cat. No.
45830, Histolab), frozen at -20°C and sliced with a MICROM cryostat
(HM 500 M) at a 40 pum thickness. The sections were collected and
stored in NaN, (0.01% in PBS) in 24-well plates at 4°C. Free-floating
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brain sections containing the midbrain were processed for immu-
nodetection of TH alone or with either GIluA1 or GIuN1. Sections
were incubated for one night at 4 °C in the following primary anti-
bodies: TH (Sigma-Aldrich, St Louis, USA, Cat. No. T2928, dilution
1:4000), TH (Millipore, Temecula, USA, Cat. No. AB152, dilution
1:2000, RRID: AB_390204), GIuA1 (Upstate, New York, USA, Cat.
No. 06-306-MN, dilution 1:1000), GluN1 (Millipore, Temecula, US,
Cat. No. MAB363, dilution 1:1000). Sections were washed 3 times in
PBS and incubated in Alexa Fluor® 568-conjugated goat anti-rabbit-
1gG (Thermo Scientific, Cat. No. A-11011, dilution 1:2000) or Alexa
Fluor® 488-conjugated goat anti-mouse-lgG (Thermo Scientific,
Cat. No. A-11001, dilution 1:2000) for 2 h at room temperature,
followed by re-washing in PBS and mounting. The sections were
imaged on a Carl Zeiss LSM 880 confocal microscope using a 10x
objective (NA value: 0.45), a 20x objective (NA value: 0.75) or a 63x
oil objective (NA value: 0.8). Images were z-stacked. For counting
the number of TH-positive cells, TH immunostaining was performed
in four to five sections containing different levels of the SNc and
VTA (Bregma -4.80 to 6.04) for each mouse examined. After confo-
cal scanning with a 20x objective, the number of TH-positive cells
in SNc and VTA in both sides of each section was counted manually
using Cell Counter plugin in Fiji (Schindelin et al., 2012) and a surface
cell count method described earlier (Henderson et al., 2020; Moore
et al., 2021). The number of cells from the two sides of the same
section was added, and the average of all sections was calculated

for each mouse.

2.11 | Chemicals and drugs

Salts and other chemicals were purchased from Sigma-Aldrich (St.
Louis, USA), Tocris/Bio-Techne Ltd., and Hello Bio (Bristol, UK).
The compounds used for slice electrophysiology (DNQX, Cat. No.
HBO0261; gabazine, SR95531, Cat. No. HB0901; LRRK2-IN-1, Cat.
No. 4273/10) were prepared in stock solutions, diluted in aCSF
to their final concentration (1 or 10 uM), and applied in the perfu-
sion solution. In the experiments examining the effect of LRRK2-
IN-1 on firing and glutamatergic synaptic transmission, slices were
pre-incubated in aCSF containing LRRK2-IN-1 (1 pM) for 1 h before
being placed in the recording chamber where they were perfused
with aCSF containing LRRK2-IN-1 (1 pM).

2.12 | Statistical analysis

The GraphPad Prism 8 software (RRID: SCR_002798) was used for
data analysis and statistics. Data are expressed as mean + SEM with
n indicating the number of neurons or mice tested. We used the
Kolmogorov-Smirnov test to assess normal distribution of the data.
To confirm the statistical power of our sample size, we performed a
post hoc power analysis based on our results that show an altered
glutamate release probability. We used the ClinCalc.com website
(https://clincalc.com/) for this analysis (WT vs. G2019S; 0.05 for

probability of type | error), and we obtained the following result:
87.9% for the post hoc power, which indicates a good estimation of
our sample size. No test for outliers has been applied and no data
points were excluded. Statistical significance of the results was as-
sessed by using the Student's unpaired t-test, Mann-Whitney U test,
nested one-way ANOVA followed by multiple comparisons (Tukey),
nested t-test, two-way ANOVA followed by multiple comparisons
(Tukey). All tests were two-tailed. We did not use data normalization
for non-normally distributed datasets. Significant levels were set at
P < 0.05. The results of the statistical analyses and detailed statistics
are presented in Table S1.

3 | RESULTS

3.1 | G2019S mice display hyperlocomotion and
increased exploratory behavior

We examined motor and non-motor behaviors in 10-12 months old
WT and G2019S mice with five different behavioral tests. In the
open field test, the total distance covered was significantly higher
(p < 0.01; Figure 1b), and the time spent in the periphery of the arena
was lower (p < 0.05; Figure 1c), in G2019S mice compared with WT
mice. G2019S mice also displayed increased number of rearings
(p < 0.01; Figure 1d). Male G2019S mice displayed an increased total
distance covered and female G2019S mice displayed a tendency for
an increased number of rearings (Figure S1). G2019S mice seemed to
show reduced anxiety-like behavior because they spent less time in
the periphery of the arena, and thus more time in the center, com-
pared with WT mice (Lipkind et al., 2004). To examine this possibil-
ity, we performed two additional tests, that is, the light/dark test and
the EPM test. These tests did not reveal any significant differences
between G2019S and WT mice (Figure 1f-i). We assessed fine motor
coordination and balance with the beam walking test and the pole
test, and we found that G2019S mice and WT mice performed com-
parably in these two tests (Figure 1j-m). There were no sex-related
differences in the beam walking test and the pole test (Figure S1).
These results show that G2019S mice do not display motor impair-
ment or anxiety-like behavior, but they display hyperlocomotion and

increased exploratory behavior.

3.2 | Integrity of SNc- and VTA-DA neurons

We investigated whether the integrity of SNc- and VTA-DA neurons
wasalteredin10-12monthsold G2019S mice.Immunohistochemistry
of tyrosine hydroxylase (TH), the rate-limiting enzyme in the syn-
thesis of DA, labeled neurons in the VTA and in the SNc with no
differences in the number of TH-positive neurons between G2019S
and WT mice in these two brain regions (Figure 2a-c). We also as-
sessed the integrity of DA innervation of the dorsal striatum (which
receives DA inputs mostly from the SNc) and the nucleus accumbens
(which receives DA inputs mostly from the VTA) by measuring, with
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western blotting, the protein amounts of TH and of the DA trans-
porter (DAT). We found that these amounts were similar in G2019S
and WT mice (Figure 2d-g).

We then performed whole-cell patch-clamp recordings in brain
slices to assess if the electrophysiological properties of DA neurons
differed between G2019S and WT mice. Although the numbers of
male and female mice used in some of these experiments are small
and variable, we did not observe sex-related differences in the mea-
sured membrane and synaptic properties. The intrinsic membrane
properties (Figure S2) and action potential characteristics (Figure
S3) were similar in WT and G2019S mice. Cell-attached recordings
of the spontaneous action potential firing showed that the firing
frequency (Figure 2h,k) and the regularity of firing (assessed with
the coefficient of variation of interspike intervals, Figure 2i,l) of
SNc- and VTA-DA neurons were not different between WT mice,
G2019S mice in aCSF and G2019S mice in presence of the LRRK2 ki-
nase inhibitor LRRK2-IN-1 (1 pM). These results show that SNc- and
VTA-DA neurons are tonically active in 10-12 months old G2019S
and WT mice and that their neurophysiological properties are un-

changed in G2019S mice compared with WT mice.

3.3 | Altered glutamatergic synaptic transmission
in midbrain DA neurons in G2019S mice

We examined the properties of glutamatergic synaptic transmis-
sion in DA neurons in the SNc and in the VTA of WT and G2019S
mice. Spontaneous AMPAR-mediated EPSCs (sEPSCs) were meas-
ured, during 3-5 min-long recordings, in neurons voltage-clamped at
- 80 mV. We selected an amplitude threshold of 5 pA based on the
distribution of noise and sEPSC amplitude (Figure S4). In SNc-DA
neurons, sEPSC amplitude was similar in WT mice, G2019S mice
in aCSF and G2019S mice in LRRK2-IN-1 (1 pM), however, sEPSC
frequency was lower in G2019S compared with WT mice (p < 0.05;
Figure 3a-c). In the presence of LRRK2-IN-1, the sEPSC frequency in
G2019S mice was similar to that measured in WT mice (p = 0.8714;
Figure 3b). We also measured AMPAR-mediated EPSCs evoked by
electrical stimulation of the slice, and we analyzed the paired-pulse
ratio of two successive AMPAR-EPSCs, a measure of presynaptic
modulation of glutamate release. We observed a paired-pulse de-
pression at all interstimulus intervals in both WT and G2019S mice.
However, at a short interstimulus interval (20 ms), this depression
was significantly smaller in G2019S mice compared with WT mice
(Figure 3d, e). Paired-pulse depression was not observed in SNc-DA
neurons from G2019S mice in the presence of LRRK2-IN-1 (1 pM).
However, no synaptic depression was observed in WT mice in the
presence of LRRK2-IN-1 either (Figure S5), suggesting that endog-
enous LRRK?2 kinase activity in WT and G2019S mice modulates glu-
tamatergic synaptic transmission in SNc-DA neurons. We measured
EPSCs mediated by NMDARs, evoked by electrical stimulation of
the slice, in neurons voltage-clamped at +40 mV. The ratio between
AMPAR-EPSC and NMDAR-EPSC (AMPA/NMDA ratio), a measure
of long-term synaptic plasticity (Thomas & Malenka, 2003), was
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unaltered in G2019S mice as compared with WT mice (Figure 3f, g).
These results demonstrate that SNc-DA neurons of G2019S mice
do not develop alterations in long-term plasticity at glutamatergic
synapses. However, a decreased sEPSC frequency and a decreased
paired-pulse depression demonstrate an altered initial release prob-
ability at glutamatergic synapses in SNc-DA neurons of G2019S
mice, which could be a consequence of an increased LRRK2 kinase
activity.

In VTA-DA neurons, the amplitude of sEPSCs was significantly
larger in G2019S compared with WT mice (p < 0.01), but the fre-
quency of sEPSCs was similar in WT and G2019S mice (Figure 4a-
c). In the presence of LRRK2-IN-1 (1 uM), the sEPSC amplitude in
VTA-DA neurons from G2019S mice was similar to that measured in
WT mice (p = 0.7802; Figure 4a). The paired-pulse ratio of two suc-
cessive AMPAR-EPSCs showed facilitation at a 20 ms interval and
depression at 100 and 1000 ms. The paired-pulse ratio was similar
in WT and G2019S mice at all intervals (Figure 4d,e). The AMPA/
NMDA ratio was unaltered in G2019S mice (Figure 4f,g). These re-
sults show that, unlike in the SNc, glutamate release is not altered in
VTA-DA neurons of G2019S mice. However, postsynaptic changes,
such as a modified content of AMPARSs, might contribute to the in-
creased sEPSC amplitude in VTA-DA neurons of G2019S mice.

3.4 | Altered glutamatergic markers in the ventral
midbrain of G2019S mice

We tested the possibility that altered glutamatergic synaptic trans-
mission in DA neurons of G2019S mice is associated with a change
in postsynaptic and presynaptic markers of glutamatergic synapses
in the ventral midbrain. Although the numbers of male and female
mice used in these experiments are variable, we did not observe
sex-related differences in the results obtained. Using immunohis-
tochemistry, we found that the GIuA1 subunit of AMPARSs and the
GluN1 subunit of NMDARs are co-expressed with TH-positive neu-
rons in the SNc and VTA of both WT and G2019S mice (Figure 5a,b).
To quantify the protein amounts of these postsynaptic markers of
glutamatergic synapses, we performed Western blotting experi-
ments and we found that the protein amounts of GluA1 and GIuN1
in the ventral midbrain were significantly lower in G2019S mice as
compared with WT mice (p < 0.05, Figure 5c,d). We also examined
the presence of the vesicular glutamate transporter 1 (VGLUT1), a
marker of glutamatergic presynaptic terminals originating in the cor-
tex and hippocampus (Fremeau et al. 2004). The protein amounts of
VGLUT1 were lower in the ventral midbrain of G2019S mice com-

pared with WT mice (p < 0.05, Figure 5e).

4 | DISCUSSION

In the present study, we describe alterations in glutamatergic syn-
aptic transmission in midbrain-DA neurons of middle-aged G2019S
mice, before their degeneration and before the occurrence of motor
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FIGURE 3 Glutamatergic synaptic transmission in SNc-DA neurons. Amplitude (a) and frequency (b) of SEPSCs measured in SNc-DA
neurons (n = 10 cells from 4 WT mice, n = 15 cells from 7 G2019S mice in aCSF, and n = 11 cells from 4 G2019S mice in LRRK2-IN-1, 1 pM).
*p < 0.05, ** p < 0.01 nested one-way ANOVA followed by multiple comparisons (Tukey). (c) Example recordings from three SNc-DA
neurons in a WT mouse, a G2019S mouse in aCSF, and a G2019S mouse in LRRK2-IN-1. Traces on the right are examples of single sEPSCs.
(d, e) paired-pulse ratio of two successive AMPAR-EPSCs at various interstimulus intervals (n = 10 cells from six WT mice and n = 16 cells
from nine G2019S mice). * p < 0.05 nested t-test. Traces in (e) are examples of recordings of paired EPSCs in WT and G2019S mice evoked
at 20 ms and 1000 ms intervals. (f, g) Ratio between AMPAR-EPSCs and NMDAR-EPSCs in SNc-DA neurons (n = 7 cells from 3 WT mice
and n = 7 cells from 6 G2019S mice). Traces in (g) are examples of recordings of AMPAR-EPSCs (recorded at -80 mV) and NMDAR-EPSCs

(recorded at +40 mV)



SKITEVA ET AL.

Journal of

deficits, typical of Parkinsonism. We have shown that glutamate re-
lease onto SNc-DA neurons is decreased, and that presynaptic and
postsynaptic markers of glutamatergic transmission are altered in
the ventral midbrain of G2019S mice. We found that the changes
seen in G2019S mice, compared to WT mice, are rescued in the pres-
ence of LRRK2-IN-1, suggesting that these changes are linked to an
increased LRRK2 kinase activity. Our findings suggest that presyn-
aptic and postsynaptic mechanisms in glutamatergic synapses might
contribute to dysfunctions of DA neurons in the prodromal phase of
Parkinsonism.

To investigate the roles of LRRK2 and mutated LRRK2 in the
development of Parkinsonism, several rodent models have been
generated with different methods, including bacterial artificial
chromosomes (BACs) and knock-in (KI), to express human or mu-
rine LRRK2 or LRRK2-G2019S (Kuhlmann & Milnerwood, 2020;
Pischedda & Piccoli, 2021). In accordance with previous studies
demonstrating mild phenotypes in LRRK2-G2019S mice (Kuhlmann
& Milnerwood, 2020; Volta & Melrose, 2017), we found that 10-
12 months old G2019S mice did not display anxiety-like behaviors,
and that their fine motor coordination and balance were unaltered,
compared with age-matched WT littermates. G2019S mice, how-
ever, displayed an increased locomotion and rearing, demonstrating
an increased exploratory behavior. These behaviors were described
in other BAC and Kl LRRK2-G2019S mice of the same age range or
younger than the mice used in the present study (Longo et al., 2014;
Volta et al., 2015; Volta et al., 2017; Yue et al., 2015). It was further
demonstrated that enhanced LRRK2 kinase activity was responsi-
ble for hyperlocomotion in G2019S mice. Indeed, BAC mice over-
expressing wild-type LRRK2 and Kl mice carrying a kinase-dead
mutation did not display increased locomotion and exploratory
behavior. In addition, administration of a LRRK2 kinase inhibitor to
G2019S mice reversed hyperkinesia, demonstrating that this be-
havior likely arises because of an increased LRRK2 kinase activity
caused by the G2019S mutation (Longo et al., 2014). Further demon-
stration of hyperlocomotion in a different PD model, that is, young,
but not old, mice overexpressing a-synuclein, suggests that hyperki-
nesia might be associated with an early increase in DA content in the
striatum, which precedes neurodegeneration in aging mice (Mann &
Chesselet, 2015). Taken together, these observations from different
PD models, demonstrate that the BAC LRRK2-hG2019S model used
in the present study is well suited to decipher cellular dysfunctions
in DA neurons which occur before the onset of PD-like motor and
non-motor impairments.

We found that the integrity of DA neurons was preserved in
10-12 months old G2019S mice, with intact protein amounts of
TH and DAT in the striatum and in the nucleus accumbens, and no
loss of TH-positive neurons in the SNc or in the VTA, suggesting
a lack of DA deficits and absence of degeneration. These results
are in accordance with previous studies from G2019S mice that are
less than 1 year old, but contrast with the reported increased DAT
level and function in the striatum of 12-months old G2019S KI mice
(Kuhlmann & Milnerwood, 2020; Longo et al., 2017). In old (around
15-20 months) G2019S mice, however, mitochondrial abnormalities,
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altered DA release, reduced striatal DA innervation were observed in
conjunction with motor impairments (Li et al., 2010; Lim et al., 2018;
Melrose et al., 2010; Volta & Melrose, 2017; Yue et al., 2015). In
addition to an intact striatal DA innervation and unchanged number
of SNc- and VTA-DA neurons, we found that the intrinsic membrane
properties of DA neurons were unaltered in G2019S mice com-
pared with WT mice. This indicates that intrinsic ion channel func-
tions underlying membrane properties are intact in these neurons.
Furthermore, the pacemaker firing in SNc- and VTA-DA neurons was
similar in G2019S mice compared with WT mice.

The present study identifies postsynaptic and presynaptic al-
terations in glutamatergic synapses onto midbrain DA neurons of
G2019S mice. We found a reduced protein amount of the GIuA1l
and GIuN1 subunits of AMPARs and NMDARs, respectively, in the
ventral midbrain, which was, however, not associated with a change
in the AMPA/NMDA ratio in SNc- and VTA-DA neurons. This could
indicate a decrease in both AMPARs and NMDARs at glutamatergic
synapses, but the amplitude of sEPSCs was not altered in SNc-DA
neurons and it was increased in VTA-DA neurons. Different mech-
anisms could account for a change in sEPSC amplitude in VTA-DA
neurons. One of these mechanisms could involve the change in the
subunit composition of AMPARs, in particular, the contribution of
the GIuA2 subunit. The changes in the protein amounts might not
reflect receptors at the membrane of DA neurons that contribute to
synaptic transmission but might indicate a reduced intracellular pool
of receptors in DA neurons, as well as in non-DA neurons. Indeed,
unpublished data from our group indicate that GABAergic neurons
in the substantia nigra reticulata do not display changes in synaptic
AMPARs and NMDARs. A region-specific alteration in presynaptic
regulation of glutamatergic synaptic transmission is the most strik-
ing change that we found in G2019S mice. In SNc-DA neurons of
WT mice, glutamatergic synapses displayed paired-pulse depres-
sion which indicates a high initial release probability and is likely
accounted for by a decrease in release probability and a decrease
in quantal content during the second stimulus (Chen et al., 2004;
Debanne et al., 1996). In SNc-DA neurons of G2019S mice, paired-
pulse depression was decreased and sEPSC frequency was also
decreased, demonstrating a reduced initial release probability. The
amplitude of sEPSC was increased in VTA-DA neurons which was
not accompanied by a change in sEPSC frequency or in the paired-
pulse ratio, demonstrating a lack of presynaptic alteration of glu-
tamate release. Intact presynaptic glutamatergic function was also
observed in the hippocampus of 8-12 months old G2019S mice
(Sweet et al., 2015), further supporting the region-specificity in the
presynaptic changes induced by the G2019S mutation. An altered
release probability in SNc-DA neurons of G2019S mice indicates that
the molecular machinery responsible for exocytosis of glutamate is
modified, likely through an increased LRRK2 kinase activity in glu-
tamatergic axon terminals. Our results with the LRRK2 kinase inhib-
itor support this hypothesis although the absence of paired-pulse
depression in the presence of LRRK2-IN-1 in WT and G2019S mice
remains to be further investigated. LRRK2 plays key roles in pre-
synaptic control of neurotransmitter release by regulating synaptic
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FIGURE 4 Glutamatergic synaptic transmission in VTA-DA neurons. Amplitude (a) and frequency (b) of sSEPSCs measured in VTA-DA
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Whitney test

vesicle recycling/endocytosis, and the G2019S mutation was shown
to decrease synaptic vesicle endocytosis (Belluzzi et al., 2012; Pan
et al., 2017; Pischedda & Piccoli, 2021). Altered phosphorylation
of LRRK2 substrates, such as Rab GTPases (Pfeffer, 2018; Steger
etal., 2016), in glutamatergic presynaptic terminals in the SNc might
contribute to dysregulated glutamate release and possibly also to

the degeneration of axons arising from the cortex in LRRK2-G2019S
mice (Jeong et al., 2018). Other glutamatergic projections to mid-
brain DA neurons may also be affected by the G2019S mutation,
in particular those arising in nuclei involved in motor control and
shown to be dysfunctional in PD, that is, the subthalamic nucleus

and pedunculopontine tegmental nucleus.
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Our study suggests a potential mechanism by which LRRK2-
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G2019S could modulate glutamate release in the SNc, that is, by
interfering with the function of VGLUT1 and thereby reducing ve-
sicular glutamate content. Indeed, we found that VGLUT1 is reduced
in the ventral midbrain, which could underlie the decreased paired-
pulse depression in SNc-DA neurons of G2019S mice. Interestingly,
in PD patients, there is a reduced VGLUT1 expression in cortical
regions known to provide glutamatergic inputs to SNc and VTA
neurons (Kashani et al., 2007). How a reduced glutamate release
probability and an altered vesicular glutamate content could con-
tribute to degeneration of SNc-DA neurons is beyond the scope
of the present study and remains to be examined. Nonetheless, a
change in the balance of excitatory inputs onto SNc-DA neurons,
and not onto VTA-DA neurons, may be a prodromal sign of DA neu-
ron dysfunction.

In conclusion, our study describes region-specific alterations in
glutamatergic synapses onto midbrain DA neurons in a mouse model
of familial late-onset PD. Our findings pave the way for future stud-
ies aiming to decipher the potential role of altered glutamatergic
synapses onto SNc-DA neurons in behavioral and neurochemical
modifications linked to the G2019S-LRRK2 mutation. Because there
are similarities between familial PD linked to LRRK2 mutation and
sporadic PD, our findings shed insights into the mechanisms that
might contribute to the pathophysiology of idiopathic and familial
PD.
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