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Since the discovery of LRRK2 mutations causal to Parkinson’s disease (PD) in the early
2000s, the LRRK2 protein has been implicated in a plethora of cellular processes in
which pathogenesis could occur, yet its physiological function remains elusive. The
development of genetic models of LRRK2 PD has helped identify the etiological and
pathophysiological underpinnings of the disease, and may identify early points of
intervention. An important role for LRRK2 in synaptic function has emerged in recent
years, which links LRRK2 to other genetic forms of PD, most notably those caused by
mutations in the synaptic protein α-synuclein. This point of convergence may provide
useful clues as to what drives dysfunction in the basal ganglia circuitry and eventual
death of substantia nigra (SN) neurons. Here, we discuss the evolution and current
state of the literature placing LRRK2 at the synapse, through the lens of knock-out,
overexpression, and knock-in animal models. We hope that a deeper understanding
of LRRK2 neurobiology, at the synapse and beyond, will aid the eventual development
of neuroprotective interventions for PD, and the advancement of useful treatments in
the interim.
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INTRODUCTION; A LRRK IN THE PD ARENA

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting
1–2% of the population by 65 years of age, and increasing to 4–5% by 85 years of age (de
Lau and Breteler, 2006). Over 200 years after its initial clinical description (Parkinson, 2002),
PD is still characterized primarily by its cardinal motor symptoms and the loss of dopamine
(DA) neurons in the substantia nigra (SN). However, increasing recognition of non-motor
symptoms and additional cell loss, such as in the cortex (MacDonald and Halliday, 2002) and
thalamus (Henderson et al., 2000; Halliday, 2009), has highlighted the involvement of other
neurotransmitter systems in early and later disease processes. While symptoms are significantly
alleviated by interventions such as dopamine replacement therapies and deep brain stimulation,
none of the current treatment options slow disease progression (reviewed in Oertel, 2017). It
is hoped that advancing our understanding of PD etiology, including SN cell loss and beyond,
will enable the production of neuroprotective treatments for PD. This requires uncovering
etiological factors at the cellular level, and genetic models of PD are essential to this process.
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Moreover, they provide the opportunity to examine
pathophysiological processes at various disease stages, while
complimenting models of late-stage disease.

Although PD was long considered the archetypical
non-genetic disease, it is now understood to arise from a
complex interplay between environmental and genetic factors,
with current estimates suggesting heritability underlies ∼30%
of PD risk (Keller et al., 2012; Goldman et al., 2019). The
recognition of familial PD cases began ∼20 years ago, with
the identification of mutations, duplications and triplications
in the SNCA gene encoding the α-synuclein (α-syn) protein
(Polymeropoulos et al., 1997; Singleton et al., 2003; Chartier-
Harlin et al., 2004). This discovery was a turning point for
PD research, particularly given the later detection of α-syn in
Lewy bodies (LB), the pathological protein inclusions found
post-mortem in brains from people with PD and several related
diseases now termed synucleinopathies (Goedert et al., 2013).
In 2004, two separate studies identified multiple pathogenic
mutations responsible for late-onset, autosomal-dominant
parkinsonism—that they were all within the same gene, in the
PARK8 locus, really shook things up (Paisan-Ruiz et al., 2004;
Zimprich et al., 2004). The sequence suggested the protein was a
member of a newly described leucine-rich repeat kinase family
(Manning et al., 2002); that protein, about which nothing was
known, is LRRK2.

Perhaps the most thought-provoking aspect of LRRK2 PD
was the discovery that clinical presentation, indistinguishable
from ‘‘idiopathic’’ PD, is not always accompanied by traditionally
expected pathology.While nigral cell loss is consistently observed
in LRRK2 PD, α-syn-containing LBs are only found in about
half of cases post-mortem; patients also present with ubiquitin-,
tau-, or TAR DNA-binding protein 43-positive inclusions, or
show nigral degeneration with no aggregate pathology (Zimprich
et al., 2004; Rajput et al., 2006; Ujiie et al., 2012). This indicates
that α-syn aggregation is not the cause of symptoms or nigral
degeneration in half of LRRK2 PD, and therefore is not the
cause of all forms of late-onset PD. That said, there is much
evidence suggesting α-syn and LRRK2 proteins functionally
interact, and that the dysfunction of either may disrupt a
common physiological process, which eventually causes the
disease to develop. Synucleins are one of the most abundant
proteins in the brain and, as the name indicates, they are
enriched at synapses (Maroteaux et al., 1988; Foffani and Obeso,
2018; Sulzer and Edwards, 2019). This enrichment is cell-type
specific, with synuclein being highly expressed at excitatory
terminals in the striatum by electron microscopy (Totterdell
et al., 2004) and associated with structures positive for the
vesicular glutamate transporter VGluT1 (Emmanouilidou and
Vekrellis, 2016; Taguchi et al., 2016, 2019), but surprisingly
not at TH expressing-nigral DA terminals (Emmanouilidou and
Vekrellis, 2016; Taguchi et al., 2016). There is a clear consensus
that α-syn is involved in regulating synaptic vesicle (SV) release,
yet even after 30 years of progress, the underlying molecular
physiology remains amatter of some debate (Sulzer and Edwards,
2019). Here we will review evidence accrued over the last
15 years that argues LRRK2, like synuclein, is also a regulator of
synaptic physiology.

Since 2004, a host of animal models have examined loss-
of-function, gain-of-function, and mutation-specific effects of
LRRK2, implicating it in multiple cellular processes including
neurite regeneration (Ramonet et al., 2011; Winner et al.,
2011), autophagy (Albanese et al., 2019), endo-lysosomal
sorting (MacLeod et al., 2013; Gómez-Suaga et al., 2014;
Rivero-Ríos et al., 2019, 2020) and cytoskeletal dynamics
(Parisiadou et al., 2009; Pellegrini et al., 2017). Although the
literature on LRRK2’s role in PD etiology remains complex
and inconclusive, membrane traffic is a common theme,
and recent findings have also converged on the synapse as
a key site of early pathophysiological change. Given that
their intricate morphology and unique physiology require
neurons to be uniquely dependent on endocytic and secretory
processes, often at high frequencies and in the absence of
cell replacement/regeneration, it is perhaps unsurprising if
alterations to membrane traffic have negative effects in neurons,
which may be tolerated in other cell types.

Several groups have linked LRRK2 to endocytic machinery
(Shin et al., 2008; Matta et al., 2012; Arranz et al., 2015;
Belluzzi et al., 2016), synaptic vesicle trafficking (Piccoli et al.,
2011; Pan et al., 2017; Nguyen and Krainc, 2018), and altered
synaptic transmission in multiple neuronal types (Tong et al.,
2009; Beccano-Kelly et al., 2014, 2015; Sweet et al., 2015;
Matikainen-Ankney et al., 2016; Volta et al., 2017). With
emerging reports that LRRK2 functionally interacts with α-syn
and other PD-linked proteins in axons and at the synapse (Lin
et al., 2009; Inoshita et al., 2017; Mir et al., 2018; Novello et al.,
2018; MacIsaac et al., 2020), therapeutic advancements may well
depend on understanding how mutations in LRRK2 disrupt
synaptic activity within the complex neural circuitry underlying
PD. Many insights have come from invertebrate model systems,
especially those overexpressing mammalian LRRK2; however,
protostomes such as C. elegans and Drosophila have a single
LRRK gene, of an ancient origin, which is more homologous
to LRRK1 than LRRK2 (Marín, 2008). Thus, in the interest of
brevity, the focus here is mostly restricted to mammalian LRRK2,
as we discuss the evolution and current state of the literature
placing LRRK2 at the synapse through the lens of knock-out,
overexpression, and knock-in mammalian models.

WHERE (AND WHEN) DOES IT LRRK?

In the initial studies investigating LRRK2 expression, mRNA
was found in all human tissues examined, including heart,
brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas
(Paisan-Ruiz et al., 2004; Zimprich et al., 2004). By RT-PCR,
levels of LRRK2 mRNA were ∼5-fold higher in the lung than
the next highest tissue, the putamen of the striatum, which
was ∼2-fold that of other brain regions (Zimprich et al., 2004).
While LRRK2 mRNA is highly expressed throughout embryonic
development in the lung, kidney, spleen and heart (Zimprich
et al., 2004; Biskup et al., 2006; Larsen and Madsen, 2009;
Maekawa et al., 2010; Giesert et al., 2013), its expression within
the CNS, primarily within the putamen of the striatum, increases
drastically after birth. Northern blot showed a similar tissue
pattern, with enrichment of LRRK2 transcripts in neocortex
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and putamen (Paisan-Ruiz et al., 2004). In situ hybridization
studies in adult mouse brain confirmed LRRK2 mRNA was
highest in the striatum and cortex (Melrose et al., 2006; Simón-
Sánchez et al., 2006) but results varied for other regions including
the hippocampus and SNpc. Galter et al. (2006) compared
LRRK2 mRNA across the mouse, rat, and human post-mortem
brain tissue, reporting high expression in striatal spiny projection
neurons (SPNs), but no visible signal in SNpc dopamine neuron
cell bodies. Thus, in human and mouse studies, LRRK2 mRNA
is found in much of the circuitry implicated in PD but
is not enriched (nor perhaps even present) in SNpc cell
bodies; however, as highlighted below, mRNA transcript levels
often do not correlate with protein abundance (reviewed in
Liu et al., 2016).

The emergence of polyclonal LRRK2 antibodies (West et al.,
2005), at the time not validated against LRRK2 knock-outs,
provided the first glimpses of LRRK2 protein localization in
the adult rat, mouse, and human brain. Widespread protein
expression was found, with enrichment in the cortex and dorsal
striatum, and low levels in the dopaminergic olfactory bulb
and SNpc (Biskup et al., 2006). A direct comparison between
LRRK2 mRNA and protein confirmed this; mRNA was high in
regions receiving dopamine projections but absent in dopamine
cell bodies, whereas LRRK2 protein was localized throughout
the nigrostriatal pathway, including at low levels in the SNpc
(Higashi et al., 2007). Elsewhere, no LRRK2 immunoreactivity
was found in the olfactory tubercle, despite high mRNA
expression, and the opposite pattern was seen in the thalamus
(Melrose et al., 2006). A cross-comparison of the many available
LRRK2 antibodies, tested against LRRK2 knock-outs, indicated
extreme variability in the suitability of most across applications
but did confirm LRRK2 protein expression in neuronal cell
bodies (but not obviously in other cell types) of rodent cortex,
striatum, and cerebellum (Davies et al., 2013), results that have
since been replicated (West et al., 2014; Beccano-Kelly et al.,
2015). Overall, reports from human, rodent and primate studies
largely agree on striatal and cortical enrichment, with mixed
findings in the SNpc (Biskup et al., 2006; Galter et al., 2006;
Melrose et al., 2006; Simón-Sánchez et al., 2006; Higashi et al.,
2007; Lee et al., 2010; Mandemakers et al., 2012; Davies et al.,
2013). LRRK2 protein is also clearly found in other tissues; while
not directly quantified between tissues, similar LRRK2 protein
levels have been found in mouse lung, kidney, spleen, and
brain (Mir et al., 2018), in agreement with the original mRNA
observations (Zimprich et al., 2004). In terms of cell type,
beyond neurons, abundant LRRK2 protein is found in mouse
embryonic fibroblasts (Mir et al., 2018), and human neutrophils
and monocytes (Fan et al., 2018; Mir et al., 2018; Atashrazm
et al., 2019). Interestingly, a recent study demonstrated low
levels of LRRK2 protein in human induced pluripotent stem
cell (IPSC)-derived macrophages and microglia that were highly
increased upon activation by IFN-γ, suggesting CNS stress
and inflammation will upregulate LRRK2 in brain glial cells
(Lee et al., 2020).

The elucidation of LRRK2’s developmental profile in
the brain was another important advance; analyses of
LRRK1/LRRK2mRNA and protein expression found LRRK2was

expressed primarily in neurons at birth and increased in the
first postnatal week particularly within cortex, striatum and
olfactory bulb (Giesert et al., 2013). Interestingly, these first
postnatal weeks are also marked by synaptogenesis, especially in
the striatum and cortex (Mensah, 1982; Ishikawa et al., 2003).
These results have been confirmed, with LRRK2 protein being
present by embryonic day 15 in the cortex (Higashi et al.,
2007; Beccano-Kelly et al., 2014), and levels rising >5 fold over
3 weeks in the postnatal brain and up to 21 days in vitro (DIV21)
in cortical/hippocampal neuron cultures (Piccoli et al., 2011;
Beccano-Kelly et al., 2014).

Expression analyses were paralleled by attempts to identify
LRRK2’s subcellular localization. Fractionation studies found
that LRRK2 was enriched in microsomal, synaptic vesicle-
enriched, and synaptosomal cytosolic fractions in rat brain tissue
(Biskup et al., 2006). LRRK2 also separated with markers of
synaptic plasma membrane vesicles in mouse brain extracts
(Hatano et al., 2007). Immunocytochemical fluorescence studies
in neuronal cultures suggested LRRK2 localized to lysosomes,
mitochondria, and microtubules (Biskup et al., 2006), in addition
to Golgi and the synaptic vesicle (SV) marker synaptotagmin-1
(Hatano et al., 2007). Unfortunately, LRRK2 antibodies have
almost universally failed tests of specificity against knock-out
samples in immunofluorescence experiments (Davies et al.,
2013). To avoid the confounds of LRRK2 antibody specificity,
Schreij et al. (2015) gene-edited anHA-tagged LRRK2, and found
it colocalized with clathrin-light chains and the early endosomal
marker EEA1. As this was done in COS-7 cells, this possibly
included synaptic endosomes, and other studies have placed
LRRK2 at synaptic endosomes, in association with Rab5 (Shin
et al., 2008; Yun et al., 2015; Inoshita et al., 2017). Such literature
provided support that LRRK2 has a seat at the synapse, but what
of functional observations?

At this juncture, it is important to note some parameters
of synaptic maturation (expertly reviewed in Sala and Segal,
2014; Kavalali, 2015; Andreae and Burrone, 2018; Chanaday
and Kavalali, 2018), given that one of the most important,
but underappreciated, confounds to the interpretation of many
LRRK2 studies is the maturation state of the chosen system.
Excitatory synapses develop their specialized synaptic structures
as they mature, over a similar timeframe both in vivo and in
rodent primary cultures of cortex and hippocampus, in which
many pertinent observations have been reported. In cultures,
immature postsynaptic protrusions, filopodia, and thin spines
re-appear on dendrites between 4 and 7 days in vitro (DIV4–7)
after excitatory neurites have regenerated, and new contacts
begin to form between axons and dendrites (Papa et al., 1995;
Boyer et al., 1998; Takahashi et al., 2003). As the postsynaptic
structures mature, they become shorter, fatter, and mushroom-
like. By DIV14 the number of postsynaptic protrusions doubles,
being ∼50:50 immature- and mature-looking; the number again
doubles by DIV21, at which point densities stabilize, and 80–90%
of protrusions exhibit a mature morphology (Papa et al., 1995;
Boyer et al., 1998; Takahashi et al., 2003). Unlike hippocampal
and cortical cultures composed of predominantly excitatory
cells, GABAergic medium-sized spiny striatal projection neurons
(>90% of striatal cells) do not develop a complex dendritic
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architecture or dendritic spines if grown in monocultures
(Segal et al., 2003; Kaufman et al., 2012; Burguière et al., 2013).
However, if co-cultured with glutamatergic neurons, they form
a great many excitatory synapses over the same time-frame, and
to approximately the same extent as in vivo (Segal et al., 2003;
Tian et al., 2010; Randall et al., 2011; Kaufman et al., 2012;
Milnerwood et al., 2012; Burguière et al., 2013; Lalchandani et al.,
2013; Penrod et al., 2015). These patterns of synaptic maturation
up to ∼DIV21 are matched by immunostaining of synaptic
marker cluster density, colocalization of pre- and postsynaptic
markers, biochemical quantification of synaptic proteins, and
synaptic activity (Levinson and El-Husseini, 2005; Arstikaitis
et al., 2008, 2011; Han and Stevens, 2009; Beccano-Kelly et al.,
2014; Harrill et al., 2015). Furthermore, as mentioned, this is
the same temporal expression pattern as that for LRRK2 protein
(Piccoli et al., 2011; Beccano-Kelly et al., 2014).

Such maturation is dependent on appropriate patterns
of presynaptic release, which also requires time to mature
(reviewed in Kavalali, 2015); young, developing synapses
(<DIV8) lack a readily releasable vesicle pool (RRP), but
can spontaneously release glutamate through a slow recycling
pool of vesicles (Mozhayeva et al., 2002). The frequency of
spontaneous currents in these developing synapses can be
increased by strong depolarization (e.g., high extracellular [K+]),
but not by action potentials or hypertonic sucrose (Mozhayeva
et al., 2002). In contrast, older synapses (>DIV12) respond to
strong depolarization, action potentials, and hypertonic sucrose
(Mozhayeva et al., 2002; Andreae et al., 2012). Thus, as synapses
mature beyond the first 2 weeks in vitro, they utilize different
means of release, dependent on different forms of vesicle cycling,
and begin to become structurally and functionally mature,
a process that appears to plateau at ∼DIV21 (reviewed in
Kavalali, 2015).

NO LRRK2, NO PROBLEM? SILENCING,
REDUNDANCY, AND TARGET VALIDATION

Early LRRK2 knock-out (LKO) models sought to examine
whether loss-of-function recapitulated parkinsonian motor
dysfunction, DA loss, and α-syn accumulation. Despite reports
of peripheral phenotypes, most notably within the kidney and
lung (Tong et al., 2010; Herzig et al., 2011), LKO mice, and even
wild-type (WT)mice subject to acute LRRK2 knock-down (Volta
et al., 2015a), do not present with overt PD-like phenotypes, and
generally seem normal in terms of behavior and neurophysiology
(Andres-Mateos et al., 2009; Lin et al., 2009; Hinkle et al., 2012;
Beccano-Kelly et al., 2014, 2015; Volta et al., 2015a). This suggests
loss-of-function is unlikely to explain PD pathology or etiology,
and that LRRK2 may itself be a safe and attractive therapeutic
target if ablated specifically within the CNS to avoid peripheral
tissue damage. So, if LRRK2 can be eliminated without dire
consequence, what clues do we have from deletion studies as to
the neurophysiology of LRRK2?

Early reports comparing neurite length in very young
(<7 DIV) cultures (Parisiadou et al., 2009; Dächsel et al., 2010),
or soon after knock-down in older cultures (MacLeod et al.,
2006; Meixner et al., 2011), suggested that LKO neurites show

elevated growth. However, a more recent longitudinal study over
3 weeks in vitro found no difference in axon outgrowth (DIV3) or
total dendritic length (up to DIV21) in LKO neurons (Sepulveda
et al., 2013). That said, when examining neurites by time-lapse
imaging, Sepulveda et al. (2013) found increased axonal and
dendritic motility in LKO neurons, depending on the growth
substrate. This may be indicative of less mature/stable processes
in LKO, and explain the differences observed at single time points
in very young neurons (Parisiadou et al., 2009; Dächsel et al.,
2010). Together, these reports could be interpreted as evidence
for slightly slower maturation in LKO scenarios, over the first
couple of weeks in vitro. Nevertheless, a recent study reported
forebrain atrophy and reduced dendritic complexity in SPNs of
12- (but not 2-) month-old LKO mice, accompanied by changes
in nuclear morphology and some motor impairment compared
to WT mice, in contrast to hyperactivity observed in younger
LKOmice (Chen et al., 2020). Thus, investigating age-dependent
changes in dendritic morphology in an ex vivo context may
warrant further attention.

Functional investigation of individual synapses has been
conducted by vesicle dye-imaging experiments to examine
exocytosis and endocytosis in the absence of LRRK2. On the
first approximation, these have also yielded conflicting results.
In the seminal study, siRNA-mediated LRRK2 knock-down
in cultured rat hippocampal neurons did not affect synaptic
exocytosis at DIV14, but did slow / impair endocytosis; however,
this also occurred with overexpression of WT and mutant
(G2019S or R1441C) LRRK2 (Shin et al., 2008). Slowed/reduced
SV endocytosis (and normal exocytosis) was also observed at
the neuromuscular junction in a Drosophila Lrrk KO (Matta
et al., 2012), and in striatal neurons from LKO rats at ∼DIV11
(Arranz et al., 2015). The latter was conducted in striatal
mono-cultures, which usually yield 70–90% GABAergic neurons
(Shehadeh et al., 2006; Kaufman et al., 2012); thus, synaptic
vesicle endocytosis was likely impaired at developing GABAergic
terminals (Arranz et al., 2015). In contrast to mono-cultures,
when grown in co-culture with glutamatergic neurons, striatal
neurons develop a more complex dendritic architecture, acquire
their eponymous dendritic spines, and benefit from increased
pro-survival signaling through glutamate receptors (Segal et al.,
2003; Kaufman et al., 2012; Milnerwood et al., 2012). This may
explain why a study similar to Arranz et al. (2015), but using older
DIV14–17 cells in cortico-striatal co-cultures from LKO mice,
found unaltered exocytosis but modestly increased endocytosis
at striatal GABAergic synapses (Maas et al., 2017). Thus, the
cellular environment may dictate LKO phenotypes, especially
the age/maturity of the neuronal culture, and the amount of
LRRK2 that should be expressed at any given age. Moreover,
the response to LRRK2 knock-out may differ between cell types
e.g., in the same study that found increased endocytosis in older
co-cultured LKO striatal neurons, no changes to endocytosis (or
exocytosis) were seen in hippocampal cultures (Maas et al., 2017).

Regardless of how LKO might disturb the vesicle cycle,
one would expect a consequence for synaptic transmission;
however, on the surface, investigations of synapse function
in LKO have also appeared somewhat contradictory. In the
same study that described reduced endocytosis in cultured
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LKO mouse striatal neurons, Arranz et al. (2015) found no
effect on spontaneous excitatory postsynaptic currents (sEPSCs;
action potential-dependent currents included) in hippocampal
neurons (aged DIV7–12). This lack of alteration is consistent
with intact endocytosis in other similarly aged LKO hippocampal
preparations (Maas et al., 2017). More mature (DIV21) LKO
cortical cultures, which are similar to hippocampal cultures,
also had no alterations to synapse markers or miniature EPSCs
(mEPSCs; quantal glutamate release only, with action potentials
blocked; Beccano-Kelly et al., 2014). Hypertonic sucrose can be
used to stimulate release from the readily releasable pool, driving
an increase in sEPSC frequency; Arranz et al. (2015) found
that this effect was absent in DIV7–12 LKO hippocampal cells.
This could reflect impaired release, but might also result from
LKO synapses maturing slightly slower, as this form of release is
normally absent in cultures at <DIV8 (Mozhayeva et al., 2002).

Together, experiments in glutamatergic cell cultures suggest
no gross alterations to neurite growth, endocytosis, or basal
synaptic activity due to LRRK2 germ line knock-out, especially in
more mature systems. However, differences in LKO throughout
early maturation may indicate a developmental delay resulting
from the absence of LRRK2. This is supported by functional
experiments in brain slices from LKO mice, where decreased
glutamate transmission has been observed in striata of postnatal
day (P) 15 mice (Parisiadou et al., 2014), but not in slices
from >3-month-old animals (Beccano-Kelly et al., 2015).
Similarly, no differences were found in glutamate transmission
in hippocampal slices from 3-week-old LKO mice (Maas et al.,
2017), nor in dopamine release in 18-month-old animals
(Hinkle et al., 2012). Overall, while loss-of-function studies
first implicated LRRK2 in synaptic transmission, the weight of
evidence suggests that deleting LRRK2 results in modest and
transient effects, far from those observed in PD.

MORE LRRK2, MORE PROBLEMS?

Given a lack of strong behavioral or degenerative
phenotypes when deleting LRRK2, a logical conclusion is
that pathophysiological mutant effects result from gain-of-
function. The past decade of research on over-expression (OE)
models supports this, but with a twist in the story; wild-type
LRRK2 overexpression imparts PD-relevant changes in behavior,
dopaminergic neurons, and even α-synuclein accumulation in
mice, but does not produce nigral cell loss. This is similar to
other PD genetic models based on α-synuclein, where the vast
majority of models, including wild-type α-syn OE mice, also lack
cell death (Giasson et al., 2002; excellently reviewed in Chesselet
and Richter, 2011).

The first report of an organismal gain-of-function
was in Drosophila, where expressing full-length human
LRRK2 produced a 28% loss of dopamine neurons, a progressive
decline in climbing ability, and premature mortality (Liu
et al., 2008). This has been replicated in other Drosophila
studies (Islam et al., 2016), but results from mouse LRRK2 OE
models are more mixed. One study reported no pathology or
motor phenotype in 12-month-old mice overexpressing human
wild-type (hWT) LRRK2 at 8–16-fold endogenous levels (Lin

et al., 2009). However, when combined with the A53T α-syn
mutation, hWT-LRRK2 OE promoted the accumulation of
α-syn in 1-month-old mice, impaired microtubule dynamics,
and caused Golgi fragmentation, suggesting an interaction
whereby overabundant LRRK2 accelerates α-syn-mediated
neurodegeneration (Lin et al., 2009).

Studies using bacterial artificial chromosomes (BACs) to
overexpress hWT-LRRK2 in mice resulted in a reduction in
striatal DA tone, measured by microdialysis (Melrose et al.,
2010; Beccano-Kelly et al., 2015), accompanied by either no
behavioral deficit (Li et al., 2009; Melrose et al., 2010) or (in
larger cohorts) hypoactivity and impaired recognition memory
at 6 (Beccano-Kelly et al., 2015) and 12 months (Volta et al.,
2015a). In contrast, BAC-mediated overexpression of murine
WT LRRK2 led to progressive hyperactivity and improved
motor performance, likely related to a ∼25% increase in
evoked extracellular DA (Li et al., 2010). BAC models include
human or murine regulatory elements, consequently driving
variable expression levels and/or patterns, which may underlie
differences in behavior and regulation of dopamine homeostasis.
Thus, overexpressing LRRK2 in a human-specific pattern
produced some parkinsonian-like phenotypes in these rodents,
whereas overexpressing LRRK2 in a mouse-specific pattern led
to hyperdopaminergia and hyperactivity. These studies again
show that the consequences of LRRK2 manipulations depend
upon the cell type being studied. In light of that, selectively
overexpressing hWT-LRRK2 in dopamine neurons resulted in
moderate hyperactivity, as well as elevated dopamine release in
young mice (Liu et al., 2015).

Dopamine alterations from LRRK2 overexpression are
accompanied by dysfunction at glutamate synapses; while there
were no basal electrophysiological differences observed in
evoked glutamate release onto striatal neurons, concomitant
dopamine release negatively tuned glutamate release onto SPNs
of hWT-LRRK2 OE mice, an effect eliminated by presynaptic
D2 receptor (D2R) blockade (Beccano-Kelly et al., 2015). This
may have been in part due to elevated presynaptic D2R
protein, but similar changes were not observed at nigral
terminals, suggesting the increase could be specific to glutamate
synapses (Beccano-Kelly et al., 2015). While neuromodulation
appears altered, a direct effect of LRRK2 overexpression on
the glutamatergic release is less clear: there were similarly no
basal differences in synaptic transmission in hippocampal slices
from BAC hWT-LRRK2 OE mice compared to non-transgenic
animals (Sweet et al., 2015), but cortical cultures show a
small increase in synapse density and a non-significant trend
to increased spontaneous release (Beccano-Kelly et al., 2014).
Overall, an overabundance of normal LRRK2 confers more
pathophysiological changes than eliminating it, but effects on
behavior, dopamine release, and glutamate transmission are
dependent on the expression pattern (e.g., mouse vs. human
BAC) and context (e.g., adult brain slice vs. culture).

Many of the aforementioned studies also examined
overexpression of LRRK2 harboring pathogenic mutations,
particularly those within the kinase or Roc-GTPase domains. In
Drosophila, overexpressing human LRRK2 with either G2019S
(Liu et al., 2008) or R1441C (Islam et al., 2016) mutations led
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to a more severe loss of TH-positive neurons and climbing
ability, and caused earlier mortality than hWT-LRRK2
OE. Overexpressing the R1441C mutation additionally
downregulated SNARE proteins SNAP-25 and syntaxin 1A,
as well as exocytosis-related proteins synaptotagmin-1 and Rab3,
suggesting that the resulting pathology may be linked to synaptic
vesicle dynamics (Islam et al., 2016). In mice, overexpressing
human LRRK2 with the G2019S mutation (hG2019S-LRRK2)
did not worsen the A53T α-syn-mediated neurodegeneration
already present when overexpressing hWT-LRRK2, suggesting
that the pathological interaction is not entirely dependent
on kinase activity (Lin et al., 2009). However, a subtle motor
phenotype emerged, where hG2019S-LRRK2 OE mice exhibited
increased ambulatory activity at 12 months when compared to
hWT-LRRK2 OE and non-transgenic mice. Similarly, increased
exploratory behavior was observed in BAC hG2019S-LRRK2 OE
mice, in contrast to a lack of phenotype in hWT-LRRK2 OE
mice (Melrose et al., 2010). In line with this, Tet-inducible
G2019S-LRRK2 OE in rats led to enhanced locomotor activity
at 12 months, attributed to impaired dopamine reuptake
(Zhou et al., 2011). Elsewhere, two studies (Li et al., 2010; Liu
et al., 2015) found no behavioral abnormalities with G2019S-
LRRK2 OE, despite significant alterations to DA axon terminals
and reductions in evoked striatal DA, compared to the increased
motor activity and DA release observed with hWT-LRRK2 OE.

Part of the confusion between these studies may be explained
by context and age-dependent phenotype presentation. Young
mice overexpressing hG2019S-LRRK2 OE showed increased
exploration and normal cognitive performance at 6 months, an
age at which hWT-LRRK2 OE mice were impaired in both tasks,
but mutant OE went on to display similar cognitive deficits
at 12 months (Volta et al., 2015a). Chen et al. (2012) provide
further evidence of hypoactivity in 12- to 16-month-old G2019S-
LRRK2 OE mice, which was rescued by L-DOPA treatment.
Species and overexpression levels also factor in: a recent study
in rats found that while overexpressing the C-terminal domain
of G2019S-LRRK2 in the SNpc via lentivirus did not affect the
number of DA neurons, the higher expression level obtained
by adeno-associated virus (AAV) led to 30% TH neuron loss
within 6 months (Cresto et al., 2020). Importantly, this did not
lead to a concomitant motor deficit within the examined time
frame, highlighting a disconnect between cell loss and motor
phenotypes (Cresto et al., 2020).

Regardless of how motor and behavioral phenotypes
present, these studies generally converge on altered dopamine
transmission, likely due to altered synaptic vesicle endo-
and exocytosis. In support of this, selective hG2019S-
LRRK2 overexpression in DA neurons resulted in behavioral
deficits, increased pathologic phosphorylation of α-syn, reduced
synaptic vesicle number, and increased clathrin-coated vesicles
(CCVs) at DA terminals (Xiong et al., 2018). A closer look at
endo- and exocytic machinery in OE models further implicates
a role for LRRK2. Recent work from Pan et al. (2017) suggest
that the G2019S mutation disrupts the synaptic vesicle cycle
in cultured neurons and converges with another PD-linked
protein, synaptojanin-1 (synj1), a key mediator of clathrin
coat removal from endocytosed synaptic vesicles. Notably,

G2019S-LRRK2 impaired endocytosis specifically in midbrain
neurons, and enhanced exocytosis in hippocampal and cortical
neurons (Pan et al., 2017). While this suggests neuron-specific
effects and provides a potential mechanism for the selective
vulnerability of DA neurons (Pan et al., 2017), the assays were
conducted in immature (∼DIV7) cultures in which there are
normally low levels of endogenous LRRK2. In contrast, another
group found that the G2019S mutation increased LRRK2-
dependent phosphorylation of Snapin, a presynaptic SNARE
protein involved in exocytosis, thereby decreasing the readily
releasable pool and exocytotic release in slightly older (DIV18)
hippocampal neurons (Yun et al., 2013).

Further evidence of non-dopaminergic alterations induced by
G2019S-LRRK2 overexpression comes from reports of increased
synaptic transmission and altered synaptic plasticity in acute
hippocampal slices (Sweet et al., 2015), and upregulation
of the 5-HT1A serotonin receptor, resulting in anxiety
and depression-like behavior (Lim et al., 2018). Overall,
overexpression of the G2019S mutation results in more dramatic
neural dysfunction than overexpressing higher levels of WT
LRRK2, including altered endo- and exocytosis (Pan et al., 2017),
dopamine axon terminal damage (Chen et al., 2012; Liu et al.,
2015), cytoskeletal changes (Parisiadou et al., 2009; Winner
et al., 2011), synaptic plasticity deficits (Sweet et al., 2015),
phosphorylated tau accumulation (Melrose et al., 2010; Chen
et al., 2012) andmitochondrial dysfunction (Ramonet et al., 2011;
Liu et al., 2015).

As the most common mutation, G2019S has been more
extensively modeled, but LRRK2 mutations in the Roc-GTPase
domain cause similar pathophysiological changes. R1441G-
LRRK2 OE in mice results in progressive motor deficits that
are responsive to L-DOPA, and fragmentation of dopaminergic
axon terminals (Li et al., 2009). The initial report suggests a
phenotype that is arguably more severe than those resulting from
G2019S-LRRK2 overexpression, but subsequent studies reported
much milder motor effects (Bichler et al., 2013; Dranka et al.,
2013). Overexpressing WT, G2019S- and R1441C-LRRK2 has
been directly compared, with mutation-specific effects being
found in LRRK2 expression pattern, dopamine turnover,
neuronal degeneration, and motor phenotype (Ramonet et al.,
2011). Moreover, in mouse models, both mutations appear to
converge on synaptic vesicles endocytosis. Nguyen and Krainc
(2018) recently determined that patient iPSC-derived dopamine
neurons from both R1441C/G and G2019S mutation carriers
have increased phosphorylation of auxilin (a protein acting
downstream from synj1), impaired endocytosis, and reduced
SV density. Together, these studies suggest overexpression of
pathogenic LRRK2 mutations produces similar behavioral and
physiological effects, that are distinct from, or more pronounced
than, the effects of WT overexpression.

Overexpression models have produced a wealth of
information regarding the possible pathophysiological processes
in LRRK2-PD, but they have been mired by confounding
variables that makes interpretation, and especially the
comparison between models, very difficult. In particular,
expression levels have varied from ∼2-fold (Melrose et al., 2010;
Beccano-Kelly et al., 2015; Volta et al., 2015a) to ∼16-fold (Lin
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et al., 2009) and effects are distinct between human and mouse
regulation of expression, as well as between constitutive vs. acute
overexpression (Zhou et al., 2011). Lastly, much-employed BAC
transgenesis has the huge advantage of including the relevant
regulatory elements for LRRK2 gene expression, but also
engenders species- and cell type-dependent expression patterns,
in addition to caveats of random gene insertion (with each
construct), and the presence of endogenous LRRK2 expression
(Daniel and Moore, 2014). Such confounds were the impetus
for the development of germ-line ‘‘knock-in’’ models, in which
disease mutations are expressed in the endogenous Lrrk2 gene,
enabling examination of mutation-specific effects with the point
mutations being the only variable.

RECAPITULATION OF GENETIC
PREDISPOSITION BY KNOCK-IN OF PD
MUTATIONS

The first LRRK2 mutant knock-in (KI) mice were produced
by introducing the R1441C mutation into the endogenous
LRRK2 Roc domain (Tong et al., 2009). These R1441C KI mice
displayed grossly normalmotor behavior and no nigral TH or cell
loss. However, the hyperlocomotive response to amphetamine
was absent in these animals, and locomotor inhibition by
D2 agonismwas reduced, suggesting an altered dopamine system
(Tong et al., 2009). The authors concluded that not only was
dopamine transmission impaired, but nigral neuron firing was
also much less sensitive to inhibition by dopamine and dopamine
agonists (Tong et al., 2009). Aging to >24 months revealed
emergent phenotypes in R1441C KI mice, where subtle motor
and prodromal PD-like alterations were detected, including
impaired gait and olfaction; however, another study found no
signs of nigral cell loss, changes in SPN morphology, or endo- or
exocytosis in cultured hippocampal neurons (Giesert et al., 2017).

Additional experimental perturbation of the dopamine
system is also required to uncover a motor phenotype in R1441G
knock-in mice. Acute catecholamine depletion by reserpine led
to greater locomotive impairment and failed recovery in R1441G
KI compared to WT mice (Liu et al., 2014). In an in vitro
assay of dopamine uptake, R1441G-LRRK2 synaptosomes
trended toward less uptake at 10 months of age, and a
significant reduction in mutant dopamine uptake was observed
in reserpinated mice, suggesting perturbed DA homeostasis
(Liu et al., 2014). This was thought to be due to impaired
dopamine transporter (DAT) function, given that isolated
synaptosomes from 3- and 18-month-old mutant mice showed
reduced DA uptake following reserpine depletion (Liu et al.,
2014). Together the data suggest that endogenous expression of
LRRK2 Roc-GTPase mutations confers latent motor impairment
and alterations to striatal dopamine regulation/homeostasis;
however, it must be noted that other neurotransmitter systems
have not yet been addressed in this context.

Herzig et al. (2011) presented the first G2019S-LRRK2
knock-in (GKI) mice, finding no pathological or locomotor
differences at 5 months of age, even after cocaine administration.
Elsewhere, the same animals were shown to exhibit a basal

hyperactive phenotype, beginning at 6 months and persisting to
up to 15 months of age, which was reversed by LRRK2 kinase
inhibition (Longo et al., 2014). Other independent reports
of GKI mice found a subtle and transient enhancement of
motor activity (Yue et al., 2015) and exploratory rearing in
a cylinder test (Volta et al., 2017). Although reported motor
phenotypes appear to be subtle and context-dependent, several
alterations to the dopaminergic system have been observed.
A >50% reduction of striatal dopamine levels and stimulated
release was seen by in vivo microdialysis in 12-month-old,
but not 6-month-old, G2019S knock-in mice (Yue et al.,
2015). This was thought to be due to impaired exocytosis,
given that dopamine metabolites were not altered, and reverse
DA transport was intact (Yue et al., 2015). However, when
striatal dopamine release was directly assayed in brain slice by
fast-scan cyclic voltammetry, no impairment was found in mice
aged >12 months (Volta et al., 2017). Conversely, younger mice
(3 months) exhibited increased dopamine release with repeated
stimuli, and slower single response decay, indicating an elevated
extracellular lifetime of dopamine (Volta et al., 2017). Slower
responses were independent of DAT clearance, being maintained
when blocking DAT (Volta et al., 2017); further, DAT levels and
activity are not impaired but are higher in older G2019S knock-in
mice (Longo et al., 2017; Volta et al., 2017). Thus, a persistent
augmentation in DA release may be masked by increased DAT
clearance in older GKI mice.

Evidence for the G2019S mutation perturbing other
neurotransmitter systems has also emerged. Increased glutamate
miniature event frequency was reported in 3-week-old cortical
neurons cultured from G2019S KI mice, with no change in
the density of synaptic markers, likely reflecting an increase in
the probability of release (Beccano-Kelly et al., 2014). This was
paralleled by increased spontaneous event frequency in striatal
slices from the same G2019S KI mice, present at 3 months
but reduced to WT levels by 12 months (Volta et al., 2017).
A transient effect was also observed independently in slices
from similar P21 GKI mice, with elevated glutamate event
frequency primarily through cortical neuron firing; this was
not seen in LRRK2 kinase-dead mice, was normalized by
LRRK2 kinase inhibition, and was absent in slices from older
animals (Matikainen-Ankney et al., 2016). Neither study found
differences in glutamatergic synapse markers (Matikainen-
Ankney et al., 2016; Volta et al., 2017), again suggesting that
presynaptic release, not synapse number, was the source of
elevated event frequency.

G2019S knock-in mice also exhibit postsynaptic alterations.
A significant increase in SPN dendritic spine head width was
observed in the dorsolateral striatum (Matikainen-Ankney et al.,
2016), along with reduced calcium-permeable AMPA receptors
in the ventral striatum/nucleus accumbens (Matikainen-
Ankney et al., 2018). In addition to differences in basal
transmission, striatal LTP was absent in G2019S knock-in mice
aged <2 months (Matikainen-Ankney et al., 2018). Altered
responses to dopamine agonists and antagonists have also been
found at glutamatergic synapses on SPNs (Volta et al., 2017;
Tozzi et al., 2018); D2 dopamine receptor agonism had an
augmented effect on negatively tuning dopamine release in slices
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from young GKImice, but glutamatergic synapses were relatively
insensitive to D2 agonism and antagonism (Volta et al., 2017).
In contrast, others found exaggerated responses to D2 agonism
in older G2019S knock-in mice (Tozzi et al., 2018). Such changes
to long- and short-term plasticity at excitatory synapses may
underlie some cognitive and psychiatric phenotypes observed in
LRRK2 mouse models (Volta et al., 2015a; Adeosun et al., 2017;
Matikainen-Ankney et al., 2018; Guevara et al., 2020).

Together, motor phenotypes in LRRK2mutant knock-inmice
appear subtle, age- and context-dependent, but hyperactivity has
been consistently reported. A lack of gross motor dysfunction
is arguably appropriate for a model of PD etiology, early
pathophysiology, and pre-motor dysfunction (see ‘‘Conclusions
and Future Directions’’ section), especially so over the limited
lifespan of a mouse. The weight of evidence suggests that
LRRK2 mutations result in dysfunction at dopamine and
glutamate synapses, and likely in other neurotransmitter systems,
such as GABA (Beccano-Kelly et al., 2014) and serotonin
(Lim et al., 2018). Interestingly, synaptosomes prepared from
the striatum or cerebral cortex of the same animal revealed
opposite effects of the G2019S mutation, as well as LRRK2 kinase
inhibition, on dopamine and glutamate release (Mercatelli
et al., 2019), providing further evidence that LRRK2’s actions
are brain region-, synapse-, and age-specific. Overall, the
literature provides a strong argument for further study of
pathophysiological changes at the circuit level, including in
dopamine, glutamate, and GABA transmission. This may be
particularly pertinent in the striatum, given that is where these
systems functionally interact and is precisely ‘‘where the action
is’’ in PD pathogenesis.

MOLECULAR INTERACTORS AND THE
LOCI OF LRRK2 DYSFUNCTION

More than a decade of research has provided a wealth of evidence
for synaptic LRRK2 function, but the underlying mechanisms
remain unclear. Many potential binding partners and substrates
have been identified, although some may be a result of forced
in vitro interactions that do not occur physiologically in neurons,
let alone at synapses. As in all fields of modern neuroscience,
progress on the molecular cell biology of LRRK2 has been
hampered by poorly selective LRRK2 antibodies and kinase
inhibitors, although the joint effort to standardize such resources
by academia, industry, and non-profit organizations set an
example for other research communities (Davies et al., 2013; Ito
et al., 2016; Steger et al., 2016; Mir et al., 2018). In no small part
thanks to this, many promising candidates have emerged.

At the presynapse, LRRK2 has been linked to several proteins
involved in the synaptic vesicle (SV) cycle (Figure 1A). The
ATPase N-ethylmaleimide sensitive factor (NSF) is a central
component of the cellular machinery generally employed to
transfer membrane vesicles from one compartment to another,
including synaptic vesicle exocytosis and endocytosis, where
it catalyzes SNARE-family protein complex dissociation (Rizo
and Xu, 2015). NSF was shown to co-immunoprecipitate with
LRRK2 through WD40 domain interactions in brain lysate
(Piccoli et al., 2011, 2014) and was subsequently identified

as a LRRK2 substrate, with its phosphorylation resulting in
enhanced SNARE dissociation (Belluzzi et al., 2016). Thus,
LRRK2 mutations would be expected to alter vesicle recycling
through NSF hyperphosphorylation.

Another player in the SV cycle is endophilin A1 (endoA),
which acts early in endocytosis by inducing plasma membrane
curvature (Gallop et al., 2006; Masuda et al., 2006). EndoA
was reported to be phosphorylated by LRRK2 in Drosophila,
with G2019S mutant overexpression causing increased endoA
phosphorylation, and a concomitant defect in SV recycling
(Matta et al., 2012). LRRK2-mediated phosphorylation of endoA
has been shown to control plasma membrane association
(Ambroso et al., 2014), and similar results have since been
observed in mice (Arranz et al., 2015).

EndoA additionally interacts with dynamin, together
regulating the fission of vesicles from the plasma membrane
(Sundborger et al., 2011) and bulk endosomes (reviewed in
Clayton and Cousin, 2009; Gross and von Gersdorff, 2016),
and subsequently recruits synj1, which facilitates the binding
of auxilin to vesicles for clathrin coat removal (Cao et al.,
2017; Nguyen and Krainc, 2018; reviewed in Nguyen et al.,
2019). Mutant LRRK2 disrupts the interaction between these
proteins via hyperactive kinase activity, thereby deregulating SV
trafficking (Stafa et al., 2013; Islam et al., 2016; Pan et al., 2017;
Nguyen and Krainc, 2018). Interestingly, mutations in the genes
encoding dynamin, auxilin, and synj1 have also been directly
linked to PD (reviewed in Nguyen et al., 2019). LRRK2 may
also play a role in exocytosis via synapsin-I, which binds and
tethers SVs, thereby regulating the trafficking between the
reserve pool and readily releasable pool (Fdez and Hilfiker,
2006). LRRK2 has been shown to mediate phosphorylation
of synapsin-I at several sites both in vitro and in neurons
(Beccano-Kelly et al., 2014; Cirnaru et al., 2014; Piccoli et al.,
2014; Marte et al., 2019). Interestingly, the phosphorylation of
Ser603 and Ser9 residues was decreased in cortical neurons from
G2019S-LRRK2 knock-in mice (Beccano-Kelly et al., 2014).
Neither of these residues are predicted LRRK2 phosphorylation
sites; thus, the reduction suggests impaired activity of another
kinase, or increased activity of a phosphatase, conferred by the
G2019S mutation. A potential candidate is protein kinase A
(PKA), which potentiates SV recycling via phosphorylation of
synapsin-I on S9 (Cesca et al., 2010) and may be negatively
regulated by LRRK2 (Parisiadou et al., 2014; Greggio et al.,
2017). In contrast to reduced phosphorylation of Ser603 and
Ser9 residues (Beccano-Kelly et al., 2014), phosphorylation
of the putative LRRK2 substrate residues Thr337 and Thr339
is increased in cortical neurons expressing hG2019S-LRRK2
(Marte et al., 2019). This suggests LRRK2 phosphorylates certain
synapsin-I sites, associated with altered phosphorylation at
other (non-LRRK2 substrate) functional residues, and that
this is altered by the G2019S mutation. Phosphorylation
at tyrosine and serine sites on synapsin-I impart opposite
effects on its association to actin and SVs (Cesca et al., 2010).
It is noteworthy that LRRK2’s C-terminal WD40 domain
was previously identified as binding synapsin-I and other
SV-associated proteins (Piccoli et al., 2014), whereas recent
work by the same group shows that the armadillo repeats at the
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N-terminus also affect LRRK2’s regulation of SV trafficking;
these findings may seem contradictory at first, but the complex
architecture resulting from LRRK2 dimerization may allow for
both terminals to work together in shaping SV dynamics (Marku
et al., 2020). Overall, altered synapsin-I phosphorylation, and
other functional interactions with LRRK2, may contribute to the
increased glutamate release observed in G2019S-LRRK2 neurons
(Beccano-Kelly et al., 2014; Matikainen-Ankney et al., 2016;
Volta et al., 2017), although an exact mechanism remains to
be determined.

A further complication arises as LRRK2 may exert
different effects on endo- and exo-cytosis in an activity-
dependent manner. Carrion et al. (2017) showed that the
LRRK2 N-terminus binds β3 CaV2.1, thereby enhancing
SV fusion, whereas the C-terminus binds synapsin-I and
actin, which hampers exocytosis; LRRK2’s affinity to each
is likely dynamically regulated by calcium concentration.
Indeed, activity-dependent calcium influx influences the
phosphorylation state of several SV trafficking proteins,
and may, in turn, be regulated by LRRK2’s interaction with
CaV2.1 channels (Bedford et al., 2016). LRRK2’s potential role in
regulating calcium influx is of considerable interest, given some
reports that LRRK2 mutations alter mitochondrial homeostasis
(Cherra et al., 2013; Bedford et al., 2016; Verma et al., 2017),
and that synaptic mitochondria are a major sink for calcium
buffering (see Ryan et al., 2015 for an overview of mitochondrial
dysfunction in PD). Lastly, LRRK2’s association with several
Rab proteins has garnered increasing attention (Shin et al.,
2008; Dodson et al., 2012; MacLeod et al., 2013; Beilina et al.,
2014; Cirnaru et al., 2014; Yun et al., 2015; Inoshita et al., 2017;
Mir et al., 2018). Initial evidence of an interaction with Rab5b
was found in GST pull-down and co-immunoprecipitation
experiments (Shin et al., 2008), and more recently a large
phosphoproteomic study revealed LRRK2 phosphorylates many
others (Steger et al., 2016, 2017). Rab proteins are variously
implicated in nearly all aspects of endosomal trafficking and
recycling and additionally may provide a functional link between
LRRK2 and VPS35, another PD-linked protein critical to cargo
recycling in sorting endosomes (Inoshita et al., 2017; Mir et al.,
2018) and with mutation-dependent effects on synaptic function
(Munsie et al., 2015; Ishizu et al., 2016; Temkin et al., 2017;
Cataldi et al., 2018).

Despite growing electrophysiological and morphological
evidence that LRRK2 also acts postsynaptically, fewer molecular
interactions have been uncovered on this side of the equation
(Figure 1B). Several studies suggested LRRK2 is involved in
postsynaptic receptor trafficking; these have reported altered
D1 dopamine receptor distribution in the striatum of GKI
mice (Migheli et al., 2013), a lack of calcium-permeable AMPA
receptors in nucleus accumbens SPNs (Matikainen-Ankney et al.,
2018), decreased NMDA receptor integration in synaptosomes
from LRRK2 KO mice (Caesar et al., 2015), and altered
NMDA/AMPA receptor ratios in hippocampal slices from
hG2019S-LRRK2 transgenic mice (Sweet et al., 2015). Such
trafficking could be altered due to differential phosphorylation
of Rab8a (Steger et al., 2016) or NSF (Belluzzi et al., 2016), both
of which are involved in AMPA subunit trafficking (Nishimune

et al., 1998; Gerges et al., 2004). As mentioned previously,
LRRK2 binds to, and negatively regulates, PKA (Parisiadou
et al., 2014), which also modulates receptor insertion and
cytoskeleton dynamics (see Greggio et al., 2017). The R1441C/G
mutation disrupts the interaction between LRRK2 and PKA,
causing aberrant phosphorylation of downstream proteins
(Muda et al., 2014; Parisiadou et al., 2014). Lastly, a recent
report found a reduction in the scaffolding protein PSD-95
within the hippocampus of hG2019S-LRRK2 transgenic mice,
arguably contributing to an observed cognitive impairment
(Adeosun et al., 2017). That said, PSD-95 levels were not
altered in cultured cortical neurons (Beccano-Kelly et al.,
2014) or striatal slices (Matikainen-Ankney et al., 2016) from
GKI mice; thus, further investigation is required to determine
whether discrepancies are due to age, neuronal type, and / or
LRRK2 expression levels.

LRRK2’s functional interaction with α-synuclein has garnered
considerable attention within the field. Although how or
why they form is unknown, aberrantly phosphorylated α-syn
aggregates are found variously throughout the post-mortem
brain in synucleinopathies, including most (but not all) forms
of PD (reviewed in Goedert et al., 2013; Giguère et al.,
2018). Aggregated α-syn has also been found within fetal
graft cells transplanted into PD patient striatum ∼10 years
before death; a pair of seminal reports in 2008 suggested
that α-syn aggregates had either been induced in, or spread
to, fetal cells by the host (Kordower et al., 2008; Li et al.,
2008). This spreading pathology has led to a ‘‘prion-like’’
model of seeding and transmission of toxic α-syn, for
which there is much evidence (Brundin and Melki, 2017);
however, the priogenic spreading mechanism is hotly debated
(Surmeier et al., 2017). Pathological α-syn phosphorylation
and accumulation, resembling that in synucleinopathies, can
be induced by application of pre-formed fibrillar α-syn (PFF)
exposure in cell lines (Luk et al., 2009), neurons (Volpicelli-
Daley et al., 2011), mutant SNCA-overexpressing mice (Luk
et al., 2012b), WT mice (Luk et al., 2012a), and rats
(Paumier et al., 2015). PFF-induced α-syn aggregation is
increased in LRRK2 mutant scenarios (Volpicelli-Daley et al.,
2016; Bieri et al., 2019; MacIsaac et al., 2020), suggesting
a gain of function effect upon α-syn pathological processes.
Indeed, a recent study found that LRRK2 increased α-syn
propagation across multiple models in a kinase activity-
dependent manner, likely via phosphorylation of Rab35 (Bae
et al., 2018). Consistently, PFF-induced α-syn aggregation is
reduced by LRRK2 germ line knock-out (MacIsaac et al., 2020)
and kinase inhibition (Volpicelli-Daley et al., 2016), albeit
not always robustly (Henderson et al., 2018). Interestingly,
a recent study shows that LRRK2 inhibitors reduce the
accumulation of phosphorylated α-syn, as well as that of oxidized
dopamine products, possibly by a Rab10-dependant restoration
of glucocerebrosidase activity—which may present a point of
convergence with mutations in GBA1, another major PD risk
factor (Ysselstein et al., 2019). Although many questions remain
as to how (and where) LRRK2 and α-syn interact, these findings
suggest targeting LRRK2 will have therapeutic potential beyond
familial LRRK2 PD.
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FIGURE 1 | LRRK2’s potential involvement in pre- and post-synaptic pathways. (A) Cartoon of a generalized presynaptic terminal showing processes in which
LRRK2 has been implicated. Synaptic vesicles (SVs; large black circles), and their cycling (blue arrows) regulate the loading of neurotransmitters (small black circles),
which are released by Ca2+-dependent fusion at the synaptic active zone into the synaptic cleft. SVs are retrieved by clathrin-mediated endocytosis (black triskelia),
and/or bulk endocytosis, and subsequent clathrin coating/uncoating. Vesicles are recycled through endosomal intermediates back into the vesicle cycle. Various
members of the Rab GTPase family, many of which are LRRK2 substrates, regulate nearly all steps of this cycle (see text), and other major molecular regulators are
named, and marked, depending on the proposed LRRK2 association; putative LRRK2 kinase substrates*, physical LRRK2 binding+, and functional interactions with
a mechanism to be determined∧. (i) Calcium (Ca2+) flux and buffering may be altered by pathogenic LRRK2 mutations, as LRRK2 regulates CaV2.1 voltage-gated
calcium channels (Bedford et al., 2016), and mitochondrial homeostasis (Cherra et al., 2013; Verma et al., 2017); disruption of these processes would create
downstream effects on Ca2+-dependent vesicular exocytosis. (ii) Exocytosis is dependent on numerous proteins that regulate synaptic vesicle availability, traffic, and
active zone SNARE complex assembly/disassembly; N-ethylmaleimide sensitive factor (NSF; Piccoli et al., 2014; Belluzzi et al., 2016), syntaxin 1 (Piccoli et al., 2011,
2014; Islam et al., 2016), α-syn (Bieri et al., 2019; MacIsaac et al., 2020), and snapin (Yun et al., 2013) have been linked to LRRK2, in addition to Rab3 (not shown),
which colocalizes with α-syn and maybe an LRRK2 substrate (reviewed in Shi et al., 2017). (iii) Classical clathrin-mediated- and bulk-endocytosis both appear
important in mature synaptic terminals (Clayton and Cousin, 2009; Clayton et al., 2010; Gross and von Gersdorff, 2016; Chanaday and Kavalali, 2018). LRRK2 is
implicated in synaptic endocytosis via a functional interaction with Endophilin A (Matta et al., 2012; Ambroso et al., 2014; Arranz et al., 2015; Soukup et al., 2016),
synaptojanin (Piccoli et al., 2014; Islam et al., 2016; Pan et al., 2017), auxilin (Nguyen and Krainc, 2018), and dynamin1 (Piccoli et al., 2011; Stafa et al., 2013). Early
endosome formation, mediated by potential LRRK2 substrate Rab5b (Shin et al., 2008; Yun et al., 2015), is required for the transport of clathrin-dependent
endosomes (reviewed in Shi et al., 2017). (iv) SV trafficking and recycling may involve LRRK2 in concert with VPS35 (Inoshita et al., 2017; Mir et al., 2018), Rab29
(aka Rab7L1; MacLeod et al., 2013), Rab10, Rab11, and Rab35 (Steger et al., 2016) which regulate cargo and membrane recycling from sorting endosomes back

(Continued)
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FIGURE 1 | Continued
into the cycle or the endolysosomal pathway for degradation (reviewed in
Taylor and Alessi, 2020). LRRK2 is also implicated in SV storage and
mobilization through its phosphorylation/binding of synapsin-I (Beccano-Kelly
et al., 2014; Cirnaru et al., 2014; Carrion et al., 2017; Marte et al., 2019;
Marku et al., 2020). (B) Cartoon of a generalized postsynaptic structure
showing processes in which LRRK2 has been implicated, and which are also
regulated by numerous Rab GTPases (reviewed in Hausser and Schlett,
2019). While altered neurotransmitter receptor (depicted in red) composition
and structural plasticity have been observed in mutant LRRK2 models (Sweet
et al., 2015; Matikainen-Ankney et al., 2018), much less is known about
LRRK2’s physiological role in postsynaptic processes. (i) Neurotransmitter
receptors are removed from the plasma membrane by clathrin- and
dynamin-mediated endocytosis (reviewed in Anggono and Huganir, 2012),
likely involving LRRK2, Rab4, and Rab5 (Ehlers, 2000). (ii) As at the
presynapse, VPS35 (Munsie et al., 2015), Rab10 (Glodowski et al., 2007),
and Rab11 (Park et al., 2004) play a role in endosomal sorting and traffic of
internalized receptors, thereby implicating LRRK2. (iii) LRRK2 may regulate
receptor insertion into postsynaptic membranes by exocytosis via
phosphorylation of NSF (Nishimune et al., 1998; Huang et al., 2005) and/or
Rab8 (Gerges et al., 2004; Steger et al., 2016). (iv) LRRK2 has also been
implicated in cell signaling and cytoskeletal dynamics, including altered
morphology of dendritic spines (Matikainen-Ankney et al., 2018), functional
interactions with ERM proteins (not depicted; Parisiadou et al., 2009) and/or
protein kinase A (PKA; not depicted), which may additionally affect
postsynaptic receptor expression in LRRK2 mutants (Muda et al., 2014;
Parisiadou et al., 2014; Tozzi et al., 2018).

CONCLUSIONS AND FUTURE
DIRECTIONS

The impetus for the development and characterization of
preclinical models is simple; we wish to define disease
phenotypes, understand their underlying mechanisms and
reverse them, in our efforts to provide useful treatments, and
ideally disease-modifying therapy, for patients. In this light,
despite complex and deep literature, we posit that investigations
of LRRK2 mutations have provided tangible advances.

Traditionally, it has been hoped that mouse models of PD
would display the most obvious corollaries of end-stage PD,
namely nigral cell loss, synuclein deposition, and severe motor
dysfunction. Behavioural assessment has often focused on motor
function, with reports on cognitive and psychiatric features
beginning to emerge only in recent years. While the results of
dopaminergic cell loss are well studied in toxin models that
lesion the SN, LRRK2 (and α-synuclein) genetic models rarely
show cell death or overt motor dysfunction. Further, it may
be unreasonable, and possibly folly, to expect even quite severe
alterations to dopamine transmission to manifest as an overt
motor deficit in mice. A case in point is aphakia mice, which
have a spontaneous mutation in the Pitx3 transcription factor
gene, that results in selective developmental loss of nigrostriatal
dopamine neurons and an ∼90% reduction in dorsal striatal
dopamine (Hwang et al., 2003; Nunes et al., 2003; van den
Munckhof et al., 2003; Smidt et al., 2004). Although blind,
extensive behavioral testing showed these animals lack gross
motor dysfunction but do exhibit an altered diurnal activity,
manifest as hyperactivity during the day and hypoactivity during
the night (when mice should be more active), in addition
to cognitive impairments in tasks that require sensorimotor

integration and procedural learning (Hwang et al., 2005;
Ardayfio et al., 2008). That said, not developing a nigrostriatal
pathway may be different from losing one. In MPTP-treated
mice, depending on the treatment regimen, studies vary from
reporting reduced locomotion, changes to locomotion, and even
hyperactivity in the presence of severe dopamine depletion
(Luchtman et al., 2009). Similarly, bilateral striatal injection of
6-OHDA tomice, resulting in∼70% loss of striatal TH, produces
only modest gait alterations but does result in changes indicative
of depression and anxiety (Bonito-Oliva et al., 2014).While other
sensitive tests reveal a plethora of motor alterations following
chemical lesions, none appear to correlate easily with the degree
of nigral cell loss, or reductions in striatal dopamine (reviewed
in Meredith and Kang, 2006; Meredith and Rademacher, 2011;
Vingill et al., 2018).

Genetic ablation of dopamine neurons during and after
development has produced similar results, where a ∼90%
reduction in TH neurons results in little (or no) motor
dysfunction, and evidence that the remaining 10% of dopamine
neurons were able to functionally compensate for the loss
(Golden et al., 2013). Perhaps clearer in mice are the effects
of dopamine depletion upon cognitive tasks, where mild
(∼25%) and moderate (∼60%) depletion produces deficits in
cognitive flexibility and working memory (Darvas and Palmiter,
2015), although the relative contributions of dopamine loss
and cell death may differentially affect behavioral sequelae
(Morgan et al., 2015).

The contributions of the dopaminergic system to cognitive
behaviors in mice, and dysfunction thereof, correspond
well to those observed in pre-motor and non-motor PD
(Chaudhuri and Schapira, 2009; Kalia and Lang, 2016). Nuanced
behavioral tasks that test such phenomena should be considered
more informative of nigrostriatal dopamine function than
oft-used measures of gross motor performance. A hyperactivity
phenotype has been observed in several reports of LRRK2mutant
knock-in mice (Longo et al., 2014, 2017; Yue et al., 2015; Volta
et al., 2017) and, when assessed, differences in higher-order
functions have also been observed (e.g., differential response to
conditioned social defeat stress; Matikainen-Ankney et al., 2018;
Guevara et al., 2020).

The death of SNpc neurons is now widely accepted to
be a consequence, rather than a cause, of PD. As in other
neurodegenerative disorders, it is highly probable that neuronal
dysfunction precedes neuronal death, and that a loss of
appropriate synaptic pro-survival signaling may contribute to
toxicity (Milnerwood and Raymond, 2010). We argue that
the long prodromal period in PD must contain protracted
dysfunction of neural circuits before cell loss, as it is highly
unlikely any neuron will function perfectly before it expires.
Thus, synaptic dysfunction is a likely neurodegenerative stressor,
or at the very least a useful marker of cell stress and degenerative
processes. Furthermore, the failure of dopamine replenishment
to abate many non-motor symptoms and prevent disease
progression, in concert with extranigral cell death in thalamic
and cortical areas (reviewed in Giguère et al., 2018), together
cement the widespread but often overlooked understanding that
PD is a multi-system disease.
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Most rodent models of PD based on LRRK2 mutations
(and those in other genes) demonstrate alterations to
nigral dopamine and other synaptic systems, that are likely
pertinent to early disease symptoms and potentially progression.
However, it remains unclear whether synaptic changes reflect
pathophysiological processes that drive further dysfunction
and eventual cell death, compensatory mechanisms within the
circuitry, or a combination of the two. Although appropriate
synaptic transmission is generally required for synapse-nuclear
pro-survival signaling (Greer and Greenberg, 2008; Bading, 2013;
Hagenston et al., 2020), altered synaptic glutamate transmission
may underlie a particular aspect of PD pathogenesis. If α-syn
is specifically enriched in excitatory terminals in the striatum,
but not in TH-expressing nigral DA terminals (Maroteaux et al.,
1988; Totterdell et al., 2004; Emmanouilidou and Vekrellis,
2016; Taguchi et al., 2016; Foffani and Obeso, 2018; Sulzer
and Edwards, 2019), it may be that excitatory synapses are
the source of pathological α-syn, which is eventually cytotoxic
to nigral cells. Indeed, α-synuclein is secreted from cells
(Emmanouilidou and Vekrellis, 2016), and in neurons, this is
an activity-dependent process (Paillusson et al., 2013; Yamada
and Iwatsubo, 2018). Thus, the increased glutamate activity
seen in mutant LRRK2 mice (Beccano-Kelly et al., 2014;
Matikainen-Ankney et al., 2016; Volta et al., 2017) may increase
the burden of secreted α-syn, resulting in increased uptake
by nigral terminals and a cascade of retrograde α-synuclein-
induced pathological processes (Foffani and Obeso, 2018).
Such a mechanism supports a link between prodromal striatal
dysfunction in humans and a ‘‘dying-back’’ model of dopamine
degeneration (reviewed in Tagliaferro and Burke, 2016;
Foffani and Obeso, 2018).

LRRK2 kinase activity is not only enhanced by LRRK2 PD
mutations, but also by mutations in VPS35 (Mir et al., 2018),
another cause of clinically-typical, late-onset PD (Vilariño-
Güell et al., 2011; Zimprich et al., 2011). Similarly to LRRK2,
VPS35 mutations alter synaptic transmission in mouse cortical
cultures (Munsie et al., 2015; Temkin et al., 2017), and dopamine
release in mutant knock-in mice (Ishizu et al., 2016; Cataldi
et al., 2018). Moreover, emerging evidence suggests increased
LRRK2 activity in the post-mortem brains from people with PD
(Di Maio et al., 2018), as well as in peripheral tissues (Fraser
et al., 2016; Atashrazm et al., 2019). LRRK2 kinase inhibition has
been shown to reverse increased synaptic transmission in GKI
mice (Matikainen-Ankney et al., 2016), the impaired plasticity
in transgenic G2019S-LRRK2 mice (Sweet et al., 2015), and
the aforementioned PFF-induced increase in α-syn pathological
phosphorylation and accumulation (Volpicelli-Daley et al.,
2016). Built mostly on in vitro observations in a non-neuronal
context, LRRK2 inhibitors are already in human trials, even
though preclinical replication and mechanistic consensus are
currently lacking (reviewed in Zhao and Dzamko, 2019). Should

LRRK2 kinase inhibitors fail, targeted gene therapy, including
the silencing of α-syn (reviewed in Brundin et al., 2015)
or LRRK2 (Volta et al., 2015a,b; Zhao et al., 2017), may
provide a valid alternative. Indeed, acute LRRK2 silencing by
antisense oligonucleotides is tolerated by mice (Volta et al.,
2015a), and is effective in reducing experimentally-induced
α-syn aggregation (Zhao et al., 2017). Regardless, a much
deeper understanding of LRRK2 biology and the effects of
LRRK2 kinase inhibition or silencing is required to gauge
clinical efficacy, guide biomarker discovery, and aid trial /
patient selection.

An increasing body of evidence points towards a convergence
of pathophysiological mechanisms in various forms of PD,
involving both genetic and environmental etiological factors.
Translating results from LRRK2 genetic models to other
genetic scenarios, and more general PD pathogenic processes,
may identify early points of intervention before the motor
dysfunction by which PD is diagnosed. We believe an improved
understanding of the neuronal function of LRRK2, including
its role at the synapse, will facilitate the development of
neuroprotective treatments, for not only LRRK2 but also
idiopathic PD patients.
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