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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that has been recognized

for over 200 years by its clinically dominant motor system impairment. There are prominent
non-motor symptoms as well, and among these, psychiatric symptoms of depression and anxiety
and cognitive impairment are common and can appear earlier than motor symptoms. Although the
neurobiology underlying these particular PD-associated non-motor symptoms is not completely
understood, the identification of PARK genes that contribute to hereditary and sporadic PD

has enabled genetic models in animals that, in turn, have fostered ever deepening analyses of
cells, synapses, circuits, and behaviors relevant to non-motor psychiatric and cognitive symptoms
of human PD. Moreover, while it has long been recognized that inflammation is a prominent
component of PD, recent studies demonstrate that brain-immune signaling crosstalk has significant
modulatory effects on brain cell and synaptic function in the context of psychiatric symptoms.
This review provides a focused update on such progress in understanding the neurobiology of
PD-related non-motor psychiatric and cognitive symptoms.

Keywords

neurodegeneration; non-motor symptoms; Parkinson’s disease; synaptic plasticity; social defeat
stress; LRRK2; SNCA; Vps35

Introduction

Parkinson’s disease (PD) is a multisystem neurodegenerative disorder affecting ~1% of
the population aged 60 years or older (Samii and others 2004). At present, there are no
therapeutic interventions that prevent, slow, or stop disease progression. A clinical diagnosis
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of PD is based on characteristic motor symptoms, including rigidity, bradykinesia, resting
tremor, and postural instability (Poewe and others 2017), which were first described as the
“shaking palsy” by Dr. James Parkinson in 1817 (Parkinson 2002). Such symptoms are how
known to reflect a loss (50%-90%) of dopamine (DA) neurons in the substantia nigra pars
compacta (SNpc) (Cheng and others 2010), which deprives the entire dorsal striatum, a brain
region critical for motor program selection and coordination, of DA, as well as variable but
significant degeneration of cholinergic, noradrenergic, and serotonergic modulatory systems
(Zarrow and others 2003). Current PD treatment strategies focus on DA replacement or

DA receptor agonist therapies to alleviate core motor symptoms (Hornykiewicz 1974).
These strategies are effective initially, but long-term treatment can cause adverse effects
such as dyskinesia (Bastide and others 2015). More recently, deep brain stimulation of the
subthalamic nucleus has been used to ameliorate motor symptoms (Faggiani and Benazzouz
2017).

Motor symptoms, however, are only a part of PD. While PD was long considered a pure or
predominantly motor disorder (Poewe and others 2017), it is now known to be associated
with non-motor symptoms (NMS) that are integral components of the disease process and
can negatively affect patient health and well-being to an extent exceeding the impact from
motor deficits (Erro and others 2016). NMS can be broadly clustered into sensory, sleep,
autonomic, cognitive and psychiatric domains (Erro and others 2016; Pontone and others
2019; Weintraub and Burn 2011; Weiss and Pontone 2019), and their onset can antedate
motor symptoms by years or even decades (Langston 2006).

PD-associated deficits in cognitive (executive) function are distinct from age-related
cognitive decline or dementia, targeting decision making, cognitive flexibility, reinforcement
learning, attention, and behavioral inhibition (Perugini and others 2018; Robbins and Cools
2014). Depression and anxiety affect 30% to 50% of PD patients (Poewe and others 2017;
Pontone and others 2019; Reynolds and others 2017) and conversely, may be risk factors
for developing PD (Gustafsson and others 2015; Lin and others 2014), while mild cognitive
impairment is estimated to affect 20% to 50% of PD patients (Watson and Leverenz 2010).
While the mechanisms underlying cognitive and psychiatric NMS associated with PD are
not completely understood, there are three emergent points to consider. First, the very early
onset of such symptoms in the course of the disease, as well as the poor efficacy of DA
therapies to ameliorate them, suggest that overt DA neuron degeneration is not a significant
contributor (Savica and others 2010), at least initially, while early loss or dysfunction of
other neurochemical modulators, such as noradrenaline, serotonin or acetylcholine, may

be relevant (Mayeux and others 1984; Muller and Bohnen 2013; Seidel and others 2015;
Ye and others 2014). Second, both psychiatric symptoms and cognitive impairment reflect,
in part, alterations in convergent excitatory circuits of the striatum originating principally
from cerebral cortex, amygdala, hippocampus, and thalamus. Such circuitry, in addition to
coordinating motor behaviors, is involved in reward processing, goal-directed and stimulus-
response learning, and cognitive flexibility (Beste and others 2018; Burton and others 2015;
Russo and Nestler 2013; Shohamy 2011). 7hird, chronic inflammation and dysregulated
immune responses to stress are implicated in depression, cognitive dysfunction, and PD
(Gareau 2016; Hemmerle and others 2012; Menard and others 2016) suggesting these
pathological states are intertwined (Dzamko and others 2015).
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Mechanistic insight into the etiology of PD has advanced with the identification of about

20 so-called PARK chromosomal loci and risk factors that give rise to both heritable

and sporadic PD (Klein and Westenberger 2012). Most of the loci correspond to protein
encoding genes and basic science investigations of the actions of such proteins have
furthered our understanding of disease onset and cellular targets. For example, several
PARK loci associated with early onset PD encode proteins involved in marking and

clearing defective mitochondria or maintaining mitochondrial health (Abou-Sleiman and
others 2006). While this has served to highlight the relevance of mitochondrial function

to the emergence of motor symptoms, genetic early-onset forms result in aggressive
Parkinsonian disorders that could very well differ mechanistically from those leading to
late-onset PD. Research into PARK gene expression patterns and MRI studies are also being
used to identify cell types and circuits that could be vulnerable to PD. The results point
toward targets that extend well beyond SNpc and have helped provide a broader basis for
understanding NMS. These data show that the gene mutations associated with PD generate
both motor and nonmotor cognitive and psychiatric symptoms and support the use of animal
models carrying such mutations to investigate basic mechanisms underlying NMS (Dawson
and others 2010).

In this focused review, we highlight recent advances in understanding circuit-, synapse- and
cell-based mechanisms identified using animal models that are relevant to the neurobiology
of PD-associated depression and cognitive dysfunction. We focus mostly on the G2019S
gain-of-kinase activity mutation in leucine-rich repeat kinase 2 (LRRK2)—the most
prevalent PD-associated gene mutation and one that produces late-onset PD—as this is our
area of expertise, but include data from other PARK genes where relevant, to arrive at some
common principles of circuit dysfunction, immune system crosstalk and circuit-specific
molecular signaling pathways they converge upon. In the process, we highlight certain
immune cell responses to pathogens, injury, or stress that are known to be regulated by
PARK genes and that may be relevant for modulating early cognitive deficits and psychiatric
symptoms of PD.

NMS-Related Psychiatric and Cognitive Abnormalities May Reflect Deficient

or Maladaptive Plasticity of Cells and Circuits

Human depression is a heterogeneous collection of core symptoms, including social
avoidance or phobias, depressed mood, anxiety, and anhedonia among others (Krishnan
and Nestler 2008). While these particular core symptoms are prevalent in the depression of
PD patients generally (Broen and others 2016; Gultekin and others 2014; Nagayama and
others 2017), there are few studies that parse these individual traits with specific PARK
gene carriers. Nevertheless, clinical assessments of human PARK gene mutation carriers and
non-carriers have expanded to include tests of cognitive and psychiatric function (Kasten
and others 2017). Clinical studies of genetically determined PD suggest that cognitive
impairment (impaired executive function and attention) is more severe in patients carrying
GBA, PINK1, DJ1, SNCA, or VPS35 mutations than observed in idiopathic PD, while that
seen in LRRK?2 patients was similar to or slightly less severe than idiopathic PD (Piredda
and others 2020). Depression was more prevalent in patients with mutations in SNCA or
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GBA, but similar between idiopathic PD patients and those carrying mutations in PINKZ,
VPS35, PRKN, and LRRK2 (Kasten and others 2017; Piredda and others 2020; Schrag and
Taddei 2017). Differences across clinical studies can reflect small sample sizes, different
patient populations, and the use of different diagnostic tests and criteria (Kasten and others
2017).

The PARK genes are all normally expressed in the brain throughout adulthood

(Benson and Huntley 2019). Notably, expression of certain PARK genes (i.e., LRRK2,
SNCA [a-synuclein, or aSyn] and VPS35) rises during early postnatal development
contemporaneously with synaptogenesis and circuit formation (Fig. 1), an expression
trajectory that suggests some PARK gene mutations or deletions may affect the generation of
the nervous system as well as the maturation of the immune system. Since the onset of most
forms of PD occurs late in life, it is reasonable to speculate that modest changes, occurring
in the process of development or exerted in response to a challenge, impart vulnerability,

or leave a mark—and that such changes should be detectable. Significantly, normal and
mutant LRRK2, aSyn, and Vps35, show more restricted cellular and anatomical patterns of
gene expression than most of the other PARK genes, a fact that can be used to delimit the
range of cells, systems, and circuits relevant to producing PD symptoms, serving to highlight
neocortex, striatum and the immune system.

Brain regions that contribute to depression-like behaviors include interconnected structures
of the brain’s reward pathways—yprefrontal cortical areas, hippocampus, dorsal striatum,
nucleus accumbens (NAc), and the ventral tegmental area (VTA) (Russo and Nestler 2013).
Among the PARK genes, LRRK2 displays gene- and protein-expression patterns that are
both consistent with areas involved in depression-like behaviors—showing high levels in the
principal neurons and neuropil of each of these regions, with the exception of the VTA (and
SNpc) (Benson and Huntley 2019; Gokce and others 2016; West and others 2014)—and
suggestive of circuits that may be particularly vulnerable to progression of PD-related NMS
(Fig. 1A). To link some of the core behavioral symptoms of human depression to relevant
brain regions, circuits and cellular mechanisms, mouse models have been used in a variety of
behavioral assays in combination with cellular and synaptic analyses.

Depression-like behaviors in mice can be assayed by social defeat stress (SDS)-induced
social avoidance and anhedonia. SDS is a paradigm where an experimental mouse is
subjected to a brief period of daily physical subordination by a larger and aggressive

male mouse (Golden and others 2011). Commonly, mice undergo an acute, single day of
social defeat stress (1d-SDS) (Fig. 2A) or a chronic, daily period of SDS for 10 days
(10d-SDsS, Fig. 3A). Afterward, mice are tested for their normal propensity to interact with
a novel mouse in a social interaction (SI) test. Following 10d-SDS, about half of wildtype
mice remain socially interactive (“resilient” mice) despite the defeat experience, spending
significantly more time interacting with the novel social target than they do exploring
other parts of the arena (Fig. 3B-D). In contrast, the other half avoid the new social target
(“susceptible” mice), spending significantly more time in the far corners of the arena (Fig.
3B-D), and also displaying anhedonia-like behaviors (assessed in separate tests by their
normal preference for consuming sucrose over water or by the amount of time they spend
grooming following a splash of sucrose-water on their fur). Such behaviors in mice are
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described as depression-like because they can be reversed by chronic administration of
anti-depressant medication (Berton and others 2007). Additionally, such depression- and
anhedonia-like behaviors develop over the iterative, daily course of defeat experience,
because wildtype mice undergoing 1d-SDS remain largely socially interactive and do not
display changes in hedonic-like behaviors (Fig. 2A-D) (Guevara and others 2020; Menard
and others 2017).

SDS has been used to study depression-like behaviors in young adult male L k2520195
knockin mice. In the absence of any social defeat experience, Lrk252019S mice display
social interaction, hedonic-like behaviors, and exploratory/locomotor behaviors that are
indistinguishable from wild-type (WT) mice, indicating that the mutation, in the absence

of experience, does not seem to alter these or other fundamental behaviors (Guevara and
others 2020; Matikainen-Ankney and others 2018). However, 1d-SDS (Fig. 2A) renders

L k2520198 mice significantly socially avoidant compared to WT mice (Fig. 2B-D) while
paradoxically, promoting significantly greater hedonic-like behavior (consuming more
sucrose-water) compared with WT mice (Fig. 2E) (Guevara and others 2020). Previous
studies have shown that susceptibility and resilience to SDS reflect distinct cellular and
synaptic adaptations, including changes in intrinsic neuronal excitability (Francis and others
2015) and persistent modifications of synaptic strength of glutamatergic inputs onto SPNs
in the NAc (Christoffel and others 2015). Socially defeated £ k2520195 mice largely fail to
exhibit such adaptive changes in intrinsic excitability (Fig. 2F and G) or synaptic plasticity
(Guevara and others 2020; Matikainen-Ankney and others 2018). Because behavioral
experience can drive incorporation of ion channels that control membrane excitability or
AMPAR subunits that enable long-lasting changes in synaptic strength, these deficits likely
reflect impaired trafficking of relevant channels or receptors, and suggest that the mutation
significantly alters the threshold by which social stress can co-opt requisite cells and circuits
to drive depression-like (social avoidance) behavior. The apparent uncoupling of significant
social avoidance with hedonic-like sucrose consumption in the mutant mice may reflect the
fact that the circuits that drive social interaction are, in part, distinct from those that mediate
hedonic-like responses (Lim and others 2012). Thus, the effects of Lrrk252019S are likely
circuit specific (Pan and others 2017; Sweet and others 2015).

On the face of it, this outcome seems to make some sense: depression is an early NMS of
human PD, and Lrrk2520195 mice exhibit a heightened susceptibility to social avoidance—a
core feature of human depression—after 1d-SDS. However, this simple parallel belies the
complexity in behavioral outcomes revealed when mutant mice undergo 10d-SDS. Under
these conditions, virtually all defeated L7k252019S mice are highly socially interactive
(resilient) compared with 10d defeated L7«2VT mice (Fig. 3B-D), which exhibit the
expected proportions of socially resilient and susceptible phenotypes (Matikainen-Ankney
and others 2018) (Fig. 3B-D) Thus, social stress produces a complex, temporally evolving
set of adaptive mechanisms in the Lrrk252019S mice that transform their social interaction
behavior from susceptible (1d) to resilient (10d). These outcomes may be telling us that
social or other types of stress have a fundamentally different impact on cells, circuits and
behaviors of mice (and by extension, humans) carrying Lrrk252019S compared with WT.
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There have been fewer animal model studies of other PARK gene mutations in terms

of psychiatric-like or cognitive behavioral symptoms, with the exception of aSyn mouse
models (Magen and Chesselet 2011). Studies have shown that young adult male mice
overexpressing human a.Syn under the control of the Thy-1 promotor exhibit a range of
NMS, including early olfactory, autonomic and cognitive abnormalities (Fleming and others
2004; Magen and others 2012; Wang and others 2008). In the latter case, several tests

of cognitive abilities were used, including reversal learning, a test of cognitive flexibility
that is impaired in PD patients (Peterson and others 2009). In this task, mice first learn to
associate one of two stimuli with a reward, after which the stimulus-reward contingencies
are reversed (the previously unrewarded stimulus becomes the rewarded one). The aSyn
mice could learn the initial association at a rate similar to WT controls, but, on reversal,
learned the new contingency at a significantly slower rate. They showed deficits in other
cognitive tasks as well, including tests of short-term spatial and non-spatial recognition
memory. At a cellular level, transgene expression was present in cholinergic neurons of the
basal forebrain as well as DA neurons in the SNpc among other places, leading to increased
extracellular dopamine levels in striatum and decreased levels of cortical acetylcholine (Lam
and others 2011; Magen and others 2012; Szego and others 2011). Cholinergic innervation
of cortex is particularly important for several of the cognitive tasks at which the transgenic
mice were deficient (Yang and others 2009), suggesting that cholinergic dysfunction may be
particularly relevant to early cognitive NMS.

Studies of transgenic mice expressing the human A53T-a.Syn variant under control of

the mouse prion promoter (Giasson and others 2002) have identified several NMS-like
behavioral domains that are altered over the life span. In these studies, the onset and duration
of behavioral alterations varied across different tests. For example, in one set of studies
(Paumier and others 2013), homozygous A53T-aSyn mice exhibited anxiety-like behaviors
in open field tests and in acute responses to stress that were similar to those observed in

WT mice at young ages (2-6 months), but the mutant mice became significantly less anxious
compared with WT mice by 12 months. An age-related decrease in anxiety-like behavior

in A53T-aSyn mice was confirmed in a separate study that also used open field tests in
addition to elevated plus maze (Graham and Sidhu 2010). Running counter to this anxiolytic
effect, mutant mice exhibited significantly less time grooming compared to WT mice at

2, 6, and 12 months of age (Paumier and others 2013), and as measured by a 3-chamber
social interaction test, were less social at 7 and 11 months compared with WT mice and
exhibited progressive loss of social memory based on time spent with a familiar compared
to a novel mouse (Stanojlovic and others 2019). Spatial memory deficits emerged at 6
months and were sustained at 12 months as measured by impaired performance in a Y-maze,
hippocampal-dependent task.

Behavioral differences that emerge by young adulthood could reflect earlier developmental
changes in both excitatory and inhibitory circuits, but additional work suggests that
behavioral and synaptic abnormalities caused by A53T-aSyn are not necessarily dependent
on early developmental expression of the mutant protein—findings that are consistent with
the idea that aSyn accumulation is common to most forms of PD. This was suggested

on the basis of using a tetracycline-inducible transgenic mouse line in which onset of
expression of A53T-a.Syn was controlled by medicated chow (Lim and others 2011). In
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this way, expression of the mutant protein was suppressed from birth through postnatal day
21, bypassing early postnatal developmental confounds. Under these conditions, cytoplasmic
A53T-aSyn aggregates reminiscent of Lewy body pathology were first detected throughout
mostly limbic structures of the forebrain at 4 postnatal months, and steadily accumulated
with age. By 8 postnatal months, transgenic A53T-a.Syn mice were significantly impaired

in contextual fear conditioning, a form of hippocampal-dependent associative memory, and
displayed pronounced reductions in levels of several presynaptic vesicle-related proteins in
hippocampal mossy fiber terminals (which are the presynaptic boutons of the axons from the
dentate gyrus to area CA3). Interestingly, these effects were not simply the consequence of
overexpression, since induced expression of WT a.Syn in mice showed similar cytoplasmic
accumulations, but failed to exhibit behavioral deficits. Strikingly, suppressing transgenic
overexpression of A53T-aSyn by reintroducing the medicated chow from 9 to 12 postnatal
months largely cleared accumulated aSyn pathology, reversed the presynaptic molecular
changes in the hippocampus, and improved memory performance (Lim and others 2011).
Together, these data establish that synaptic molecular and behavioral alterations resulting
from A53T-aSyn accumulation can manifest in the absence of early developmental changes
and can be largely reversed or attenuated by suppressing ongoing aSyn pathology. Although
the precise circuit or synaptic basis of these various behavioral deficits in the transgenic
A53T-a.Syn mice is not completely understood, excitatory synapses in the hippocampus of
these mutants already exhibited abnormal baseline properties and altered synaptic plasticity
by 2 months of age (Paumier and others 2013), as well as fewer GABAergic inhibitory
presynaptic terminals in the mPFC by 7 months (Stanojlovic and others 2019).

Brain-Immune Cross-Talk and the Psychiatric NMS of PD

Several of the PARK genes are particularly enriched in immune cells where they influence
the production and release of cytokines (Dzamko and others 2015)—secreted glycoproteins
produced by innate and adaptive immune cells in response to pathogens, such as bacterial
infection, or under “sterile” conditions, such as a head injury (Fleshner and others 2017).
Patients with PD have increased levels of pro-inflammatory cytokines such as interleukin-6
(IL-6), interleukin-1 beta (IL-1B), and tumor necrosis factor-alpha (TNF-a) in serum and
cerebrospinal fluid (CSF), as well as in postmortem striatal tissue samples compared with
controls (Mogi and others 1994; Mogi and others 1996; Nagatsu and others 2000; Pellecchia
and others 2013; Wang and others 2016). While this may reflect a generalized increase in
inflammation, recent studies demonstrate the importance of molecular cross-talk between
the brain and immune system in modulating stress-induced anxiety and depression (Hodes
and others 2015; Wohleb and others 2014). IL-6 holds particular interest as patients with
major depressive disorder (MDD) also exhibit increased IL-6 levels in serum compared

to healthy controls (Hodes and others 2014). Furthermore, following 10d-SDS in mice,
levels of serum IL-6 were elevated for up to 2 days after the last defeat experience in

the susceptible, but not in resilient or in unstressed control mice (Hodes and others 2014).
Conversely, 10d-SDS in IL-6 knockout mice failed to produce social avoidance behavior
(Moore and Hersh 2019). Thus, cytokines upregulated in PD patients may lower the
threshold or exacerbate negative responses to stressful experiences.
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NF-xB Modulates Immune and Depressive-Like Behavioral Responses
Following Stress

The mechanisms by which the immune system regulates the function of the nervous system
(and vice versa) are numerous and not fully understood (Cruz-Pereira and others 2020), but
several lines of data point toward the relevance of nuclear factor-xB (NF-xB), a transcription
factor that is induced by a variety of agents and whose targets include genes encoding
multiple pro-inflammatory cytokines (e.g., IL-6, TNF-a, and IL-1) (Fig. 4). NF-xB has
long been suspected to be a key agent supporting a pro-inflammatory environment in PD,
and it responds to stress (Hunot and others 1997; Koo and others 2010; Kuebler and others
2015). For example, NF-xB binding to DNA correlates directly with increased levels of
IL-1B mRNA detected in plasma isolated from human subjects following administration of
the Trier Social Stress Test (Kuebler and others 2015), which includes a mock job interview
and a mental arithmetic task and has been validated for hormonal and proinflammatory
responses (Allen and others 2017). Conversely, pharmacological agents inhibiting NF-xB
prevent the emergence of depression-like behaviors in rats following a chronic unpredictable
stress paradigm (Koo and others 2010) in which two out of a variety of stressors were
administered each day for 21 days (Willner 2005; Willner and others 1987). Administration
of NF-xB inhibitors also counteracts diminished hippocampal neurogenesis associated with
stress and depression-like behaviors (Duman and Monteggia 2006; Koo and others 2010;
Krishnan and Nestler 2008; Monteggia and others 2004). More broadly, the data support that
NF-xB is well positioned to transcriptionally regulate immune components that influence
psychiatric symptoms of PD (Fig. 4).

Patients with PD Exhibit More Reactive Pro-Inflammatory Microglia

Molecular signaling between immune and neural cells can occur across the blood-brain
barrier (BBB) via cytokines or migrating monocytes. Following 10d-SDS, susceptible mice
(but not resilient mice) display discontinuities of the vascular tight-junctions that form the
BBB and a commensurate down-regulation of claudin-5, an essential tight-junction protein.
Supporting a causal role, shRNA-mediated knockdown of claudin-5 in mice subsequently
exposed to 1d-SDS promoted depression-like behaviors across several behavioral domains.
Additional molecular signaling between immune cells and neurons can also result from local
actions of microglia, the resident immune cells of the brain. Microglia can exist in a baseline
surveillance state or, as a result of a pathogenic challenge or injury, in proinflammatory or
immunosuppressive reactive states that are toxic or protective toward neurons, respectively
(Zhang and others 2018). When in a proinflammatory state, microglia have an active NF-xB
transcriptional pathway (Frakes and others 2014; Jayasooriya and others 2014) and express
the major histocompatibility complex (MHC) class Il antigen (Abellanas and others 2019;
Imamura and others 2003). Greater numbers of MHC class 11-positive microglia, which also
express TNFa and IL-6, have been detected in the brains of PD patients than in non-PD-
diagnosed controls (Imamura and others 2003); and numbers of MHC I1-positive microglia
are positively correlated with the degree of neuronal degeneration in the SNpc (Imamura
and others 2003), supporting that abnormal inflammatory responses contribute to neural
degeneration and also potentially synaptic/circuit pruning (Ho 2019; Tufekci and others
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2012). Activated microglia could also promote cell death indirectly through induction of Al
astrocytes, a subset of reactive astrocytes associated with PD and other neurodegenerative
disorders that drive neuronal death and other pathophysiological sequelae (Liddelow and
others 2017; Yun and others 2018). Since the chronic expression of proinflammatory
markers in the brain is associated with cognitive deficits and depressive behavior (Lurie
2018; Tufekci and others 2012), prolonged proinflammatory microglial reactivity in PD
suggests that microglia in PD patients create a neurotoxic environment (Tufekci and others
2012) that contributes to PD-related cognitive deficits and psychiatric disorders.

Relationships between PD-Associated Genes and the Immune System

Increased levels of IL-1f in serum (detected using ELISA) distinguishes asymptomatic
LRRKZ52019S carriers from controls, an effect that is likely to have relevance to PD
generally as the landscape of inflammatory cytokines that are observed in serum and CSF
are similar in LRRKZ520195 and idiopathic PD patients (Dzamko and others 2016). This idea
is consistent with data supporting that LRRK2 can modulate cell death and proinflammatory
responses via the NF-xB pathway (Dzamko and others 2015; Liu and others 2017,

Zhang and others 2010). Studies in microglia cultured from Lk2<C (knockout) and
Lrrk2520198 mice support that LRRK2 kinase activity in microglia serves to antagonize

an NF-xB repressor, thereby removing the brakes on NF-xB-mediated transcription of
pro-inflammatory cytokines (Russo and others 2015; Russo and others 2018).

Loss of function mutations in Parkin also appears to promote inflammation, probably by
feeding into the same pathway. Microglia and macrophages cultured from Parkin-null mice
show increased NF-xB-dependent production of TNF-a and IL-6 in response to stimulation
with lipopoly-saccharide (LPS) (Dzamko and others 2015), a component of gram-negative
bacteria. Thus, Parkin appears to normally suppress inflammation in part through to its

role in targeting TNF receptor-associated factor 6 (TRAF6), a key positive regulator of

the proinflammatory NF-xB transcriptional cascade, for ubiquitin-mediated proteasomal
degradation (Dzamko and others 2015). Consistent with this is an inverse relationship
between TRAF6 and Parkin expression observed in the tissue of PD patients (Chung and
others 2013). Equally relevant, Parkin along with PINK1 normally collaborate in a process
that acts to recognize and clear damaged mitochondria and reduce “damage associated
molecular patterns” or DAMPs that are known to activate innate immunity (Sliter and others
2018).

As the main component of Lewy bodies, aSyn contributes to idiopathic as well as inherited
forms of PD. While triggers and mechanisms are not well understood, strong evidence
supports that aSyn fibrils can accumulate extracellularly and propagate in a prion-like
fashion (Luk and others 2012). aSyn can be released from neurons during exocytosis or
following cell damage (Alvarez-Erviti and others 2011; Dzamko and others 2015) and in
either case, can serve as a DAMP by activating toll-like receptors (TLRs; Dzamko and
others 2015). While mouse models of extracellularly deposited aSyn fibrils reveal effects on
synaptic neurotransmission and plasticity (Diogenes and others 2012), a.Syn has also been
shown to potentiate microglia’s proinflammatory response to toll-like receptor 2 (TLR2)
agonists (Roodveldt and others 2013). In particular, TLR2-mediated secretion of I1L-6 was
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increased in microglia that were pre-conditioned with aSyn in comparison to microglia that
were not (Roodveldt and others 2013). A separate study found that a 24-hour incubation
with aSyn led to increased phosphorylation and degradation of 1xB-a., an inhibitor of
NF-xB, and enhanced nuclear levels of NF-xB in BV-2 cells (Li and others 2019).

Finally, mouse models with overexpressed aSyn have shown that microglial activation and
upregulation of TLRs occurs in the substantia nigra preceding neuronal death (Chesselet
and others 2012; Watson and others 2012). Following injury, neuronal release of aSyn

may therefore potentiate the proinflammatory response of microglia via TLR activation and
NF-xB-dependent transcription (Fig. 4). This suggests that microglia chronically express
proinflammatory markers in the substantia nigra following neuronal exocytosis of a.Syn.
Widespread detection of proinflammatory cytokines in PD brains (Imamura and others 2003;
Sawada and others 2006) supports that similar mechanisms contribute to psychiatric and
cognitive NMS of PD.

Serum TNFa and EGF Levels Correlate with Cognitive Impairment

Although a specific immunological contribution to cognitive impairment has not been
defined, serum TNFa is upregulated in patients with self-perceived cognitive decline

that is thought to precede a clinical assessment of mild cognitive impairment (Magalhaes
and others 2018). While only correlative, it is relevant that in mice, TNFa can mediate
homeostatic adjustments in AMPAR levels at synapses, suggesting that sustained increases
in TNFa would dysregulate this process (Stellwagen and Malenka 2006). Moreover,
experiments testing the effects of epidermal growth factor (EGF) suggest that it has a mild,
modulatory effect on synapse function (Terlau and Seifert 1989), but sustained increases
during the perinatal period in rats can lead to cognitive and behavioral alterations in the adult
offspring (Jodo and others 2019). Lastly, EGF levels in serum are also positively correlated
with impaired performances in semantic fluency, a cognitive task used in PD patients
(Pellecchia and others 2013). Collectively, the data suggest that sustained upregulation of
TNFa and EGF in the serum of PD patients may contribute to PD-related cognitive deficits.

PARK Proteins Converge on Molecular Signaling Cascades Regulating

Vesicle Sorting and Trafficking

The actions of several PARK proteins converge on the regulation of vesicle trafficking
pathways that hold particular significance for excitatory synapse modulation and plasticity
(Fig. 5). Presynaptic vesicle endocytosis (Fig. 5), a complex process that covers

several distinct mechanisms (clathrin-mediated, clathrin-independent, fast and ultrafast
endocytosis), is modulated by loss or mutation in LRRKZ, SNCA, SYNJ1, DNAJC6, and
PINKI. Most experimental data support that following neurotransmitter release, LRRK2
kinase activity impedes endocytosis. LRRK2 can phosphorylate endophilin-A (EndoA),
which negatively regulates EndoA’s coordinated actions with synaptojaninl (SYNJI) to
induce the membrane curvature needed for internalization (Cao and others 2017; Matta
and others 2012). These actions would be expected to impact all forms of endocytosis
(Watanabe and Boucrot 2017). Perhaps synergistically, LRRK2 kinase activity can also
negatively regulate AP2, an adapter that joins clathrin coats to the cytoplasmic tails of
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transmembrane proteins, in an action that also impedes internalization (Sanstrum and others
2020). PD-associated LRRK2 mutations, which increase kinase activity augment its impact
on endocytosis. This is likely to be circuit and/or age-specific however, because studies

of aged BAC transgenic mice overexpressing L k2320195 found no effects on presynaptic
vesicle release or dynamics in hippocampus (Sweet and others 2015). Synucleins normally
promote clathrin coat assembly on budding membranes, increasing the pace of vesicle
endocytosis (Vargas and others 2014; Vargas and others 2020), but PD-associated mutations
in aSyn appear to impair this process, reducing endocytosis (Nemani and others 2010).
Following internalization of coated vesicles, LRRK2-mediated phosphorylation of Auxilin
(DNAJCE) is thought to hamper the removal of clathrin coats, thus impeding the recycling
process (Nguyen and Krainc 2018).

Electrophysiological recordings from neurons carrying PARK mutations are consistent
with altered vesicle recycling, but the outcomes are not uniform across synapse types

or PARK genes. Studies in cultured neurons and in acute striatal slices have shown

that Lrrk2520195 and £ rrkR1441C knockin mutations in mice increase the frequency of
excitatory postsynaptic currents (EPSCs) with no differences in numbers of release sites
(Beccano-Kelly and others 2014; Matikainen-Ankney and others 2016; Volta and others
2017). These data support that presynaptic activity is enhanced, but the mechanism is not
known. Rats lacking PINK1 show similar increases in spontaneous EPSCs in striatal slices
as well as enhanced paired pulse facilitation (Creed and others 2021), an outcome consistent
with an increase in release probability. By contrast, overexpression of aSyn (mimicking
PD-causing SNVCA gene duplication or triplication) decreases SEPSCs at hippocampal and
cortical synapses (Lautenschlager and others 2017).

PARK gene-encoding proteins also regulate vesicle trafficking postsynaptically (Fig. 5),

and this has been most thoroughly investigated in the context of AMPA-type glutamate
receptor (AMPAR) subunit recycling. Parkin regulates surface AMPAR subunit expression
by controlling the localization of postsynaptic endocytic zones (Cortese and others 2016).

In cultured hippocampal neurons or slices, shRNA-mediated knockdown of retromer
complex protein Vps35 (VPS535) prevents the maintenance of LTP (Fig. 7D) (Temkin and
others 2017) and the activity-dependent incorporation of AMPARS at synapses (Tian and
others 2015). This is likely relevant to the auto-somal dominant Vps35P%20N mutation

seen in PD, as introducing Vps35P520N in mouse neurons lacking Vps35 fails to rescue
potentiation (Fig.7E). Studies of Lrrk2knockout mice during early postnatal development
suggest that direct, kinase-independent interactions between WT LRRK2 and the RIIB
regulatory domain of protein kinase A (PKA) enhance PKA-mediated phosphorylation

of GIuAl, an event that is permissive for activity-dependent exocytosis and synaptic
incorporation (Parisiadou and others 2014). The LrkR1441C mutation similarly results

in enhanced GluAl phosphorylation at Ser845 and exocytosis (Chen and others 2020;
Parisiadou and others 2014), suggesting that this mutation counters normal LRRK2 function.
Consistent with altered AMPAR stoichiometry, in Lrrk252019S knockin mice whole cell
recordings of excitatory synapses onto SPNs in the NAc show altered sensitivity to an
antagonist of calcium-permeable (CP) AMPARs (Fig. 6A). Similarly, in studies of aged mice
overexpressing BAC transgenic LRRK262019S or L RRK2 wildtype constructs, basal level of
synaptic transmission in the hippocampal CA3-CA1 pathway are higher than controls and
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long-term depression (LTD) is impaired, suggesting deficits in AMPAR subunit endocytocis
(Sweet and others 2015). The focus on trafficking as a mechanism gains support from

the absence of an impact of LRRK2 mutation on overall AMPAR expression levels (Fig.

6B and C) or distribution of GIuA1 or GIuA2 subunits (Fig. 6D and E). Instead, these
differences may reflect LRRK2’s actions on vesicle-associated Rab GTPases, which are
involved in directing AMPAR subunit trafficking. Rab proteins (at least 14 of which are
LRRK2 substrates) help direct membrane traffic generally and are the best characterized
substrates for LRRK2 phosphorylation (Steger and others 2016; Steger and others 2017).
LRRK2-mediated Rab phosphorylation regulates interactions between Rabs and their target
membrane compartment effectors (Pfeffer 2018), and importantly, work in the hippocampus
indicates that Rab proteins that are substrates for LRRK2 are also essential for directing
AMPARSs to synapses constitutively and during LTP (Gerges and others 2004).

Although some studies suggest that phosphorylation of Rabs in brain by endogenous
LRRK?2 is limited, one caveat of such an interpretation is that these studies are based
mostly on western blotting of whole-brain lysates (Lis and others 2018). Since LRRK2 is
highly localized to certain structures (e.g., striatum), this approach would be expected to
greatly dilute levels of detectable phospho-Rab protein. In contrast, western blot analysis

of striatal extracts taken from wildtype, G2019S or R1441C knockin mice show robust
phospho-Rab levels in wildtypes and the expected increase in such levels in the two LRRK2
gain-of-kinase activity mutants (Chen and others 2020).

Effects by LRRK2 on trafficking may also arise through interactions with microtubules

as most PD-associated mutations in LRRK2 (but not the G2019S mutation) enhance
association with microtubules (Kett and others 2012). Structural analysis and atomic
modeling of the catalytic half of LRRK2 suggest that the conformation of LRRK2’s kinase
domain determines its association with microtubules, with the so-called “closed” (potentially
active) conformation favoring LRRK2 oligomerization on microtubules sufficient for
interferring with kinesin- or dynein-based motors (Deniston and others 2020). LRRK2
kinase inhibitors that stabilize the kinase in an “open” configuration (type Il inhibitors)
prevent oligomerization, decrease microtubule binding and relieve the LRRK2-dependent
inhibition of the microtubule motors (Deniston and others 2020).

There are significant implications of AMPAR trafficking defects for circuit function and
plasticity that may hold direct relevance to PD-related cognitive and psychiatric symptoms
(Fig. 5). Abnormal AMPAR trafficking at excitatory synapses negatively affects persistent
forms of synaptic plasticity, including NMDAR-dependent long-term potentiation (LTP).
LTP is a form of persistent strengthening of synaptic transmission at corticostriatal (Fig.
7A) and other synapses, and represents a synaptic mechanism for encoding, storing, and
processing information such as learning and memory (Kessels and Malinow 2009). LTP can
also be maladaptive under conditions that mimic psychiatric symptoms such as addiction
or depression-like behavior (Kauer and Malenka 2007; Stelly and others 2016). As would
be predicted from the deficient AMPAR trafficking evident in several different PD mouse
models discussed above, NMDAR-dependent LTP is absent at L k252019 corticostriatal
synapses onto SPNs expressing either the dopamine D receptor (direct-pathway) or
dopamine D, receptor (indirect-pathway) (Matikainen-Ankney and others 2018) (Fig. 7A-
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C), with D,R-SPNs exhibiting an aberrant LTD-like response to stimuli that normally
produce LTP (Fig. 7B and C). Similarly, shRNA-mediated knockdown of Vps35also blocks
LTP at hippocampal synapses (Temkin and others 2017) (Fig. 7D). Moreover, replacing
endogenous Vps35with the PD-associated Vps35P820N mutation—but not the Alzheimer’s
disease-associated L625P mutation—recapitulates the loss of LTP, presumably by interfering
with retromer-mediated AMPAR trafficking (Munsie and others 2015; Temkin and others
2017) (Fig. 7E). Finally, PD patient-derived iPS dopaminergic neurons carrying Vps35P620N
show an increased intensity of GIuUAL immunolabeled clusters, suggesting that GIuA1 levels
may be abnormally localized or even saturated at synapses (Munsie and others 2015). This
would make it difficult for new AMPARSs to gain entry into the synaptic membrane to
support LTP; however, it is also possible that the data reflect cell-type dependent differences
between dopaminergic neurons and other cell types. Whether the impaired plasticity and
AMPAR trafficking exhibited by L/7k2G2019 or Vjps35P620N mice described above have
any impact on executive functions relevant to the types of deficits displayed by human

PD patients remains to be determined. Nevertheless, this is likely, because in mice, such
plasticity is required for a variety of striatal-dependent executive functions (Di Filippo and
others 2009).

Summary and Challenges

Non-motor psychiatric and cognitive symptoms of PD are common, can first appear earlier
than motor symptoms, and are debilitating. An ongoing challenge is to understand the basis
for these non-motor symptoms. Animal and cell-based models of some PARK genes have
been instrumental in opening up new avenues of investigation of the cells, synapses, and
circuits that may contribute to psychiatric symptoms and cognitive deficits relevant to PD.
Moreover, it is increasingly clear that peripheral inflammatory mediators—long known to be
associated with PD—gain access to the brain and, in collaboration with activated microglia,
can influence the very cells and circuits that drive depression-like and other behaviors
related to PD symptoms. Additionally, these gene mutations are carried in brain and immune
cells throughout life, thus underscoring the potential vulnerability of developing systems
and circuits to later disease onset. In brain, the PARK genes highlighted in this review all
converge functionally on different components of the molecular regulatory machinery that
controls vesicle trafficking on both pre- and post-synaptic sides of the synapse, affecting
particularly the function of glutamatergic synapses in striatum, cortex and elsewhere.
Aberrant control of these dynamic processes alters synaptic plasticity, which in turn disrupts
normal cognitive function and can also contribute to depression-like states, providing a
plausible, convergent mechanism for early psychiatric or cognitive symptoms. Together,
such studies put a new emphasis on circuits and systems that go beyond a singular focus on
DA-neuron degeneration and motor symptoms of PD, providing potentially new molecular
targets for therapeutic intervention to ameliorate debilitating non-motor symptoms of PD.
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PARK genes are expressed in brain during development and in adulthood. (A)
Photomicrographs of sagittal sections through adult mouse brains following in situ
hybridization to show regional distribution patterns of LRRK2, SNCA (a.Syn), and
VPS35 expression. (B) Expression levels of aSyn, VPS35, and LRRK2 rise during early
postnatal development contemporaneously with synaptogenesis in striatum and elsewhere.
Photomicrographs are taken from the Allen Mouse Brain Atlas (Lein and others 2007) and
these and figure B reprinted with permission from Benson and Huntley (2019).
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Figure2.

Distinct behavioral and neural adaptations to acute (1d) social defeat stress (1d-SDS) in
wild-type (WT) and Lrk252019S mice. (A) Schematic of the 1d-SDS paradigm followed by
the social interaction (Sl) test. In this paradigm, a WT or mutant C57BI6 mouse is put into
the home cage of a larger, CD1 retired male breeder. The larger CD1 aggressor physically
subordinates the smaller C57BI6 intruder for 5 minutes, then the two mice are separated

for 15 minutes by a perforated divider, preventing further physical contact but maintaining
the exchange of sensory cues. This process is repeated 2 more times on the same day,

then the defeated mouse is returned to its home cage overnight. The next day, the mouse

is subjected to an Sl test, where the defeated mouse is allowed to explore an arena in the
absence and subsequent presence of a novel social target constrained by a wire cage at one
end of the arena. Video tracking monitors the amount of time the defeated mouse spends
exploring the interaction zone with and without the social target present. (B) Heat maps
showing movement of WT and Lrrk2520195 mice during the S test following 1d-SDS. Blue
indicates path traveled; warmer colors indicate increased time. (C, D) Bar graphs/scatter
plots showing time spent in the interaction zone during the Sl test in the absence of a social
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target (C, P=0.5478) and when the social target is present (D, £=0.0117; WT,n =13
mice; G2019S, n = 12 mice). Defeated mutant mice are significantly more socially avoidant
in comparison with defeated WT mice. (E) Lrk252019S mice show significantly greater
sucrose consumption—a hedonic response—after 1d-SDS compared with 1d-SDS WT mice
(P=0.0432, WT, n =7 mice; G2019S, n = 8 mice). (F) The intrinsic excitability of striatal
projection neurons (SPNs) in the nucleus accumbens (NAc) is significantly elevated by
1d-SDS in WT mice—presumably an adaptive response to stress—but 1d-SDS does not
alter intrinsic excitability of SPNs in L7k2520195 mice. The input/output plot shows the
number of action-potentials (spike number) elicited in response to depolarizing current steps
applied to SPNs in the NAc. For each current step, defeated WT mice elicited more spikes
in comparison with defeated G2019S mice or no-stress WT and G2019S control groups

(at 140 pA: P=10.0189; at 160 pA: £P=0.0115; at 180 pA: P=0.0064; at 200 pA: P=
0.0095). Current step x genotype: A42, 770) = 5.766, < 0.001; main effect current step:
H2.307, 126.9) = 78.06, A< 0.001; main effect genotype: A3, 55) = 8.658, £< 0.0001. (G)
Representative traces of action potentials generated by current injection (180-pA step) into
NAc SPNs taken from mice from each behavioral condition shown. All data are reproduced
with permission from Guevara and others (2020).
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Figure3.

Lrrk2520198 mice are behaviorally resilient to effects of chronic 10-day social defeat stress
(10d-SDS). (A) Schematic of the 10d-SDS paradigm followed by the social interaction (SI)
test. For details, see legend to Figure 2 (B) Heat maps showing movement of wild-type
(WT) and Lrrk2520198 (GSKI) mice during the Sl test following 10d-SDS. Blue indicates
path traveled; warmer colors indicate increased time. Note that following 10d-SDS, the WT
mouse shown avoids the interaction zone when the novel social target is present, while in
contrast, the GSKI mouse spends significant time in the interaction zone when the novel
social target is present, despite 10 days of defeat experience. (C) Bar graphs/scatter plots
depicting social interaction as a ratio (Sl ratio), defined as the time a mouse spends in the
interaction zone with a social target present divided by the time spent in the interaction
zone when the social target is absent. By convention, ratios <1 are termed “susceptible”
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to SDS, while ratios >1 are termed “resilient” to SDS. In WT mice, 10d-SDS produces

the expected frequency of about half that are susceptible (sus) and the other half that are
resilient (res), compared with unstressed WT controls (con). In contrast, virtually all GSKI
mice are resilient following 10d-SDS, a significant departure from WT mice (= 0.00001, ~
= 6.607, one-way analysis of variance with Bonferroni post hoc tests, n = 8 control mice per
genotype, 6 WT susceptible, 8 WT resilient; n = 1 GSKI susceptible, and 15 GSKI resilient).
In the absence of social defeat, there are no differences between genotypes in the social
interaction behavior of the unstressed control groups. (D) A significantly greater fraction of
GSKI mice are resilient to chronic SDS (£ = 0.0309, Fisher’s exact test, n = 14 WT and 16
GSKI). All data are reprinted with permission from Matikainen-Ankney and others (2018).
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Figure 4.
Nuclear factor kB (NF-xB)-mediated transcription may represent molecular convergence

of Parkinson’s disease (PD), behavioral stress, and aberrant immune signaling. (Top) The
NF-xB transcriptional pathway can be activated by several behavioral or molecular signals,
including stress and extracellular accumulations of aSyn fibrils. (Middle) NF-xB-mediated
transcription drives synthesis and secretion of a number of inflammatory cytokines in

CNS microglia and in cells of the peripheral immune system. (Bottom) Inflammatory
cytokines (interleukin [IL]-1p, IL-6, IL-8), interferon-y, tumor necrosis factor-a [TNF-a])
gain access to the brain and can modify circuit function and synaptic plasticity, participating
in molecular changes that lead to psychiatric (depression and anxiety)-like behaviors or,
more speculatively, cognitive deficits in mouse models. See text for further details.
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Figure5.
Several PARK proteins converge functionally on molecular signaling cascades regulating

vesicle sorting and trafficking on both pre- and postsynaptic sides of synapses in striatum
and elsewhere. (Top) Both D1R (direct)- and DR (indirect)-spiny striatal projection neurons
(SPNs) receive convergent excitatory synaptic input from several sources, as well as
dopaminergic input from the substantia nigra or ventral tegmental area (VTA). Through
these varied inputs, SPNs mediate a variety of cognitive and motor functions. BLA,
basolateral amygdala; mPFC, medial prefrontal cortex. (Middle) A representative example
of an excitatory corticostriatal synapse demonstrating the molecular signaling cascades in
which various PARK proteins participate. On the presynapse side, LRRK2, a-synuclein
(aSyn), Synaptojanin (Synj1), Auxilin, PINKZ1, and Parkin regulate different aspects of
neurotransmitter-containing vesicle exocytocis and endocytocis. On the postsynaptic side,
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LRRK2, Parkin, and Vps35 regulate vesicle sorting and trafficking, including that of
AMPARs important for synaptic transmission and plasticity. PD-associated mutations in
these proteins can impair AMPAR trafficking. See text for further details. (Bottom) PD-
associated mutations in these PARK proteins in mice affect synaptic neurotransmission and
impair plasticity such as LTP at striatal synapses, which in turn can lead to depression- and
anxiety-like behaviors and cognitive deficits of the kind that may be relevant to NMS in
patients with PD.
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Figure6.
AMPA-type glutamate receptors (AMPARS) at nucleus accumbens (NAc) synapses lack

calcium-permeable (CP) subunits in £k2520195 mice. (A) AMPAR-mediated excitatory
postsynaptic currents (EPSCs) (traces, left) were evoked at NAc synapses in acute striatal
slices taken from adult wild type (WT) or Lrrk252019S knockin (GSKI) mice at baseline
(solid line) and following bath-application of NASPM (1-naphthylacetyl spermine), an
antagonist of CP-AMPAR subunits (dotted line). Mutant synapses were insensitive to
NASPM,; illustrating a lack of CP-AMPAR subunits, a significantly different response
compared with WT synapses (right graph). £=0.0028, F=2.599, n = 7 cell/4 WT mice;
n =7 cells/4 GSKI mice. Student’s ztest. (B) Western blots showing protein levels of
GluAl, GluA2, and actin in total (T) and synaptic (S) fractions taken from adult WT or
LrrkZ520195 (GS) mice. (C) There were no significant differences between genotypes in
GluAl or GIuA2 levels in total or synaptic (syn) fractions. Within both genotypes, GIUA1

1duosnuep Joyiny

and GIluA2 were significantly enriched in the synaptic fraction compared with total fractions
as expected (analysis of variance, = 0.0001; n = 4 per genotype). (D) Confocal microscope
single-optical images (left) and after threshold was applied (right) showing immunoreactive
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(IR) GIuA2 in the NAc. (E) Quantitative morphometric analysis of GluA2-labeled puncta
in NAc showed no significant differences in puncta density or size between WT and GSKI
mice, £P=0.2955 for area, and P=0.7226 for density. All data reproduced with permission
from Matikainen-Ankney and others (2018).
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Figure 7.
Long-term potentiation (LTP) is disrupted by PD-associated mutations in LRRK2 or

Vps35. (A) In dorsomedial striatum of wild type (WT) mice, an LTP-induction protocol

in which presynaptic stimulation of corticostriatal fibers is paired with brief postsynaptic
depolarization (to 0 mV, bar) of striatal projection neurons (SPNs) results in robust LTP

of corticostriatal synapses (gray circles). Such LTP is NMDAR-dependent, shown by the
abrogation of potentiation in the presence of the NMDAR antagonist APV (gray/white split
circles). In contrast, the same LTP-induction protocol applied to acute striatal slices from
GSKI (L rrk252019S knockin) mice produces a long-term depression (LTD)-like plasticity
of corticostriatal synapses (blue circles). In these experiments, the subtype identity of
SPNs was unknown. (B) When parsed by SPN subtype, both D1R-SPNs (closed circles)
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and DyR-SPNs (open circles) in the GSKI mice failed to exhibit LTP, but only the D;R-
subtype responded to the LTP-induction protocol with aberrant LTD. (C) Average excitatory
postsynaptic current (EPSC) traces before (gray, baseline) and after (black) applying the
LTP-induction protocol to D;R- or DoR-SPNs in GSKI mice. Data shown in Ato C
reprinted from Matikainen-Ankney and others (2018). (D) In acute hippocampal slices,
shRNA-mediated knockdown of Vps35 (green circles) blocked NMDAR-dependent LTP of
Schaffer collateral-area CA1 synapses compared to uninfected controls (black circles). LTP
was rescued by co-transfecting hippocampal neurons with a shRNA-resistant form of Vps35
(red circles). (E) In hippocampus, LTP rendered deficient by shRNA-knockdown of Vps35
is rescued by co-transfection with Vps35-625P an Alzheimer’s disease associated mutation,
but not by co-transfection with Vps35P%20N| 3 PD-associated mutation. Data in D and E
reprinted with permission from Temkin and others (2017).

Neuroscientist. Author manuscript; available in PMC 2023 February 01.



	Abstract
	Introduction
	NMS-Related Psychiatric and Cognitive Abnormalities May Reflect Deficient or Maladaptive Plasticity of Cells and Circuits
	Brain-Immune Cross-Talk and the Psychiatric NMS of PD
	NF-κB Modulates Immune and Depressive-Like Behavioral Responses Following Stress
	Patients with PD Exhibit More Reactive Pro-Inflammatory Microglia
	Relationships between PD-Associated Genes and the Immune System
	Serum TNFα and EGF Levels Correlate with Cognitive Impairment
	PARK Proteins Converge on Molecular Signaling Cascades Regulating Vesicle Sorting and Trafficking
	Summary and Challenges
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

