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Parkinson’s disease (PD) is a multifactorial disease that affects multiple brain systems
and circuits. While defined by motor symptoms caused by degeneration of brainstem
dopamine neurons, debilitating non-motor abnormalities in fronto-striatal-based cog-
nitive function are common, appear early, and are initially independent of dopamine.
Young adult mice expressing the PD-associated G2019S missense mutation in Lrrk2
also exhibit deficits in fronto-striatal-based cognitive tasks. In mice and humans, cogni-
tive functions require dynamic adjustments in glutamatergic synapse strength through
cell-surface trafficking of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type
glutamate receptors (AMPARs), but it is unknown how LRRK2 mutation impacts
dynamic features of AMPAR trafficking in striatal projection neurons (SPNs). Here, we
used Lr7k2°**'*® knockin mice to show that surface AMPAR subunit stoichiometry is
altered biochemically and functionally in mutant SPNs in dorsomedial striatum to favor
the incorporation of GluA1l over GluA2. GluA1-containing AMPARSs were resistant to
internalization from the cell surface, leaving an excessive accumulation of GluAl on
the surface within and outside synapses. This negatively impacted trafficking dynamics
that normally support synapse strengthening, as GluA1-containing AMPARs failed to
increase at synapses in response to a potentiating stimulus and showed significantly
reduced surface mobility. Surface GluA2-containing AMPARSs were expressed at normal
levels in synapses, indicating subunit-selective impairment. Abnormal surface accumu-
lation of GluA1 was independent of PKA activity and was limited to D;R SPNGs. Since
LRRK2 mutation is thought to be part of a common PD pathogenic pathway, our data
suggest that sustained, striatal cell-type specific changes in AMPAR composition and
trafficking contribute to cognitive or other impairments associated with PD.
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Leucine-rich repeat kinase 2 (LRRK2), a multifunctional kinase, has been the subject of
intense study since it was discovered that inherited, autosomal dominant mutations that
increase its kinase activity also increase risk for Parkinson’s disease (PD). Elevated LRRK2
levels or kinase activity, in the absence of mutation, also occur in patients with idiopathic
PD (1, 2), suggesting that the enzyme is part of a common disease pathology.
Fronto-striatal-based cognitive symptoms and altered corticostriatal processing can appear
early in PD, prior to motor symptoms that are caused by the loss of dopamine neurons in
the substantia nigra (3). Mechanisms driving such early symptoms and signatures are
unknown, and there are no effective therapies to halt or reverse cognitive symptoms of PD.

LRRK2 expression levels are very low in dopamine neurons but enriched in striatal
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projection neurons (SPNs). SPNs are obligatory processing units within looped brain
circuits important for initiating or terminating action sequences that underlie goal-directed
and habitual responses. SPNs receive the vast majority of their input from neocortical
glutamatergic pyramidal cells and their outflow takes a direct or indirect path to the
substantia nigra based on cellular identity defined principally by expression of either Drd1
(encoding dopamine receptor DR, direct-pathway SPNs) or Drd2 (encoding D,R,
indirect-pathway SPNs) (4). Lasting bidirectional changes in strength of glutamatergic
synapses onto both SPN subtypes are thought to encode striatal-based learning and con-
sistent with this idea, glutamatergic synapses in D;R and D,R SPNs undergo persistent
strengthening (long term potentiation, LTP) and weakening (long term degresgion, LTD)
(5-8). Previous work shows that in mice expressing a PD-associated Lrrk2°%°"% mutation,
LTP is abolished in both SPN subtypes in dorsomedial striatum, abrogating normal
bidirectional synaptic plasticity required for striatal function (9, 10). As may be predicted
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by this more restricted synapse plasticity range, Lrrk2°*""** mice

exhibit significant dysfunction in striatally based goal-directed
learning and visuospatial attention tasks (11) that bear similarities
to cognitive domains impaired in PD (3, 12-14).

Based in part on work in other cell types, both the impairment
in cognitive tasks that require striatal synapse Splasticity coupled with
abnormal synaptic plasticity in L72°**'”> SPNs has raised the
possibility of defects in cellular mechanisms that target and regulate
AMPA-type glutamate receptor (AMPAR) trafficking dynamics at
striatal glutamatergic synapses (9, 15). Here, we test this directly.
The data show that there is a SPN subtype- and AMPAR
subunit-specific impact of Lr72°*"'* on AMPAR trafficking that
serves to increase receptor stability on the surface at synaptic and
nonsynaptic sites. This has a profound impact on AMPAR subunit
composition. Since AMPARs mediate most excitatory activity in
the brain, the data suggest that a sustained increase in LRRK2 kinase
activity broadly impacts information flow relevant to depression,
anxiety, and cognitive symptoms of early PD.

Results

Surface Pool of GluA1-Containing AMPARs Is Increased in
Lrrk2%%°1%5 spNs. Previous work has shown that AMPAR-mediated
activity is decreased in Lr7k2 knockout SPNs while amglitude
of AMPAR-mediated currents is increased in Lrr£2°*°' SPNs
during the first weeks of postnatal development (16, 17). Based
on these findings, we first asked whether AMPAR synthesis in
striatal cells was altered in mice carrying a knockin mutation of
Lrrk2%*°'% (16). We used bulk RNAseq to compare expression
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of AMPAR subunit mRNAs in Z%2°*""”* and wildtype (WT)
mouse striata at P21 (GSE246117) (18). A volcano plot revealed
that the mutation had a limited impact on transcription overall
(SI Appendix, Fig. S1A) and there were no significant differences
in levels of mRNAs encoding AMPAR subunits GluAl-4
(SI Appendix, Fig. S1B). Comparisons of AMPAR subunit
transcript levels between patient-derived LRRK29*' iPSCs
and isogenic controls (GSE183499) (19) and between putamen
isolated from human PD patients and age-matched controls
(GSE136666) (20) also showed no LRR[Q(’Z()l%-dependent or
PD-associated differences in levels of AMPAR subunit mRNAs
(81 Appendix, Fig. S1B). The absence of an effect of Lrrk29%°Y on
AMPAR transcription in striatum is also consistent with previous
data showing that total levels of GluAl and GluA2 proteins are
similar in striatal lysates from Lr(/eZ('ml% and WT mice (9, 15).

We next asked whether L£2%°'% regulates AMPAR subunit
distribution between internal (i) and cell surface (s) receptor pools.
To do this, we measured sGluA1l and sGluA2 levels in dissociated
corticostriatal cocultures in which we first labeled for AMPARs and
then mildly permeabilized the cells to label for DARPP-32, a cyto-
plasmic protein that fills SPNs (Fig. 14), but not other striatal cell
types, and postsynaptic density marker PSD95. Tau-STED (stimu-
lation emission depletion microscopy), a superresolution approach
(21), was used to capture sGluA subunits. Total area and intensity
of sGluAl clusters within PSDs were significantly greater in
Lrrk2°*"'% SPN postsynapses compared to wild type (Fig, 1 Band
Q). In contrast, total area of sGluA2 clusters within PSDs was similar
between genotypes, but sGIuA2 intensity was diminished at
Lrrk25*°" PSDs compared to wild type, suggesting a modest
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Fig. 1. Lrrk2°%°"S disrupts AMPAR stoichiometry and subsynaptic distribution in SPNs. (4) Confocal image of DARPP32-labeled (white) cocultured SPN (Left) and
confocal + superresolution, STED images (Right) of dendritic processes. Punctate sGIuA1 (magenta), sGIuA2 (green) labeling (tagged prior to permeabilization)
associates largely but not completely with PSD95 labeling (blue). (B and () Bar and scatterplots compare surface AMPAR area (B) and intensity (C) within masks
defined by PSD95 labeling in SPNs. Unpaired t test, ****P < (0.0001; ***P = 0.0002; *P = 0.0125. n = 14 neurons per group sampled equally from three preparations.

GS, Lrrk2°%919; WT, wildtype.
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reduction in sGluA2-containing AMPARSs at postsynapses (Fig. 1 B
and O). To confirm that our results in cultured neurons reflected
striatal neurons in vivo, we covalently tagged all cell-surface proteins
with a reactive biotin-ester in acute striatal slices from Lyrk2921%
and WT mice, extracted the biotinylated proteins from lysates using
streptavidin coated beads and identified AMPAR subunits by western
blotting. These data confirm that sGluAl levels, but not sGluA2
levels, were elevated significantly in Z7£2%**'® striatum compared

to WT (81 Appendix, Fig. S2).

Endocytosis of GluA1-Containing AMPARs Is Greatly Impeded in
Lrrk2%°"%5 spNs. Increased levels of sGluA1 -containing AMPARs
could reflect impaired constitutive endocytosis. To probe this,
we tracked and compared the extent of endogenous sGluAl
internalization in Lr7£2°**'”® and WT SPNs using an antibody
feeding assay (Fig. 24). A direct-conjugated, ATTO 594-tagged
GluA1 rabbit polyclonal antibody (red) was used to label sGluA1l
in SPNs that were cooled to prevent endocytosis and then fixed
(to) or chased at 37 °C for 60 min (t4,), when AMPAR subunit
internalization has plateaued (22, 23). All tagged sGluA1 was then
labeled with anti-rabbit Alexa 647 (green) after which neurons
were mildly permeabilized to label for DARPP-32 (Fig. 2 B and
O). In WT SPNs at t,, intensity profiles along lines drawn through
individual clusters show nearly complete overlap between red and
green surface signals but by t, are dominated by internalized (red-
only) signal (Fig. 2D vs. 2E), as expected. In contrast, intensity
profiles in Lr7%2°*"'® dendrites appear similar at t, and t, (Fig. 2F
vs. 2G), suggesting that sGluAl failed to internalize over time. To
compare internalization across time and genotype, we measured
the intensity of both fluorophores and generated an internalization
index defined as the percent change in the ratio of surface/total
GluAl intensity (Fig. 2H). At ty, the mean internalization index
value is near zero for both genotypes, but the value declines

significantly at tg, as expected in WT SPNs. In contrast, the
internalization index remains virtually unchanged in Lrrk2°**'
SPNis between t, and t,. These data show that in Lrrk2°*"® SPNs,
GluA1-containing AMPARS failed to internalize. Since AMPARs
are internalized by clathrin-mediated endocytosis (CME) (22, 24,
25), we tested whether CME was generally deficient in Zrrk2°2"'
SPNs by assaying transferrin receptor internalization (a marker
for this pathway). However, transferrin receptors were internalized
normally and similarly between enotypes (81 Appendix, Fig. S3),
suggesting the impact of Lrk2°°' on the internalization of
surface receptors is selective.

An LTP Stimulus Fails to Increase sGluA1-Containing AMPARs
at Lrrk25%°1%5 spN Synapses Despite Intact PKA-Mediated
GluA1-5845 Phosphorylation. LTP of corticostriatal synaptic
strength in SPNs may involve rapid insertion of calcium-permeable
(CP) AMPAR subunits such as GluA1 (26), similar to hippocampal
CA1 pyramidal neurons (27). The elevated accumulation of surface
GluAl-containing AMPARs in Lrrk2°*1% SPNs suggests that
the inability to express corticostriatal LTP (9) may reflect GluA1l
saturation, preventing the recruitment or insertion of additional
GluAl-containing AMPARs needed to increase synapse strength.
To examine this, we asked whether we could drive an increase in
surface AMPAR subunits in Lr7£2°2°"" SPNs using a chemical-
LTP (cLTP) stimulus applied to corticostriatal cocultures (28).
LTP in SPNs is mechanistically similar to PKA-dependent LTP
in hippocampus in which CP-AMPARs (those lacking edited
GluA2) are newly recruited to postsynaptic membranes within 5
min following induction (6, 27, 29, 30). Five minutes following
cLTP stimulation, cell surface proteins were biotinylated, isolated,
and probed for GluAl and GluA2 by western blot (Fig. 34).
In WT neurons, cLTP increased sGluAl levels significantly
compared to ACSF controls and the effect was blocked by the
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Fig. 2. Lrrk25°°" disrupts GIuA1 internalization in SPNs. (A) Schematic illustrates antibody feeding assay used to monitor GIuA1 internalization in WT and
Lrrk25%°"%% (GS) corticostriatal cocultures (DIV16-18) and also serves as a key for the colors used to show data. (B and C) Overlay images show labeled surface
(s) GIuA1 (green mask + red mask) and internalized (i) GIuA1 (red mask only) signal contained within DARPP-32 labeled SPNs (shown at a reduced intensity to
permit visualization of puncta. Masks were generated in Image ] and magnification is shown in (B). (D-G) Intensity distribution of green and red labeling along a
60 um line scan. (H) Quantification of the internalization index of GIuA1 receptors in WT and GS SPNs at 0 and 60 min (n =12 to 16 cells, three preps/genotype,
mean + SD). Two-way ANOVA [F (1, 50) = 9.809, P = 0.0029], post hoc Sidak test **P = 0.0049.
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N-methyl-D-aspartate (NMDA)-R inhibitor APV, as expected
(Fig. 3 B and (). In contrast, Lrrk2°?"5 neurons failed to
increase sGluAl levels in response to cLTP treatment compared
to ACSF treatment, while exposure to APV produced slightly,
but not significantly, lower levels of sGluA1 compared to ACSF
controls (Fig. 3 B and C). There were no differences in sGluA2
levels across treatments (Fig. 3 Cand D). To confirm that the data
from mixed cultures reflect SPNs, we measured and compared
surface immunolabeling for GluAl and GluA2 in DARPP-32-
identified wild type and Lrrk2 120195 SpNs (Fig. 3 E-H). These
data matched the biochemical findings: There was a significant,
NMDAR-dependent increase in sGluA1 levels in WT SPNs 5 min
after cLTP, but this effect was absent in Lr£2°?°° SPNs (Fig. 3
Eand G), while sGluA2 levels were unchanged across genotypes
or treatment conditions (Fig. 3 Fand H).

A ACSF  surface
corticostriatal ACSF cLTP  labeling
co-culture pretreatment cLTP+l B-H

»/1Q— T

Following LTP induction, GluA2-lacking AMPARs are replaced
by GluA2-containing AMPARs after 30 min (27, 31). Thus, to deter-
mine whether Z7£2*"'* also affected activity-dependent trafficking
of GluA2-containing AMPARs, we compared sGluA2 levels in WT
and Lr7k2°*"* SPNs 30 min following cLTP stimulation (Fig, 34).
In WT SPNs, sGluA2 levels were increased significanty at 30 min
compared to ACSF controls (Fig. 3/), while GluA1 levels had returned
to control values (Fig. 3/), consistent with a receptor swap as expected.
Increased sGluA2 levels 30 min post-cLTP were blocked by APV
treatment (Fig. 3/). In contrast, Lirk2°%" SPNis showed a significant
decrease in sGluA2 levels 30 mins following cI'TP—an effect that was
blocked by APV (Fig. 3/), and there were no differences in sGluA1
levels between 5 and 30 min post-cL'TP treatment (Fig. 31).

PKA-mediated GluA1-S845 phosphorylation (pGluA1-S845)

can drive AMPAR subunit insertion into the plasma membrane
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Fig. 3. Surface GIUAT-AMPAR levels fail to increase in response to cLTP in Lrrk2°%°'®* SPNs. (4) Schematic depicting experimental design. (B-D) Representative
western blot data (C) and scatterplot/bar graph showing quantification of biotinylated sGIuA1 (B) and sGIuA2 (D) in WT and GS cocultures in response to cLTP or
cLTP + | (NMDA antagonist, APV) normalized to ACSF controls (dotted lines) + SEM. One-way ANOVA, [F (5, 23) = 4.661, P = 0.0044], post hoc Sidak’s test; **p =
0.0097, *P = 0.039. (n = 4 to 5 preps/genotype). (E and F) Confocal images of cocultured WT and GS SPNs, immunolabeled for DARPP-32 (white, E andF), sGIuA1
(magenta, E), or sGIuA2 (cyan, F), following treatment with ACSF, cLTP, or cLTP+l. (G-/) Scatterplot/bar graphs show intensity levels (normalized to ACSF control
for each group + SEM) of sGIuA1 and sGIuA2 at 5 (G and H) and 30 (/ and /) min posttreatment (A). (G) Mixed effects analysis F (1,38) = 9.44, P = 0.0039 genotype,
F(2,52) = 4.26, P = 0.0192 treatment, and F (2,38) = 4.79, P = 0.0139 interaction; post hoc Fisher's, ****p < 0.0001, ***P = 0.0002, **P = 0.004; (G and H) (n =13
to 19 cells, three preps/treatment). (/) Mixed effects analysis [F(1, 28) = 8.36, P = 0.0073, genotype; F(2, 28) = 11.65, interaction, P = 0.0002], post hoc Fisher's
multiple comparison test, ****p < 0.0001 **P = 0.002, *P = 0.04 (/ and ) (n = 13 to 15 cells, three preps/treatment).
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of SPNs (32-35), although there is debate whether this is required
for LTP (36). While prior work has shown that LRRK2 can bind
to and regulate the localization of PKARIIf, which negatively
regulates PKA activity (17, 37), the G2019S mutation does not
appear to impact this interaction (15, 17). Nevertheless, given the
potential relevance of PKA activity here, we tested whether
PKA-mediated pGluA1-§845 was disrupted in mutant SPNs by
treating acute striatal slices from wild type and Zr72°**"*® mice
with forskolin, a potent activator of adenylyl cyclase that increases
PKA activity, followed by surface biotinylation and western blot-
ting to compare total and surface levels of pGluA1-§845. In
untreated striatum, levels of pGluA1-S845 phosphorylation were
negligible, with no significant differences observed between gen-
otypes (38) (SI Appendix, Fig. S4 A and B). Forskolin treatment
significantly and similarly increased pGluA1-5845 levels measured
in the input fractions in both genotypes (SI Appendix, Fig. S4 A
and B). Forskolin treatment also increased surface pGluA1-5845
levels significantly in WT striatum, as expected (SI Appendix,
Fig. S4 A and C). However, forskolin treatment failed to drive a
significant increase in surface pGluA1-S845 in Lrrk2°*°"”® stria-
tum (SI Appendix, Fig. S4 A and C). These data support that PKA
activation and phosphorylation of GluA1 are intact in Lr2°2""
striatum, but insertion or retention of pGluA1-S845-AMPARs

in the plasmalemma is compromised.

Enriched and Highly Stabilized Pool of Synaptic CP-AMPARs
in Lrrk26201%S D4R SPNs. Direct-pathway (D;R-expressing) and
indirect-pathway (D,R-expressing) SPNs drive competing circuits
mediating movement, reinforcement learning, and reward. To test
whether the excessive accumulation of sGluAl in Lrrk29%1%
SPNis is functional and to evaluate whether such impaired GluAl
trafficking dynamics showed direct/‘D]lR or indirect/D,R SPN
subtype specificity, we crossed Lr2*""* mice with a transgenic
line expressing Drdla-tdTomato (39). We used whole-cell patch
clamp recordings from dorsomedial striatum in acute slices to
compare the sensitivity of cortically evoked AMPAR-mediated
postsynaptic currents (eEPSCs) to NASPM, a selective blocker of
GluA2-lacking, CP-AMPARs (40). In WT D, R SPNs (td Tomato-
positive), NASPM decreased eEPSC amplitudes by about 40%
compared to eEPSC amplitudes prior to NASPM exposure. In
contrast, eEPSCs in Lrr£2°*"" D R SPNs were significantly
more sensitive to NASPM, decreasing eEPSC amplitudes by
about 70% (Fig. 4A4), consistent with a significant enrichment
of synaptic GluA1 shown biochemically and anatomically above.
The addition of GluAl-enriched, GluA2-lacking AMPARSs
increases inward rectification of AMPAR-mediated EPSCs at
positive membrane voltages (41, 42). Analysis of the I:V curves
in identified SPN subtypes (SI Appendix, Fig. S5 A—C) showed
a shift toward rectification in Lr7£2°*"'”> DR SPNs compared
to wild type (Fig. 4B) and comparison of the rectification index
(amplitude at -70/+40 mV) confirmed a significant increase
in rectification of corticostriatal synapses onto D;R SPNs in
mutants (Fig. 4C). Additionally, we found a significantly larger
AMPAR:NMDAR ratio at corticostriatal synapses onto D;R
SPNss in mutants compared to wild type (S Appendix, Fig. S5 G
and H), all of which is consistent with the excessive accumulation
of synaptic GluAl.

In contrast to DbR SPNs, NASPM had little effect on eEPSCs
in WT or Lrrk2°*" putative D,R SPNs (td Tomato-negative,
Fig. 4D). Consistent with a lack of sensitivity to NASPM, there
were no significant differences between mutant and wild type in
rectification (Fig. 4 E and F), nor in AMPAR:NMDAR ratios
(81 Appendix, Fig. S5 D-F, I, and ]) at synapses onto D,R SPNGs.
Together, these data show that the enhanced sGluA1 levels observed

PNAS 2024 Vol. 121 No.28 2317833121

biochemically and anatomically in Z77£2%*°'** SPNs are functional
and that altered AMPAR subunit stoichiometry at corticostriatal
synapses predominantly occurs in DR SPNG.

Receptor subunit nanoclusters detected using STED can be
used to estimate receptor composition (28). Thus, to compare
AMPAR composition between genotypes in DR SPNs, we used
T-STED to resolve and quantify numbers of sGluAl- and
sGluA2-containing nanoclusters within PSDs in DR SPNs cul-
tured from wild type or Lr42“*""® mice that were identified by
D,R-Cre-dependent expression of tdTomato (Fig. 4 G and H and
Materials and Methods). Lrrk25**'”° D,R SPNs exhibited greater
numbers of synaptic sGluAl nanoclusters but no difference in
synaptic sGluA2 nanoclusters compared to WT D;R SPNs
(Fig. 41), supporting that there is an altered stoichiometry of sSAM-
PAR subunits at mutant D;R SPN synapses, with an increased
proportion of GluAl and a decreased proportion of GluA2. We
next asked whether sGluAl -containin%AMPARs were also accu-
mulating at extrasynaptic sites in Lr7£2°**'”* D, R SPNs by count-
ing nanoclusters on dendrites outside regions labeled by PSD95.
Numbers of sGluAl- but not sGluA2—containjn$ nanoclusters
were also enhanced extrasynaptically in Lr7£2°*°"° D R SPNs
(Fig. 4/), suggesting that GluAl exocytosis may be intact while
deficits in GluA1l endocytosis may drive surface accumulation
(Fig. 2). Since increased synaptic GluAl is often positively corre-
lated with synapse size, we also assessed density and size of
PSD95-labeled clusters in D;R SPN dendrites, but no genotype-
dependent differences were detected (SI Appendix, Fig. S6). These
data are consistent with studies showing that the L7£2°**"*® muta-
tion does not impact PSD95 area and spine size in mature D;R
SPNs (15, 44).

An increase in extrasynaptic sGluAl-containing AMPARs
might serve as a resource for synaptic trafficking when conditions
demand (45, 46), but the failure to rapidly recruit
GluAl-containing AMPARs in Lrrk25*°" SPNs in response to
cLTP (Fig. 3) suggests that this pool is unavailable. To compare
the dynamics of sGluA1-AMPAR trafficking in D;R-SPNs, we
measured fluorescence recovery after photobleaching (FRAP) of
SEP-tagged GluAl expressed in wild type and Zr7£2°*"'”> D,R
SPNis expressing td-Tomato. SEP is a pH-sensitive GFP variant
that emits fluorescence at the cell surface (pH 7.4) but is
quenched in the acidic environment of intracellular vesicles
[<pH 6; (47)]. Repopulation of a photobleached area with
SEP-GIuAl receptors results from lateral diffusion from neigh-
boring unbleached areas and exocytosis from intracellular com-
partments. We photobleached 1.2-pm-diameter ROIs that were
centered on the heads of dendritic spines using a 488 nm laser,
and fluorescence recovery was monitored every 2.5 s for 4 min
subsequently using acquisition conditions that showed stable
SEP-GIluAl intensity in unbleached regions and tdTomato
intensity (Fig. 4K and SI Appendix, Fig. S7 A-D). Plots of nor-
malized SEP-GluA1 fluorescence over time showed that the WT
recovery curve fit a nonlinear biphasic association, with a T, =
3.74 s and T, = 93.63 s, while the Lrr£2°*°"” recovery fit a
nonlinear monophasic association with a single T = 4.76 s, closer
to the T, seen in WT (Fig. 4L). SEP-GluA1 recovered to only
45.2% of baseline in L7%2°*"'” D,R SPN spines in comparison
to 79.6% recovery in WT DR SPN spines (Fig. 4 L—/V). Based
on the T values, we extrapolated diffusion coeflicients for the
mobile fraction of receptors (43), which show that SEP-GluA1
AMPARs in WT DR SPN spines diffuse at a rate 33% faster
(0.035 pmzls) than those in L7221 D,R SPN spines (0.026
pmz/s) (Fig. 4N). Thus, the excessive surface GluAl-containing
receptors in Lrrk29*'° D,R SPNs show greatly diminished
receptor mobility.
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Fig. 4. Lrrk25°°'% D,R SPNs have an excess of stabilized CP-AMPARs. (A and B) Bar graph/scatterplots comparing functional contribution of CP-AMPARSs
using ratios of EPSCs evoked in the presence/absence of NASPM in D;R (A; Drd1tdTom+) and putative D,R (B; Drd1tdTom-) SPNs in WT and GS mice (P70-P90)
in acute slices through dorsomedial striatum. Bars are mean + SEM (n = 5 to 7 mice/group; 11 to 12 cells, unpaired t test *P = 0.0122). Example traces show
AMPAR currents before (black) and after (lavender) bath application of NASPM (200 uM, 10 min). (C-F) Data from dorsomedially located direct-projecting
(D4R, B and E) or indirect projecting (DR, D and F) SPNs in acute striatal slices identified by retrograde fluorescent bead labeling following injections into
substantia nigra or GPe, respectively. (B and C) Mean AMPAR I-V relationships from wild type (WT, black dotted line) or Lrrk2°?"(GS, purple line) SPNs
(n=3to 4 cells/mouse, three mice/genotype/injection location). (E and F) Bar graph/scatterplots show mean rectification indices (ratio of current at -70/+40
mV) for all conditions and representative traces in the presence of APV [unpaired ¢ tests, **P = 0.003 in (£) and P = 0.62 in (F)]. (G-J) Superresolution (tau-
STED) images (G and H) and quantification (/ and J) of synaptic and extrasynaptic receptors in 21 DIV WT and GS D;R SPNs expressing tdTomato (white,
Drd1Cre/+; Ai14,in G and H) and cocultured with unlabeled cortical neurons of the same genotype. sGIuA1 (G, magenta, STED) and sGIuA2 (H, green, STED)
puncta in relation to PSD95 labeled postsynaptic sites (blue, confocal). Circled zones are enlarged in the center panels. (/ and J) Bar graph/scatterplots
show synaptic (/, within a mask defined by PSD95) and extrasynaptic (/, outside a PSD95 mask) sGluA1 (lavender) and sGIuA2 (green) nanoclusters in D;R
SPNs. (/) Unpaired t test **P = 0.0369; (/) unpaired t test ****P < 0.0001; n = 16 neurons/genotype. (K-N) Examples (K) and quantification (L-N) of FRAP
experiments. (K) Time lapse confocal images pre- and postphotobleaching (dotted white circles approximate ROIs) in WT and GS D4R SPNs labeled and
cocultured as above. Graph (L) plots normalized SEP-GIuA1 fluorescence recovery in WT and GS neurons imaged every 2.5 s. Lighter shading is + SEM.
Two-way RM-ANOVA [F (89, 3115) =17.79, **P < 0.001], n = 18 to 19 spines/genotype. Bar graph/scatterplot (M) compares recovery of SEP-GIuA1 intensity
at T = 222.5 s time point relative to postbleach in WT and GS D;R SPNs (mean + SD). Two-way ANOVA [interaction F (1,35) = 26.01, P < 0.0001], post hoc
uncorrected Fisher’s LSD multiple comparison test ****P < 0.0001, *P < 0.05. Table (N) compares time constant, diffusion (D), and % mobile receptors. D
was calculated using D = 0.25 (r?/t,,,), where r refers to the bleach radius and t,,, to the time constant (43).

Discussion striatum. We found an abnormally increased synaptic and extra-

synaptic incorporation of sGluAl, but not sGluA2, in D, R SPN,
mediatesa  buc not in D,R SPN. Increased sGluAl-containing AMPARs
significant, AMPAR subunit- and SPN-subtype-selective impact  result in part from their severely impeded internalization that
on AMPAR composition and cell-surface trafficking in dorsomedial =~ contributes to a saturating ceiling on synapse plasticity by
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Our data show that Parkinson’s associated Z£2°*""
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preventing additional GluA1-AMPAR insertion or recruitment
from extrasynaptic pools under activity-dependent conditions.
The functional impact is observed in preparations from early post-
natal and young adult mice and does not reflect deficient PKA-
mediated phosphorylation of GluAl. Together, the data outline
a powerful and selective impact on AMPAR trafficking, compo-
sition and mobility early in life in the presence of a pathological
increase in LRRK2 kinase activity. This, in turn, may contribute
to the failure of Lr#£2°*"* corticostriatal synapses to express LTP
reported previously (9) and could underlie Parkinson-associated
impairment in cognitive or other functions that normally rely on
intact AMPAR trafficking dynamics.

We found a potent impact of Lr7k2°°"* on AMPAR recycling
and dynamics by several biochemical and imaging approaches
where excessive accumulation of sGluA1 was observed both within
and outside of PSD95-defined postsynaptic sites. Our analyses
further support that such an increase results from dysfunctional
endocytosis, as endogenous GluA1-containing AMPARs showed
very little receptor internalization in mutant SPNs compared to
WT. Excess sGluA1l levels could also result from more rapid recep-
tor recycling, but this possibility is countered by the absence of
SEP-GluA1 fluorescence recovery following photobleaching. The
GluA1 internalization defect is likely selective in that transferrin
receptor surface expression and internalization were similar
between wild type and mutant SPNs, consistent with previous
work in iPSC-derived microglia expressing LRRK2S™1S (48).
Selectivity could be imparted by a targeted impact of LRRK2 on
a clathrin-independent pathway (49) or on the juxta-synaptic
endocytic zones that preferentially internalize AMPARs (50) and
which display distinct clathrin dynamic properties (51).

Several independent measures converge on the outcome that
corticostriatally evoked AMPAR-mediated responses in L2
D,R SPNs are abnormally enriched in synaptic CP-AMPARs,
including greater NASPM sensitivity and inwardly rectifying syn-
apses. The biochemical and anatomical data suggest that increased
levels of synaptic GluAl-homomers likely correspond to such
CP-AMPARSs. Consistent with this enrichment, AMPAR:-NMDAR
ratios were also greater in mutant D;R SPNs, as would be expected
from excessive levels of synaptic sGluAl, although additional
changes in NMDARs cannot be ruled out. A previous study (44)
failed to observe differences in AMPAR:NMDAR ratios in
Lrrk2°%°" SPNs, but in that study, recordings were made from
subtype-blind SPNs in dorsolateral striatum. Previous studies in
WT mice have shown that acquisition of goal-directed learning
drives an increase in AMPAR:NMDAR ratios in dorsomedial D;R
SPNs (52). We have shown previously that the Lrrk25%°% mice
fail to acquire goal-directed learning (11), suggesting that such
behavioral impairment reflects the abnormally larger AMPAR:
NMDAR ratios in mutant DR SPNs that could occlude further
learning-driven increases.

Synaptic delivery of GluA1-AMPARSs in response to cL'TP (27,
53) failed in Lr7£2°%°1%5 SPNs, suggesting these synapses have hit
a ceiling of saturation that cannot support further activity-driven
insertion of additional GluAl subunits. In hippocampal CA1l
pyramidal neurons, it has been suggested that LTP requires neither
specific AMPAR subunits (36) nor insertion of CP-AMPAR:s (e.g.,
GluA1) (54), although this is controversial (55) and may represent
different mechanisms than those regulating plasticity in nonz%lu-
tamatergic neurons such as SPNs (56). In the case of Lyrk2571%
SPNis, it may be that receptors cannot easily transit to the PSD
or are too firmly anchored. This latter idea is consistent with the
failure of GluA2-containing AMPARS to increase at synapses 30
min following a cLTP stimulus as expected, suggesting that in
SPNs, AMPARs are not readily exchanged. Additionally, the excess
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extrasynaptic sGluA1-AMPARs in L2 SPNs do not
appear to serve as a reserve pool for rapid synaptic deployment
since our FRAP data, which showed significantly decreased recov-
ery and diffusion rates for SEP-GluAl, strongly support that the
immobile fraction of sGluA1-AMPARs is enhanced in Lr7£2%%""°
D, R SPNs. Alternatively (or additionally), exocytosis or trafficking
to synapses may be negatively impacted. A subset of Rab-GTPases,
including Rab8 and Rab10 which are typically associated with
exocytosis, are validated substrates for LRRK2-mediated phos-
phorylation (57). Counter to expectation, but similar to what is
observed here, hippocampal neurons expressing a dominant neg-
ative Rab8, show increased synaptic recruitment of exogenously
expressed GluA1 and failed to produce LTP in response to poten-
tiating stimuli (58). LRRK2-phosphorylated Rab8 and Rab10
can also sequester MyosinV proteins (59), which in neurons would
be expected to impede the motor protein-dependent transport of
AMPARSs into spines during LTP (60). Alcthough the basis for the
SPN subtype-specific effects is unclear, it may be that relevant
LRRK2-targeted effectors such as Rab GTPases are differentially
distributed or activated between SPN subtypes.

Our data also suggest that L#£2°*"" SPNs exert compensa-
tory or adaptive responses to a synaptic excess in sGluAl. The
increase in extrasynaptic sGluA1-AMPARs, which are neither
readily internalized (Fig. 2) nor mobile (Fig. 4), may be actively
excluded from synapses in order to maintain relatively normal
synaptic transmission. Consistent with this idea, in mature
preparations, the excessive synaptic sGluAl has a negligible
impact on baseline EPSC amplitudes and spine size in L2
SPNis (15, 44). Altered responsiveness appears to emerge when
the synapses are challenged, here by a strong potentiating stim-
ulus, which revealed that sGluA1-AMPAR:s failed to be recruited
during induction and sGluA2-AMPAR levels dropped as LTP
normally consolidates. The drop in sGluA2-AMPARs may be
indicative of a form of postsynaptic LTD that has been described
in SPNs (61) and could be consistent with prior work in
Lrrk25*°" striatum showing that a normally potentiating stim-

ulus yields instead LTD (9).

Materials and Methods

Animals. Animals were treated in accordance with protocols approved by
Mount Sinai's IACUC. Male and female homozygous Lrk2%%°'* mice (C57BL/6-
Lrrk2tm4.7Arte; 10 to 12 wk old), generated by Eli Lilly labs and characterized
previously (16), and age- and strain-matched WT mice were used. All other
mice were purchased from Jackson Laboratory. For NASPM experiments,
male and female Lrrk2°?'"*'~ and Lrrk2*"* mice heterozygous for Drd7a
-tdTomato [B6.Cg-Tg(Drd1a-tdTomato)6Calak/J (39)] were used. For FRAP
live imaging and superresolution STED imaging, we bred Ai14 mice (B6.Cg-
Gt(ROSA)26S0rtm14(CAG-tdTomato)Hze/J) = Lrrk2%2'*** with mice expressing
Cre driven by Drd1a (B6;129-Tg(Drd1-cre)120Mxu/Mmjax).

Culture Preparations. Cortical and striatal neurons (300,000 cells/6 cm dish)
were cocultured from E16-18 mice at a ratio of 3:2 as described (62) to ensure
normal SPN in vitro development (63). For transfection of pCAG-SEP-GIuAT cDNA
(gift of R. Huganir, Johns Hopkins, MD), cocultured neurons were transfected
using Lipofectamine 2000 (Invitrogen) at DIV 11-12 according to the manufac-
turer's recommendations.

Chemical LTP. NMDAR-dependent cLTP was induced in cultured neurons by
exposure to glycine as described (28), followed by either surface biotinylation or
fixed and immunolabeled.

Electrophysiology. Standard whole-cell patch-clamp recordings from dorso-
medially located SPNs were conducted in acute coronal striatal slices to meas-
ure NASPM sensitivity, AMPAR:NMDAR ratios, and rectification as described
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previously (9, 10, 16). Gabazine (10 uM) was present in all recordings. NASPM
sensitivity was assessed by bath-application of the CP-AMPAR antagonist
1-naphthyl acetylspermine (NASPM; Tocris 2756, 200 uM); D-APV (40 uM) was
added for rectification experiments.

Imaging. Single confocal optical images of cultured neurons were captured
using a Leica SP8 STED 3X microscope with a 63x/1.4 PlanApo oil immersion
lens, set to a frame size of 1,024 x 1,024 pixels and 16 bits per pixel. For STED
images, a 100x 1.4 STED-HC PlanApo oil immersion lens with an optical zoom
of sixand a frame size of 1,024 x 1,024 pixels was used to achieve a pixel size
of less than 20 nm. Photobleaching experiments were performed live on Zeiss
LSM980 Airyscan 2 using the widefield setting. Spines were identified using circu-
larROIs of diameter 1.2 pm and images were acquired every 2.5 s after bleaching.
Nonphotobleached ROIs served as control for fluorescence loss due to imaging.

Statistical Analysis. All data are presented as means = SEM unless noted oth-
erwise. Specific statistical tests, numbers of mice or cells, and statistical signif-
icance are indicated in the figure legends. Statistical analyses were conducted
with GraphPad Prism (Version 9.0) software.

Detailed experimental and analysis procedures can be found in S/ Appendix.

Data, Materials, and Software Availability. RNA data we generated from this
work as well as data generated by others are available at GEO [GSE246117 (18),
GSE183499 (19), GSE136666 (20)].
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