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Reorganization of corticostriatal circuits in

healthy G2019S LRRK?2 carriers

ABSTRACT

Objective: We investigated system-level corticostriatal changes in a human model of premotor
Parkinson disease (PD), i.e., healthy carriers of the G2019S LRRK2 mutation that is associated
with a markedly increased, age-dependent risk of developing PD.

Methods: We compared 37 asymptomatic LRRK2 G2019S mutation carriers (age range 30-78
years) with 32 matched, asymptomatic nonmutation carriers (age range 30-74 years). Using fMRI,
we tested the hypothesis that corticostriatal connectivity in premotor PD shifts from severely
affected to less affected striatal subregions, as shown previously in symptomatic PD. Specifically,
we predicted that in premotor PD, the shift in corticostriatal connectivity would follow the same
gradient of striatal dopamine depletion known from overt PD, with the dorsoposterior putamen being
more affected than the ventroanterior putamen.

Results: The known parallel topology of corticostriatal loops was preserved in each group, but the
topography of putamen connectivity shifted. In LRRK2 G2019S mutation carriers, the right infe-
rior parietal cortex had reduced functional connectivity with the dorsoposterior putamen but
increased connectivity with the ventroanterior putamen, as compared with noncarriers. This shift
in functional connectivity increased with age in LRRK2 G2019S mutation carriers.

Conclusions: Asymptomatic LRRK2 G2019S mutation carriers show a reorganization of cortico-
striatal circuits that mirrors findings in idiopathic PD. These changes may reflect premotor basal
ganglia dysfunction or circuit-level compensatory changes. Neurology® 2015;84:399-406

GLOSSARY

DAT = dopamine transporter; FWE = family-wise error; GBA = B-glucocerebrosidase; LRRK2 = leucine-rich repeat kinase 2;
MNI = Montreal Neurological Institute; PD = Parkinson disease; ROl = region of interest; SMA = supplementary motor area;
SPM = Statistical Parametric Mapping.

Parkinson disease (PD) is a progressive, neurodegenerative disorder characterized by nigrostri-
atal dopamine depletion. The motor symptoms of PD appear only when dopaminergic cell
death reaches a critical threshold of 50% to 80%." This suggests that the nervous system
has a marked potential to compensate for these changes.? However, human studies of cerebral
compensation in premotor PD are lacking, given the difficulty of predicting who will develop
PD in the future.

Previous work has shown that compensatory mechanisms in idiopathic PD depend on brain
regions relatively unaffected by dopamine depletion, such as the anterior striatum.>* Using
fMRI in early-stage PD, we recently showed a shift in corticostriatal connectivity from severely
affected striatal regions (posterior putamen) to less affected striatal regions (anterior putamen).’
If these changes reflect compensation, they should also occur in the premotor phase of PD, when
functional reorganization of cerebral circuits prevents overt clinical symptoms.>
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We tested this prediction in a genetic model
of premotor PD, comparing corticostriatal
functional connectivity between healthy car-
riers and noncarriers of the G2019S mutation
in the LRRK2 gene. LRRK2 parkinsonism is
associated with Lewy body pathology® and
with similar clinical signs as idiopathic PD.”*
Healthy carriers of the LZRRK2 G2019S muta-
tion therefore form a unique population at risk
of PD.>'® Penetrance estimations range from
10%—17% at the age 50 years to 25%—85% at

7,11-13

the age of 70 years, suggesting that the

risk of developing PD is age-dependent.’
Thus, we investigated age-related changes in
corticostriatal connectivity in healthy LRRK2
G2019S mutation carriers.

METHODS Subjects. We recruited 75 healthy first-degree
relatives of leucine-rich repeat kinase 2 (LRRK2) Ashkenazi
Jewish patients with PD into this study through their affected
PD family members. All patients with PD were recruited from
the Movement Disorder Unit of Tel Aviv Sourasky Medical
Center, as part of a larger study (the Michael J. Fox Ashkenazi
Jewish LRRK2 Consortium) aimed to characterize the G2019S
mutation phenotype. Participants were not aware of their genetic
status throughout the study. Exclusion criteria were clinical
diagnosis of PD according to the Queen Square Brain Bank
criteria, the presence of a mutation in the B-glucocerebrosidase
(GBA) gene (an independent risk factor for developing PD™),
other neuropsychiatric diseases, and general exclusion criteria for
MRI scanning (e.g., claustrophobia, pacemaker, implanted metal
parts). Of 75 tested subjects, 6 were excluded. Reasons for
exclusion were a panic attack in the MRI scanner (n = 1),
technical problems (storage failure; n = 2), and the presence of a
GBA mutation (n = 3). Of 69 included subjects, 37 (20 women)
were carriers of the LRRK2 G2019S mutation and 32 (16 women)
were noncartiers. The 69 subjects came from 43 families, 18 of which
had =2 included subjects (range 2-5 members, average * standard

error = 2.4 = (.86 members).

Standard protocol approvals, registrations, and patient
consents. Before the beginning of the study, all subjects signed an
informed consent form approved by Tel Aviv Sourasky Medical Cen-
ter institutional review board. Genomic DNA was isolated from
peripheral blood leukocytes, and the 6055G_A (G2019S) mutation
in exon 41 of the LRRK2 gene was determined as previously
described.'* All subjects were administered the Unified Parkinson’s
Disease Rating Scale, Part II1, the Beck Depression Inventory II, the
State-Trait Anxiety Inventory, and the University of Pennsylvania
Smell Identification Test. We compared LRRK2 G2019S mutation

carriers and noncarriers using 2-sample 7 tests.

Image acquisition. During scanning, all subjects were asked to
keep their eyes closed and to avoid repetitive thoughts. Imaging
was performed on a GE 3T Signa HDxt scanner (GE Signa
EXCITE, Milwaukee, WI) with a resonant gradient echoplanar
imaging system, using a standard 8-channel head coil. Each subject
received an anatomical scan (spoiled gradient echo sequence: field
of view 250 X 250 mm; matrix size 256 X 256 mm; voxel size
0.98 X 0.98 X 1 mm; repetition time = 9 milliseconds; echo time =
3.6 milliseconds) and 266 functional scans (single-shot gradient

Neurology 84 January 27, 2015

echoplanar imaging sequence: echo time/repetition time = 35/
1,680 milliseconds; 30 axial slices; voxel size = 3.1 X 3.1 X 3.5

mm; no gap; scanning time approximately 7.5 minutes; 266 images).

Preprocessing of imaging data. Data were preprocessed
and analyzed with SPM5 (Statistical Parametric Mapping,
www.fil.ion.ucl.ac.uk/spm). Images were spatially realigned,
slice-time corrected, normalized to Montreal Neurological Institute
(MNI) space using unified segmentation, and smoothed with an
isotropic 8-mm full width at half maximum gaussian kernel. We
then low-pass filtered the images using a fifth-order Butterworth
filer to retain frequencies below 0.1 Hz, because correlations
between intrinsic fluctuations are specifically found in this frequency
range.”® Anatomical images were spatially coregistered to the mean of
the functional image and spatially normalized using the same

transformation matrix applied to the functional images.

Striatal seed regions. We segmented each subject’s normalized ana-
tomical MRI scan into left and right putamen, caudate nucleus, and
nucleus accumbens (using FIRST v1.1; www.fmrib.ox.ac.uk/fsl). We
further subdivided the putamen into a dorsoposterior part, a
ventroposterior part, a dorsoanterior part, and a ventroanterior part
using the y = 0 and z = 0 axes as the borders between the 4
subregions.'® Finally, we averaged across the left and right striatal
regions because none of the subjects had asymmetric signs of PD.
We used MarsBaR  (http://marsbar.sourceforge.net) to calculate the
average BOLD time courses of the bilateral dorsoposterior putamen,
ventroposterior putamen, dorsoanterior putamen, ventroposterior

putamen, caudate nucleus, and accumbens (figure 1).

Nuisance signals. We removed nonneuronal fluctuations from the
data by adding 3 time courses to our model that describe the average
signal intensity in the bilateral lateral ventricles (CSF), a blank portion
of the MRIs (out-of-brain signal), and the global gray matter signal.
To optimally control for the motion effects, we added 36 motion

parameters to our model, as described before."”

Statistical analyses. First-level analyses. For each subject, we
performed a multiple regression analysis using the general linear model
implemented in SPM. This model included the time courses of the 6
striatal seed regions and the 39 nuisance regressors. All regressors and
functional images were bandpass-filtered between 0.008 and 0.1 Hz.
Parameter estimates (3 values) for all regressors were obtained by
maximum-likelihood estimation, modeling temporal autocorrelation
as an AR(1) process. For each seed region, the parameter estimate
reflects the influence of the seed region’s time course on the time
course of that voxel, while controlling for the contribution of all the
other regressors in the model.”® Thus, common variance (e.g., global
signal fluctuations) is not assigned to any of the regressors, increasing
the specificity of our findings.

Second-level analyses. Group-level analyses were performed
using a random-effects model implemented in SPM. For each
group, we entered the (3 images of the 6 striatal seed regions intoa 2 X
6 repeated-measures analysis of variance with the factors group
(LRRK2 G2019S mutation carriers vs noncarriers) and region (dor-
soposterior putamen, ventroposterior putamen, dorsoanterior puta-
men, ventroposterior putamen, caudate nucleus, and accumbens). For
each of the 6 regions, we investigated both common and differential
connectivity between groups. Based on previous findings in idiopathic
PD,> we focused our group comparison on a single region of interest
(ROYI), ie., the right inferior parietal cortex (12-mm sphere around
MNI coordinates [+56, —20, +28]). We also performed a whole-
brain search. The statistical threshold was set to p < 0.05 family-wise
error (FWE)-corrected for the search volume. Finally, we correlated
corticostriatal connectivity with age for both LRRK2 G2019S muta-

tion carriers and noncarriers, using sex as a covariate of no interest.
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[ Figure 1 Striatal seed regions ]
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Six striatal seed regions, overlaid onto the average structural MRI of the 37 LRRK2 G2019S mutation carriers and 32 noncarriers. The putamen is divided
into 4 regions, using the lines passing through the anterior commissure (y = 0) and z = O (in MNI [Montreal Neurological Institute] space) as the borders, based
on previous work.1®

Voxel-based morphometry. Using the DARTEL toolbox in
SPM8, we compared gray matter volume between groups. Age,
sex, and total intracranial volume were added as covariates of
no interest. We focused our group comparison on ROIs in the

inferior parietal cortex and bilateral basal ganglia.

RESULTS LRRK2 G2019S mutation carriers and
noncarriers. LRRK2 G2019S mutation carriers (n =
37) and noncarriers (n = 32) did not differ in age,
sex, or clinical scores (table 1). On average, carriers and
noncarriers moved <0.5 mm in all 3 axes during scan-
ning (no group difference; p > 0.5).

Similar corticostriatal connectivity between groups. Both
groups showed significant functional ~connectivity
between each of the striatal subregions and other brain
areas (tables e-1 to e-3 on the Neurology® Web site at
Neurology.org) (figure 2). Specifically, the dorsoposterior
putamen was connected to regions involved in motor
execution (supplementary motor area [SMA], primary

motor cortex); the ventroposterior putamen to
the brainstem and cerebellum; the dorsoanterior
putamen to regions involved in motor planning
(pre-SMA and rostral dorsal premotor cortex; the
ventroanterior putamen to temporoparietal regions;
the caudate nucleus to regions involved in cognitive
control (dorsolateral and dorsomedial prefrontal
cortex); and the nucleus accumbens to regions
involved in emotional processing (orbitofrontal
cortex). The spatial distribution of these brain
regions follows the known anatomy of corticostriatal
loops,' in line with a diffusion tensor imaging study
in humans,” previous resting-state fMRI studies,>?'
and a meta-analysis of cortical and striatal coactivation

patterns.'®

Differential corticostriatal connectivity between groups.
ROI analyses. There was a significant group (carriers >
noncarriers) X striatal region (ventroanterior putamen >

[ Table 1 Subject characteristics

Asymptomatic noncarriers

No. 32

Age, y 46.3 = 10.6
Sex, % women 50
Handedness 30 RH/2 LH
UPDRS Il 19+16
Beck Depression Inventory?® 26 +31
STAI-SP 313 +11.9
STAI-T® 31.8 +10.2
UPSIT® 314 +57

Asymptomatic LRRK2 G2019S carriers p Value
37

494 +10.5 0.22
54

32 RH/5 LH

21 +19 0.55
34 +50 0.46
338 =119 0.40
358 +11.6 0.14
318 = 34 0.71

Abbreviations: LH = left-handedness; RH = right-handedness; STAI-S = State-Trait Anxiety Inventory-state anxiety; STAI-
T = State-Trait Anxiety Inventory-trait anxiety; UPDRS |l = Unified Parkinson's Disease Rating Scale, Part Ill; UPSIT =

University of Pennsylvania Smell Inventory Test.

This table summarizes the clinical characteristics (average = SD) for the 3 groups that were measured.

2Data available for 30 noncarriers and 34 carriers.
b Data available for 30 noncarriers and 36 carriers.

¢Data available for 29 noncarriers and 32 carriers; a higher UPSIT score indicates better olfaction.
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[ Figure 2 Shared corticostriatal connectivity between LRRK2 G2019S mutation carriers and noncarriers ]
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The images represent SPM{t} maps of similar functional connectivity across groups, thresholded at p < 0.001 uncorrected
(for graphical purposes), with a cluster extent threshold of 50 voxels, overlaid on anatomical images from a representative

subject of the MNI (Montreal Neurological Institute) series.

dorsoposterior putamen) interaction in the right rolandic
operculum (MNI coordinates [+54, —10, +22], p =
0.023 FWE-corrected, # = 3.54) (figure 3). Anatomi-
cally, this region was assigned to OP4 (30% probability)
in the right inferior parietal cortex. This finding indicates

Neurology 84 January 27, 2015

that corticostriatal connectivity of the right inferior pari-
etal cortex was shifted from the dorsoposterior putamen
to the ventroanterior putamen in LRRK2 G2019S
mutation carriers vs noncarriers. Using the equivalent
ROI in the left hemisphere, we found the same



[ Figure 3 Differential corticostriatal connectivity between LRRK2 G2019S mutation carriers and noncarriers ]
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(A) SPM{t} of functional connectivity showing an interaction between group (LRRK2 G2019S mutation carriers, noncarriers) and seed region (dorsoposterior putamen,
ventroanterior putamen), overlaid onto the average MRI of all 69 subjects. For graphical purposes, the contrast is shown at a threshold of p < 0.001 uncorrected with a
cluster extent threshold of 10 voxels. (B) Connectivity strength between the 2 seed regions of interest (dorsoposterior putamen, ventroanterior putamen) and the right
IPC, separately for LRRK2 G2019S mutation carriers (black bars) and matched noncarriers (gray bars). The y-axis indicates the B values (in SEM units) of a multiple
regression analysis, averaged across subjects; that is, the unique contribution of each seed region's BOLD time series to the BOLD time series of the right IPC. Error bars
indicate SEM (normalized to 1). (C) Correlation between age and the shift in corticostriatal connectivity in 37 LRRK2 G2019S mutation carriers. On the y-axis, B values
from the local maximum in the right IPC as shown in panel A (MNI coordinates: [+ 50, —18, +32] for the LRRK2 G2019S mutation carriers). APv = ventroanterior
putamen; BOLD = blood oxygen level dependent; IPC = inferior parietal cortex; MNI = Montreal Neurological Institute; PPd = dorsoposterior putamen.

interaction in the left inferior parietal cortex (MNI co-
ordinates [—48, —12, +24], p 0.011 FWE-
corrected, + = 3.77). When we flipped the contrast
images in the axial plane and statistically compared the

strength of corticostriatal connectivity in a voxel-wise
manner between both hemispheres, we observed no sig-
nificant lateralization (p > 0.5). Post hoc separate anal-
yses for the dorsoposterior and ventroanterior putamen
did not reveal significant group differences. At a more
liberal threshold of p < 0.001 uncorrected (cluster
extent threshold of 10 voxels), we observed additional
areas within the motor circuit showing a similar shift in
corticostriatal connectivity (table 2).

Correlation of corticostriatal connectivity with age in
LRRK2 G2019S mutation carriers. The shift in cor-
ticostriatal connectivity (from dorsoposterior to

ventroantetior putamen) of the right inferior parietal cor-
tex (MNI coordinates [+50, —18, +32], 7= 3.63, p =
0.032 FWE-corrected) increased with age in the carriers
(age range 3078 years) but not in the noncarriers (age
range 3074 years) (figure 3). The interaction between
group and age was not significant (p > 0.05). There was
no significant relationship between age and functional

connectivity of other striatal subregions.

Gray matter volume. Gray matter volume in the bilat-
eral basal ganglia or inferior parictal cortex did not
differ between groups.

DISCUSSION There are 2 main findings. First, cor-
ticostriatal connectivity of the right inferior parietal
cortex was shifted from the dorsoposterior to the ven-
troanterior putamen in LRRK2 G2019S mutation

[ Table 2 Corticostriatal

Functional region

connectivity as a function of group (carriers, noncarriers) and striatal subregion (PPd, APv) ]

MNI coordinates,

Anatomical region Hemisphere XY, Z

Ventroanterior putamen > dorsoposterior putamen, LRRK2 G2019S mutation carriers > noncarriers

Somatosensory cortex and
operculum

Anterior cingulate cortex

Somatosensory and premotor
cortex

Precentral gyrus
SMA

Putamen

44% in BA3a, 20% in OP4 L —48, -8, +24
53% in BA3b, 26% in OP4, R +54, -10, +20
4% in OP3

NA L -16, 0, +42
46% in BA1, 39% in BA6 R +50, -16, +56
NA L —36, +4, +44
100% BA6 R +8, -8, +68
NA L -22, +8, -4

p Value Cluster size,

t Value (uncorrected) voxels

431 <0.001 115

3.58 <0.001 27

3.51 <0.001 17

gl <0.001 15

3.49 <0.001 10

3.38 <0.001 11

3.40 <0.001 19

Abbreviations: APv = ventroanterior putamen; BA = Brodmann area; MNI = Montreal Neurological Institute; NA = not applicable; OP = operculum parietale;
PPd = dorsoposterior putamen; SMA = supplementary motor area.
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carriers, mirroring similar findings in idiopathic PD.?
We observed a similar shift in corticostriatal connec-
tivity of the left inferior parietal cortex. The latter find-
ing should be considered with more caution because
our a priori hypothesis concerned the right hemi-
sphere.” Second, this shift in corticostriatal connectiv-
ity increased with age in LRRK2 G2019S mutation
carriers but not in noncarriers. These findings show
that corticostriatal connectivity shifts from more
affected to less affected striatal regions in healthy sub-
jects at risk of developing PD.

There is a wide range of reported penetrance
between 25% and 100% for the LZRRK2 mutation
overall.?> For Ashkenazy Jews carrying the G2019S
LRRK2 mutation (i.e., the population tested here),
lifetime penetrance until the age of 80 years has been
estimated to be 26%." Thus, it is striking that we
found altered corticostriatal connectivity in a group of
LRRK2 G2019S mutation carriers with an average
age of +50 years. Although the shift in corticostriatal
connectivity was age-dependent, it was not driven by
outliers: the cerebral effects were normally distributed
over subjects (figure 3C), and removal of the 10%
highest values (4 carriers) did not change the significance
of the effect. Clinically healthy mutation carriers may not
manifest motor symptoms because they do not develop
nigrostriatal dopamine depletion, or, if they have dopa-
mine deficiency, they may develop cerebral mechanisms
that successfully compensate for nigrostriatal cell loss.
Thus, the proportion of LRRK2 G2019S mutation car-
riers developing symptomatic PD (26%) may not nec-
essarily reflect the proportion of carriers developing
cerebral changes. Accordingly, we previously showed that
healthy LRRK2 G2019S mutation carriers have task-
related cerebral changes without behavioral impair-

ments‘),l() 23,24

and subtle changes in gait and cognition
without overt PD symptoms. These cerebral and behav-
joral markers may potendally serve to quantify cerebral
dysfuncdon and compensatory reserve of LRRK2
G2019S mutation carriers, in order to predict who will
develop PD in the future.

Given the dorsoposterior to ventroanterior gradient
of striatal dopamine depletion in PD, dopamine deple-
tion in the premotor phase probably starts in the poste-
rior putamen. Evidence for premotor nigrostriatal
dopamine depletion has recently been shown in a large
group of asymptomatic G2019S LRRK2 mutation car-
rers (aged 41-86 years), of whom 85% had abnormal
substantia nigra hyperechogenicity (compared with
95% of patients with PD) and 44% had an abnormal
dopamine transporter (DAT) scan. The carriers with an
abnormal DAT scan were significantly older than the
carriers with a normal DAT scan.”> Another study re-
ported that 2 of 5 asymptomatic mutation carriers from
a single R1441X LRRK2 family had abnormal DAT

binding in the putamen, and one of those subjects
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showed a further reduction of DAT binding and subtle
clinical parkinsonism a few years later.”® A third study in
2 families with Y1699C and R1441X mutations in the
LRRK2 gene reported that 2 of 6 asymptomatic muta-
tion carriers had abnormal DAT binding, with another
2 developing such abnormalities (but not clinical signs)
over 4 years of follow-up.?” Finally, work in G2019S
LRRK2 mice showed an age-dependent decrease in stri-
atal dopamine content.”® These findings indicate that a
large proportion of healthy ZRRK2 G2019S mutation
carriers have ongoing nigrostriatal pathology, and that
these pathologic changes increase with age. This fits with
the age-dependent penetrance of the LRRK2 muta-
tion.”!"'> Based on these findings, we suggest that the
age-dependent changes in corticostriatal connectivity in
LRRK2 G2019S mutation carriers reflect underlying
striatal (dopaminergic) dysfunction.

In healthy LRRK2 G2019S mutation carriers, cor-
ticostriatal connectivity of the inferior parietal cortex was
shifted toward the ventroanterior putamen. This change
may reflect compensatory adaptation, primary pathol-
ogy, or a combination of both. A compensatory remap-
ping of corticostriatal connectivity is constrained by
existing anatomical connections and by the compensa-
tory potential of the cortical region. In humans, the
parietal cortex is anatomically connected to the dorso-
posterior putamen but also to smaller portions of the
ventroanterior putamen.”” The inferior parietal cortex
provides strong visual and somatosensory input to the
ventral premotor cortex,”” and in patients with PD, this
ventral parieto-premotor circuit is hyperactivated during
hand movements.*® This may serve to compensate for
impaired activity in medial motor circuits (such as the
SMA) that are functionally connected to the posterior
putamen.’’ The shift in corticostriatal connectivity of
the inferior parietal cortex in LRRK2 G2019S mutation
carriers also occurred within the parietal area where these
same subjects showed increased task-related activity dur-
ing a Stroop task.” The matched behavioral performance
between LRRK2 G2019S mutation carriers and non-
carriers in that study indicates that the increased task-
related parietal activity is compensatory in nature. In
symptomatic PD, the shift in corticostriatal connectivity
was larger in the least affected hemisphere than in the
most affected hemisphere.” Another study reported a
shift in corticostriatal connectivity only in the right infe-
rior parietal cortex, but most pronounced in patients
with PD in whom the right hemisphere was less
affected.?> This supports the idea that the change in
corticostriatal connectivity reflects a compensatory mech-
anism. The lack of lateralization in our current sample of
asymptomatic LRRK2 G2019S mutation carriers may be
caused by the fact that we could not distinguish between
most and least affected hemispheres, given the lack of
clinical symptoms. Taken together, these findings sug-
gest that LRRK2 G2019S mutation carriers shift their



computational resources to brain regions relatively unaf-
fected by nigrostriatal dopamine depletion (i.e., the ven-
troanterior putamen), exploiting existing anatomical
connections of this striatal region to cortical areas
involved in motor control and cognition (i.e., the inferior
parietal cortex).

The change in corticostriatal connectivity may also
reflect pathologic changes occurring in the striatum.
For instance, dopamine depletion in the basal ganglia
is associated with a loss of segregation between parallel
corticostriatal loops.** This may lead to functional cross-
talk between different neural systems, with detrimental
consequences. For example, it may lead to impaired sen-
sorimotor integration, which has been found in healthy
4 crosstalk

between motor and cognitive corticostriatal loops may

Parkin mutation carriers.** Furthermore,
lead to impaired dual tasking, which is present both in
patients with PD* and in healthy LRRK2 G2019S
mutation carriers.”

Our voxel-based morphometry analysis suggests that
the effects we report are unlikely caused by structural
changes in LZRRK2 G2019S mutation carriers. Other
studies in different cohorts have reported a subte

% and

increase in gray matter volume of the caudate
parietal cuneus” of asymptomatic LRRK2 mutation car-
ders, although the smaller sample size of these studies
warrants caution. An important limitation of the current
study is its cross-sectional nature. Future studies may
longitudinally follow the cohort of LRRK2 G2019S
mutation carriers reported here, testing how the shift
in corticostriatal connectivity changes after subjects
develop PD. In a similar vein, primate models of PD
may test corticostriatal connectivity at different time
points during progressive MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) intoxication, in order to
better outline the timing of compensatory mechanisms
in a single cohort.?®

We propose that the age-dependent shift in corti-
costriatal connectivity in healthy LRRK2 G2019S
mutation carriers is compensatory in nature. This
provides a window of opportunity for implementing
compensation-enhancing therapies. Such therapies
may involve stimulation of compensatory brain areas
using repetitive transcranial magnetic stimulation,*
or behavioral training—for example, learning motor
routines that involve the ventroanterior rather than

the dorsoposterior putamen.*
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