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C. Büchel, MD
P.P. Pramstaller, MD
H.R. Siebner, MD
C. Klein, MD

Address correspondence and
reprint requests to Dr.
Ferdinand Binkofski,
Department of Neurology,
University Hospital SchleswigHolstein, Campus Luebeck,
Ratzeburger Allee 160, 23538
Luebeck, Germany
ferdinand.binkofski@
neuro.uni-luebeck.de

ABSTRACT

Background: Mutations in the Parkin and PINK1 genes can cause parkinsonism. Since asymptomatic carriers of a single mutant allele of the Parkin or PINK1 gene display a presynaptic dopaminergic dysfunction in the striatum, they provide a unique in vivo model to study structural and
functional reorganization in response to latent nigrostriatal dysfunction. We hypothesized that
subclinical nigrostriatal neurodegeneration caused by these mutations would induce morphologic
changes in the dysfunctional striatal gray matter.

Methods: In asymptomatic carriers of a heterozygous Parkin (n ! 13) or PINK1 (n ! 10) mutation
and 23 age-and sex-matched individuals without a mutation, we applied observer independent
region-of-interest and voxel-based morphometry to high-resolution structural MRIs.
Results: Relative to controls without a mutation, Parkin and PINK1 mutation carriers displayed a
bilateral increase in gray matter volume in the putamen and the internal globus pallidus. In 8 of the
13 Parkin mutation carriers, the presynaptic dopaminergic function was studied with 18F-DOPA
PET. The metabolic-morphometric regression analysis revealed that the linear decrease in individual presynaptic striatal 18F-DOPA uptake was linked to a reciprocal decrease in the striatal gray
matter volume in the putamen bilaterally and in the left caudate nucleus.

Conclusions: The alternative causes of the increased striatal gray matter volume may be either
due to excessive levels of neuronal activity caused by chronic dopaminergic dysfunction or due to
long-term adaptation to chronic nigrostriatal dysfunction actively compensating for the dopaminergic denervation. In any case, the results indicate that a genetically driven regional dysfunction
may be imprinted in the structure of the dysfunctional brain region, for example in the striatum.
Neurology® 2007;69:842–850

There is little knowledge about in vivo changes in the human brain prior to the onset of
Parkinson disease (PD). Clinical symptoms of PD are preceded by a substantial neurodegeneration of dopamine-producing neurons in the substantia nigra, causing a marked
reduction of dopamine uptake in the striatum, especially in the posterior putamen. This
indicates a great potential of the brain to compensate for progressive nigrostriatal degeneration over an as yet unknown time period.1 Elucidating the presymptomatic period and
the mechanisms that underlie potential compensation in humans is of major importance
for a better understanding of the development of neurodegenerative disorders such as PD.
In nonhuman primates, chronic administration of N-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP), that produces subacute striatal dopaminergic denervation,
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This study was sponsored by the Deutsche Forschungsgemeinschaft (Kl-1134-2-2 and Kl-1134-3-1), the PD Foundation, the South Tyrolean
Parkinson Association, and the EU-grant GENEPARK (EU-LSHB-CT-2006-037544). F.B., H.R.S., and C.B. were funded by the
Bundesministerium für Bildung und Forschung (BMBF) (Neuroimagingzentrum NeuroImage-Nord, grant no. GF GO 01GO0205/-206/-207)
and F.B. by (01GW0571). F.B., H.R.S., and C.B. were supported by separate project grants from the Volkswagen Foundation and K.R. and
C.K. by intramural grants from the Medical Faculty, University of Luebeck. C.K. is a recipient of a Lichtenberg Career Development Award
from the Volkswagen Foundation.
Disclosure: The authors report no conflicts of interest.
842

Copyright © 2007 by AAN Enterprises, Inc.

induced several compensatory mechanisms
within the cortical-basal gangliathalamocortical circuitry that counteracted
the functional consequences of dopaminergic denervation during the presymptomatic
period of MPTP-induced parkinsonism.2
These compensatory mechanisms appear
to act independently and are able to actively delay the occurrence of symptoms of
parkinsonism.
An elegant way to investigate presymptomatic mechanisms in humans is to study
a group of asymptomatic individuals who
carry mutations in genes that are associated with parkinsonism. Mutations in the
Parkin gene are the most common known
single factor responsible for early onset
parkinsonism, followed by mutations in
the PINK1 gene.3 Mutations in these two
genes can lead to a phenotype indistinguishable from that of idiopathic PD.3-7
However, the similarities between Parkinand PINK1-associated parkinsonism and
idiopathic PD extend far beyond the clinical picture: for example, postmortem analysis of the index patient of a large Parkin
pedigree (Family LA) revealed classic idiopathic PD-like findings including alphasynuclein-positive Lewy bodies.8
Of note, asymptomatic carriers of a single
mutant Parkin or PINK1 allele also display a
latent abnormality of striatal dopaminergic
function as revealed by 18F-DOPA PET.9,10
18
F-DOPA PET findings in asymptomatic
carriers of a single mutant Parkin allele
from the Family LA revealed a reduction of
18
F-DOPA uptake in the posterior dorsal
putamen.9-13 Additional changes in brain
structure and function have been found using
transcranial sonography and functional MRI
(fMRI) in asymptomatic individuals who
carry a mutant Parkin or PINK1 allele.
Transcranial sonography revealed hyperechogenicity of the substantia nigra in both
symptomatic and asymptomatic Parkin
mutation carriers,14 a finding that can also
be detected in most patients with idiopathic
PD. Our recent fMRI study15 showed
changes in movement-related neural activity
in the motor system which were attributed to

a compensatory reorganization within the
striatocortical motor loops to counterbalance the latent nigrostriatal dysfunction.15
Taken together, asymptomatic carriers of a
single mutant Parkin or PINK1 allele provide
a unique in vivo model to study structural
and functional consequences of latent nigrostriatal dysfunction using neuroimaging.16
The present morphometric study addressed the question as to whether the latent nigrostriatal dysfunction caused by a
mutation in the Parkin or PINK1 gene alters the gray matter volume in the human
striatum of asymptomatic carriers of a single mutant allele. To this end, asymptomatic mutation carriers and healthy controls
without a mutation underwent highresolution structural MRI. We applied observer independent region of interest
(ROI)-based and voxel-based morphometry (VBM) to investigate how a chronic nigrostriatal dopaminergic deficit shapes the
structure of the human striatum without
causing overt disease. In eight asymptomatic Parkin mutation carriers, we were also
able to search for a direct relationship between the striatal dopaminergic deficit and
the structural changes in this region, since
we had access to their 18F-DOPA PET
data.17
METHODS Subjects. We studied 13 asymptomatic heterozygous Parkin mutations carriers (five male, eight female,
mean age: 39.6 years ["5.6]) and 10 asymptomatic heterozygous PINK1 mutation carriers (eight male, two female, mean
age: 42.7 years ["5.7]). All mutation carriers were members
of two large families. Members of Family LA either carried a
heterozygous deletion of exon 7 or a heterozygous single
base-pair deletion (c.del1072T) in exon 9 of Parkin.8 Members of Family W were heterozygous carriers of the recurrent
c.1366C#T stop mutation in the PINK1 gene.18 Two of the
asymptomatic heterozygous Parkin8 and six of the PINK1
mutation carriers5 had minor motor signs upon careful clinical examination but were unaware of these signs. In addition, we investigated 23 age- and sex-matched healthy
volunteers without mutations in the Parkin or PINK1 gene
(13 male, 10 female, mean age: 41.1 years ["8.4]). All volunteers had a normal neurologic and neuropsychological examination. There was no age difference between these
groups (p ! 0.95, two-tailed t test).
All subjects gave written informed consent for participation in this study which was approved by the local ethics
committee.

Structural MRI scanning. Scanning was performed with
a 1.5 T whole-body scanner (Siemens, Symphony, Erlangen,
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Germany). All subjects underwent structural MRI using a
T1-weighted FLASH three-dimensional MR sequence (echo
time [TE] ! 5 msec; repetition time [TR] ! 15 msec; flip
angle ! 30°; isotropic voxel size 1 $ 1 $ 1 mm3).
Morphometric analysis was performed on a voxel-byvoxel basis using SPM2 software (Wellcome Dept. of Imaging Neuroscience, Institute of Neurology, UCL, London,
www.fil.ion.ucl.ac.uk/spm). VBM was complemented by
conventional ROI-based morphometry.

Morphometric analysis. The spatial normalization to the
standard anatomic space was performed in a two-stage process. In the first step, we registered each image to the template of the International Consortium for Brain Mapping
(Montreal Neurological Institute, Montreal, Canada),
which approximates Talairach space. We applied a 12parameter affine transformation to correct image size and
position. Regional volumes were preserved, while corrections for global differences in whole brain volume were
made. The normalized images of all subjects and patients
were averaged and smoothed with a Gaussian kernel of 8
mm full-width at half maximum (FWHM). Using the optimized procedure,19 these normalized images were used to
create a new template with reduced scanner- and
population-specific bias. In the second normalization step,
we locally deformed each image of our entire group to the
new template using a nonlinear spatial transformation. This
accounts for the remaining shape differences between the images and the template, and improves the overlap of corresponding anatomic structures. Using a modified mixture
model cluster analysis, normalized images were corrected for
non-uniformities in signal intensity and partitioned into gray
and white matter, CSF, and background. To remove unconnected non-brain voxels (e.g., rims between brain surface
and meninges), we applied a series of morphologic erosions
and dilations to the segmented images.19
VBM-based analysis. Images were smoothed with a
Gaussian kernel of 12 mm FWHM. We employed a voxelby-voxel one-way analysis of variance to test for differences
in gray matter volume between groups. An absolute gray
matter threshold of 0.25 was applied to avoid possible edge
effects around the border between gray and white matter or
CSF. Linear contrasts were specified to quantify relative differences in gray matter volume between each group of
asymptomatic mutation carriers and their corresponding
control group without mutation. The statistical threshold
was set at p % 0.01. The localization of the cluster within
specific basal ganglia structures was accessed by taking reference to published coordinates.13,20 Given our a priori hypothesis, we applied a small-volume correction (SVC), using a
sphere of 10 mm radius and corrected for multiple comparisons using the false discovery rate (FDR) method as implemented in SPM2.

ROI-based analysis. We also performed ROI-based morphometry using the same structural MRI data set in the reference brain and integrated the gray matter values of each
brain in these ROIs. The ROIs were derived from the Anatomic Automatic Labeling atlas (AAL),21 an automated parcellation method,21 included in the WFU-Pickatlas SPM
toolbox,21,22 and we used the putamen and the globus pallidus masks in each hemisphere to calculate the volumes for
each subject. The ROI-based morphometric approach enabled us to calculate the number of voxels and volumes of
844
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single structures in the basal ganglia supporting the comparison with other conventional volumetric studies.

Linking striatal structure to regional dopaminergic
function. Eight asymptomatic heterozygous Parkin mutation carriers had previously undergone 18F-DOPA PET measurements. Details of the 18F-DOPA PET measurements are
described elsewhere.9 In these mutation carriers, we performed a voxel-by-voxel simple regression analysis to test
for a linear relationship between individual gray matter images and the 18F-DOPA influx constants (Ki values) from the
posterior putamen and caudate. For the regression analysis,
individual integrated images of dynamic time frames constructed over a 24.5 to 94.5 minute epoch from injection of
18
F-DOPA were taken. Ki values were calculated graphically
from 24.5 to 94.5 minutes after injection using an occipital
reference region input function.23 In each individual, ROIs
were defined in the posterior putamen and in the caudate
using the MRICRO software to obtain individual Ki values
in these regions. These subject-specific Ki values were then
used as a regressor to identify in a voxel-by-voxel correlation
brain areas in which gray matter volume is correlated with
18
F-DOPA uptake. We reasoned that neurodegeneration of
the dopaminergic nigrostriatal projections should primarily
induce morphometric changes in the dysfunctional basal
ganglia, and that these changes should correlate with the
magnitude of presymptomatic dopaminergic striatal
dysfunction.
RESULTS VBM revealed that the presence of a
heterozygous mutation, irrespective of the genotype (i.e., mutant allele of the Parkin or PINK1
gene), was associated with a bilateral increase in
gray matter volume in the posterior putamen and
in the GPi (table 1, figure, A. Direct comparisons
of Parkin or PINK1 mutation carriers with their
corresponding control groups showed that the
gray matter increase was comparable for both genotypes. In asymptomatic heterozygous carriers
of Parkin mutations, VBM disclosed a bilateral
significant increase in gray matter volume in the
posterior putamen that was accentuated on the
left side. Peak changes in gray matter volume
were found in the left posterior putamen and in
the right putamen. An increase in gray matter volume was also revealed in the left globus pallidus
internus (GPi) (table 1). A similar pattern
emerged in asymptomatic heterozygous carriers
of a PINK1 mutation. The presence of a mutant
PINK1 allele was associated with an increase in
gray matter volume in the left and right posterior
putamen (table 1).
ROI-based morphometry confirmed the VBM
findings (table 2). Asymptomatic heterozygous
Parkin mutation carriers showed a bilateral increase in mean gray matter volume of the putamen relative to controls without mutations (table
2). The volume of the pallidum was only increased on the left side compared with controls.

Table 1

Voxel-based morphometry MNI coordinates and morphometric-metabolic regression
MNI coordinates in mm

Region

Side

x

y

z

Z-score

pFDR-corr SVC

Increase in gray matter volume
Asymptomatic Parkin and PINK1 mutation carriers # controls
Putamen

L

Putamen
GPI
GPI

–25

–7

0

3.09

0.018

R

28

–3

–5

3.08

0.010

L

–22

–4

0

3.11

0.018

R

14

1

–6

2.23

0.021

Asymptomatic Parkin mutation carriers # controls
Putamen

L

–22

–5

4

2.86

Putamen

R

29

–8

–8

2.68

GPI

L

–15

–5

–8

3.07

0.017

GPI

R

—

—

—

—

—

1

–6

2.70

0.046

0.021
0,032

Asymptomatic PINK1 mutation carriers # controls
Putamen

L

–32

Putamen

R

28

0

–5

3.03

0.023

GPI

L

—

—

—

—

—

GPI

R

—

—

—

—

—

Simple regression analysis between gray matter volume and Ki values in asymptomatic Parkin mutation carriers
Caudate

L

–13

3

5

3.39

0.017

Caudate

R

—

—

—

—

—

Putamen

L

–17

1

4

3.61

0.026

Putamen

R

23

–4

–2

3.15

0.026

GPI

L

–19

–8

0

3.93

0.005

GPI

R

19

–6

–1

3.77

0.038

SVC ! small volume correction; GPI ! globus pallidus internus; Ki ! 18F-DOPA influx constant.

In asymptomatic heterozygous PINK1 mutation
carriers, ROI-based morphometry revealed a significant increase in gray matter volume of the
right putamen and a trend toward increased putaminal volume on the left side. In addition, the
presence of a mutant PINK1 allele was associated
with a bilateral increase in mean gray matter volume in the pallidal ROI.
In the eight asymptomatic heterozygous Parkin mutation carriers who had undergone 18FDOPA PET, simple regression analysis between
the individual presynaptic striatal 18F-DOPA uptake and the morphometric data revealed that the
striatal Ki values decreased linearly and were
linked to a reciprocal increase in the gray matter
volume in the striatum (table 1, figure, B). This
was the case in left posterior putamen (table 1;
R ! 0.93, R2 ! 0.87), right posterior putamen
(R ! 0.96, R2 ! 0.92), and the head of left caudate
nucleus (R ! 0.90, R2 ! 0.80). Individual striatal Ki
values showed a linear decrease with increasing gray
matter volume in the GPi bilaterally.
Of note, using VBM with the same statistical

criteria as above an increase in gray matter volume in small cortical areas has also been found
within the right inferior frontal gyrus, left insula,
and bilateral superior and inferior temporal gyri
in both groups of mutation carriers. But since we
focused on the motor system, relevant motor areas will further be emphasized.
Observer independent voxel-based
and ROI-based analysis of striatal gray matter
provided converging evidence that the presence of
a single mutant allele in the Parkin or PINK1 gene
leads to a bilateral increase in gray matter in the
posterior putamen and GPi. In a subgroup of
asymptomatic heterozygous Parkin mutation carriers, who had been examined with 18F-DOPA
PET, striatal gray matter volume was inversely
related with the regional Ki values. The higher the
regional reduction in striatal dopamine uptake,
the greater the regional increase in gray matter
volume.
We highlight the converging effects of heterozygous carriers of mutations in two parkinDISCUSSION
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Figure

Striatal changes in gray matter volume in asymptomatic carriers of a single mutant Parkin or PINK1
allele and metabolic-morphometric regression analysis

(A) Main contrast between the VBM data of the asymptomatic heterozygous Parkin and PINK1 mutation carriers and matched
controls without a Parkin or PINK1 mutation revealing an increase of the volume of the striatum and GPI in both groups. The
left panels show the statistical parametric maps thresholded at 0.01. The right panels give the parameter estimates of the
gray matter values of asymptomatic heterozygous Parkin and PINK1 mutation carriers and controls in the posterior putamen.
(B) Simple regression analysis between the individual gray matter images of eight asymptomatic heterozygous Parkin mutation carriers and the individual Ki values, obtained from the posterior putamen at the voxel-by-voxel level. The Ki values
showed a linear decrease with increasing gray matter volume mainly in the left posterior putamen and to a lesser extent in the
right putamen. The color scale represents the p values. A basal ganglia mask obtained from the WFU-PickAtlas (ANSIR, Wake
Forest University)22 was used for anatomic visualization.

sonism genes and introduce two alternative
hypotheses (dysfunctional hypertrophy vs active
compensation) which provide a possible explanation for the striatal hypertrophy and the individual PET Ki values decreasing reciprocally with
the increasing gray matter volume in the striatum.
18
F-DOPA uptake in the striatum reflects the
volume of striatal dopaminergic terminals and the
conversion of 18F-DOPA to 18F-dopamine, and its
storage, measuring the presynaptic dopaminergic
function. Reduction of 18F-DOPA uptake in the
posterior putamen contralateral to the initially affected limb is one of the first findings in patients
with early idiopathic PD.9 It is worth noting that
846
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F-DOPA overestimates the number of striatal
dopaminergic nerve terminals in the early stage of
PD because an increased dopamine turnover in
the surviving terminals partially compensates for
the loss of dopaminergic synapses.24 Therefore,
the slight, albeit significant, reduction of 18FDOPA uptake in the posterior putamen found in
the asymptomatic heterozygous carriers of Parkin
and PINK1 mutations9,25 only represents the tip of
the iceberg of a larger underlying damage of the
dopaminergic terminals. Indeed, it was recently
demonstrated in four asymptomatic carriers of
LRRK2 mutations causing dominant PD that 18FDOPA uptake remained normal, whereas mem-

Table 2
Region

Region of interest–based morphometry in asymptomatic Parkin and PINK1 mutation carriers vs controls
Side

Mean volume in mm3 * 103/SD
Parkin

p Values
Controls

Putamen

L

5,198 " 0.206

4,967 " 0.301

0.021

Putamen

R

5,462 " 0.206

5,228 " 0.389

0.008

Pallidum

L

376 " 88

297 " 59

0.001

Pallidum

R

430 " 63

404 " 84

NS

Putamen

L

5,022 " 0.287

4,796 " 0.385

NS

Putamen

R

5,427 " 0.286

5,062 " 0.482

0.023

Pallidum

L

363 " 75

309 " 66

0.041

Pallidum

R

475 " 100

400 " 71

0.029

PINK1

brane dopamine transporter (DAT) binding was
deficient in all four and vesicular monoamine
transporter binding was abnormal in two of
them.26 These findings seem to confirm the logical
conjecture that increased dopamine turnover is
present in as yet intact nerve terminals before the
manifestation of clinical symptoms.
Given the well-known latent nigrostriatal dysfunction in asymptomatic mutation carriers, we
infer that the morphometric changes resulted
from the presynaptic dopaminergic deficit in the
striatum. This hypothesis is supported by the results of the metabolic-morphometric regression
analysis which revealed that the individual Ki values in the striatum decreased linearly with the regional increase of gray matter volume in
asymptomatic heterozygous Parkin mutation carriers. The compensatory increase in dopamine
turnover is energy-consuming and might induce
changes in the macrostructure of the striatum, for
example through increase in glia27 and sprouting
of vessels. The hypothesis that nigrostriatal dysfunction drives the morphometric change is further supported by a morphometric study on
chronic treatment with neuroleptics.28 This study
has shown that the chronic intake of typical neuroleptics binding to D2-receptors leads to a relative increase of basal ganglia volume over a time
period of 2 years.28 After withdrawal of typical
neuroleptics, this striatal hypertrophy was
reversible.28
The increase in striatal gray matter in asymptomatic Parkin or PINK1 mutation carriers may
be a long-term consequence of abnormal striatal
neuronal activity resulting from the latent nigrostriatal dysfunction.
In a classic model it has been proposed that,
during action, there is specific enhancement of activity in corticostriatal loops involved in the cur-

Controls

rently performed task with concomitant
suppression of competing motor networks.29 This
has been suggested to originate from a neuroanatomic arrangement of the corticostriatal system in
a center-surround inhibitory pattern.30 There is
evidence that dopamine modulates this corticostriatal activity by enhancing transmission at active synapses while suppressing it at inactive
ones,31 and also by regulating long-term potentiation and depression.32 Therefore, the effect of dopamine release in the vicinity of highly active
corticostriatal terminations could be to increase
the signal-to-noise ratio by strengthening that
synapse while suppressing neighboring ones. In
another model the main action of dopamine in the
basal ganglia is hypothesized to regulate the coupling level between the different basal ganglia
subcircuits.33 In the normal state dopamine endings on striatal spines can reduce the efficacy of
divergent glutaminergic inputs to the striatum
thereby suppressing cross-talk between different
afferent channels. Following dopamine depletion
the segregation between the afferent channels is
lost, resulting in synchronized activation of pallidal cells.33,34 This model also emphasizes that dimensionality reduction of the corticostriatal
neuronal input is an important feature of neuronal processing within the basal ganglia.35 According to a recent model, the activity of the thalamus
and cortex is dynamically controlled through the
cortico-nucleus subthalamicus [STN]-GPi hyperdirect, direct, and indirect pathways and releases
only the selected motor program at the selected
timing, thus extracting the relevant information.36
According to this model, the pathophysiology of
basal ganglia disorders and the mechanism for the
effectiveness of functional neurosurgery or stimulation can be explained by an increase or decrease
Neurology 69
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in disinhibition and inhibition in the thalamus
and cortex in the temporal and spatial domains.36
Independently of the preferred basal ganglia
model, experimental studies of neuronal firing in
both humans with PD and animal models of PD
provide evidence for an increase in oscillatory activity in the external and internal segments of the
globus pallidus (GPi and GPe), and the STN.37,38
For example, perioperative recordings of oscillatory local field potentials (LFP) in the subthalamic nucleus and globus pallidus in patients with
advanced PD revealed abnormal oscillatory activity at 8 to 35 Hz39 which may be caused by the
decreased dopamine uptake. Thus, this activity
was prominent when patients with PD had been
withdrawn from their dopaminergic medication,
which had antikinetic properties, and adversely
affected motor processing. Of importance, dopaminergic treatment, behaviorally relevant stimuli,
and voluntary movement suppress this abnormal
activity. Therefore, it has been proposed that the
overexpression of this oscillatory activity contributes to the bradykinesia in symptomatic PD.40
For that reason it is conceivable that the latent
dopaminergic deficit in our asymptomatic Parkin
and PINK1 mutation carriers causes abnormal oscillatory activity in the basal ganglia in the 8 to 30
Hz range. Therefore, the abnormal striatal overactivity related to latent dopaminergic dysfunction in our asymptomatic heterozygous mutation
carriers may have resulted in a long-term increase
in striatal gray matter.
Examples of dysfunctional structural hypertrophy have been described previously. The classic example is hypertrophy of the inferior olivary
nucleus in palatal tremor.41 This hypertrophic degeneration of the inferior olives appears after disruption of the GABAergic dentato-olivary
pathway41 which causes an abnormal synchronous oscillation of neurons in the inferior olive.
This abnormal rhythm interferes with physiologic regulations of the oculomotor and cerebelloreticular systems producing the hyperkinesia of
brainstem-innervated muscles and the cerebellospinal systems regulating muscle tone.41
The striatal increase in gray matter volume
may also be driven by compensatory mechanisms.
This hypothesis is supported by recent work in a
primate model of PD that produces subacute striatal dopaminergic denervation through chronic
MPTP administration. This work revealed several compensatory mechanisms within the
cortical-basal ganglia-thalamo-cortical circuitry
counteracting the functional consequences of dopaminergic denervation in the presymptomatic
848
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period of MPTP-induced PD.2 One active presymptomatic compensatory mechanism identified is the upregulation of postsynaptic D2
receptors in the striatum compensating for the
breakdown of the striatal dopamine homeostasis.2 More importantly, multiunit electrophysiologic recordings in monkeys revealed increases
in neuronal activity in the GPi and the STN that
occurred already within 2 weeks after MPTP injection in the presymptomatic stage and were
temporarily uncoupled from the breakdown of
dopamine homeostasis in the basal ganglia2 supporting its compensatory character.
Our recent fMRI study that examined
movement-related activity in the same group of
asymptomatic heterozygous Parkin mutation carriers as in the present study also supports a compensatory mechanism as underlying source of the
morphometric changes.15 Asymptomatic mutation carriers displayed an increased coupling between activity in the anterior cingulate motor
area and the left posterior putamen during the
performance of internally guided movements.
Therefore, we suggest that presynaptic dopaminergic dysfunction in the posterior putamen in
asymptomatic carriers of heterozygous Parkin
mutations leads to a chronic increase in neuronal
activity within the basal ganglia and an increase
in gray matter volume of the hyperactive structures. This increase in volume might represent a
long-term consequence of adaptive plasticity in
the basal ganglia that allows for a compensation
of the presymptomatic dopaminergic deficit in the
striatal motor circuit counteracting imminent
motor dysfunction.
We can only speculate about the microstructural changes underlying the expansion in gray
matter at the macrostructural level. At the cortex
level there is converging evidence that long-term
increase in regional activity expands the volume
of the active region. Regional cortical hypertrophy has been observed in rat motor cortex following a prolonged period of motor training.42 A
possible mechanism of this cortical thickening
might be an increased synaptogenesis.43,44 In addition, long-term learning processes seem to involve
slowly evolving mechanisms, such as neuronal
and glial cell genesis.27 In keeping with this observation, an increase of cortical gray matter in
temporo-occipital structures related to long-term
visuomotor learning and extensive knowledge acquisition has recently been found in humans.45,46
The final question arises why Parkin and
PINK1 mutations exhibit similar morphometric
changes in the basal ganglia. Heterozygous muta-

tions in the Parkin 47 and also in the PINK1 gene7
are supposed to act as a susceptibility factor for
PD in humans. The clinical picture,3-5 the histopathologic8 metabolic PET,9,10,13 functional
fMRI,15 and structural ultrasound findings14 in
Parkin and PINK1 mutation carriers have consistently supported the pathogenic effect of heterozygous mutations in these genes. Here we
investigated for the first time gray matter volume
at the structural level in asymptomatic heterozygous Parkin and PINK1 mutation carriers.
At the molecular level, the Parkin and PINK1
proteins have been shown to act—at least in
part—in a common metabolic pathway. The Parkin protein functions as ubiquitin ligase, whereas
PINK1 is a mitochondrially localized kinase of as
yet largely unknown function. However, an essential pro-mitochondrial function has been demonstrated for both endogenous Parkin and PINK1
proteins in two recent studies analyzing the structural integrity and function of Drosophila melanogaster cells that were exposed to high energy
demands. While removal of Drosophila PINK1
resulted in several loss-of-function phenotypes,
including defects in mitochondrial morphology,
expression of human PINK1 as well as transgenic
expression of Parkin both markedly improved or
even restored mitochondrial integrity and other
pathologic features.48,49 This important finding is
in keeping with a common intracellular pathway
that locates Parkin activity downstream of PINK1
function.48,49 Given the interactions of the gene
products at the cellular level, it comes as no surprise that mutations in either of these genes result
in a virtually identical clinical picture in humans.
Along the same lines, our results show that two
distinct genotypes (i.e., a single mutant allele of
the Parkin or PINK1 gene) share an identical morphometric phenotype. The identical morphometric phenotype in asymptomatic mutation carriers
suggests that these similarities extend to similar
morphometric changes in brain tissue or even
similar presymptomatic compensatory mechanisms in heterozygous carriers of Parkin and
PINK1 mutations.
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