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Dopamine modulation of neuronal activity during memory tasks identifies a nonlinear inverted-U shaped function. Both the dopamine
transporter (DAT) and dopamine D, receptors (encoded by DRD,) critically regulate dopamine signaling in the striatum and in prefrontal
cortex during memory. Moreover, in vitro studies have demonstrated that DAT and D, proteins reciprocally regulate each other presyn-
aptically. Therefore, we have evaluated the genetic interaction between a DRD, polymorphism (rs1076560) causing reduced presynaptic
D, receptor expression and the DAT 3'-VNTR variant (affecting DAT expression) in a large sample of healthy subjects undergoing blood
oxygenation level-dependent (BOLD)-functional magnetic resonance imaging (MRI) during memory tasks and structural MRI. Results
indicated a significant DRD,/DAT interaction in prefrontal cortex and striatum BOLD activity during both working memory and encod-
ing of recognition memory. The differential effect on BOLD activity of the DAT variant was mostly manifest in the context of the DRD,
allele associated with lower presynaptic expression. Similar results were also evident for gray matter volume in caudate. These interac-
tions describe a nonlinear relationship between compound genotypes and brain activity or gray matter volume. Complementary data
from striatal protein extracts from wild-type and D, knock-out animals (D2R ~/ ) indicate that DAT and D, proteins interact in vivo.
Together, our results demonstrate that the interaction between genetic variants in DRD, and DAT critically modulates the nonlinear
relationship between dopamine and neuronal activity during memory processing.

Key words: working memory; recognition memory; fMRI; dopamine; transport; D, ; receptor

Introduction

The relationship between dopamine levels and neuronal activity
in prefrontal cortex and in striatum (Alexander et al., 1986;
Goldman-Rakic, 1996) describes a nonlinear function
(inverted-U) (Seamans and Yang, 2004). In other words, there is
a critical range of dopamine stimulation within which neuronal
activity is more focused, i.e., less neuronal activity for better be-
havioral performance (Mattay et al., 2003). Above or below this
critical range of dopamine stimulation, neuronal activity be-
comes more diffuse and behavioral performance deteriorates
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(Mattay et al., 2003). Earlier studies have demonstrated that this
relationship is strongly modulated by dopamine D, receptors
(Seamans and Yang, 2004). However, several additional mecha-
nisms regulate dopamine levels, including D, receptor signaling
as well as reuptake by the dopamine transporter (DAT). Studies
in animals and in humans strongly implicate D, receptors and the
DAT in regulating working memory performance and prefronto-
striatal neuronal activity (Arnsten et al., 1995; Kimberg et al.,
2001; Mozley et al., 2001; Glickstein et al., 2002; Cropley et al.,
2006; Kellendonk et al., 2006; Mehta and Riedel, 2006; Chou et
al., 2007). Recent studies focusing on the relationship between D,
and DAT have also shown that DAT activity is regulated by D,
receptors (Meiergerd et al., 1993; Parsons et al., 1993; Dickinson
etal., 1999; Mortensen and Amara, 2003). Mice genetically engi-
neered to lack the D, receptor display reduced activity of DAT
(Dickinson et al., 1999). D, agonist and antagonist agents modify
the kinetics of dopamine reuptake by DAT (Kimmel et al., 2001).
Moreover, DAT is also regulated by dopamine D, receptors
through a direct protein—protein interaction which facilitates the
recruitment of intracellular DAT to the cell surface, thereby en-
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Table 1. Demographics and behavioral performance of the N-back working memory sample

Working memory
test (2-back).

Working memory
test (2-back).

Total N (males) Age 1Q Handedness Correct responses (%) Reaction time (ms)

DRD,

GG 110 (3738) 27.7(£7.4) 113.5(%=13.0) 0.75 (+0.43) 67.7 (*16.7) 523.2 (+248.9)

GT 32(198) 284(*+7.9) M1.4(=14.7) 0.73(%0.32) 69.4 (+15.7) 499.7 (*246.0)
DAT

10/10 repeat 51218) 286(*+7.1) 115.7 (=10.8) 0.70 (+0.43) 70.2 (=15.4) 517.0 (*254.8)

9 repeat carriers 91(3538) 27.4(*7.6) 111.6 (=14.4) 0.76 (+0.38) 66.9 (+£17.0) 518.1(*244.7)
DRD,-DAT

GG-10/10 repeat 41(138) 286 (£7.1) 117.9 (£9.6) 0.72 (£0.43) 69.4 (£16.3) 507.3 (+261.5)

GG-9 repeat carriers 69(243) 27.1(*7.5) 111.0 (=14.0) 0.76 (+0.42) 66.7 (£17.0) 533.0 (*£242.4)

GT-10/10 repeat 10(83) 284 (*7.6) 107.0 (=11.5) 0.62 (+0.43) 73.2(*=113) 553.9 (%£235.4)

GT-9 repeat carriers 2(118) 284 (*+8.2) 114.1 (*15.6) 0.78 (+0.25) 67.6 (£17.3) 473.3(%252.2)

Results are mean == SD.

hancing dopamine clearance (Lee et al., 2007). Finally, this phys-
ical interaction appears to be more specific for presynaptic D,
receptors (Bolan etal., 2007), which is supported by results show-
ing that mice lacking DAT have complete loss of function of
presynaptic D, receptors (Jones et al., 1999).

By a mechanism of alternative splicing, the D, receptor gene
(DRD,) encodes two molecularly distinct isoforms, D2S and
D2L. D2L acts mainly at postsynaptic sites and D2S serves pre-
synaptic autoreceptor functions (Khan et al., 1998; Usiello et al.,
2000). The D2S isoform appears to be involved in regulation of
prefronto-striatal synaptic plasticity associated with long-term
potentiation, centrally implicated in the physiology of memory
(Centonze et al., 2004). Consistently, we have demonstrated that
a novel intronic DRD, polymorphism (rs1076560, G>T) of the
D, receptor affects both relative expression of D2S in prefrontal
cortex/striatum and activity of the striato-thalamic-prefrontal
pathway during working memory in healthy subjects (Zhang et
al., 2007) and in patients with schizophrenia (Bertolino et al.,
2008a).

A functional variable number of tandem repeat (VNTR) poly-
morphism in the 3" untranslated region of the DAT gene has been
described (Vandenbergh et al., 1992). Alleles of this polymor-
phism range from 3 to 11 repeats, with the 9- and 10-repeat alleles
by far the most common (Vandenbergh et al., 1992). As com-
pared with the 9-repeat allele, the 10-repeat allele has been asso-
ciated with increased gene expression both in vitro (Mill et al.,
2002; VanNess et al., 2005) and in vivo (Heinz et al., 2000). Con-
sistently, several studies have reported that the 10-repeat allele is
associated with more focused cortical activity during memory
and attention in healthy subjects as well as in patients with ADHD
(Fossella et al., 2002; Cornish et al., 2005; Bertolino et al., 2006a;
Johanson et al., 2006; Schott et al., 2006; Caldu et al., 2007).

Based on this previous evidence, we used functional magnetic
resonance imaging (fMRI) in healthy subjects to explore the re-
lationship of DRD, and DAT functional polymorphisms with
brain activity during working memory. To confirm the working
memory results in another cognitive setting known to involve the
prefronto-striatal-thalamic-prefrontal circuit, we also evaluated
the interaction of these two genotypes with brain activity during
encoding of recognition memory. Our hypothesis was based on
the physiological role of dopamine in regulating neuronal signal-
to-noise ratios in this pathway, on earlier blood oxygenation
level-dependent (BOLD) fMRI studies (Bertolino et al., 2006a;
2008a,b; Zhang et al., 2007), on known trophic action of dopa-
mine on neurons and synapses (Nieoullon, 2002), and on earlier
in vitro experiments demonstrating direct interaction between D,

and DAT. Thus, we hypothesized that these two genes interact in
modulating the nonlinearity of cortical and subcortical activity in
humans during memory performance and in modulating gray
matter volume (assessed respectively with BOLD fMRI and
Voxel-Based-Morphometry). Moreover, to further substantiate
the possibility that the effects in humans might depend on a direct
interaction between these two proteins, we analyzed this possi-
bility by coimmunoprecipitation. Importantly, using mouse stri-
ata from wild-type (WT) and DRD, knock-out mice, we were
able to show a physical interaction between DAT and D, proteins
in vivo.

Materials and Methods

Subjects

We studied one hundred forty two healthy subjects (57 males, mean age
27.4 = 7.3). The present study was approved by the local intramural
research board at the University of Bari. Moreover, after complete de-
scription of the study to the subjects, written informed consent was ob-
tained. For additional demographics, see Tables 1, 2.

Genotype determination

SNP rs1076560 of DRD, and the 3" VNTR DAT genotypes were deter-
mined as described previously (Bertolino et al., 2006a, 2008b; Zhang et
al., 2007).

3" VNTR DAT. Genotyping of the DAT1 40-bp repeat (VNTR) poly-
morphism in the 3 untranslated region (rs# 28363170) was determined
using forward 5'-TGTGGTGTAGGGAACGGCCTGAG-3" and reverse
5-CTTCCTGGAGGTCACGGCTCAAGG-3' primers. DNA amplifica-
tion by PCR of the 40-base pair repeat alleles was performed as described
previously (Szekeres et al., 2004). PCR products were separated by 4%
agarose gel electrophoresis, visualized by ultraviolet transillumination
and fragment sized by comparison with Invitrogen 100bp DNA ladder.
To confirm the results obtained with agarose gel electrophoresis,
genomic DNA fragments were PCR-amplified using fluorescent labeled
forward primer, resolved on an ABI Prism 3100 DNA Sequencer (Ap-
plied Biosystems) and analyzed with Genotyper software.

DRD.,. SNP rs1076560 was analyzed with allele-specific PCR primers
as described (Papp et al., 2003) or SNaPshot [Applied Biosciences (ABI)]
(Zhang et al., 2005).

As in several previous studies (Heinz et al., 2000; Jacobsen et al., 2000;
Cheon et al., 2003; Durston et al., 2005; van Dyck et al., 2005; Gilbert et
al., 2006; Schott et al., 2006; Laucht et al., 2007), since the number of
subjects homozygous for the 9-repeat allele of the DAT was very small, we
grouped all subjects carrying at least one 9-repeat allele in one group,
9-repeat carriers. After genotype determination, the groups were divided
based on DRD,, DAT, and DRD,-DAT genotypes. The Ns were as fol-
lows: DRD, (GG = 110, GT = 32); DAT (9-repeat carriers = 91, 10/10-
repeat = 51); DRD,-DAT (GT 9-repeat carriers = 22, GG 9-repeat car-
riers = 69, GT 10/10-repeat = 10, GG 10/10-repeat carriers = 41). No
DRD, TT subjects were observed in this sample. The allelic distribution
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Table 2. Demographics and behavioral performance of the recognition memory sample
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Recognition memory Recognition memory

test (encoding). test (encoding).
Total N (males) Age 1Q Handedness Correct responses (%) Reaction time (ms)

DRD,

GG 82(238) 262 (+5.9) 1126 (=11.4) 0.7 (0.47) 94.8 (+3.9) 1129.5(+187.3)

GT 20(938) 26.5 (*+5.8) 112.5(+12.2) 0.7 (%=0.36) 92.5 (+5.5) 1170.6 (+=221.5)
DAT

10/10 repeat 38(108) 27.5(*+53) 113.7 (10.4) 0.66 (*0.46) 94.6 (+3.9) 1140.4 (+=192.2)

9 repeat carriers 64(223) 25.6 (6.1) 112.1(+12.0) 0.73 (0.44) 94.2 (+4.6) 1136.1 (*+196.8)
DRD,-DAT

GG-10/10 repeat 33(78) 27.0 (5.6) 114.5(+9.7) 0.62 (+0.49) 94.7 (+3.9) 11133 (£182.6)

GG-9 repeat carriers 49(163) 25.7 (+6.2) M1.7 (+12.7) 0.76 (*0.46) 94.8 (+3.9) 1140,0 (=191.7)

GT-10/10 repeat 5(33) 30.2(+2.2) 109.0 (%=5.7) 0.87 (%0.16) 94.2 (+3.7) 1303.3 (+183.1)

GT-9 repeat carriers 15(68) 25.5(*+6.0) 113.2(+11.9) 0.70 (0.39) 92.0 (+6.0) 1123.2 (*220.0)

Results are mean == SD.

of both genes was in Hardy Weinberg equilibrium (DRD, df 1, x*>2.1,
p>0.1, DATAf 1, x*> = 1.2,p > 0.2).

Functional imaging tasks and acquisition parameters

N-back working memory paradigm. The genotype groups in this sample
were matched for all demographic variables except gender ( p < 0.05).
During fMR], all subjects completed a blocked paradigm of the N-back
task with a 2-back working memory condition and a nonmemory guided
control condition 0-back (Bertolino et al., 2004). This paradigm has been
extensively used to evaluate activity of prefrontal cortex and striatum.
“N-back” refers to how far back in the sequence of stimuli the subject had
to recall. The stimuli consisted of numbers (1-4) shown in random
sequence and displayed at the points of a diamond-shaped box. There
was a visually paced motor task which also served as a nonmemory
guided control condition (0-back) that simply required subjects to iden-
tify the stimulus currently seen. In the working memory condition, the
task required recollection of a stimulus seen two stimuli (2-back) previ-
ously while continuing to encode additionally incoming stimuli. As in
earlier studies in which we used this paradigm, both numerical and spa-
tial information together were used to guide subjects response to the task.
Performance data were recorded as the number of correct responses
(accuracy) and as reaction time.

Each subject was scanned using the same MR scanner with a gradient-
echo echo planar imaging (EPI) sequence using the following parame-
ters: 20 contiguous slices echo time = 30 ms, repetition time = 2000 ms;
field of view 24 cm; matrix 64 X 64 (Bertolino et al., 2004, 2006a,b,
2008a). We used a simple block design in which each block consisted of
eight alternating 0-back and 2-back conditions (each lasting 30 s), ob-
tained in 4 min and 8 s, 120 whole-brain fMRI volumes. The first four
scans at the beginning of each time series were acquired to allow the
signal to reach a steady state and were not included in the final analysis.

Recognition memory paradigm. 102 subjects of the original sample per-
formed this additional paradigm. The genotype groups in this sample
were matched for all demographic variables, including sex (all p > 0.1).
The fMRI paradigm consisted of the encoding (“indoor” or “outdoor”)
and subsequent retrieval (“new” or “old”) of novel, complex scenes, a
task that has consistently been shown to produce activation of the pre-
frontal cortex and of the striatum in human neuroimaging experiments
(Hariri et al., 2003; Bertolino et al., 2006¢). Stimuli of neutral valence
were presented in a blocked paradigm that provides robust power and
sensitivity for BOLD signal change in the hippocampal region. Four
encoding blocks were followed by four retrieval blocks in an interleaved
design with a passive rest condition, resulting in a total of 16 blocks. Each
block was 20 s. long, producing a total scan time of 5.33 min. During
encoding blocks, subjects viewed six images, presented serially for 3 s
each, and determined whether each image represented an indoor or out-
door scene (Hariri et al., 2003). An equal number of indoor and outdoor
scenes were presented in each encoding block. All scenes were of neutral
emotional valence and were derived from the International Affective
Picture System (Lang et al., 1997). During subsequent retrieval blocks,
subjects again viewed six images, presented serially for 3 s each, and

determined whether each scene was new or old. In each retrieval block,
half the scenes were old (i.e., presented during the encoding blocks) and
half were new (i.e., not presented during the encoding blocks). The order
of indoor and outdoor scenes as well as new and old scenes were ran-
domly distributed throughout the encoding and retrieval blocks, respec-
tively. During the interleaved rest blocks, subjects were instructed to
fixate on a centrally presented cross-hair. Before the beginning of each
block, subjects viewed a brief (2 s) instruction: “Indoor or Outdoor?”,
“New or Old?”, or “Rest”. However, because of the blocked paradigm, the
retrieval phase is actually a mixture between encoding and retrieval: sub-
jects in this phase view an equal number of new and old stimuli. The new
stimuli are likely to engage encoding mechanisms in the hippocampus,
and this activity would be mixed in with any retrieval related activity.
Therefore, because of this limitation, we decided not to analyze the re-
trieval data [for review, see Schacter and Wagner (1999); Squire et al.
(2004)]. During scanning, all subjects responded by button presses with
their right hand, allowing determination of behavioral accuracy and re-
action time.

Each subject was scanned using a GE Signa 3T scanner (General Elec-
tric). BOLD functional images were acquired with a gradient-echo echo
planar imaging (EPI) sequence and covered 24 axial slices (4 mm thick, 1
mm gap) that began at the cerebral vertex and encompassed the entire
cerebrum and the majority of the cerebellum (repetition time/echo time,
2000/28 ms; field of view, 24 cm; matrix, 64 X 64).

BOLD—fMRI image analysis. Preprocessing and statistical analyses
of the fMRI data

Analysis of the fMRI data was completed using statistical parametric
mapping (SPM5; http://www.fil.ion.ucl.ac.uk/spm). Images for each
subject were realigned to the first volume in the time series to correct for
head motion (< 2.5 mm of translation, <1.5° rotation), spatially nor-
malized into a standard stereotactic space (Montreal Neurological Insti-
tute, MNI, template) using a 12 parameter affine model and smoothed to
minimize noise and residual differences in gyral anatomy with a Gaussian
filter, set at 10 mm full-width at half-maximum. Voxelwise signal inten-
sities were ratio normalized to the whole-brain global mean. For each
experimental condition, a box car model convolved with the hemody-
namic response function (HRF) at each voxel was modeled. Predeter-
mined condition effects at each voxel were calculated using a ¢ statistic,
producing a statistical image for the contrasts of 2-back versus 0-back
(N-back) and of encoding versus rest (recognition memory). All these
individual contrast images were then used in second-level random effects
models to determine task-specific regional responses at the group level
for the entire sample.

To detect the association of DRD, and DAT genotypes and fMRI acti-
vation in the working memory and recognition memory cortical and
subcortical networks, the contrast images of all subjects were included in
whole-brain image analyses for all predetermined condition effects using
second-level random effects models for ANCOVA analyses within SPM5
covarying for gender. For recognition memory data, ANOVA was used
instead because the genotype groups were matched for all demographic
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nates included: x —36, ¥ 9, z 59; x —36, y 30, z
23;x20,y —=3,z17;x =18,y 3,215, x8,y 12,z

Region (Brodmann's area) Talairach coordinates (, y, 2) k Zvalue p 8 (Tanetal., 2007); x —18,y 3, 215 (Hofer etal.,
2007); x 42, y 12, z 36 (Koch et al., 2007). Be-

Main effect of DRD, cause we did not have a priori hypotheses re-
Right inferior frontal gyrus (BA 45) 59,23,6 25 330 0.000"  garding the activity of brain regions outside of
Right middle frontal gyrus (BA 10) 30,52, -3 7 274 0.003"  the prefrontal cortex and striatum, we used a
Right putamen 26,7, —6 3 261 0.004  statistical threshold of p = 0.05, corrected for
Right anterior cingulate (BA 32) 15,26,19 8 29 0002 multiple comparisons across all voxels, for

Main effect of DAT these whole-brain comparisons. All fMRI re-
Left middle frontal gyrus (BA 6) —41,6,51 8 3.18 0.001"  gylts are reported in Montreal Neurological In-
Left middle frontal gyrus (BA 8/9) —49,20,37 n 2.83 0.002"  stitutes (MNI) coordinates system.
Left inferior frontal gyrus (BA 47) —45,22, 7 7 3.09 0.001°

Interaction between DAT and DRD, Voxel-based morphometry acquisition
Left middle frontal gyrus (BA 6) —38,6,51 15 4.7 0.019°  and processing
Left middle frontal gyrus (BA 9) —38,26,26 19 3.21 0.019°  Eighty six subjects of the original sample were
Left caudate body —8,0,7 32 3.04 0.019° included in these analyses. Again, genotype
Right caudate body 1, —6,18 14 2.95 0.019°  groups in this sample were matched for all de-

Interaction between DAT and DRD, mographic variables except gender ( p < 0.05).
Precuneus (BA 31) 26, —72,21 6 3.48 0.000° 3D structural MRI images were obtained on a
Left superior frontal gyrus (BA 9) —34,49,33 7 331 0.000° 3T GE MR scanner using a T1-weighted SPGR
Left middle frontal gyrus (BA 10) —38,52,11 9 3.3 0.001°  sequence (TR/TE/NEX = 25/3/1; flip angle, 6°%
Left cingulate gyrus (BA 32) —11,24,34 19 3.21 0.001"  matrix size, 256 X 256; field of view, 25 X 25
Right superior temporal gyrus (BA 39) 38, —53,24 4 3.19 0.001  cm) with 124 sagittal slices (slice thickness =
Left inferior frontal gyrus (BA 47) —45,22,—7 17 3.19 0.001° 1.3 mm, in-plane resolution of 0.94 X 0.94).
Left superior temporal gyrus (BA 22) —63,—35,16 3 3.00 0.001°  VBM analysis was performed using a unified

Uncorrected; °FDR-corrected.
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segmentation protocol (Ashburner and Fris-
ton, 2005) implemented in SPM5 (http://www.
filion.ucl.ac.uk/spm). Briefly, this protocol in-
volves a number of fully automated preprocess-
ing steps, including: extraction of brain, spatial
normalization into stereotactic MNI space, seg-
mentation into gray and white matter and CSF
compartments, correction for volume changes
induced by spatial normalization (modula-
tion), and smoothing with a 8 mm full width at
half maximum (FWHM) isotropic Gaussian
kernel.

Global effects of DRD, and DAT genotypes
on gray matter volume were evaluated using an
ANCOVA in SPM5. We controlled for poten-
tial confounds in our statistical model includ-
ing linear and quadratic expansions of age
(Biichel et al., 1996), gender, and total brain
volume. Because of our strong a priori hypoth-
esis, we used a region of interest (ROI) ap-
proach using the “Human aal atlas” within the
Wake Forest University PickAtlas 1.04 (http://
www.fmri.wfubmc.edu/cms/). Statistical non-
stationary inference (Hayasaka et al., 2004) was

DROT ganstype

Figure 1.

DAT genotype in left middle frontal gyrus activity during working memory.

variables. Because of earlier fMRI studies of working memory and recog-
nition memory (Bertolino et al., 2006a,c; 2008a,b; Zhang et al., 2007)
demonstrating main effects of these two genes, a statistical threshold of
p <0.005, k = 3, uncorrected, was used to evaluate main effects of DRD,
and DAT. However, the same statistical threshold with a further false
discovery rate (FDR) small volume correction for multiple comparisons
(Meyer-Lindenberg et al., 2008) [using a 10-mm-radius sphere centered
around the coordinates in caudate, putamen, and prefrontal cortex pub-
lished in previous studies (p = 0.05) (Hofer et al., 2007; Koch et al., 2007;
Tan et al., 2007)] was used to identify significant responses for the inter-
action between the two genes in these anatomical regions. These coordi-

DRIZ genotype

A, Coronal MRI section through the caudate nuclei indicating locales with DRD,-DAT genotype interaction on BOLD
response during working memory (image thresholded at p << 0.005, uncorrected); B, mean = SE of BOLD response in caudate of
the interaction between DRD, and DAT genotypes. C, Three-dimensional rendering indicating the interaction between DRD,-DAT
genotypes on cortical working memory; D, mean == SE confidence intervals of BOLD response of the interaction between DRD,-

performed at the cluster level at p < 0.05 cor-
rected within the caudate ROI by using the ns
toolbox implemented in SPM5 to avoid in-
creased false positive rate due to nonstationary
nature of structural images (http://fmri.
wfubmc.edu/cms/NS-General). VBM data are
reported with reference to the MNI standard
space within SPM5.

Membrane preparations, Western blotting, and
immunoprecipitation analyses

Mouse striatal extracts from D2R ™/~ (Baik et al., 1995) and wild-type
(WT) littermates were rapidly dissected and proteins were extracted as
previously described (Tirotta et al., 2008), with minor modifications.
Briefly, striata were homogenized on ice with a polyethylene pestle, in a
Membrane Extraction Buffer (MEB 50 mm TRIS, pH 7.5, 150 mm NaCl,
5 mm EDTA, pH 8.0), with protease and phosphatase inhibitors mixture
(Sigma). Samples were sedimented by centrifugation (40 min, 70,000 X
g, 4°C), and the pellets were resuspended in MEB supplemented with
10 mMm 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
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Figure2. A,B,Mean = SEof BOLD response in caudate (4) and in middle frontal gyrus (PFC;
B) during working memory in compound genotype groups. Since we expected that the geno-
types potentially associated with putative intermediate levels of dopamine would show more
focused activity for a similar level of behavioral performance, genotype groups are ordered from
putative less dopamine reuptake (DAT 9-carriers have less DAT expression) and release (DRD, GG
subjects have greater presynaptic D, mRNA) to greater reuptake and release (DAT 10— 10 repeat
DRD, GT subjects). The relationship between compound genotype and BOLD response is non-
linear. Genotypes on the y-axis are ordered to reflect the nature of our hypothesis about the
relationship between putative levels of dopamine stimulation determined by compound geno-
types and BOLD activity for a given level of performance. Thus, genotypes at the two extremes
of the curve are hypothesized to have intermediate levels of dopamine stimulation and more
efficient BOLD activity (less activity for a given behavioral performance).

(CHAPS) and gently rotated at 4°C for 40 min. The solubilized fractions
were finally centrifuged, to remove the insoluble material (10 min,
18,000 X g at 4°C). Supernatants represent solubilized membrane
extracts.

For immunoprecipitation (IP) assays, 500 ug of membrane extracts
were incubated for 4 h with 20 ul of protein-A/G Sepharose (GE Life-
sciences) at 4°C, in 500 ul of PBS supplemented by protease and phos-
phatase inhibitors mixture and centrifuged at 3000 X g for 5 min. The
supernatants were incubated overnight at 4°C with 5 ug of the appropri-
ate antibody (anti-DAT # s.c.-14002, from Santa Cruz Biotechnology; or
mouse monoclonal anti-D2R raised against a peptide corresponding to
the mouse D2R sequence from aa 309 to 322 (Doi et al. 2006). Sepharose
beads were washed four times by centrifugation in MEB buffer, then
resuspended in Laemmli sample buffer and resolved on SDS 12% PAGE.
As negative control, immunoprecipitations were performed using either
normal mouse or rabbit IgG. For Western blots, 50 ng of membrane
extracts were loaded per lane and separated on 12% SDS-PAGE. Proteins
were transferred to polyvinylidene fluoride (PVDF) membrane (Milli-
pore). Nonspecific binding was blocked in 5% nonfat dry milk in 0.05%
Tween 20 in PBS for 1 h, at room temperature. Immunocomplexes were
revealed by using appropriate peroxidase-conjugated secondary anti-
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bodies (Jackson ImmunoResearch) along with a chemiluminescent re-
agent (SuperSignal West-Pico, Pierce).

Results

Demographics and behavioral memory performance
ANOVAs and x? tests indicated that there were no significant
differences between genotype groups in any demographic vari-
able (all p > 0.1), with the exception of gender which was un-
equally distributed for DRD, genotype and for DRD,-DAT com-
pound genotypes (respectively, x* = 6.5, df 1, p = 0.01, x> =
10.1,df 3, p = 0.01).

Separate ANOVAs on behavioral working memory and en-
coding of recognition memory performance did not demonstrate
any statistically significant main effect or interaction of the two
polymorphisms on either accuracy or reaction time during work-
ing memory or encoding of recognition memory (all F, ;5,,<2,
all p > 0.15) thus allowing us to examine the effect of complex
genotypes on brain activity independent of behavioral variation.
Covarying these analyses for gender did not modify the results.
For additional results, see also Tables 1, 2.

Neuroimaging results of the N-back working

memory paradigm

Main effect of task

Consistent with prior reports (Callicott et al., 1999, 2000; Berto-
lino et al., 2004, 2006a), a pattern of brain regions was activated
during working memory. These anatomical regions included bi-
lateral prefrontal cortex, bilateral parietal cortex, the anterior cin-
gulate, the head of the caudate, the putamen and bilateral cere-
bellum in both groups.

Genotype main effects and interaction during working memory
ANOVA of the main effect of DRD, genotype revealed several
clusters in which GT subjects had greater activity than GG sub-
jects. These areas included the middle and inferior frontal gyri,
the anterior cingulate and the right putamen (Table 3). The in-
verse contrast did not reveal any significant difference. ANOVA
of the main effect of DAT genotype revealed several clusters in left
middle and inferior frontal gyri in which 9-repeat carriers had
greater activity than 10/10-repeat subjects (Table 3). The inverse
contrast did not reveal any statistically significant difference.
These main effects of DRD, and DAT are internally consistent as
both GT DRD, genotype and the 9-repeat DAT genotype are
expected to lead to enhanced dopamine release.

We next addressed the question whether DRD, and DAT in-
teract with each other. We expected that the genotypes poten-
tially associated with putative intermediate levels of dopamine
would show more focused activity for a similar level of behavioral
performance (Williams and Castner, 2006). ANOVA revealed
several locales with a statistically significant interaction between
the two genotypes, including the caudate bilaterally and the left
middle frontal gyrus (Table 3, Fig. 1). Analysis of the BOLD signal
change outside of SPM revealed an interaction in the right and
left head of the caudate (Fig. 1A, B) (left caudate F, ;5,, = 9.1,
p = 0.002; post hoc with Fisher LSD: GT 9-carrier repeat>GT
10/10 repeat, p = 0.02; GG 10/10 repeat>GG 9-carrier repeat, p =
0.01; right caudate F, ,5,) = 9.2, p = 0.002; post hoc: GT 9-carrier
repeat>>GT 10/10 repeat, p = 0.03; GG 10/10 repeat>GG 9-carrier
repeat, p = 0.009) such that subjects with 9-repeat genotype of the
DAT have greater activity in the context of DRD, GT genotype,
whereas the opposite is true in the context of the GG DRD,

genotype.
A polynomial regression also revealed a nonlinear relation-
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Table 4. Statistics and Montreal Neurological Institute coordinates for the effects of DRD, and DAT genotypes as
well as for their interaction on brain activity during encoding of recognition memory
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between compound genotype and BOLD
signal in left DLPFC (R?=0.054, F = 4.0,

Region (Brodmann's area) Talairach coordinates (, y, 2) k Zvalue p p = 0.01) (Fig. 2B).

Main effectof DRD, Additional results are reported in
Left putamen —22,5,14 6 3.10 og0re  Table 3.
Right inferior frontal gyrus (BA 47) 48,22, —1 6 2.88 0.002°

Main effect of DAT Neuroimaging results of the recognition
Thalamus, medial dorsal nucleus —8,—181 54 3.57 0.000 memory paradigm
Left precentral gyrus (BA 6) —55,—2,42 21 338 0.000°  Main effect of task
Inferior frontal gyrus (BA 47) —19,10, —16 4 3.20 0.001”  Consistent with prior reports (Hariri et al.,
Supramarginal gyrus (BA 40) 41, —46,34 3 3.10 0.001° 2003; Bertolino et al., 2006¢, 2008b), we
Thalamus 4 —4,8 7 29 0002 found significant bilateral activation of the
Claustrum 30,18, —1 8 2.84 0.002° prefrontal cortex (including dorsolateral

InteRr.a :'ton b;t\;vesn dDATand DRD, 717 15 306 0.047° prefrontal and ventrolateral prefrontal
Lle%t cancj:ija:e Eogyy —’8, ’8, 15 ) 3.00 0047 cortex), and the striatum (including the
Right middle frontal gyrus (BA 8) 49,13, 41 10 283 00472  head of the caudate and putamen).

Interaction between DAT and DRD . . .
Inferior fror(ltal gy)rus (BA 47) ’ —22,10,—16 n 3.24 0.001: g;z;tgy}: ECZZ:;.ZZ[ e:;z;f;&j;memdwn
Precuneus (BA 19 26, —78,35 4 3.19 0.001 .
Precentral gyrus (BA 6) —4,—5,4 13 3.10 oo ANOVA of the main effect of DRD, geno-
Precentral gyrus (BA 4) 59, —19,42 4 3.08 00 type revealed that GT subjects had statisti-
Thalamus, medial dorsal nucleus 4,-21,8 5 3.00 o001 callysignificant greater activity than GG in
Caudate body 19, —9,24 4 2.88 0.002° the left putamen and right inferior frontal
Caudate tail 26, —30, —17 3 3N 0.001°  gyrus (Table 4). The inverse contrast did
Inferior frontal gyrus (BA 45) 49,19,9 5 2.84 0.002 not reveal any significant difference.
Inferior frontal gyrus (BA 13) 30,14,—10 8 2.76 0.003"  ANOVA of the main effect of DAT geno-

“Uncorrected; °FDR-corrected.

A

type revealed that carriers of the 9-repeat
genotype had statistically significant
greater activity than 10/10-repeat subjects
bilaterally in the caudate, and in right in-
ferior and middle frontal gyri as well as in
left middle frontal gyrus (Table 4). The in-
verse contrast did not reveal any statisti-
cally significant difference. ANOVA also
revealed several locales with a statistically
significant interaction between the two ge-
notypes bilaterally in the caudate and in
right middle frontal gyrus. Analysis of the
BOLD signal change in the left head of the
caudate revealed an interaction (Fig. 3A,B)
(Fi1,103) = 6.1, p = 0.01; post hoc with Fisher
LSD: GT 9-carrier repeat>GT 10/10 repeat
p = 0.004; GG 10/10 repeat vs GG 9-carrier
repeat p = 0.5). Analysis of the BOLD signal
change in middle frontal gyrus revealed an-
other interaction (Fig. 3C,D) (F; 103 = 4.3,

%
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Figure 3. A, Coronal MRI section through the caudate nuclei indicating locales with DRD,-DAT genotype interaction on BOLD

response during encoding of recognition memory (image thresholded at p << 0.005, uncorrected); B, mean = SE of BOLD
response of the interaction between DRD, and DAT genotypes. C, Three-dimensional rendering indicating the interaction between
DRD,-DAT genotypes on cortical activity during encoding of recognition memory; D, mean = SE of BOLD response of the inter-
action between DRD,-DAT genotype in right middle frontal gyrus activity during encoding of recognition memory.

ship between compound genotype and BOLD signal in right and
left head of the caudate (respectively, R* = 0.09, F = 7.46, p =
0.0008; R* = 0.09, F = 6.99, p = 0.001) (Fig. 2 A). Similarly, in the
left middle frontal gyrus subjects with 9-carrier repeat genotype
had greater activity based on GT DRD, genotype (Fig. 1C,D)
F 137y = 7.3, p = 0.007; post hoc: GT 9-carrier repeat>GT 10/10
repeat p = 0.005; GG 10/10 repeat>>GG 9-carrier repeat p = 0.5).
A polynomial regression also revealed a nonlinear relationship

p = 0.03; post hoc: GT 9-carrier repeat>GT
10/10repeat p = 0.03; GG 10/10 repeat vs GG
9-carrier repeat p = 0.7).

A polynomial regression also revealed a
nonlinear relationship between com-
pound genotype and BOLD signal in the
head of the caudate and in middle frontal
gyrus (respectively, R* = 0.072, F = 4.05,
p =0.02, R* = 0.048, F = 2.6, p = 0.07)
(Fig. 4A,B).

Voxel-based morphometry

ANOVA demonstrated a significant effect of DRD, genotype on
caudate gray matter volume. GG subjects had greater gray matter
volume in right caudate compared with GT subjects (x 11,y 1, z
17,k =377, Z = 2.84, p = 0.04). No statistically significant main
effect of DAT genotype was found. However, ANOVA demon-
strated a statistically significant interaction between DRD, and



1230 - J. Neurosci., January 28, 2009 - 29(4):1224-1234

A

08
08
04

5

0.0

BOLD response in caudate (x -8,y 8, z 15)
Arbitrary Units

02

04
S-repeat carrier - GG 10/10 repeat - GG
9-ropoat carrior - GT 10/10 ropeat - GT
DAT- DRD2 genotype

B 08

. 08

3

N

o

-

> 04

g.

23

02

a3 02 \

&2 \
£2

g A
H g X
g I
g

02

S-ropoat carrior - GG
S-ropeat carrior - GT

DAT- DRD2 genotype

10/10 repeat - GG
10/10 repoat - GT

Figure4. A, B,Mean = SEof BOLD response in caudate () and in middle frontal gyrus (PFC; B)
during encoding of recognition memory in compound genotype groups ordered from putative less
dopamine reuptake (DAT 9-carriers have less DAT expression) and release (DRD, GG subjects have
greater presynaptic D, mRNA) to greater reuptake and release (DAT 7010 repeat DRD, GT subjects).
The relationship between compound genotype and BOLD response is nonlinear.

DAT genotypes in the left and right caudate (respectively, x —18,
y5,219,k =567,Z=3.1,p = 0.01;x12,9,z 14,k =37, Z =
2.63, p = 0.06) (Fig. 5A, B). Extraction of gray matter content
from the left caudate cluster confirmed the interaction (F, g,) =
16.2, p = 0.0001; post hoc with Fisher LSD: GT 9-carrier
repeat>GT 10/10 repeat, p = 0.001; GG 10/10 repeat>GG
9-carrier repeat, p = 0.01). Polynomial regression also revealed a
nonlinear relationship between compound genotype and gray
matter in the caudate (respectively, R*> = 0.18, F = 9.46, p =
0.0001) (Fig. 5C).

Direct interaction between dopamine D, receptors and DAT
proteins 1n Vivo

Previous data indicate that reduction of D, receptors or DAT
strongly influence neuronal activity as well as the presence of an
interaction between the different genotypes. Importantly, a direct
protein-protein interaction between DAT and D, has been re-
cently demonstrated. This interaction promotes the recruitment
of DAT to the plasma membrane and regulates DAT function in
transfected cells as well as in primary culture of rat midbrain
neurons (Lee et al., 2007). Disruption of DAT/D, interaction has
been postulated to decrease dopamine uptake (Lee et al., 2007).
We thus assessed whether these two proteins might physically
interact in vivo. To do this we used newly generated anti-D, re-
ceptor antibodies (Doi et al., 2006; Tirotta et al., 2008) to perform
immunoprecipitation analyses from striatal mouse extracts. As
control of our experiments, we used D, receptor knock-out stri-
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atal extracts. Importantly, we found that D, receptors interact
with DAT in vivo (Fig. 6A). Indeed, using either DAT antibodies
(IP DAT) (Fig. 6A) or D, receptor antibodies (IP D,) (Fig. 6 B),
we were able to respectively immunoprecipitate either D, (Fig.
6A) or DAT (Fig. 6B) from striatal extracts of wild-type (WT)
animals. This interaction is abolished in the brain of knock-out
animals (D2R ~/7) in which immunoprecipitation analyses, us-
ing either the D, or DAT specific antibodies, did not detect the
presence of a band, as expected (Fig. 6), further confirming the
specificity of the antibodies.

Discussion

Consistent with earlier functional imaging studies, with the
known distribution of dopamine projections and of D2S and
DAT in the synapse, our results suggest a robust interaction be-
tween DRD, rs1076560 genotype and the 3° VNTR polymor-
phism of the DAT. More specifically, DRD, and DAT genotypes
have independent effects on activity of brain areas involved in the
working memory network with DRD, heterozygotes and DAT
9-repeat carriers having greater activity. Moreover, these two ge-
notypes interact in modulating response of the cortical and sub-
cortical working memory network, including the striatum and
the dorsolateral prefrontal cortex. The data obtained strongly
suggest that the effect of DAT alleles is especially manifest in the
context of DRD, GT genotype. Also, these two genotypes identify
similar main effects and interactions in the striatum and dorso-
lateral prefrontal cortex during encoding of recognition memory,
providing replication of the effects in the context of another cog-
nitive paradigm. Consistent with earlier literature, these interac-
tions identify nonlinear relationships between putative dopa-
mine levels and brain activity. As a further demonstration of the
functional effects of these polymorphisms, these two genotypes
also interacted in determining gray matter volume of the caudate.
Once again, the effect of DAT is mostly evident in the context of
DRD, GT genotype. Moreover, to strengthen these results in hu-
mans and the in vitro earlier results of a physical D,-DAT inter-
action, we also demonstrate that these two proteins indeed inter-
act in vivo as indicated by the immunoprecipitation analyses from
striatal mouse extracts providing a possible molecular mecha-
nism of the effects in humans.

The present results are consistent with earlier studies from our
group and others indicating that DRD, and DAT 3" VNTR geno-
types have independent effects on activity of the striatum and of
the prefrontal cortex during different cognitive challenges
(Smolka et al., 2005; Bertolino et al., 2006a, 2008b; Yacubian et
al., 2007; Zhang et al., 2007). DRD, rs1076590 heterozygotes and
DAT 9-repeat carriers have greater activity in these brain areas
compared with the other genotypes. Moreover, this is the first
study addressing the interaction between these two genotypes on
in vivo measures of brain activity. The molecular mechanisms
responsible for the effects we have measured in vivo with BOLD
fMRI in striatum and in prefrontal cortex may be several. D,
receptors are abundantly expressed in the striatum, where the
D2S isoform is mostly presynaptic and inhibits dopamine release.
Thus, DRD, GT genotype associated with less D2S may increase
dopamine levels in the striatum thus increasing its activity. DATs
in the striatum are also found presynaptically and are responsible
for dopamine reuptake. Similar to DRD,, the effect of DAT
9-carrier genotype may be associated with less dopamine re-
uptake, greater dopamine levels and, eventually, greater striatal
activity. As for the interaction between the two genes, recent
evidence has clearly demonstrated that D, receptors and DATSs
are often coupled in presynaptic terminals and they reciprocally
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Figure 6. Immunoprecipitation experiments show D2R-DAT interaction in vivo. Striatal

membranes were prepared from WT and D2R '~ mice. Proteins (500 j1g) were used for
immunoprecipitation experiments using either DAT or D2R specific antibodies. 4, Samples were
immunoprecipitated with anti-DAT and reveled with anti-D2R antibodies (first 2 lanes). Note
the presence of immunoprecipitated D2R only in WT striata but not from D2R ~/~ striatal
membranes; €, control experiments were performed using normal IgG rabbit. Western blots
(WB) were performed using 50 jug striatal membranes showing the presence of D2R only in WT
extracts. B, Same as in 4, but proteins were precipitated with anti-D2R antibody and revealed
with anti-DAT antibody; €, control experiments were performed using normal IgG mouse. Note
that DAT was precipitated only from WT extracts. Western blots, as in 4, were revealed using
anti-DAT antibody showing presence of DAT in WT and D2R ~/~ extracts. Actin was used as
internal control of loaded quantities of striatal extractsin A and B.
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A, Sagittal and coronal MRI sections through the caudate nuclei indicating locales with DRD,-DAT genotype interac-
tion on gray matter content (image thresholded at p << 0.005, uncorrected); B, mean = SE of gray matter content of the
interaction between DRD, and DAT genotypes; €, mean % SE of gray matter content in caudate in compound genotype groups
ordered from putative less dopamine reuptake (DAT 9-carriers have less DAT expression) and release (DRD, GG subjects have
greater presynaptic D, mRNA) to greater reuptake and release (DAT 1010 repeat DRD, GT subjects). The relationship between
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regulate each other. Therefore, the interac-
tion we demonstrate in the striatum can be
easily understood in that the DRD, GT ge-
notype is associated with reduced expres-
sion of presynaptic D, receptors which
might induce less presynaptic inhibition
and greater release of dopamine. Similarly,
the 9-repeat allele of the DAT, associated
with lower expression of DATS, very likely
induces diminished reuptake of dopamine
and thereby greater striatal activity. Our
data further suggest that the effect of DRD,
GT genotype might be compensated by the
10-repeat allele of the DAT, or, conversely,
that the effect of DRD, GG genotype is
compensatory of the 9-repeat allele of the
DAT. These results are also consistent with
the VBM data in striatum suggesting an
interaction of these two genes on gray mat-
ter volume. This effect can be explained by
the known trophic action of dopamine on
neurons and synapses (Nieoullon, 2002).

Interestingly, a physical interaction be-
tween DAT and D, has been reported and
the responsible regions have been identi-
fied in in vitro studies (Lee et al., 2007).
These findings are nicely complemented
by our immunoprecipitation results which
provide in vivo evidence that, in the mouse brain, D, receptors
interact with DAT as demonstrated by the reciprocal ability of D,
and DAT antibodies to immunoprecipitate either DAT or D,,
respectively in WT striatal extracts. The specificity of this inter-
action is indicated by the total absence of DAT or D, in immu-
noprecipitates from D, receptor knock-out mice. Disruption of
this interaction has been postulated to decrease dopamine uptake
(Lee et al., 2007). Thus, absence or reduction of D, might pre-
vent/impair the formation of this complex, leading to aberrant
DA release and reuptake. In agreement with this contention,
blockade of DAT activity by cocaine stimulates an outstanding
elevation of the extracellular dopamine levels, in the striatum of
D2R /" mice, which is well above that evoked in WT mice
(Rouge-Pont et al., 2002).

Explanation of the interaction of these two genetic variants in
prefrontal cortex may be more complex. D, receptors in prefron-
tal cortex are also found presynaptically on dopamine terminals
(Pickel et al., 2002) modulating dopamine release and D2S seem
to be expressed relatively more abundantly in prefrontal cortex
(Zhang et al., 2007). In the cortex, DATSs tend to be found on
nonvaricose axon segments of small diameter which make sym-
metric synapses with GABA neurons (Sesack et al., 1998; Lewis et
al., 2001), with a distribution similar to that of some D, receptors
(Haber et al., 1995; Pickel et al., 2002; Negyessy and Goldman-
Rakic, 2005). Thus, both D, receptors and DATs may act through
GABA neurons to indirectly modulate prefrontal pyramidal neu-
ron firing (Goldman-Rakic, 1996). An alternative explanation of
this interaction in prefrontal cortex is that the cortico-striato-
thalamic-cortical is critical for cognition and memory (Alex-
ander et al., 1986). An important modulator of this circuit is
dopamine. Specifically, greater release of dopamine in the stria-
tum increases activity of the whole network (Tisch et al., 2004).
Thus, it is possible that the effect of DRD, and DAT genotypes as
well as their interaction might be associated with modulation of
dopamine release in the striatum which would increase activity in
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the whole cortico-striato-thalamic-cortical circuit (Tisch et al.,
2004).

Like in earlier studies in healthy humans which used other
genes to study dopamine signaling (Yacubian et al., 2007; Berto-
lino et al., 2008Db), in the present study the interaction between
DRD, and DAT genotypes identifies nonlinear relationships of
dopamine signaling with neuronal activity in the caudate and in
prefrontal cortex during working memory. This interaction be-
tween the two genes is consistent with a large series of experi-
ments suggesting a nonlinear inverted-U shaped relationship be-
tween prefrontal dopamine levels and prefrontal neuronal
activity (Williams and Castner, 2006; Vijayraghavan et al., 2007).
Our data are consistent with these earlier studies investigating
dopamine modulation of prefrontal neuronal activity. Moreover,
together with previous studies (Yacubian et al., 2007; Bertolino et
al., 2008D), the present results suggest that dopamine modulation
of neuronal activity may follow a nonlinear dose—response curve
also in other brain areas, including the striatum. Our data also
extend earlier studies suggesting that this nonlinear inverted-U
relationship is not exclusively determined by D, receptor signal-
ing but also includes D, receptors and DATs. In this regard, we
note that the profile of the curve may change if changing the order
of compound genotypes on the y-axis. However, we had prese-
lected the genotype order to reflect the hypothesis that genotypes
putatively associated with intermediate levels of dopamine (those
in which the effect of DRD, would be compensated by the DAT
effect or vice versa) would be more efficient (less BOLD activity
for a given level of behavioral performance). This hypothesis is
consistent with several other studies in the literature [for review,
see Seamans and Yang (2004); Williams and Castner (2006)] in-
dicating that too much or too little dopamine activity is detri-
mental for memory and it is associated with reduced efficiency.

Some potential limitations of the present data have to be dis-
cussed. The working memory and VBM samples were not
matched for gender, and we covaried the relative analyses for this
variable to control for the possibility that gender modulates the
interaction between genotypes on brain activity or gray matter
volume. Therefore, we cannot fully discount the possibility of a
gender effect on the variables we have measured. However, this
was not the main purpose of our study and exploring a three-way
interaction would have probably required an even larger number
of subjects to achieve sufficient statistical power.

Some of the imaging findings are lateralized. One reason for
these results may be the nature of cognitive requests of task par-
adigms. For example, in several of our earlier papers with the
N-back paradigm findings were either lateralized or they were
statistically more robust in left DLPFC (Bertolino et al., 2004;
2006a,b; 2008a). Therefore, a likely reason for lateralization in
DLPFC is the verbal versus nonverbal nature of the two memory
tasks.

Another limitation of the present study is that we have not
measured dopamine receptors and transporters directly in hu-
mans. Therefore, the effects demonstrated with BOLD fMRI are
not necessarily related to dopamine levels or release. Our results
might be related to plasticity mechanisms associated with differ-
ent molecular pathways present at the same time but not neces-
sarily related to these two genotypes. However, the immunopre-
cipitation results in the animal experiments at the very least
suggest that these interactions are possible in vivo.

In conclusion, the data of the present study suggest a
dopamine-related mechanism modulating activity of the
prefronto-striatal network during memory performance. This
genetically modulated mechanism may be important to deter-

Bertolino et al. @ Genetically Determined D, and DAT Interactions In Vivo

mine brain phenotypes found in several disorders implicating
dopamine dysregulation of prefronto-striatal networks, includ-
ing schizophrenia, drug abuse, and Parkinson’s disease.
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