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Supplementary Table 1. Primers used for validation of the RNAseq data by qPCR.

Gene FW/RV + gene location Sequence (5’ to 3’)
ABCA1 FW3607-3626 TCCTTGGGGACAGAATTGCC
RV3801-3779 TCTGAGAAACACTGTCCTCCTTT
ACTB FW1055-1079 AAGATCAAGATCATTGCTCCTCCTG
RV1228-1209 CGCAGCTCAGTAACAGTCCG
ARC FW1086-1105 ACCACTCGACCAGTTCCTCT
RV1267-1248 CCTGCACTTCCATACCCCTC
ATF1 FW724-745 TGGTTGTACAGACTGCATCAGG
RV821-802 AGGAGAAGTCATCACCACGG
ATP5J2 FW224-244 CATCAACGTTCGGAAAGGCAG
RV382-363 TTATGCTCGGCCATGCAATG
COX6B1 FW223-242 CCGCTGTGAGAAGGCAATGA
RV325-307 GGCTGAGACCCATGACACG
CREB1 FW728-748 ACATTGCCATTACCCAGGGAG
RV921-901 TGAGGCAGCTTGAACAACAAC
CRYM FW793-812 GGTGCTGTATGTGGACTCCC
RV953-934 CCACTGCCATCCCCAAAGAT
DRD2 FW891-909 ACAGGCGGAGAATGGATGC
RV1045-1026 GCTATGTAGACCGTGGTGGG
DTNBP1 FW603-625 AAAGTAAGAGGAAGGAGCTTGAA
RV723-704 TCGAAGAACTTCTGCCGCTC
EGR1 FW570-590 CCTGACCACAGAGTCCTTTTC
RV684-665 GAAGCGGCCAGTATAGGTGA
EGR2 FW512-531 GTGGCGGGAGATGGCATGAT
RV660-640 GGGTACTGTGGGTCAATGGAG
EGR4 FW271-289 TCCTGGAGGCGACTTCTTG
RV457-437 AGACATGAGGTTGAAGAGGGC
EPHA6 FW727-747 AAATGGGTGGGATGCCATTAC
RV855-836 GCAGCATCACGAGAGATCCA
EPOR FW717-736 GGACACAAAGGGTGGAGGTC
RV842-823 TCCAGAATCCGCTGAAGCTC
ETS1 FW901-920 ACTGTGTGCCCTGGGTAAAG
RV1083-1064 TGCTCGATACCGTAGCTGAT
FCER1G FW434-454 CTCTGTGCTTTGAAGGTTGGC
RV601-582 GAGTCGAGGATCAGGGAAGG
FOS FW624-644 CAGATACACTCCAAGCGGAGA
RV779-760 CTGGGAAGCCAAGGTCATCG
FOSL2 FW456-475 CCTATCCACGCTCACATCCC
RV593-571 GAGACAGCTGCTCATCTCTCCTT
GFAP FW808-827 TGGCCACCAGTAACATGCAA
RV995-976 CTCTAGGGACTCGTTCGTGC
IGF2 FW903-922 CAAACGTCATCGTCCCCTGA
RV1074-1055 TGTGGGACGTGATGGAACTG
LDLR FW2591-2610 CCTATTGCACTGGTTGCCCT
RV2737-2718 ATCCTGGCTTCGGCAAATGT
LMX1A FW1199-1218 CCCTATGGTGCTGAACCTCT
RV1326-1306 TCAATGGGGTTTCCCACTCTG
LMX1B FW810-829 GGGCCAAGAGGTTCTGTCAA
RV972-953 GGAGTCGTTCCCTGGCATTT
LRRK2 FW591-611 CCAAAAACTGGGATGCAAAGC
RV778-759 CATTGCTGCATGTAACCGCC
NCAM2 FW1849-1868 AGTACGCTCCCATGGAGTTC
RV2043-2024 AAACTCTTGCCACTGCTTGG
NDUFA4 FW204-224 AGATGTCAGCTGGGACAGAAA
RV388-369 GTGCGGATGGCTTCTGAAAG
NLE1 FW1074-1093 CTCTGGCTCAGACGACTTCA
RV1265-1247 GAAGCTAGGTACTTGCCCG
NR4A1 FW1590-1609 AACATCCTGGCCTTCTCACG
RV1691-1673 GAGCCCGTGTCGATCAGTG




NR4A2 FW1213-1232 TCCCTCCAATGAGGGTCTGT
RV1319-1300 GCACCGTGCGCTTAAAGAAA
NR4A3 FW1322-1341 TTCTGACGGCCTCCATTGAC
RV1471-1451 CAGCAGTGTTTGACCTGATGG
PITRM1 FW2536-2555 AATTGGTGACAGACCCCACC
RV2652-2633 GGTCTGGATCAGCATACGGG
PITX3 FW452-470 CGTGCGGGTGTGGTTCAAG
RV580-561 TACACCTCCTCGTAGGGTGG
PRKCE FW2292-2311 TGTTCCAGATTCAGCGGTCC
RV2407-2385 CAAATCCCTGTAGATCACTCCGT
PTGS2 FW1363-1382 TGGGGGAAGAAATGTGCCAA
RV1523-1502 CAGCCATTTCCTTCTCTCCTGT
RPL11 FW351-371 ACACATTGACCTGGGCATCAA
RV492-473 GCTGATTCTGTGTTTGGCCC
RPL41 FW245-263 CTGTGTGCTGCCATCGGTA
RV350-330 GCAGAGGGACTGTTTTGGTTG
SEMAS3F FW1002-1021 CATCTGCCTCAACGATGACG
RV1200-1179 AGAGCCTGAAGAGGTAAAGACA
SEMASB FW2240-2259 GGGAGGAGCGGTTCTGTAAT
RV2411-2392 CAGGTCTTGAACTCCACGCC
SERPING1 | FW1121-1140 TTGAAGGCCAAGGTGGGACA
RV1299-1280 GGCATCGTCAGGTAAGTGGG
SLC17A7 FW1251-1270 CTTTTTGCGCAGTCGTCACA
RV1433-1413 ACGTTAAACCCAGAGATGGCA
SLC18A2 FW1544-1474 GGGGTATGCTATCGGTCCCT
RV1633-1614 TAATGGGGCAGTTGTGGTCC
SLC46A1 FW1151-1171 GTTCACAGGGTACGGATTGCT
RV1333-1314 TTCAGAGTGGCCGGGTAGAT
SLC6A3 FW1835-1854 GGCTGGATCATTGCCACATC
RV2003-1985 AATGGCGCAGCGTGAATTG
SYN2 FW945-964 CACCGAGAGATGCTTACGCT
RV1084-1065 TAAGTTTGGGTGAGGGCCAC
TH FW964-983 CACCTATGCACTCACCCGAG
RV1121-1102 CCAGTACACCGTGGAGAGTT
VAMPS8 FW342-362 TTGGAAGCCACGTCTGAACAC
RV525-505 GAGGAGTAGGGTGGGATGGAA
YWHAZ FW1176-1197 GCAAAAACAGCTTTCGATGAAG

RV1345-1326

GCCGGTTAATTTTCCCCTCC




Supplementary Table 2. Enrichment analysis of MPTP-mediated mRNAs that are regulated in the opposite direction by exercise in the MPTP model (see also Supplementary Figure 5). Shown are the
results of the analyses in the SN (68 genes), VTA (189 genes), DL (27 genes), VM (27 genes), PFC (111 genes) and PPN (28 genes). The top 10 upstream regulators, top 5 canonical pathways and top 5
annotations of the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are displayed, as well as their respective z-score, p-value and number of genes involved (#). The z-scores are
based on the effect of exercise in the MPTP-treated mice (MPTP + physical exercise vs. MPTP), which means that they are in the opposite direction due to MPTP alone (MPTP vs. Control). All p-values are
calculated using the Fisher’s Exact Test, and the p-values for the canonical pathways and the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are corrected for multiple testing
using the Benjamini-Hochberg correction. For the category ‘Molecular and Cellular Functions’, only the annotations with a significant z-score (i.e. <-2 (in red) or >2 (in green)) are shown. Annotations with
only 1 (target) gene were discarded.

(1) Upstream Regulators

SN VTA DL

Upstream Regulator z-score p-value # Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #

NR3C1 0.055 | 4.22E-04 8 | Inosine -2.433 1.96E-06 6 | Dalfampridine 2.000 | 3.48E-08 4

HOXA11 - 5.61E-04 2 | KDM5A 2.828 5.42E-06 8 | Bicuculline 1.941 7.92E-08 4

HMGA1 - 6.70E-04 4 | RICTOR 3.162 2.60E-05 10 | MECP2 - 6.75E-06 4

NRG2 - Dexamethasone phosphate 2-amino-5-phosphonovaleric

7.52E-04 3 -1.000 | 2.65E-05 4 | acid -1.960 1.45E-05 4

PTPN11 - 8.21E-04 3 | Mtl 1.65E-04 3 | Tacedinaline - 1.61E-05 2

Plerixafor - 1.35E-03 2 | MYC -2.540 1.81E-04 19 | MAPK1 0.200 | 2.63E-05 5

GLI1 -1.000 2.15E-03 4 | E. coli B4 lipopolysaccharide -2.343 2.17E-04 9 | Caffeine - 4.41E-05 3

TFAP2A - 2.25E-03 3 | STATA -2.630 | 2.22E-04 8 | pCPT-cAMP - 4.83E-05 2

Beta-estradiol 0.841 2.65E-03 12 | Interferon beta-1a - 2.86E-04 6 | Atorvastatin 0.849 5.66E-05 4

Propylthiouracil - 2.98E-03 3 | ZFHX3 - 4.32E-04 5 | HNRNPAB - 7.07E-05 2

(2) Canonical Pathways

SN VTA DL

Canonical pathway z-score p-value # Canonical pathway z-score p-value # Canonical pathway z-score p-value #

- - Nur77 Signaling in T lymphocytes - 4.80E-02
Calcium-induced T lymphocyte - 4.80E-02
apoptosis

(3) Diseases and Disorders

SN VTA DL

Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #

Tumorigenesis of tissue - 3.58E-02 60 | Severity of renal lesion - 4.33E-02 2 | Unstable hemoglobin disease - 5.09E-04 2

Cancer 0.371 3.58E-02 62 | Complement component Clq - 4.33E-02 2 | Epileptic seizure - 5.93E-04 5

deficiency

Epithelial cancer - 3.58E-02 59 | Degeneration of renal tubule - 4.33E-02 2 | Inflammation of organ -0.847 1.72E-02 8

Abdominal cancer - 3.58E-02 58 | Formation of renal-cell - 4.33E-02 2 | Vasculitis - 3.14E-02 2

carcinoma

Malignant solid tumor -1.000 | 3.58E-02 61 | Nephromegaly - 4.33E-02 2 | Movement disorders - 4.27E-02 6

(4) Molecular and Cellular Functions

SN VTA DL
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
- Adhesion of endothelial cells -2.049 4.33E-02 8 | Differentiation of cells 2.299 3.20E-02 8
Quantity of heavy metal 2.191 1.32E-03 5
Inflammation of body region 2.091 1.20E-02 19
Expression of RNA -2.277 4.10E-02 32




Supplementary Table 2. Enrichment analysis of MPTP-mediated mRNAs that are regulated in the opposite direction by exercise in the MPTP model. (continued)

(1) Upstream Regulators

VM PFC PPN
Upstream Regulator z-score p-value Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #
Trichostatin A -0.458 2.46E-05 6 | Dalfampridine 2.828 1.21E-12 8 | Alpha-amanitin - 9.74E-05 2
Actin - 8.35E-05 2 | Bicuculline 2.774 | 6.87E-12 8 | CBX2 - 9.74E-05 2
Brd4 - 9.74E-05 2 | GNB2 - 6.40E-07 5 | POMC - 1.33E-04 3
L-dopa 1.432 6.17E-04 5 | GNB1 - 8.40E-07 5 | Propylthiouracil - 1.84E-04 3
PSEN1 - 6.51E-04 4 | CREB1 2.591 9.44E-07 13 | ASAH1 - 3.72E-04 2
MBTD1 - 7.40E-04 2 | RNF20 - 1.11E-06 4 | KMT2D - 8.07E-04 3
APLN - 9.93E-04 2 | tacedinaline - 1.73E-06 3 | CRH - 1.90E-03 2
GLI1 - 1.19€-03 3 | morphine 0.629 2.58E-06 7 | 25-hydroxycholesterol - 1.96E-03 2
ARNT2 - 1.31E-03 3 | atorvastatin 2.019 3.52E-06 8 | GnRH-A - 2.63E-03 2
BRD2 - 1.33E-03 2 | 2-amino-5-phosphonovaleric -1.942 3.61E-06 7 | 5-N-ethylcarboxamido adenosine - 5.51E-03 2

acid

(2) Canonical Pathways

VM PFC PPN
Canonical pathway z-score p-value Canonical pathway z-score p-value # Canonical pathway z-score p-value #
(3) Diseases and Disorders

vm PFC PPN
Annotation z-score p-value Annotation z-score p-value # Annotation z-score p-value #
Toxic epidermal necrolysis - 1.62E-02 2 | Gastrointestinal - 4.57E-06 69 | Aggregation of T lymphocytes - 1.67E-02 2

adenocarcinoma

Lichen planus - 1.62E-02 3 | Abdominal carcinoma - 4.57E-06 81 | Epithelial cancer - 1.67E-02 23
Stevens-Johnson syndrome - 1.62E-02 2 | Epilepsy - 4.57E-06 14 | Erythrocytosis - 1.96E-02 2
Transverse myelitis - 1.62E-02 2 | Seizures 0.664 1.06E-05 15 | Abdominal cancer - 2.07E-02 22
Malaria - 2.17E-02 2 | Seizure disorder 0.744 2.43E-05 16 | Digestive system cancer - 2.56E-02 21
(4) Molecular and Cellular Functions

vm PFC PPN
Annotation z-score p-value Annotation z-score p-value # Annotation z-score p-value #




Supplementary Table 3. Enrichment analysis of mRNAs differentially expressed in the SN. Ingenuity annotations of genes differentially expressed by running alone (CNR vs. CR; 514 genes), MPTP alone
(CNR vs. MNR; 482 genes) and by running in MPTP-treated mice (MNR vs. MR; 540 genes). The top 10 upstream regulators, top 5 canonical pathways and top 5 annotations of the categories ‘Diseases
and disorders’ and ‘Molecular and Cellular Functions’ are displayed, as well as their respective z-score, p-value and number of genes involved (#). All p-values are calculated using the Fisher’s Exact Test,
and the p-values for the canonical pathways and the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are corrected for multiple testing using the Benjamini-Hochberg correction.
For the category ‘Molecular and Cellular Functions’, only the annotations with a significant z-score (i.e. <-2 (in red) or >2 (in green)) are shown. Annotations with only 1 (target) gene were discarded.

(1) Upstream Regulators

Physical exercise vs. Control

MPTP vs. Control

MPTP + Physical exercise vs. MPTP

Upstream Regulator z-score p-value # Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #
CREB1 1.922 | 3.44E-19 49 | CREB1 2.325 1.58E-14 42 | L-dopa -0.669 2.20E-07 36
HTT -0.138 6.80E-17 53 | HTT 1.618 | 2.75E-12 45 | HNF4A -1.320 | 4.09E-06 56
Beta-estradiol -0.310 | 9.94E-15 85 | L-dopa -0.903 2.91E-12 44 | TP53 -2.340 | 5.70E-06 74
L-dopa -1.778 2.23E-14 48 | BDNF -2.313 1.06E-09 25 | R5020 -2.397 | 8.98E-06 9
BDNF -2.747 1.97E-12 29 | ATN1 - 1.16E-09 17 | ARHGDIG 0.447 3.09E-05 5
Dopamine -0.033 2.20E-11 17 | HDAC4 - 4.12E-08 14 | Benzene 0.453 3.28E-05 8
Forskolin -1.524 1.09E-10 41 | FGF2 -0.194 8.65E-08 24 | PEBP4 - 3.91E-05 3
Nicotine 1.300 1.11E-10 21 | NR3C1 -1.329 9.38E-08 35 | EIF4E -2.863 | 4.29E-05 12
FGF2 -1.038 3.49E-10 28 | Okadaic acid 0.067 1.28E-07 12 | ACVRL1 - 5.47E-05 6
EGR1 0.724 1.48E-09 19 | Cocaine -0.443 6.80E-07 15 | Bardoxolone 0.059 7.83E-05 8
(2) Canonical Pathways
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Canonical pathway z-score p-value # Canonical pathway z-score p-value # Canonical pathway z-score p-value #
Dopamine receptor signaling 1.000 9.84E-04 11 | Neuropathic pain signaling in -2.714 2.87E-03 11 | -
dorsalhorn neurons
VDR/RXR activation - 9.84E-04 10 | Cholecystokinin/gastrin- -2.530 9.97E-03 10
mediated signaling
Neuropathic pain signaling in -1.508 1.31E-03 11 | Fcy receptor-mediated -1.667 1.34E-02 9
dorsalhorn neurons phagocytosis in macrophages
and monocytes
Axonal guidance signaling - 5.16E-03 23 | UVC-induced MAPK signaling -2.449 | 1.34E-02 6
Serotonin signaling - 8.63E-03 7 | VDR/RXR activation - 1.34E-02 8
(3) Diseases and Disorders
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Movement disorders -1.827 4.11E-15 88 | Seizures 2.661 1.58E-10 41 | Abdominal cancer 0.349 1.91E-03 395
Dyskinesia -1.961 2.45E-13 60 | Movement disorders -0.599 1.06E-09 74 | Cancer 0.794 1.96E-03 429
Neurological signs -1.029 | 2.45E-13 62 | Neurological signs -0.600 1.06E-09 54 | Abdominal neoplasm 0.593 2.18E-03 396
Disorder of basal ganglia -2.621 1.64E-11 65 | Dyskinesia - 1.06E-09 52 | Tumorigenesis 1.283 2.18E-03 406
Huntington's disease - 1.47E-10 52 | Huntington's disease - 1.86E-09 49 | Epithelial cancer 1.141 2.28E-03 399
(4) Molecular and Cellular Functions
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Neurotransmission -2.398 | 4.11E-15 51 | Learning -3.135 1.06E-09 41 | -
Cognition -2.156 | 1.14E-12 49 | Cognition -3.183 1.20E-09 43
Development of neurons -2.001 | 8.80E-12 65 | Development of neurons -2.474 1.91E-07 54
Learning -2.159 | 9.41E-12 45 | Synaptic depression -2.193 8.46E-07 18
Disorder of basal ganglia -2.621 1.64E-11 65 | Memory -2.804 1.49E-06 26




Supplementary Table 4. Enrichment analysis of mRNAs differentially expressed in the VTA. Ingenuity annotations of genes differentially expressed by running alone (CNR vs. CR; 1113 genes), MPTP
alone (CNR vs. MNR; 1083 genes) and by running in MPTP-treated mice (MNR vs. MR; 741 genes). The top 10 upstream regulators, top 5 canonical pathways and top 5 annotations of the categories
‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are displayed, as well as their respective z-score, p-value and number of genes involved (#). All p-values are calculated using the Fisher’s
Exact Test, and the p-values for the canonical pathways and the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are corrected for multiple testing by the Benjamini-Hochberg
correction. For the category ‘Molecular and Cellular Functions’, only the annotations with a significant z-score (i.e. <-2 (in red) or >2 (in green)) are shown. Annotations with only 1 (target) gene were

discarded.

(1) Upstream Regulators

Physical exercise vs. Control

MPTP vs. Control

MPTP + Physical exercise vs. MPTP

Upstream Regulator z-score p-value # Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #
CREB1 1.731 6.71E-15 66 | CREB1 2414 | A4.16E-14 65 | RICTOR 8.429 | 9.76E-53 75
HTT -0.218 1.98E-12 73 | MYCN 2.011 6.24E-12 38 | ST1926 5.568 | 6.31E-17 | 120
ATN1 - 2.57E-12 28 | L-dopa -0.667 1.26E-11 70 | KDM5A 5.099 6.75E-15 31
RICTOR -3.479 | 5.41E-11 38 | HTT 0.560 2.69E-11 71 | HNF4A -1.134 | 2.57E-14 31
Dopamine 1.365 2.22E-09 21 | RICTOR -5.088 | 7.94E-11 38 | CD 437 5.204 | 4.93E-14 28
MYCN 2.397 1.61E-08 32 | ATN1 - 6.43E-10 25 | MYCN -3.838 1.09E-11 52
APP 1.336 2.54E-08 72 | VHL -0.181 6.46E-10 24 | 5-fluorouracil 4.811 1.10E-10 19
SOD1 - 2.94E-08 27 | HNF4A 1.708 2.35E-09 | 143 | HTT 1 7.77E-10 37
L-dopa -0.791 1.66E-07 59 | Tretinoin 2.455 1.32E-07 103 | interferon beta-1a 2.58E-09 12
EN1 -1.461 3.57E-07 7 | HMGA1 -0.469 3.16E-07 22 | sirolimus 4.980 6.00E-09 31
(2) Canonical Pathways

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Canonical pathway z-score p-value # Canonical pathway z-score p-value # Canonical pathway z-score p-value #
EIF2 signaling 0.832 1.30E-07 31 | mTOR signaling - 9.34E-05 27 | Oxidative phosphorylation - 4.54E-26 38
mTOR signaling - 1.25E-04 26 | EIF2 signaling 3.464 9.34E-05 26 | Mitochondrial dysfunction - 2.07E-21 41
Dopamine receptor signaling - 1.92E-03 15 | Regulation of elF4 and p70S6K - 2.37E-02 18 | EIF2 signaling - 5.83E-18 38

signaling

Regulation of elF4 and p70S6K - 4.48E-03 19 | Oxidative phosphorylation - 3.56E-02 15 | Regulation of elF4 and p70S6K - 1.09E-02 15
Signaling signaling
Mitochondrial dysfunction - 9.32E-03 21
(3) Diseases and Disorders

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Seizure disorder -2.654 1.44E-12 77 | Dyskinesia 1.091 4.56E-08 85 | Mitochondrial disorder - 4.45E-09 25
Movement disorders -0.639 1.72E-10 | 131 | Movement Disorders -0.814 4.56E-08 | 127 | Mitochondrial respiratory chain - 4.45E-09 17

deficiency
Seizure -2.543 9.74E-10 62 | Disorder of basal ganglia 1.477 1.73E-07 98 | Mitochondrial complex | - 2.22E-06 11
deficiency

Epilepsy -1.890 1.46E-09 51 | Neurological signs 0.928 1.73E-07 86 | Neurological signs - 5.47E-04 55
Neurological signs 0.926 1.85E-08 86 | Neuromuscular disease 1.131 8.60E-07 | 106 | Dyskinesia - 6.75E-04 52
(4) Molecular and Cellular Functions

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Development of central nervous 2.819 1.32E-05 77 | Size of body 5.539 5.45E-04 86 | Cell death of osteosarcoma cells 5.099 3.10E-10 26
system
Size of body 4.217 | 5.07E-05 62 | Release of neurotransmitter -2.233 1.03E-03 27 | Cell death of cancer cells 4.669 4.02E-02 32
Release of neurotransmitter -2.522 | 1.66E-04 73 | Morbidity or mortality -6.049 2.09E-03 | 210
Morbidity or mortality -2.150 | 2.16E-03 88 | Organismal death -6.217 3.28E-03 | 206
Organismaldeath -2.261 | 2.67E-03 | 645 | Secretion of neurotransmitter -2.164 3.28E-03 22




Supplementary Table 5. Enrichment analysis of mRNAs differentially expressed in the DL. Ingenuity annotations of genes differentially expressed by running alone (CNR vs. CR; 607 genes), MPTP alone
(CNR vs. MNR; 245 genes) and by running in MPTP-treated mice (MNR vs. MR; 272 genes). The top 10 upstream regulators, top 5 canonical pathways and top 5 annotations of the categories ‘Diseases
and disorders’ and ‘Molecular and Cellular Functions’ are displayed, as well as their respective z-score, p-value and number of genes involved (#). All p-values are calculated using the Fisher’s Exact Test,
and the p-values for the canonical pathways and the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are corrected for multiple testing by the Benjamini-Hochberg correction.
For the category ‘Molecular and Cellular Functions’, only the annotations with a significant z-score (i.e. <-2 (in red) or >2 (in green)) are shown. Annotations with only 1 (target) gene were discarded.

(1) Upstream Regulators

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Upstream Regulator z-score p-value # Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #
RICTOR -7.230 1.72E-42 60 | Dalfampridine -3.317 | 6.20E-15 11 | RICTOR -2.191 6.91E-22 31
MYCN 2.809 2.42E-18 35 | Bicuculline -3.233 5.49E-14 11 | HNF4A - 4.46E-10 54
HNF4A -1.463 1.91E-12 96 | RICTOR -4.472 1.52E-12 20 | Sirolimus -1.171 1.36E-07 20
Guanidinopropionic acid 3.308 9.81E-09 11 | CREM -2.844 2.36E-09 13 | 5-fluorouracil -0.954 1.93E-07 14
MAP4K4 -3.873 | 4.69E-08 15 | Cocaine -3.472 6.60E-09 13 | IGF1R 2.813 2.04E-07 14
INSR 4.094 | 5.61E-08 27 | Kainic acid -1.318 1.53E-08 12 | MYCN -0.898 6.61E-07 14
PSEN1 -1.035 6.17E-08 28 | PSEN1 -1.755 4.24E-08 18 | HTT - 2.20E-06 24
MAPT - 8.06E-08 22 | MYCN 1.136 7.82E-07 13 | INSR 2.157 1.48E-05 16
IGF1R 2.853 2.02E-07 20 | CREB1 -2.521 1.16E-06 19 | Guanidinopropionic acid 1.633 1.56E-05 6
RRP1B - 4.25E-07 13 | 2-amino-5-phosphonovaleric 2.559 1.34E-06 10 | CD 437 -0.302 2.48E-05 11
acid
(2) Canonical Pathways
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Canonical pathway z-score p-value # Canonical pathway z-score p-value # Canonical pathway z-score | p-value #
Oxidative phosphorylation - 3.46E-20 30 | Oxidative phosphorylation - 1.00E-04 10 | Oxidative phosphorylation - 1.91E-08 14
Mitochondrial dysfunction - 1.93E-15 31 | EIF2 signaling 2.333 4.78E-04 11 | Mitochondrial dysfunction - 3.91E-06 14
EIF2 signaling 3.771 1.95E-09 24 | Mitochondrial dysfunction - 2.06E-03 10 | EIF2 signaling -0.816 3.32E-05 13
mTOR signaling - 7.31E-03 10
Regulation of elF4 and p70S6K - 2.48E-02 8
signaling
(3) Diseases and Disorders
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Mitochondrial disorder - 1.84E-02 14 | Epileptic seizure - 2.07E-07 16 | Cell death of osteosarcoma cells - 1.05E-02 10
Mitochondrial respiratory chain - 1.84E-02 9 | Epilepsy - 3.29E-04 17 | Mitochondrial respiratory chain - 1.31E-02 7
deficiency deficiency
Diamond-Blackfananemia - 1.84E-02 5 | Congenital anemia - 3.29E-04 8 | Mitochondrial complex | - 2.49E-02 5
deficiency
Congenital anemia - 2.65E-02 9 | Seizures - 3.09E-03 18 | Mitochondrial disorder - 3.12E-02 9
Congenital aplastic anemia - 3.09E-03 6 | Unstable hemoglobin disease - 4.75E-02 2
(4) Molecular and Cellular Functions
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #




Supplementary Table 6. Enrichment analysis of mRNAs differentially expressed in the VM. Ingenuity annotations of genes differentially expressed by running alone (CNR vs. CR; 304 genes), MPTP alone
(CNR vs. MNR; 114 genes) and by running in MPTP-treated mice (MNR vs. MR; 949 genes). The top 10 upstream regulators, top 5 canonical pathways and top 5 annotations of the categories ‘Diseases
and disorders’ and ‘Molecular and Cellular Functions’ are displayed, as well as their respective z-score, p-value and number of genes involved (#). All p-values are calculated using the Fisher’s Exact Test,
and the p-values for the canonical pathways and the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are corrected for multiple testing by the Benjamini-Hochberg correction.
For the category ‘Molecular and Cellular Functions’, only the annotations with a significant z-score (i.e. <-2 (in red) or >2 (in green)) are shown. Annotations with only 1 (target) gene were discarded.

(1) Upstream Regulators

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Upstream Regulator z-score p-value # Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #
L-dopa -1.460 | 7.09E-06 23 | CREB1 -1.066 1.31E-07 14 | L-dopa -8.463 2.28E-45 | 118
Alpha-amanitin - 1.83E-05 4 | Dalfampridine -2.236 | 3.25E-07 5 | HTT 1.820 | 4.23E-23 87
APP 1.963 3.38E-05 25 | Bicuculline -2.177 | 7.92E-07 5 | CREB1 -0.960 | 3.27E-22 74
EPHB2 - 1.35E-04 3 | Trichostatin A 0.864 1.58E-06 13 | ATN1 - 3.69E-16 31
CREB1 -0.117 2.38E-04 17 | Alpha-amanitin - 3.22E-05 3 | Beta-estradiol 1.885 1.26E-15 | 135
ADRB -1.480 | 2.65E-04 8 | 2-amino-5-phosphonovaleric 0.896 | 4.79E-05 6 | BDNF 2.971 3.25E-15 45
acid
MYOD1 1.450 4.08E-04 9 | Forskolin -1.422 1.95E-04 11 | Dopamine 0.076 9.48E-15 26
HIF1A -1.009 | 4.70E-04 13 | G2535 - 2.03E-04 2 | MAPT -0.896 1.05E-13 39
KLF1 - 6.25E-04 4 | N-lauroyl-L-phenylalanine - 2.03E-04 2 | APP 0.170 | 7.12E-12 74
SIGMAR1 - 8.43E-04 2 | Lactacystin -0.342 2.51E-04 6 | REST -2.148 2.02E-10 23
(2) Canonical Pathways
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Canonical pathway z-score p-value # Canonical pathway z-score p-value # Canonical pathway z-score p-value #
- - Gai Signaling -2.000 | 6.37E-08 24
Breast cancer regulation by - 1.05E-07
Stathminl 31
cAMP-mediated signaling -0.365 1.10E-07 32
Role of NFAT in cardiac 2.558 6.48E-05
hypertrophy 25
G-Protein Coupled Receptor - 9.00E-05
Signaling 23
(3) Diseases and Disorders
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
- Epilepsy - 6.30E-05 13 | Movement disorders -2.334 1.57E-28 | 169
Epileptic seizure - 2.52E-03 8 | Disorder of basal ganglia 0.415 1.49E-24 | 129
Seizures 1.172 3.16E-03 12 | Seizure disorder -2.791 4.66E-23 93
Unstable hemoglobin disease - 7.81E-03 2 | Seizures -2.841 3.00E-22 81
Alphathalassemia - 1.40E-02 2 | Neuromuscular disease 0.314 9.11E-22 | 135
(4) Molecular and Cellular Functions
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
- - Microtubule dynamics 2.824 2.94E-21 | 164
Organization of cytoskeleton 2.640 5.54E-21 | 106
Organization of cytoplasm 2.640 9.30E-21 | 103
Learning 2.055 1.44E-14 72
Quantity of neurons 2.680 1.89E-10 62
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Supplementary Table 7. Enrichment analysis of mRNAs differentially expressed in the PFC. Ingenuity annotations of genes differentially expressed by running alone (CNR vs. CR; 367 genes), MPTP alone
(CNR vs. MNR; 378 genes) and by running in MPTP-treated mice (MNR vs. MR; 331 genes). The top 10 upstream regulators, top 5 canonical pathways and top 5 annotations of the categories ‘Diseases
and disorders’ and ‘Molecular and Cellular Functions’ are displayed, as well as their respective z-score, p-value and number of genes involved (#).All p-values are calculated using the Fisher’s Exact Test,
and the p-values for the canonical pathways and the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are corrected for multiple testing by the Benjamini-Hochberg correction.
For the category ‘Molecular and Cellular Functions’, only the annotations with a significant z-score (i.e. <-2 (in red) or >2 (in green)) are shown. Annotations with only 1 (target) gene were discarded.

(1) Upstream Regulators

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Upstream Regulator z-score p-value # Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #
Dexamethasone -2.765 9.42E-12 58 | Dalfampridine -3.464 2.06E-14 12 | Cycloheximide 1.398 6.15E-10 23
MYC -1.471 1.65E-10 42 | Bicuculline -3.384 2.28E-13 12 | Dexamethasone 0.679 1.43E-09 54
HRAS -0.616 1.53E-09 29 | CREB1 -3.969 1.15E-08 28 | Bicuculline 2.946 1.67E-09 9
KRAS 2.829 1.71E-08 21 | Pyridaben 3.000 1.29E-07 9 | Dalfampridine 2.828 | 6.90E-09 8
TGFB1 -1.697 3.10E-08 51 | Maneb -2.256 | 4.26E-07 13 | HRAS 0.425 1.22E-08 27
RICTOR 3.769 3.11E-08 18 | 6,7-dinitroquinoxaline-2,3-dione 3.000 | 4.32E-07 9 | HTT 2.391 1.91E-08 30
Methylprednisolone -0.652 3.33E-08 26 | GnRH-A -1.732 | 7.54E-07 4 | TGFB1 0.708 2.33E-08 50
Tretinoin -2.546 | 5.18E-08 46 | Kainic acid -2.946 1.38E-06 9| F2 1.657 5.06E-08 17
BMP7 -1.307 1.32E-07 12 | Atipamezole -2.901 1.79E-06 12 | Atorvastatin 2.339 8.39E-08 15
SMARCA4 -2.892 1.43E-07 26 | 2-amino-3-phosphonopropionic - 3.43E-06 3 | N-lauroyl-L-phenylalanine 0 1.49E-07 4

acid

(2) Canonical Pathways

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Canonical pathway z-score p-value # Canonical pathway z-score p-value # Canonical pathway z-score p-value #
- - RAR Activation - 4.59E-02 11
(3) Diseases and Disorders

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Advanced malignant tumor -1.854 2.87E-04 41 | Epileptic seizures - 6.87E-08 20 | Cancer 0.101 9.84E-04 | 280
Metastasis -1.854 4.77E-03 33 | Epilepsy 0.625 1.46E-07 27 | Malignant solid tumor 0.377 9.84E-04 | 276
Hypersensitive reaction -2.214 4.77E-03 22 | Seizures -0.575 7.08E-05 27 | Epilepsy - 9.84E-04 21
Quantity of phagocytes -0.418 4.77E-03 22 | Seizure disorder -0.587 1.87E-04 29 | Hypersensitive reaction 1.858 9.84E-04 19
Infarction 0.444 4.77E-03 20 | Alphathalassemia - 3.02E-03 3 | Tumorigenesis of tissue 0.158 1.81E-03 | 264
(4) Molecular and Cellular Functions

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Proliferation of cells -3.071 1.17E-03 | 118 | - Morbidity or mortality -2.177 1.17E-02 79
Morbidity or mortality 5.342 | 4.77E-03 81 Organismal death -2.299 1.19E-02 78
Vasculogenesis -2.127 | 4.77E-03 34 Development of abdomen 2.170 1.34E-02 26
Organismal death 5.577 | 4.77E-03 79 Development of epithelial tissue 2.009 2.32E-02 23
Migration of endothelial cells -2.625 | 4.77E-03 19 Neuronal cell death -2.067 2.33E-02 29
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Supplementary Table 8. Enrichment analysis of mRNAs differentially expressed in the PPN. Ingenuity annotations of genes differentially expressed by running alone (CNR vs. CR; 501 genes), MPTP alone
(CNR vs. MNR; 233 genes) and by running in MPTP-treated mice (MNR vs. MR; 255 genes). The top 10 upstream regulators, top 5 canonical pathways and top 5 annotations of the categories ‘Diseases
and disorders’ and ‘Molecular and Cellular Functions’ are displayed, as well as their respective z-score, p-value and number of genes involved (#). All p-values are calculated using the Fisher’s Exact Test,
and the p-values for the canonical pathways and the categories ‘Diseases and disorders’ and ‘Molecular and Cellular Functions’ are corrected for multiple testing by the Benjamini-Hochberg correction.
For the category ‘Molecular and Cellular Functions’, only the annotations with a significant z-score (i.e. <-2 (in red) or >2 (in green)) are shown. Annotations with only 1 (target) gene were discarded.

(1) Upstream Regulators

Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Upstream Regulator z-score p-value # Upstream Regulator z-score p-value # Upstream Regulator z-score p-value #
L-dopa -1.820 | 2.50E-17 53 | L-dopa -0.525 1.75E-10 27 | CREB1 0.510 | 2.20E-06 19
HTT 1.858 5.48E-16 52 | Amphetamine -1.249 4.49E-10 11 | Haloperidol -0.166 2.61E-06 8
CREB1 -0.435 1.05E-14 43 | GDNF -0.049 5.10E-10 10 | HU-210 - 1.00E-05 3
Beta-estradiol -2.207 3.66E-10 75 | Alpha-amanitin 1.387 1.67E-09 6 | PRKAA2 0.194 1.53E-05 8
BDNF -2.024 | 4.23E-10 26 | K+ -2.023 2.30E-09 8 | NGF 0.671 1.73E-05 10
ATN1 - 1.90E-09 17 | BMP2 -2.019 | 3.48E-09 14 | Clozapine 0.186 3.49E-05 6
REST 0.693 2.63E-08 15 | Quinolinic acid -0.538 | 6.36E-09 8 | Mek 1.793 | 4.39E-05 9
NGF -1.675 3.44E-08 18 | Pargyline - 7.97E-09 5 | Risperidone - 6.44E-05 4
ADCYAP1 -1.070 | 7.53E-08 20 | HTT 0.623 8.79E-09 25 | Cadmium 0.816 9.67E-05 6
Amphetamine -2.756 1.60E-07 12 | Beta-estradiol -1.262 9.11E-09 42 | HSD17B13 - 1.02E-04 2
(2) Canonical Pathways
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Canonical pathway z-score p-value # Canonical pathway z-score p-value # Canonical pathway z-score p-value #
Axonal guidance signaling - 3.92E-02 23 | Dopamine receptor signaling -1.000 8.13E-04 8 | -
Dopamine-DARPP32 Feedback -0.816 7.05E-03 9
in CAMP signaling
Glutamate receptor signaling - 3.29E-02 5
Breast cancer regulation by - 4.45E-02 8
stathminl
(3) Diseases and Disorders
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Neurological signs 1.091 6.74E-08 54 | Purkinje cell degeneration - 1.51E-07 8 | Methemoglobinemia - 4.23E-02 3
Movement disorders 1.806 1.64E-07 73 | Epileptic seizure - 1.05E-05 14
Dyskinesia - 2.45E-07 50 | Epilepsy - 5.03E-05 18
Disorder of basal ganglia - 2.98E-07 58 | Neurological signs 0.600 1.98E-04 27
Huntington's disease - 4.07E-07 47 | Seizures -0.798 3.30E-04 19
(4) Molecular and Cellular Functions
Physical exercise vs. Control MPTP vs. Control MPTP + Physical exercise vs. MPTP
Annotation z-score p-value # Annotation z-score p-value # Annotation z-score p-value #
Development of neurons -2.394 | 6.74E-08 60 | Cognition -3.400 1.58E-04 22 | -
Formation of cellular protrusions -2.172 2.70E-06 60 | Learning -2.940 3.30E-04 20
Microtubule dynamics -2.272 | 2.59E-05 70 | Transport of molecule -3.275 1.03E-02 42
Coordination -3.490 | 3.96E-05 21 | Release of neurotransmitter -2.333 1.86E-02 9
Organismal death 4.315 1.32E-03 | 111 | Differentiation of cells -2.082 3.48E-02 49
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Supplementary Table 9. Differentially expressed mRNAs in the SN due to physical exercise in MPTP-treated mice, and
regulated by L-DOPA. Proteins encoded by the genes are bold when located in the molecular landscape (Figure 4) and
single-underlined when associated to PD via ‘corroborating evidence’, i.e. when the gene/protein is genetically
associated to PD or differentially expressed in the SN of PD patients compared to controls.

Gene Effect on mRNA expression by | Corroborating evidence
Physical L-DOPA
Exercise

ACKR1 -1.24 Increased -

ACTA2 -1.27 Decreased -

ALYREF 1.26 Increased -

ARRB2 -1.23 Decreased -

C140RF166 1.21 Decreased -

CASKIN2 -1.20 Increased -

CDC42EP2 -1.23 Decreased CDC42EP2 mRNA is increased in the SN of PD patients compared to
controls’.

CDC42EP3 1.29 Increased -

CIART -1.34 Increased -

CLN6 -1.31 Decreased -

DBP -1.20 Increased -

DGKB 1.31 Increased DGKB mRNA is decreased in the SN of PD patients compared to controls’.

DPP7 -1.20 Decreased -

DUSP6 -1.22 Increased -

EDNRB 1.21 Decreased -

FCRLS -1.26 Decreased -

FKBP5 -1.29 Increased -

FTL -1.24 Decreased FTL mRNA is decreased in the SN of PD patients compared to controls®.
FTL protein is increased in the SN of PD patients compared to controls™>.

GDF1 -1.21 Increased GDF1 mRNA is decreased in the SN of PD patients compared to controls®.

GPR39 -1.26 Increased -

HSPB6 -1.24 Decreased HSPB6 protein is increased in the SN of PD patients compared to
controls®.

HVCN1 -1.22 Decreased -

IER3 -1.22 Increased -

INO8SOE -1.38 Increased -

MFSD2A -1.34 Increased -

MRPL33 1.36 Increased -

PDGFA -1.22 Decreased -

PER1 -1.24 Increased -

PPP1R1B -1.21 Increased PPP1R1B protein is decreased by 66% in the SNpr, and 79% in the SNpc
of PD patients compared to controls’.

PVALB -1.21 Decreased PVALB mRNA is increased in the SN of PD patients compared to controls®,
PVALB protein is increased in a subgroup of PD DA SN neurons’.

REEP3 1.21 Decreased -

ROMO1 -1.29 Increased -

SHC1 -1.24 Decreased -

SLC2A1 -1.22 Increased -

TAC1 -1.31 Increased TAC1 mRNA is decreased in the SN of PD patients compared to controls®.

TP53 -1.24 Increased Ser15-phosphorylated TP53 is increased in the PD SN (p<0.001)10.
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Supplementary Table 10. Differentially expressed mRNAs in the VM due to physical exercise in MPTP-treated mice, and
regulated by L-DOPA. Proteins encoded by the genes are bold when located in the molecular landscape (Figure 5) and
single-underlined when associated to PD via ‘corroborating evidence’, i.e. when the gene/protein is genetically
associated to PD or differentially expressed in the striatum of PD patients compared to controls.

Gene Effect on mRNA expression by | Corroborating evidence
Physical L-DOPA
Exercise

ACY1 -1.2 Increased -

AMIGO2 -1.46 Increased -

APBA2 1.28 Decreased -

ARC 1.25 Increased ARC mRNA is decreased in the striatum of PD patients compared to
controls®.

ARPP21 -1.2 Increased ARPP21 is decreased in the striatum of PD patients compared to
controls™.

Cl4orf37 1.28 Decreased -

C18orf21 -1.47 Increased -

C4A/C4B -1.32 Decreased -

CACNA2D3 -1.23 Increased (VDCC) CACNA2D3 mRNA is decreased in the striatum of PD patients
compared to controls™.

CAMK1G -1.49 Increased CAMK1G mRNA is increased in the striatum of PD patients compared to
controls™.

CBR3 -1.37 Increased CBR3 protein is increased in the striatum of PD patients compared to
controls®.

CCND1 1.2 Decreased -

CDC42EP3 -1.29 Increased -

CHAT -1.58 Increased -

CHRNA4 1.92 Decreased PD patients have a higher frequency of intron3+182 Del 22 bp
(p=0.015)".

CLIC6 -1.27 Increased CLIC6 mRNA is increased in the striatum of PD patients compared to
controls®.

CLN6 1.31 Decreased -

CNIH3 2.8 Decreased -

CNR1 1.49 Decreased The presence of two CNR1 alleles with >16 AAT trinucleotide repeats in
PD patients, is associated with a reduced prevalence of depression
(p=0.003)15. CNR1 mRNA is increased in the striatum of PD patients
compared to controls®.

CRTAC1 1.79 Decreased -

CRYM -1.41 Increased CRYM protein is increased in the striatum of PD patients compared to
controls®.

CTNNBIP1 1.31 Decreased -

CYLD -1.24 Increased -

DDIT4L -1.27 Increased -

DGKB -1.2 Increased -

DGKI -1.27 Increased -

DLGAP1 1.73 Decreased -

DLK1 -1.54 Increased -

DOC2B -1.3 Increased -

DUSP6 1.24 Increased -

ECEL1 -1.41 Increased -

ERLIN1 -1.24 Increased -

FAAH 2.15 Decreased The synonymous rs324419 SNP and also the haplotype of rs324419 and
rs2295633 (both SNPs are located in the FAAH gene) are both associated
with musculoskeletal pain in PD patients p=0.006 and p=0.012
respectivelyle.

FAM126A -1.25 Decreased -

FAM184b -1.28 Increased -

FAM8S1A 2.1 Decreased -

FDPS 1.47 Increased -

FNDC9 -1.3 Increased -

FOXP1 -1.21 Increased -

GABRA3 1.43 Decreased GABRA3 mRNA is increased in the striatum of PD patients compared to
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8
controls”.

GABRG2 1.24 Decreased GABRG2 mRNA is increased in the striatum of PD patients compared to
controls®.

GFAP 1.22 Decreased GFAP mRNA and protein is increased in the striatum of PD patients
compared to controls®.

GNAS 1.55 Decreased -

GNG7 -1.22 Increased -

GOLIM4 -1.26 Decreased GOLIM4 mRNA is increased in the striatum of PD patients compared to
controls®.

GPD2 1.24 Decreased GPD2 mRNA is increased in the striatum of PD patients compared to
controls®.

GUCY1A3 -1.33 Increased -

HAPLN4 3.14 Decreased -

HBEGF -1.24 Increased -

HLA-A -1.24 Decreased -

HTR1B -1.32 Increased -

IDO1 -1.35 Increased -

KCNAS5 -1.28 Increased -

KCNA6 1.65 Decreased KCNA6 mRNA is increased in the striatum of PD patients compared to
controls®.

KCNC4 4.15 Decreased -

KCNES -1.32 Decreased -

KLF6 1.59 Decreased -

LMNA 1.23 Decreased -

LPPR1 -1.28 Increased -

LRRTM3 -1.26 Increased -

LYPD1 -1.22 Increased -

LZTS3 -1.2 Increased -

MAPK11 2.9 Decreased -

MBP 1.22 Increased MBP mRNA is decreased in the striatum of PD patients compared to
controls™*. MBP protein is decreased in the striatum of PD patients
compared to controls®.

MEF2C 1.29 Decreased MEF2C mRNA is increased in the striatum of PD patients compared to
controls®.

MPP6 -1.33 Increased -

MSMO1 1.24 Increased MSMO1 mRNA is increased in the striatum of PD patients compared to
controls™.

MTURN 1.26 Decreased -

MYO1B -1.29 Increased -

NAV1 1.31 Decreased -

NPTX2 1.27 Increased NPTX2 mRNA is decreased in the striatum of PD patients compared to
controls™.

NUAK1 1.24 Decreased -

PARM1 1.53 Decreased -

PDYN -1.49 Increased PDYN mRNA is increased in the striatum of PD patients compared to
controls®.

PDZD2 -1.32 Increased -

PENK -1.2 Increased PENK mRNA is increased in the striatum of PD patients compared to
controls®.

PGM2L1 1.37 Decreased PGM2L1 mRNA is increased in the striatum of PD patients compared to
controls®.

PLEKHA2 1.35 Decreased -

PPM1L 1.68 Decreased -

PPP1R1B -1.2 Increased PPP1R1B protein is decreased by 45% in the striatum of PD patients
compared to controls’.

PPP1R2 -1.24 Increased -

PRICKLE1 1.55 Decreased -

PTPRD 1.26 Decreased -

PVALB 4.27 Decreased -

RAP1GAP -1.2 Increased -

RAPGEFL1 1.24 Decreased -
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REM2 -1.23 Increased -

RIMS1 1.52 Decreased -

ROBO2 1.22 Decreased -

SATB1 2.73 Decreased -

SCN4B -1.2 Increased SCN4B protein is increased in the striatum of PD patients compared to
controls®.

SCUBE3 -1.25 Increased -

SH3GL2 1.3 Decreased SH3GL2 mRNA is increased in the striatum of PD patients compared to
controls®.

SLC10A4 -1.56 Increased -

SLC24A2 1.61 Decreased -

SLC2A6 1.68 Decreased -

SLC6A7 1.94 Decreased -

SMUG1 1.21 Increased -

SNCB 1.84 Decreased SNCB mRNA is decreased in the striatum of PD patients compared to
controls”’.

SOBP 1.83 Decreased -

STRN -1.27 Increased -

STXBP1 1.2 Decreased STXBP1 mRNA is decreased in the striatum of PD patients compared to
controls”.

SYN1 1.3 Decreased SYN1 mRNA is decreased in the striatum of PD patients compared to
controls™’. SYN1 protein is increased in the striatum of PD patients
compared to controls®.

SYNDIG1L -1.27 Increased -

TAC1 -1.23 Increased TAC1 mRNA is increased” =, or decreased” in the striatum of PD patients
compared to controls.

TCF4 1.25 Decreased -

TCIRG1 1.34 Decreased -

TH -1.33 Increased TH mRNA and protein is decreased in the terminals of nigro-striatal DA
neurons of PD patientsm’ 19

TLE1 -1.21 Increased -

TMEM141 1.55 Decreased -

TRPC3 -1.49 Increased -

UNC13C -1.37 Increased -

VAMP1 1.59 Decreased (SNARE)

VATI1L -1.32 Increased VAT1L mRNA is increased in the striatum of PD patients compared to
controls™. VAT1L protein is increased in the striatum of PD patients
compared to controls®.

WDR17 -1.23 Increased WDR17 mRNA is increased in the striatum of PD patients compared to
controls®.

WNT7B 2.27 Decreased -

ZCCHC12 -1.23 Increased -

ZEB2 1.62 Decreased -
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Supplementary Table 11. Differentially expressed mRNAs in the DL due to physical exercise in MPTP-treated mice, and
regulated by RICTOR. If the proteins that are encoded by these mRNAs are a subunit of a bigger protein complex, then
the name of the protein complex is shown in the column ‘part of’.

Gene Effect on mRNA expression by | Part of®:

Physical RICTOR

Exercise
ATP5E 1.39 Decreased Mitochondrial complex V
ATP5H 1.28 Decreased Mitochondrial complex V
ATP5L 1.54 Decreased Mitochondrial complex V
COX6B1 1.36 Decreased Mitochondrial complex IV
COX7C 1.21 Decreased Mitochondrial complex IV
NDUFA1 1.33 Decreased Mitochondrial complex |
NDUFA11 1.24 Decreased Mitochondrial complex |
NDUFA7 1.25 Decreased Mitochondrial complex |
NDUFA9 1.23 Decreased Mitochondrial complex |
NDUFB4 1.56 Decreased Mitochondrial complex |
NDUFB9 1.22 Decreased Mitochondrial complex |
NDUFS5 1.36 Decreased Mitochondrial complex |
NDUFV3 1.22 Decreased Mitochondrial complex |
PSMA2 1.23 Decreased 20S proteasome subunit a
PSMB6 -1.3 Decreased 20S proteasome subunit
PSME1 1.28 Decreased Proteasome activator complex
RPL10 -1.34 Decreased 60S ribosome subunit
RPL17 1.26 Decreased 60S ribosome subunit
RPL28 -1.61 Decreased 60S ribosome subunit
RPL29 -1.37 Decreased 60S ribosome subunit
RPL7A -1.21 Decreased 60S ribosome subunit
RPL9 -1.34 Decreased 60S ribosome subunit
RPS15 -1.22 Decreased 40S ribosome subunit
RPS24 -1.25 Decreased 40S ribosome subunit
RPS26 1.23 Decreased 40S ribosome subunit
RPS27A 1.31 Decreased 40S ribosome subunit
RPS29 1.79 Decreased 40S ribosome subunit
SDHB 1.24 Decreased Mitochondrial complex II
SGK1 -1.46 Decreased -
UQCRQ 1.2 Decreased Mitochondrial complex IlI
VCAM1 1.25 Increased -
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Supplementary Table 12. Differentially expressed mRNAs in the VTA due to physical exercise in MPTP-treated mice, and
regulated by RICTOR. If the proteins that are encoded by these mRNAs are a subunit of a bigger protein complex, then
the name of the protein complex is shown in the column ‘part of’.

Gene Effect on mRNA expression by | Part of®:

Physical RICTOR

Exercise
ATP5E -1.64 Decreased Mitochondrial complex V
ATP5F1 -1.29 Decreased Mitochondrial complex V
ATP5G1 -1.42 Decreased Mitochondrial complex V
ATP5G2 -1.28 Decreased Mitochondrial complex V
ATP5H -1.25 Decreased Mitochondrial complex V
ATP5) -1.25 Decreased Mitochondrial complex V
ATP5J2 -1.29 Decreased Mitochondrial complex V
COX17 -1.35 Decreased Mitochondrial complex IV
COX5A -1.28 Decreased Mitochondrial complex IV
COX5B -1.33 Decreased Mitochondrial complex IV
COX6B1 -1.47 Decreased Mitochondrial complex IV
COX6C -1.45 Decreased Mitochondrial complex IV
COX7A2 -1.22 Decreased Mitochondrial complex IV
COX7B -1.25 Decreased Mitochondrial complex IV
COX7C -1.25 Decreased Mitochondrial complex IV
MRPL13 -1.3 Decreased 39S ribosome subunit (mitochondrial)
NDUFA1 -1.58 Decreased Mitochondrial complex |
NDUFA2 -1.24 Decreased Mitochondrial complex |
NDUFA3 -1.33 Decreased Mitochondrial complex |
NDUFA4 -1.32 Decreased Mitochondrial complex IV
NDUFA7 -1.37 Decreased Mitochondrial complex |
NDUFA9 -1.22 Decreased Mitochondrial complex |
NDUFB10 -1.22 Decreased Mitochondrial complex |
NDUFB2 -1.32 Decreased Mitochondrial complex |
NDUFB4 -1.22 Decreased Mitochondrial complex |
NDUFB5 -1.36 Decreased Mitochondrial complex |
NDUFB6 -1.25 Decreased Mitochondrial complex |
NDUFB7 -1.22 Decreased Mitochondrial complex |
NDUFB8 -1.23 Decreased Mitochondrial complex |
NDUFB9 -1.28 Decreased Mitochondrial complex |
NDUFC1 1.23 Decreased Mitochondrial complex |
NDUFS4 -1.26 Decreased Mitochondrial complex |
NDUFS5 -1.31 Decreased Mitochondrial complex |
NDUFS6 -1.42 Decreased Mitochondrial complex |
NDUFV2 -1.21 Decreased Mitochondrial complex |
NDUFV3 -1.22 Decreased Mitochondrial complex |
POMP -1.37 Decreased Proteasome
PPA2 -1.24 Decreased -
PSMA4 -1.24 Decreased 20S proteasome subunit a
PSMAS -1.32 Decreased 20S proteasome subunit a
PSMAG6 -1.3 Decreased 20S proteasome subunit a
PSMB1 -1.27 Decreased 20S proteasome subunit
PSMB2 -1.31 Decreased 20S proteasome subunit
PSMB3 -1.35 Decreased 20S proteasome subunit
PSMB5 -1.23 Decreased 20S proteasome subunit
PSMB7 -1.24 Decreased 20S proteasome subunit
PSME1 -1.2 Decreased Proteasome activator complex
RPL11 -1.38 Decreased 60S ribosome subunit
RPL12 -1.35 Decreased 60S ribosome subunit
RPL17 -1.5 Decreased 60S ribosome subunit
RPL21 -1.2 Decreased 60S ribosome subunit
RPL23A -1.3 Decreased 60S ribosome subunit
RPL26 -1.41 Decreased 60S ribosome subunit
RPL29 -1.29 Decreased 60S ribosome subunit
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RPL30 -1.43 Decreased 60S ribosome subunit
RPL34 -1.44 Decreased 60S ribosome subunit
RPL35A -1.35 Decreased 60S ribosome subunit
RPL38 -1.69 Decreased 60S ribosome subunit
RPL41 -1.26 Decreased 60S ribosome subunit
RPLP1 -1.25 Decreased 60S ribosome subunit
RPLP2 -1.52 Decreased 60S ribosome subunit
RPS10 -1.2 Decreased 40S ribosome subunit
RPS15 -1.32 Decreased 40S ribosome subunit
RPS18 -1.25 Decreased 40S ribosome subunit
RPS29 -1.49 Decreased 40S ribosome subunit
RPS3A1 -1.2 Decreased 40S ribosome subunit
RPS4Y1 -1.36 Decreased 40S ribosome subunit
SDHB -1.22 Decreased Mitochondrial complex II
SGK1 -1.62 Decreased -

SHFM1 -1.43 Decreased 26S proteasome

UBA52 -1.33 Decreased 60S ribosome subunit
UQCR10 -1.21 Decreased Mitochondrial complex IlI
UQCRB -1.23 Decreased Mitochondrial complex IlI
UQCRHL -1.36 Decreased Mitochondrial complex IlI
UQCRQ -1.25 Decreased Mitochondrial complex Ill
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Supplementary Table 13. Differentially expressed mRNAs in the PFC due to physical exercise in MPTP-treated mice, and
regulated by Bicuculline and Dalfampridine. For each gene/mRNA their association to epilepsy and/or seizures is shown
in the column ‘Association to epilepsy / seizures’.

Gene Effect on mRNA expression by | Association to epilepsy / seizures
Physical Bicuculline /
Exercise Dalfampridine
ACTA2 -1.58 Decreased [1] | The R179H mutation in ACTA2 results in neonatal stroke and progressive
Ieukoencephalopathyu.
ARC 1.68 Increased Immediate early gene, increased in epilepsy (6.2x)22.
BTG2 1.57 Increased -
DUSP1 1.38 Increased Increased in epilepsy (3.4x)22.
FOS 2.26 Increased Immediate early gene, increased in epilepsy (4.2x)22.
FOSB 1.24 Increased Immediate early gene, increased in epilepsy (3.Ox)22.
GADD45G 1.23 Increased Increased in epilepsy (2.0x)%.
NPAS4 1.85 Increased Npas4 inhibits seizures in pilocarpine-induced epileptic rats>.
NR4A1 1.24 Increased Immediate early gene””, increased in epilepsy (4.7x)*

[1] Only regulated by Bicuculline

Supplementary Table 14. Differentially expressed mRNAs in the PPN due to physical exercise in MPTP-treated mice, and
regulated by CREB1. For each gene/mRNA the cellular process in which they exert an effect is described in the column

‘Involved in’.
Gene Effect on mRNA expression by | Involved in”":
Physical CREB1
Exercise
CALCB -2.10 Increased Vascular remodeling
CALN1 1.23 Decreased Calcium signaling
CARTPT 1.47 Increased Neuropeptide signaling
EBP -1.24 Increased Cholesterol/lipid signaling
FAMG65B -1.27 Increased Cytoskeleton rearrangement
FASN 1.21 Increased Cholesterol/lipid signaling
JUN 1.22 Regulated Immediate early gene; Increased in epilepsy (1.6x)™.
LMO1 -1.49 Decreased Transcription regulator
MVK 1.27 Increased Cholesterol/lipid signaling
NAB2 -1.27 Increased Transcription regulator
NOS1 1.52 Regulated Nitric oxide signaling
NR4A1 1.27 Increased Immediate early gene24; Increased in epilepsy (4.7x)22.
NRGN -1.23 Decreased Calcium signaling
NRP1 -1.22 Decreased Vascular remodeling; Calcium signaling
PENK -1.26 Increased Neuropeptide signaling
SGK1 -1.54 Increased Vascular remodeling
svac 1.35 Increased Increased in epilepsy (2.1x)%.
TAC1 -1.36 Increased Neuropeptide signaling; Vascular remodeling; Increased in epilepsy
(1.8%)%
TINF2 1.32 Increased Telomere regulation
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INTRODUCTION

Ingenuity analysis of the mRNA sequencing (RNAseq) data of the MPTP-treated mice with physical
exercise compared to MPTP-treated mice without physical exercise revealed the top regulator in
each of the PD-related brain areas. In the SN and the VM, L-DOPA is the top regulator, whereas
RICTOR is the top regulator in the DL and VTA, Bicuculline/Dalfampridine are the top regulators in the
PFC, and CREBL1 is the top regulator in the PPN. For each brain area a molecular landscape was built
that represents the interactions between the proteins encoded by the mRNAs regulated by the top
regulator and physical exercise. Figure 4 and Figure 5 show the molecular landscapes of the SN and
VM, respectively, and the landscapes for the DL, VTA, PFC and PPN are shown in Supplementary
Figure 6-9. Below, a description of the interactions that are represented in the molecular landscape

figures is given.

All names of proteins derived from the mRNAs that were differentially expressed in the RNAseq due
to physical exercise are shown in bold and proteins that are associated with PD (via genetic evidence,

or differentially expressed in PD patients compared to controls) are (also) single-underlined. For a

complete overview of all proteins in the landscapes (and the corroborating evidence for their
associations with PD), see Supplementary Tables 9-14. In the molecular landscape descriptions
below, the gene name abbreviations refer to both the gene and the protein. Furthermore, the terms
‘activates’ and ‘inhibits’ indicate effects on protein function (e.g. by (de)phosphorylation) by another
protein, while ‘increases the expression of’ or ‘decreases the expression of’ denote effects on the

abundance of a protein (directly or indirectly) induced by another protein.

Not all proteins encoded by mRNAs from the RNAseq were placed in the landscape, either because
there were no connections with other landscape proteins or due to lack of annotation, or both.
However, this does not necessarily mean that they are not involved in physical exercise-mediated
effects. Interactions in the landscape that are (for practical reasons) not shown in the figures are

indicated with ‘(not shown)’ in the text.

Overall, in order to interpret protein-protein interactions in the landscape, two generalizations have
been made. First, when a knock-out of protein A in a cell or animal model increases the expression of
protein B, we assume that endogenous expression of protein A leads to the opposite effect and
decreases the expression of protein B. Second, we assumed that all identified protein interactions (in
any organism and/or cell type) can be extrapolated to the interactions in human (DA) neurons, even

when the specific interactions have not been studied in these specific substrates.
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1. Molecular landscape of the SN

In Figure 4 the physical exercise-mediated changes in expression in the SN are shown in combination
with the L-DOPA-mediated expression of the same proteins. In Supplementary Table 9 an overview
of the regulatory effects of physical exercise and L-DOPA in the SN is given. First, in the description
below, the interactions and pathways of these proteins in the landscape are discussed (independent
of their regulation by physical exercise or L-DOPA). And, secondly, the last paragraph of this section

discusses the differential effects of physical exercise and L-DOPA on these pathways.

The central themes in the landscapes that represent the protein interactions associated with the
changes in expression due to physical exercise in the SN are G-coupled receptor signaling, the
regulation of cell survival (including ERK1/2 signaling, ROS regulation, glucose uptake and signaling
and CREB1 signaling), as well as circadian clock proteins. Here we describe concisely the proteins

involved in each theme, and their interactions.

1.1 G-coupled receptor signaling and cytoskeleton regulation

ARRB2 mediates the signaling by G-protein coupled receptors and is e.g. activated by the G-coupled
receptor GRP39%°. ARRB2 binds phosphorylated AKT1 (total and Ser473-phosphorylated AKT1 are
lower in the PD brain, but are increased in glia cells in the SN of PD patients®®) and facilitates the

inactivation of AKT1?, and binds to the cytoskeleton protein ACTA2%, to the familial PD*33

proteins
VPS35% and PARK2*, to the nuclear export adapter ALYREF?® (binds also to AKT1**), and to the small
GTPase CDC42° that is known to control actin polymerization and thereby e.g. affects cell

morphology and endocytosis. ACTA2 also binds the familial PD**' proteins LRRK2** and PARK2*, and

binds TP53*. TP53, in turn, increases ACTA2 expression“’ % LRRK2 and CDC42EP3 bind*’, while
CDC42EP3 and CDC42EP2 both bind CDC42*® *°, thereby regulating assembly of actin filaments®.
Furthermore, both CDC42EP2 and CDC42EP3 both bind to the familial PD**** protein SNCA™,

1.2 The regulation of cell survival

The ERK1/2 pathway is activated by a wide array of stimuli, including growth factors, cytokines and
ligands for G protein-coupled receptors, and regulates neuron proliferation, survival and apoptosis.

In the molecular landscape represented here, ERK1/2 is activated by PPP1R1B*°, ACKR1>’, EDNRB®
(also binds to PARK2>®), IER3% and SHC1®" ®2, ERK1/2 also binds to and is regulated by TP53%®, and
binds to and is inhibited by DUSP6°®. Moreover, ERK1/2 expression is increased by GPR397°. These
proteins are also known to affect pathways involved in cell death, i.e. IER3, TP53 and SHC1 activate
CASP3”"7* and thereby induce apoptosis. CASP3 expression is increased in the SN of PD patients’ ’°.
Moreover, IER3 inhibits the activation and expression of AKT1”’, and TP53 binds to ALYREF’® and

79, 80

binds to and decreases the expression of PARK7®!, whereas PARK7 activates TP53%'. Further,
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TP53 increases the expression of DUSP6%, FKBP5®> *, PDGFA® and IER3**®. SHC1 is also important
for the cellular response to oxidative stress®® and functions downstream of TP53 to induce
apoptosis®’. While reactive oxygen species (ROS) are necessary for normal cell functioning® *°, high
levels are toxic and induce cell death® °* %, The mitochondrial protein ROMOL1 increases the
production of ROS®. The ferritin light chain protein FTL, on the other hand, reduces the formation of
ROS by regulating iron homeostasis® and also the heat shock protein HSPB6 decreases the
production of ROS™. HSPB6 binds SNCA®, increases calcium levels”, activates AKT1%®, and inhibits
CASP3 signaling®™. Cytoplasmic calcium levels are decreased by PVALB®, that is increased in a
subgroup of PD DA SN neurons’.

ERK1/2 activation, in turn, increases the expression of the glucose transporter SLC2A1%. Glucose

influx is necessary for maintenance of cellular energy levels and cell survival, and PD patients show

100

increased metabolic rates of glucose in the SN™". The glucose transporter SLC2A1 regulates the influx

101

of glucose into the cell and inhibits the activation of CASP3™"". SLC2A1 expression is also increased by

AKT1'%% and the familial PD'®" protein PINK1'®, but decreased by TP53'®™!. Further, the

growth factor complex PDGF (composed of PDGFA and PDGFB) activates SLC2A1'? thus increases

114, 115

the uptake of glucose'*. The neuropeptide TAC1 inhibits glucose uptake and thereby also

117, 118

increases extracellular (blood) glucose levels'™ ''®. Moreover, glucose activates ERK1/2 and

CDC42M ' increases the expression of the anti-apoptotic proteins PARK2'*, PINK1'** and SHC1'*

and decreases the expression of TP53"** *** and ACTA2'®. Thus, the maintenance of sufficiently high

cellular glucose levels prevents ROS formation and activation of apoptotic signaling cascades.

126

Lastly, ERK1/2 also decreases the expression of FKBP5'?® (part of the steroid receptor complex®® and

binds AKT1'?) and activates SHC1'?, IER3"*® and CREB1"%***. CREB1 is a transcription factor that

binds to cAMP response elements on the DNA and thereby regulates gene transcription of e.g. TH

133, 134

(not shown) . The earlier mentioned PPP1R1B (DARPP-32) integrates the signals in response to

135, 136 137, 138

extracellular DA and glutamate and activates CREB1 (in response to DRD2 activation) f
increases the expression of LRRK2™°, SNCA™° and CREB1**° and increases mobilization of calcium™*.
CREB1 is also activated by glucosem, calcium™ and AKT1", binds TP53'*"° and binds to the

nuclear exporter adapter ALYREF"'

that transports spliced mRNAs from the nucleus to the
cytoplasm. CREB1 increases the expression of MFSD2A"? and IER3"” and regulates the expression of

the circadian clock proteins PER1 and CIART (see below).

1.3 Circadian clock proteins
Multiple studies have reported a dysregulation of the circadian clock in PD patients and e.g. sleep-
wake disturbances and increased daytime sleepiness are widely studied™***°. Also degeneration of

DA neurons in the SN of MPTP-treated mice cause circadian rhythm irregularities’®. In the SN
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landscape, the proteins CIART (not shown), DBP and PER1 are involved in circadian clock regulation.

152, 161, 162 162

CREB1 increases the expression of PER1 and is necessary for expression of CIART . Calcium
increases the expression of both PER1® and DBP'®, and TP53 (a regulator of the circadian clock™®*)
increases the expression of DBP*®, whereas DBP and PER1 increases each other’s expression'®>. Thus,
multiple proteins involved in regulation of the circadian rhythm are regulated in the SN landscape,

suggesting that physical exercise might affect the (dysregulated) circadian clock function in PD.

1.4 Regulation by physical exercise vs. L-DOPA

Physical exercise and L-DOPA have an opposite effect on the regulation of proteins involved in
glucose homeostasis (SLC2A1), ERK1/2 activation (ACKR1, EDNRB, GPR39, IER3, TP53), the DARPP-32
pathway (PPP1R1B) and circadian clock-regulating proteins (PER1, DBP, CIART). Namely, physical
exercise downregulates the expression of SLC2A1, PPP1R1B and clock proteins, while (chronic) L-
DOPA administration results in increased SLC2A1 expression and (over)activation of the neuron by L-
DOPA-mediated activation of ERK1/2°* ', PPP1R1B'®’ and CREB1'®® and the subsequent activation
of clock proteins. Further, in addition to the proteins differentially expressed due to physical

exercise, L-DOPA activates™® and increases the expression of CASP3'6 169,

2. Molecular landscape of the VM

In Figure 5 the physical exercise-mediated changes in expression in the VM are shown, in
combination with the L-DOPA-mediated expression of these same proteins. Supplementary Table 10
gives an overview of the regulatory effects of physical exercise and L-DOPA. The central themes in
the landscapes that represent the protein interactions associated with the changes in expression due
to physical exercise in the VM are (interneuron mediated) DA release, cannabinoid signaling,
neuropeptide signaling, calcium mobilization and subsequent activation of PPP1R1B, ERK1/2, CREB1
and CCND1 signaling. Here we describe concisely the proteins involved in each theme, and their
interactions. First, in the description below, the interactions and pathways of these proteins in the
landscape are discussed (independent of their regulation by physical exercise or L-DOPA). Secondly,
the last paragraph of this section discusses the differential effects of physical exercise and L-DOPA on

these pathways.

2.1 DA- and interneuron-mediated MSN activation
Medium spiny neurons (MSNs) are GABAergic inhibitory cells and represent the majority of cells
present in the striatum. There are two primary MSNs subtypes, the DRD1 and DRD2 expressing

MSNs, representing the direct and indirect pathway respectively. MSNs of the direct pathway project
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to the globus pallidus internal segment (GPi) and substantia nigra pars reticularis (SNr), whereas the
indirect pathway MSNs project to the external segment of the globus pallidus (GPe), to the
subthalamic nucleus and subsequently to the GPi and SNr. Outputs of the direct and indirect

pathway, respectively, cause an excitation and inhibition of the upper motor neurons in the cortex*’®

171

DA release in the striatum is not only dependent on SN neuron activation, but also depends on the

activity of cholinergic interneurons. Cholinergic interneurons integrate synaptic signaling in the

172-175

striatum and mediate DA-dependent striatal plasticity of MSNs . Through the activation of both

muscarinic and nicotinic cholinergic receptors on DA terminals and the co-release of glutamate,

activated cholinergic interneurons trigger striatal DA release'’®*®

. Of note, in PD and in dystonia, a
reduced release of DA in the striatum leads to an increased acetylcholine (ACh) release by
interneurons™®*, whereas DA-dependent pauses in the tonic firing of cholinergic interneurons are
hypothesized to function as a learning mechanism in reward- and motor-related learning™®*¥’.
Further, the differentially expressed potassium channels (KCNA5, KCNA6, KCNC4, KCNE5) may
regulate DA release and presynaptic DRD2 function'®®, or may regulate the firing patterns of

189, 190

cholinergic interneurons via hyperpolarization-activated potassium currents or may be involved

in depolarization of MSNs after activation of muscarinic ACh receptors™ %,

Thus, the interplay between striatal ACh and DA release, by respectively cholinergic interneurons and
DA neurons, is important for learning and plasticity of MSNs. Another factor involved in memory and
learning is the transcription factor MEF2C, that suppresses the number of excitatory synapses on
neurons®. MEF2C increases the expression of KCNA5'®, and MEF2C itself is activated by MAPK11'%®
%7 and MEF2C expression is increased by HLA-A'® and BDNF"*® *® (not shown; BDNF is associated
with (cognitive impairment in) PD****%).

In the VM landscape, the choline O-acetyltransferase CHAT, necessary for ACh synthesis in
cholinergic synapses, is decreased by physical exercise. Moreover, activation of the neuronal
acetylcholine receptor subunit CHRNA4 by ACh leads to opening of an ion channel, influx of calcium
and depolarization that facilitates activation of the SNARE complex and neurotransmitter (e.g. DA)

204, 205

release . Depolarization through calcium influx is also mediated by the voltage-dependent

calcium channel (VDCC)®, that binds to RIMS1?°® **” and UNC13C*® and is inhibited by REM2°%. The

SNARE complex binds STXBP1*'* ™ and RIMS1°® and SNARE assembly is inhibited by calmodulin
(CaM)**. STXBP1 regulates synaptic vesicle docking and fusion and binds also to CaM***, DOC2B***
(DOC2B expression is increased by CaM?>*®), APBA2?'® **” and familial PD protein SNCA™*®,

Cytoplasmic vesicles are recycled and are again filled with DA for release into the synaptic cleft.

Removal of SYN1 from the cytoplasmic side of cytoplasmic vesicles mobilizes the vesicles for
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neurotransmitter release®’. SYN1 binds SH3GL2”*°, LRRK2?%°, PARK2**, SNCA**? and CaM?*** #22, SNCA

decreases the expression of SYN1***

, whereas CaM binds the synaptic vesicle membrane protein
VAT1L’® and induces the release of SYN1 from cytoplasmic vesicles®®. SH3GL2 regulates synaptic

vesicle endocytosis and binds in addition to SYN1 also to DRD2?%*, PARK2?%, LRRK2?*” and CaM**. DA

for release into the synaptic cleft is either synthesized in the DA neuron, or is taken up by the DA

228-230 231

transporter SLC6A3 (that is associated with PD ) from the extracellular matrix~". TH is the rate-

22 TH is activated by calcium®* ** and inhibited by

limiting enzyme in DA synthesis and binds SNCA
SNCA®*?* and DRD2%*°. Further, the TH expression is increased by the neuropeptide TAC1%*” and the

SNCA-homologue SNCB**. SNCB also binds to SNCA®*®, AKT1%*° and inhibits CASP3 activation®®.

241

Cytoplasmic DA is transported into the cytoplasmic vesicles by the DA transporter SLC18A2°"" (that is

associated with PD*** **)

so it can be released. The protein MYO1B is a motor protein involved in
among others vesicular transport and binds to LRRK2*>. CDC42EP3 is another protein involved in
cytoskeleton regulation and binds to SNCA®® and LRRK2"'.

In summary, DA release in the striatum is regulated by controlling reuptake, storage and synthesis of
DA and thereby controlling the availability of DA ready for release. However, it should be noted that

the proteins involved in vesicle fusion and release of neurotransmitter are not only involved in DA

release in the synaptic cleft, but may also mediate e.g. ACh, GABA or glutamate release.

DA released in the synaptic cleft activates the DRD1 and DRD2 receptors present on MSNs***. The PD-

associated DRD2*** 2*® binds to DRD1%* and also to the chloride ion channel CLIC6**%. In turn, DA

249, 250

receptor activation results in increased cytosolic calcium concentration . Cytoplasmic calcium

levels are also increased by TAC1*">*?, vDCC** (binds to AMIGO2”*°), TRPC3>****® and decreased by

SLC24A2°> **°, HTR1B*® and PVALB®® **" **. Calcium increases the expression of ARC*** and
CCND1°** ** and activates FAAH**°, PPP1R1B**’, ERK1/2°*® *** and CaM** *’!. CaM is a calcium

sensor and transduces the calcium signal and thereby increases the expression of LRRTM3", binds
and decreases the expression of TCF4*">273 (TCF4 also binds to TLE1*"* and PARK2"), binds TRPC3?®,
CCND1*”, STRN*’®, MYO1B*"> **°, MAPK11**! (binds also to MBP’*’), ARPP21°%’, MBP*** ***> (MBP

expression is increased by BDNF (not shown)®*®) and RAP1GAP”". Moreover, CaM activates
CAMK1G®® that in turn activates CREB1*® **’. Calcium mobilization therefore increases the main

signaling cascades in the VM landscape; PPP1R1B, ERK1/2, CREB1 and CCND1 signaling.

2.2 Main signaling cascades

Increased phosphorylation (and thus activation) of PPP1R1B and ERK1/2 in striatal neurons after
chronic L-DOPA treatment is associated with L-DOPA-induced dyskinesias®® ?** **°. PPP1R1B is also
known as dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-32) and activates

ERK1/2°%2%° and CREB1™"**, inhibits CASP3"** **! and regulates AKT1 activation®® >,
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ERK1/2 are protein kinases that are signal transducers for e.g. growth factors, cytokines and G

293-

protein-coupled receptors. In addition to activation by PPP1R1B, ERK1/2 are activated by HBEGF

2% (regulates the survival of midbrain dopaminergic neurons®®), DLK1 *°” 2°, GNAS?*3%*, DGKI*%,

HTR1B>® and the endogenous cannabinoid receptor CNR1°**>/

(see also below), and are inhibited
by DUSP6°®” *% 3% 3% 3nd RAP1GAP*'°. ERK1/2 increase the expression of neuropeptide TAC1**! and
activate CREB1"" ™,

The transcription factor CREB1 is, in addition to CAMK1G, PPP1R1B and ERK1/2 (see above), also

142,312 313

activated by glucose (that decreases the expression of CBR3*"), potassium®'*, AKT1'*41%¢31> gnd
GNAS**®. Subsequently, CREB1 regulates the expression of GABRG2”*, decreases the expression of
DLK1*" (also decreased by KLF6°'%), PGM2L1"?, PTPRD*®2, MYO1B"? and CRYM"’ and increases the
expression of ARC'®?, NPTX2", ECEL1"*?, BDNF (not shown)*** *>31° KCNC4'*? HLA-A™ (not shown,
HLA-A binds MBP**° and GNAS**}, and its expression is decreased by ERK1/2 (not shown)®*?) and of

the neuropeptides TAC1** **?, PENK"**** and PDYN*** 3%,

All three, PPP1R1B, ERK1/2 and CREB1, increase the expression of the cell cycle regulator CCND1 ***

292,326:328 cCND1 may be involved in synaptic plasticity and learning®* and its expression is increased

by BDNF**°, WNT7B**!, AKT1 ****** glucose®®, calcium®* ** and TCF4%** **” and decreased by
RAP1GAP’'°, PARK2?*®, ZEB2** (ZEB2 inhibits AKT1)**® and CTNNBIP1>*®. Nuclear translocation of
CCND1 is activated by AKT1**' and calcium® and inhibited by KLF6***. CCND1 decreases the
expression of STXBP1>** and increases the expression of CTNNBIP1***. Further, CCND1 binds KLF6>*,
LMNA>* (AKT1 activates LMNA **°) and MAPK11*".

Thus, CCND1 is regulated by all the main signaling cascades in the landscape (PPP1R1B, ERK1/2,

CREB1) and may affect synaptic plasticity.

2.3 Endogenous cannabinoid signaling

Following DA depletion, the endocannabinoid system in the basal ganglia rearranges to restore

348, 349 350

homeostasis . The cannabinoid receptor CNR1 is abundant within the basal ganglia®", can

351, 352

repress the release of glutamate and GABA (e.g. by cortical synapses, not shown) and interacts

353, 354

with DA transmission in the striatum , i.e. CNR1 forms heterodimers with DA receptors354 and

CNR1 activation increases DRD2 expression®>. Further, indirect pathway signaling (via DRD2-positive

MSNs) is rescued by endocannabinoid signaling and improves motor dysfunction in PD models®*® 7.

Paradoxically, both CNR1 agonist and antagonists alleviate L-DOPA-induced dyskinesia in PD

358

models™®. This contradiction may be explained by the differential coupling of CNR1 to G proteins,

either due to interaction with DA receptors®®, or by the functional selectivity of the different

358

agonists and antagonists for G proteins and CNR1 subpopulations™. Moreover, DRD2 activation

359

modulates coupling of different G proteins to CNR1™” (not shown). CNR1 expression is increased by
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DA’ glucose®®' and BDNF*** (and CNR1 increases BDNF expression®> **%). CNR1 binds and
decreases the expression of RAP1GAP*** and binds and inhibits VDCC™® 3** 3% Further, CNR1
decreases the expression of the neuropeptides PDYN®**’ and PENK®®’, regulates the activation of

ERK1/2304306.368. 359 30 increases DA release®’® 3%,

The two most abundant endocannabinoids, 2-arachidonoylglycerol (2-AG) and anandamide, bind and

372374 and 2-AG also increases the expression of CNR1*”®. 2-AG and anandamide inhibit

activate CNR1
FAAH (not shown)®’®, whereas FAAH in turn increases the hydrolysis and breakdown of both

endocannabinoids®**® *”/. GABRG2 and GABRA3 form a GABA receptor complex’’® *”° and are

379 360

activated by 2-AG’”. Further, DA decreases the expression of GABRG2™".
In summary, the endocannabinoid system interacts with and compensates for defects in the DA

system and may therefore have a therapeutic potential in the treatment of PD.

2.4 Neuropeptides
PD and L-DOPA-induced dyskinesia are associated with abnormal expression of striatal precursor

peptides, i.e. PENK, PDYN and TAC1 derived peptides are increased in the globus pallidus and their

380-382

production is DA-state dependent . Neuropeptides are small peptides used for communication

between neurons. As shown above, CREB1 increases the expression of the neuropeptides PENK,
PDYN and TACl1. PENK decreases the excretion of K* (potassium)®*?, whereas K' increases the
expression of PENK®**. PENK expression is increased by DA®®> **® and BDNF*®’ and decreased by
DRD2°**®. PDYN decreases degeneration of DA neurons in the rat midbrain®**. PDYN expression is
increased by glucose®®, DRD1**" and TAC1**. TAC1 expression is increased by BDNF*** *** (not

shown), DA*®®, DRD2°® and ERK1/2*'. In turn, TAC1 activates ERK1/2**> ** (not shown), increases

114-116 251-253

plasma glucose levels (by decreasing its uptake in cells) , increases intracellular calcium ,

binds CaM*”’ (not shown) and increases the expression of TH**” and GFAP**® (not shown; GFAP is a

399

marker for astrocytes and its expression is increased by BDNF”" (not shown) and decreased by

313

glucose®? (not shown)). The mitochondrial GPD2 binds PARK2*, and when activated, increases the

400 Calcium binds and activates GPD2%°, whereas glucose

release of ROS from the mitochondria
inhibits GPD2 activation®! and may therefore regulate ROS levels in the cell.
In summary, the regulation of neuropeptides is DA-state dependent and may affect neuron

communication and functioning in the striatum and globus pallidus.

2.5 Regulation by physical exercise vs L-DOPA
The main signaling themes of the landscape encompass ACh interneuron functioning, potassium
signaling, vesicle release, cannabinoid and neuropeptide signaling, calcium mobilization and

subsequent activation of PPP1R1B, ERK1/2, CREB1 and CCNDL1 signaling. Strikingly, physical exercise
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and L-DOPA have opposite effects on the regulation of almost all proteins in this landscape, i.e.
physical exercise increases the expression of vesicle release proteins (STXBP1, RIMS1, SNARE,
APBA2), CCND1 and proteins involved in cannabinoid signaling (FAAH, CNR1) and decreases the
expression of PPP1R1B, neuropeptides (PDYN, PENK, TAC1) or proteins involved in ERK1/2 regulation

(HTR1B, DGKI, HBEGF, DLK1, RAP1GAP). L-DOPA exerts an opposite effect on the expression of all
these proteins compared to the effect of physical exercise and also activates PPP1R1B'®’, CREB1"%,
ERK1/2°%'*® DRD1 and M‘m, and activates and increases the expression of CASP3 166,189 Of note,
L-DOPA disrupts the crosstalk of an CNR1-DRD2 complex*”® and an CNR1 agonist reduces L-DOPA-

|404, 405

induced motor dysfunction in a PD rat mode . Further, L-DOPA-induced dyskinesia is associated

381, 382, 406-408

with increased neuropeptide levels in the striatum and globus pallidus . Furthermore,

ablation of striatal cholinergic interneurons attenuates L-DOPA-induced dyskinesia in mice*® **°. Of
interest, whereas physical exercise decreases the ACh synthase CHAT and increase the expression of
the ACh receptor subunit CHRNA4, L-DOPA causes the exact opposite.

In summary, physical exercise has been shown to have an opposite effect on the regulation of
proteins that are regulated by L-DOPA and associated with L-DOPA-induced dyskinesia. Physical

exercise may therefore have therapeutic value in attenuating the side effects of chronic L-DOPA use.

3. Molecular landscape of the DL

In Supplementary Figure 6 the physical exercise-mediated changes in expression in the DL are shown

in combination with the RICTOR-mediated expression of the same proteins.

The proteins regulated by both physical exercise and RICTOR are part of complex |-V of the electron
transport chain in the mitochondria, the 40S and 60S ribosomal subunits, or the proteasome.
Supplementary Table 11 shows the localization of each of the proteins in these complexes and also

provides an overview of the regulatory effects of physical exercise and RICTOR.

3.1 Regulation by physical exercise vs. RICTOR

RICTOR decreases the expression of all proteins in the landscape, and thereby regulates cellular
energy levels, protein translation and degradation. In contrast to RICTOR, physical exercise increases
the expression of all proteins in the landscape located in the electron transport chain, and also

increases the expression of the proteins that are part of the ribosome or proteasome.
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4. Molecular landscape of the VTA

In Supplementary Figure 7 the physical exercise-mediated changes in expression in the VTA are

shown in combination with the RICTOR-mediated expression of the same proteins.

The proteins regulated by both physical exercise and RICTOR are part of complex I-V of the electron
transport chain in the mitochondria, the 40S and 60S ribosomal subunits, or the proteasome.
Supplementary Table 12 shows the localization of each of the proteins in these complexes and also

provides an overview of the regulatory effects of physical exercise and RICTOR.

4.1 Regulation by physical exercise vs. RICTOR

Physical exercise and RICTOR both decrease the expression of all mMRNAs in the landscape of the VTA.
Therefore, physical exercise and RICTOR exert the same direction of effect on the functioning of the
electron transport chain, the ribosome and the proteasome. This is in contrast to the opposite
regulation of mMRNAs in the ribosome, proteasome and especially the electron transport chain by

physical exercise and RICTOR in the DL (see above).

5. Molecular landscape of the PFC

In Supplementary Figure 8 the physical exercise-mediated changes in expression in the PFC are
shown in combination with the Bicuculline/Dalfampridine-mediated expression of the same proteins.
The drugs Bicuculline and Dalfampridine induce epileptic seizures, and eight out of nine of the
mRNAs regulated by physical exercise and these convulsants are associated with epilepsy or seizures

(Supplementary Table 13).

The main theme in the PFC landscape is immediate early gene activation, namely three out of nine
proteins in the landscape — FOS, FOSB and NR4A1 — are encoded by immediate early genes. FOS and
FOSB decrease each other’s expression*** and NR4A1 inhibits activation of FOSB**%. The activation of

these immediate early genes is regulated by insulin and low density lipoprotein (LDL). Impaired

413
D

insulin homeostasis is associated with P and oxidized LDL is increased in the plasma of (L-DOPA-

415, 416

treated) PD patients*'®. Oxidized LDL regulates the expression of FOS , and increases the

expression of FOSB*" and NR4A1*"" *'® and both insulin and LDL increase the expression of DUSP1*'*

337, 422

*2! and activate the PI3K complex in the cytoplasm. The PI3K complex activates NR4A1*** and

ERK1/2***® and increases the expression of FOS*™" **” *® Oxidized LDL activates the ERK1/2

429

pathway*? that is also activated by insulin (via PI3K activation)** *> %32 Further, ERK1/2 is also

regulated by the familial PD proteins, i.e. both SNCA and PARK2 inhibit ERK1/2 activation®* *** and

SNCA also binds to ERK1/2**. Furthermore, ERK1/2 is activated by the NMDA receptor (NMDAR)***
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36 that also increases the expression of FOS*** and ARC**’ and is involved in DUSP1 regulation®® (not

shown). The phosphatase DUSP1 binds to ERK1/2**° and inhibits ERK1/2 activation®® **'. In turn
ERK1/2 activates DUSP1** *** and FOS *** **  regulates BTG2**, and also increases the expression of
FOS*’” *® FOSB*’ and regulates the expression of DUSP1*°. Insulin expression/secretion is
regulated by PARK2*?, increased by BTG2*? and decreased by NPAS4*® and NR4A1***. The actin

protein ACTA2 binds to the familial PD proteins LRRK2*? and PARK2®. Insulin increases the level of

113, 455, 456

intracellular glucose, which is mediated by PI3K . In turn, glucose decreases the expression of
ACTA2'® increases the expression of PARK2'?* and NPAS4*>, activates PI3K*” **® and activates

ERK1/2117, 118

Thus, immediate early gene activation and the epilepsy-related signaling are the main pathways in
the PFC regulated by both physical exercise and Bicuculline/Dalfampridine. Further, (oxidized) LDL,
insulin, glucose and the ERK1/2 and PI3K pathways seem important for the regulation of these

proteins.

5.1 Regulation by physical exercise vs. Bicuculline/Dalfampridine

Physical exercise and Bicuculline/Dalfampridine exert the same direction of effect on all mRNAs in
the PFC landscape, i.e. they decrease the expression of ACTA2 and increase the expression of the
other eight proteins. Bicuculline/Dalfampridine treatment and physical exercise may therefore
(partially) have the same effects on the molecular pathways in the PFC. The mRNAs coding for
NMDAR and ERK1/2 did not show a differential expression due to physical exercise, but are both

regulated by Bicuculline®® *°.

6. Molecular landscape of the PPN

In Supplementary Figure 9 the physical exercise-mediated changes in expression in the PPN are
shown in combination with the CREB1-mediated expression of the same proteins. These proteins
show very limited interactions in the landscape, but a few themes could be distinguished such as
vascular remodeling / angiogenesis (CALCB, NRP1, SGK1, TAC1), neuropeptide signaling (CARTPT,
PENK, TAC1), lipid metabolism (EBP, FASN, MVK), epilepsy/immediate early response (JUN, NR4A1,
SV2C, TAC1) and calcium singaling (CALN1, NRGN, NRP1, Calmodulin (CaM)) (see also

Supplementary Table 14).

Central in the landscape is the transcription factor CREB1 that regulates the expression of JUN*®" **

and NOS1*®, increases the expression of NR4A1"> *** FASN*®°, MVK'®, EBP™*?, TINF2'*>, FAM65B™*,
SGK1'?, CARTPT™, CALCB**°, SVC2C™?, NAB2'®, PENK"* and TAC1"? and decreases the expression
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of CALN1™? (binds calcium®), LMO1"™% NRGN™ and NRP1%> Further, CREB1 binds to JUN*®,
SGK1*® and is activated by SGK1®®, NOS1*° and CaM*". The proteins of these CREB1-regulated
mRNAs show only a small number of interactions with each other. The immediate early response
proteins JUN and NR4A1 bind*”° and JUN inhibits NR4A1 activation®’’. Further, JUN regulates the

1 increases the expression of PENK*’? and SGK1*’®> and mediates alternative

expression of LMO1
splicing of PARK2*"*. NR4A1 regulates the expression of FASN*”® and is activated by TAC1*®. Further,
CALCB increases the expression of CARTPT*’. Furthermore, NOS1 binds to the calcium binding
CaM*®*” that is binding to the calcium binding NRGN*** *®', NOS1 is activated by CaMm*”* *¥?, NRP1**
(binds calcium®) and SNCA™*, and NOS1 expression is decreased by PARK2*. Lastly, insulin
increases the expression of JUN"®* NR4A1*”® and FASN*® and activates SGK1*®® and CREB1**° and

may therefore be a modulating factor of the landscape.

6.1 Regulation by physical exercise vs. CREB1

Physical exercise increases the expression of mRNAs related to epilepsy/immediate early response,
and decreases the mRNAs involved in neuropeptide signaling. However, whereas some of these
proteins are increased by CREB1, others are decreased by CREB1 and no clear directional effect of

CREB1 functioning due to physical exercise could be discerned.
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List of abbreviations

AC, anterior commissure;

ACh, acetylcholine;

CC, corpus callosum;

CNR, control (saline) not running;

CR, control (saline) running;

DA, dopamine;

DL, dorsolateral striatum;

FW, forward strand;

GPe, globus pallidus external;

GPi, globus pallidus internal;

L-DOPA, levodopa;

MNR, MPTP but not running;

MR, MPTP and running;

MSNs, medium spiny neurons;

PD, Parkinson’s disease;

PFC, prefrontal cortex;

PPN, pedunculopontine nucleus;

RV, reverse strand;

SN, substantia nigra;

SNpc, substantia nigra pars compacta;
SNpr, substantia nigra pars reticularis;
STN, subthalamic nucleus;

VDCC, voltage-dependent calcium channel;
VM, ventromedial striatum;

VTA, ventral tegmental area;
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