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Abstract

:

The main goal of the present study was the identification of cellular phenotypes in attention-deficit-/hyperactivity disorder (ADHD) patient-derived cellular models from carriers of rare copy number variants (CNVs) in the PARK2 locus that have been previously associated with ADHD. Human-derived fibroblasts (HDF) were cultured and human-induced pluripotent stem cells (hiPSC) were reprogrammed and differentiated into dopaminergic neuronal cells (mDANs). A series of assays in baseline condition and in different stress paradigms (nutrient deprivation, carbonyl cyanide m-chlorophenyl hydrazine (CCCP)) focusing on mitochondrial function and energy metabolism (ATP production, basal oxygen consumption rates, reactive oxygen species (ROS) abundance) were performed and changes in mitochondrial network morphology evaluated. We found changes in PARK2 CNV deletion and duplication carriers with ADHD in PARK2 gene and protein expression, ATP production and basal oxygen consumption rates compared to healthy and ADHD wildtype control cell lines, partly differing between HDF and mDANs and to some extent enhanced in stress paradigms. The generation of ROS was not influenced by the genotype. Our preliminary work suggests an energy impairment in HDF and mDAN cells of PARK2 CNV deletion and duplication carriers with ADHD. The energy impairment could be associated with the role of PARK2 dysregulation in mitochondrial dynamics.
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1. Introduction


Attention-deficit/hyperactivity disorder (ADHD) is a very heterogeneous disorder, with a broad spectrum of type and severity of symptoms that interfere with personal functioning and negatively impacts social and occupational activities [1,2]. The general population prevalence of ADHD has been described to be between 4–7% in childhood, and 2–4% in the adult population worldwide [3]. The genetic contribution to ADHD has been estimated between 70–80% [4,5], whereas environment is suggested to explain about 22% of ADHD variance [6,7,8,9]. In the past decades, the development of whole-genome scanning methods allowed to clarify the major contribution of copy number variants (CNVs) to genetic variance. CNVs are large, genomic structural variations that comprise deletions, duplications, triplications, and translocations in comparison to a reference genome [10]. Several rare CNV have been associated with ADHD [11,12,13]. There is evidence that the risk for ADHD fits a polygenic liability threshold model. This means that individuals carrying rare large CNVs could develop ADHD by only carrying a lower number of multiple common genetic risk variants [14]. A genome-wide analysis of rare CNVs conducted by Jarick and colleagues specifically detected CNVs in the PARK2 (=PRKN) genetic locus, implicating this target as a candidate gene for ADHD [15]. PARK2 (also known as Parkin/PRKN, a protein with E3 Ubiquitin ligase function), in concert with the Ser/Thr protein kinase PINK1, plays a pivotal role in the regulation of the mitochondria quality control (MQC) system directing processes such as mitophagy (i.e., selective autophagy-mediated degradation of mitochondria), fusion and fission, biogenesis and mitochondrial transport, and is thus involved in the cellular energy balance and oxidative stress response [16]. Different stimuli, both physiological and pathological, can lead to PINK1 accumulation on the mitochondrial outer membrane where it can recruit and activate cytosolic PARK2 by phosphorylation. PARK2 is then able to flag several proteins expressed on the mitochondrial surface and in the cytoplasm with ubiquitin tags, thus marking them for degradation by the ubiquitine-proteasome system or by autophagy [17]. Acting together, PARK2 and PINK1 represent an internal sensor system for disparate cellular homeostasis perturbations [18]. In addition to mitochondria’s well-known role in energy production, they play a pivotal role in general cellular metabolism, intracellular calcium signaling, generation of ROS and stress responses [19]. In the last years, studies have implicated mitochondrial (mt) dysfunction in ADHD in that increased oxidative markers [20], reduced oxygen consumption, and ATP production as well as increased levels of superoxide radicals have been reported [21].



The role of PARK2 mutations in Parkinson’s patients are relatively well studied and recent studies also utilize human-induced pluripotent stem cell (hiPSC)-derived neuronal cells [22,23] in this context, but no data are available yet regarding the functional consequences of PARK2 CNVs associated with ADHD in human-derived cellular models.



In this study, we investigated two different cell models; human fibroblast cell lines (HDF) and as well preliminary data from hiPSC-derived midbrain-derived dopaminergic neurons (mDANs). Cells were derived from adult ADHD patients carrying PARK2 CNVs (deletion and duplication) in comparison to healthy and ADHD wildtype (WT) controls. We conducted experiments focusing on mitochondrial function and energy metabolism. The MQC system is responsible for basal and normal cellular functions but also plays an important role after cellular homeostasis disturbances [18]. Thus, we chose to additionally investigate if baseline genotype differences were more pronounced after a nutrient deprivation paradigm (“starvation”). This displays a form of metabolic cellular stress that has been shown to induce increased PARK2 expression [24]. We also applied pharmacological treatment using carbonyl cyanide m-chlorophenyl hydrazine (CCCP), an ionophore that depolarizes the mitochondrial membrane thus triggering PINK1 accumulation and subsequent mitochondrial degradation [25]. Finally, we performed a series of assays focusing on mitochondrial function and energy metabolism (ATP production, basal oxygen consumption rates, reactive oxygen species (ROS) abundance).




2. Methods


2.1. Neuropsychiatric Assessment and Genotyping


Patients were recruited in 2013 at the Department of Psychiatry, Psychosomatic Medicine and Psychotherapy, University Hospital of Würzburg, Germany within a previously published sample [15] (see Table S1 and Supplementary Material 1). The healthy controls were recruited among hospital staff and did not report a history of mental disorders, acute or chronic infections, or severe somatic diseases. Only study participants who gave written informed consent were enrolled in the study, which complied with the latest Declaration of Helsinki and was approved by the Ethics Committee of the University of Würzburg (votum no 96/10). Participants were also examined for early signs of Parkinson’s disease by Unified Parkinson’s Disease Rating Scale (UPDRS), Non-Motor Symptom assessment scale for Parkinson’s disease (PD NMS), and the sniffing test to assess olfactory function. Additionally, Substantia nigra volume was assessed by ultrasound and IQ was measured using the MWT-B (Multiple-Choice Vocabulary Intelligence Test, Mehrfachwahl-wortschatz-test, verbal intelligence) [26]. We recruited four ADHD patients and two healthy controls for skin punch biopsies. From three ADHD patients that were known as CNV carriers from the previously published sample [15] and one healthy wildtype control, we further reprogrammed HDF into hiPSC and differentiated them into mDANs (one adult ADHD PARK2 CNV duplication risk-carrier = PARK2CNV_DUP/ADHD, one adult ADHD PARK2 CNV deletion risk-carrier = PARK2CNV_DEL_A/ADHD and one healthy CNV non-risk carrier = WT_A/HEALTHY, see Table S1). From the three additional participants fibroblasts and hiPSC were generated (one adult ADHD PARK2 deletion carrier = PARK2_DEL_B/ADHD, one adult ADHD patient with the wildtype variation = WT/ADHD and another healthy wildtype control = WT_B/HEALTHY) (see Table S1). For our experiments, we used (i) HDF from all six participants to have a larger number and the generated (ii) mDANs from the described three participants. We obtained venous blood samples from the participants and DNA was isolated from EDTA-monovettes (Sarstedt, Nümbrecht, Germany) by a de-salting method [27]. DNA concentration and quality were assessed by spectrophotometric measurement (Infinite 200 PRO-Tecan, Männedorf, Switzerland). The presence of the PARK2 risk-CNV was confirmed by Illumina Infinium Omni2.5-8 bead array analysis.




2.2. Skin Biopsies and Fibroblast Primary Cultures


Skin biopsies were taken by medically trained personnel (SKS) under local anesthesia (Scandicain, AstraZeneca, Wedel, Germany) using a skin puncher (3 mm2) and fibroblast cultures were generated after standard procedure (see Supplementary Material 1).




2.3. hiPSCs Generation and Pluripotency Assays


CytoTune-IPs 2.0 Sendai Reprogramming Kit (Invitrogen, Carlsbad, CA, USA) was used to reprogram the fibroblasts into hiPSCs following the manufacturer’s protocol (see Supplementary Material). Embryoid body (EB) assay was performed as well as immunostaining and PCR for pluripotency markers in hiPSC and EBs, see Supplementary Material 1 and Figure S1 and Tables S2 and S3).




2.4. Differentiation of hiPSCs into Neurons with a Midbrain Dopamine Like Phenotype


Dopaminergic differentiation was chosen because PARK2 genetic mutation are commonly causal for familial Parkinson’s disease and here neurodegeneration in dopaminergic cells plays an important role [28]. On the other hand, the cells in our study were generated from ADHD patients and in ADHD as well dopaminergic dysfunction is suspected [29]. In addition, methylphenidate as the most commonly used ADHD drug is a norepinephrine- and dopamine reuptake inhibitor [30]. The neural differentiation was performed employing a protocol adapted from Kriks et al. [31] as described elsewhere [32]. For basal characterization of dopaminergic markers and dopamine production see Supplementary Material 1 and Figure S2A–C.




2.5. Immunofluorescence and Mitostaining


For immunofluorescence assays cells were grown on Matrigel-coated coverslips. For the analysis of mitochondrial network morphology, fibroblast cells were grown on coverslips and mitochondria were stained using 400 nM MitoTracker® Red CMXRos (ThermoFisher Scientific, Waltham, MA, USA) and imaged with Zeiss Axio Observer.Z1 microscope with ApoTome function (Zeiss, Oberkochen, Germany). Images were analyzed by a semi-automated analysis with Fiji ImageJ software as described elsewhere [33]. Shape descriptors considered were aspect ratio (AR): major_axis/minor_axis and Form factor (FF): (perimeter2/(4π × area)) (details see Supplementary Material 1).




2.6. Molecular Karyotyping


Genomic DNA from cell lines was extracted with the DNeasy kit (Quiagen, Hilden, Germany) and analyzed on an Illumina Infinium Omni2.5-8 bead array at the Institute of Human Genetics, LIFE&BRAIN, University of Bonn (for further details see Supplementary Material 1).




2.7. RNA Extraction, Two-Steps Reverse Transcription PCR (RT-PCR), and Quantitative RT-PCR (RT-qPCR)


RNA was isolated using RNeasy-Plus Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. RNA quality and absence of gDNA contamination was measured using the Standard Sensitivity RNA Analysis Kit with Fragment Analyzer (Advanced Analytical, Agilent, Santa Clara, CA, USA). Because of the low gene expression of PARK2 in fibroblasts, samples were pre-amplified before PARK2 gene expression analysis. Pre-amplification of the target genes was performed with TaqMan PreAmp Master Mix Kit (ThermoFisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol (for predesigned primer and probe sets see Table S2). Quantitative RT-PCR (RT-qPCR) primers were designed to be intron spanning with NCBI Primer-Blast with the size of the respective intron being greater than 1 kbp (sequence on Table S1 and Supplementary Material 1).




2.8. Protein Concentration


Protein concentration from whole cell lysate was determined with ADV02 assay (Cytoskeletron Inc, Denver, CO, USA) and absorbance was measured at 600 nm wavelength by the Infinite M200 PRO microplate reader (Tecan, Männedorf, Switzerland). PARK2 protein levels were measured with Human Parkin SimpleStep (Enzyme-linked Immunosorbent Assay) ELISA Kit (Abcam, Cambridge, UK) following the manufacturer’s instructions (for further details see Supplementary Material 1).




2.9. Stressor Paradigms


For the subsequent experimental procedures, the cell lines were divided into three groups. The “baseline group” was cultured with standard maintenance media; DMEM with 10%FBS for fibroblasts, and complete neurobasal medium for mDANs. The “starvation group” was subjected to a 24-h serum nutrient deprivation paradigm; DMEM-only for fibroblasts, and neurobasal medium without B27 supplementation for mDANs. The “CCCP group” was cultured with standard culturing media supplemented with 10 µM carbonyl cyanide 3-chlorophenylhydrazone (Sigma-Aldrich, Taufkirchen, Germany) for 24 h. For experimental procedures cultured cells from the same line were randomly assigned to one of the treatment groups. Cells were used in similar passage numbers (for further details see Supplementary Material 1).




2.10. ATP Production, Oxygen Consumption, and ROS Production


All assays were conducted after standard procedure (see Supplementary Material 1) using the Plate reader Infinite 200 PRO (Tecan, Männedorf, Switzerland). ATP production was analyzed using the ATPlite Luminescence Assay System (PerkinElmer, Walluf, Germany) according to manufacturer’s instructions. ROS production was measured using the DCFDA/H2DCFDA-Cellular Reactive Oxygen Species Detection Assay Kit (Abcam, Cambridge, GB, USA), according to a protocol suggested by the manufacturer for 24 h of treatment.




2.11. Data Analysis


For each experiment we report the single values of each individual replicate that were also used for statistical analysis. Data were analyzed using SPSS (V22, IBM, Armonk, NY, USA). Data were tested for normal distribution by Kolmogorov-Smirnov and Shapiro-Wilk test and parametric or non-parametric tests were applied appropriately. Exploratory one-way ANOVA or two-way ANOVA as well as repeated measures ANOVA (univariate analysis of variance) were used and Kruskal-Wallis test or Mann-Whitney test were performed. If statistical analysis showed significant difference, post-hoc testing was performed (Tukey HD test). Additionally, effect size was calculated (Cohen’s d or Partial eta squares). Correlation between values obtained from HDF and values obtained from mDANs was calculated by bivariate correlation and Pearson’s r reported. The level of significance was set at p = 0.05 because of the exploratory approach and we did therefore not correct for multiple testing. For the mDANs, as only n = 1 per group was available, only exploratory and descriptive results from the repeated experiments and means of technical replicates are reported. Graphs were plotted using GraphPad Prism 5.01 (GraphPad Software, San Diego, CA, USA). Standard curves were rendered by using CurveExpert 1.4 (https://curveexpert.software.informer.com/1.4/).





3. Results


3.1. Confirmation of PARK2 CNVs


PARK2 CNV status was confirmed by an Illumina Infinium Omni2.5-8 bead array that showed PARK2 CNVs, spanning exon 2 of transcript NM_004562 (Figures S3A and S5) (PARK2 CNV hg19 position: PARK2 CNV DUPLICATION/ADHD chr6:162737426-162882874; PARK2 CNV DELETION/ADHD chr6:162719417-162914986).




3.2. Neurological and Psychiatric Assessment


None of the clinical tests regarding early signs of Parkinson’s disease was above the clinical threshold in the part III (motor examination) to allow a diagnosis of PD. There were no significant differences between the PARK2 CNV carriers and the controls (see Table S1).




3.3. Evaluation of Mitochondrial Network Morphology


Given the known physiological role of PARK2, we assessed whether the presence of a PARK2 CNV might exert downstream effects on biological processes regulated by the PARK2-PINK1 interaction [34]. Two main parameters were considered in our study using the HDF. First, the aspect ratio (AR), which mainly is used for a description of the shape of the mitochondria (a value of 1 translates to a circle, numbers > 1 mean a more elongated shape). Second, the form factor (FF), which describes the mitochondrial network branching (high values imply a tubular network and lower values stand for a more fragmented network) [28,35].



Using the mean AR and FF values of the mitochondria present in each HDF (15 cells per cell line/condition) a significant effect of treatment (nutrient deprivation) could be seen for both the indices (AR: F(1,84) = 59.715, p ≤ 0.0001, ηp2 = 0.416; FF: F(1,84) = 16.147, p ≤ 0.000, ηp2 = 0.246) and the genotype (AR: F(2,84) = 40.067, p ≤ 0.0001, ηp2 = 0.488; FF: F(2,84) = 13.713, p ≤ 0.000, ηp2 = 0.246), and for the interaction between the two variables (AR: F(2,84) = 35.441, p ≤ 0.0001, ηp2 = 0.458; FF: F(2,84) = 22.492, p ≤ 0.0001, ηp2 = 0.349). For both AR and FF, the main difference was between PARK2 CNV duplication/ADHD versus WT/healthy and WT/ADHD control (Tukey HSD p ≤ 0.0001) and PARK2 CNV deletion-carrier/ADHD (Tukey HSD p ≤ 0.0001). Our findings suggest that the PARK2 CNV duplication carrier/ADHD cells with and without nutrient deprivation might exhibit a pronounced elongated mitochondrial shape and tubular branching compared to PARK2 CNV deletion carrier/ADHD and WTs with and without ADHD (see Figure 1A–C).




3.4. PARK2 Gene and Protein Expression


We investigated if there were differences in the PARK2 gene expression in fibroblasts due to their genotype and/or after nutrient deprivation (starvation) (Table S4). PARK2 gene expression was generally low in our HDF cultures which was a finding that differed from previous studies [24] and a pre-amplification step was necessary. PARK2 gene expression was nominally lower in HDF cells of the PARK2 deletion carriers in comparison to healthy control and duplication carriers. However, the PARK2 duplication carriers showed a PARK2 gene expression which also was slightly nominally lower in comparison to wildtype healthy and ADHD controls. Statistical analysis using exploratory ANOVA did not show significant differences in PARK2 gene expression between PARK2 deletion and duplication carriers and wildtype controls (with/without ADHD) (Table S4). Nutrient deprivation (=starvation) led to an increase in PARK2 gene expression in PARK2 deletion and duplication carriers, in healthy controls the PARK2 expression remained on the same level after the stress paradigm, however, no significant statistical effect was detected in an exploratory ANOVA analysis (Table S4).



We further assessed Parkin protein levels both in fibroblasts and dopaminergic neuron lines in baseline conditions, after 24 h of nutrient deprivation and after 24 h treatment with 10 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP).



Fibroblast cell lines were first explored separately (regarding duplication vs. deletion vs. wildtype) but similar to the PARK2 gene expression levels, as well the PARK2 duplication as the PARK2 deletion carriers showed reduced PARK2 protein levels compared to the wildtype (Figure 2A). An exploratory ANOVA was calculated to assess genotype and treatment effects on PARK2 protein concentration in HDF lines taking the duplication and deletion carriers as one group vs. the wildtype ADHD and healthy control as one group to increase statistical power (Figure 2B). The analysis showed a significant effect of the genotype (F (2,27) = 11.082, p ≤ 0.0001, ηp2 = 0.451) and significant effect of treatment (F (2,27) = 13.810, p ≤ 0.0001, ηp2 = 0.506) but not a significant interaction between the two fixed factors. Post-hoc comparisons using the Tukey HSD on the treatment effect indicated that the treatment difference was mainly driven by CCCP treatment vs. baseline and vs. starvation (both Tukey HSD p ≤ 0.0001) that induced a decrease of PARK2 protein levels. In regard of the genotype, not only fibroblasts lines derived from PARK2 deletion carrier but also PARK2 duplication carrier showed lower levels of PARK2 protein when compared to WT (both Tukey HSD p ≤ 0.0001).



The measurement of PARK2 protein levels on differentiated dopaminergic neuronal cells (Figure 2C) revealed a significant interaction between genotype and treatment (F (4, 9) = 4.819, p = 0.024, ηp2 = 0.682). The wildtype healthy control mDAN line showed increased PARK2 protein levels in comparison to as well PARK2CNV_DUP/ADHD as PARK2CNV_DEL_A/ADHD at baseline (Figure 2B). Also nutrient deprivation as CCCP treatment decreased PARK2 protein concentration in wildtype mDANs. CCCP treatment led to an increase of PARK2 protein levels in PARK2 duplication carrier mDAN (Figure 2C).




3.5. ATP Levels


The total cellular ATP concentration was evaluated under baseline conditions, after 24-h starvation stress and after 24-h treatment with 10 µM CCCP. The HDF cell lines were first explored separately (regarding duplication vs. deletion vs. wildtype) but similar to the other experiments, as well the PARK2 duplication as the PARK2 deletion carriers showed reduced ATP levels/fold changes compared to the wildtype in baseline and after starvation stress. After CCCP treatment the different cell lines showed similar fold changes in comparison to the healthy control at baseline (Figure 3A). In HDF, an exploratory univariate analysis of variance performed on ATP concentration data taking the duplication and deletion carriers as one group vs. the wildtype ADHD and healthy control as one group to increase the statistical power showed a significant difference due to genotype (F(2,44) = 11.462, p < 0.0001, ηp2 = 0.343) and treatment (F(2,44) = 43.465, p < 0.0001, ηp2 = 0.664), as well as an interaction effect between the two variables (F(4,44) = 4.666, p = 0.003, ηp2 = 0.298) (Figure 3C). Both stressor treatments appeared to lower the amount of ATP in comparison to the baseline conditions (both Tukey HSD p < 0.0001). Genotype differences were mainly observed between the PARK2 CNV deletion carrier/ADHD and WT/Healthy and WT/ADHD (Tukey HSD p < 0.0001), and to a lesser extent between the PARK2 CNV duplication and WT/Healthy and WT/ADHD (Tukey HSD p = 0.064). In both cases it appeared that ADHD/PARK2 CNV carrier cells showed lower levels of ATP compared to WT healthy and ADHD controls, both in basal conditions and after 24-h starvation. However, CCCP treatments appeared to affect all genotypes equally (Figure 3A,B).



The mDANs showed lower levels of ATP from cultures subjected to starvation compared to baseline conditions (Tukey HSD p < 0.0001, Figure 3B) whereas the CCCP treatment seems to have a lesser effect on mDANs. Genotype was found to have a significant effect on ATP content, and decreased ATP levels were observed in both PARK2 CNV deletion (Tukey HSD p < 0.0001) and PARK2 CNV duplication/ADHD compared to WT healthy control (Tukey HSD p = 0.004) (see Figure 3C).




3.6. Oxygen Consumption Rates (OCR)


We measured the basal extracellular oxygen consumption rate (OCR) in the HDF and mDANs under baseline conditions, 24-h starvation stress, and 24-h CCCP treatment (Figure 4A–F and Figure 5A–C) and additional dimension of energy metabolism. Because the PARK2 duplication as well as the deletion carriers showed an effect in the same direction, we analyzed the data from the HDF first separately and then together to increase the statistical power. The time course recording was arbitrarily divided into three bins of 30 min each (I0–30, I30–60, I60–90) to avoid multiple testing and because repeated measured ANOVA was technically not possible to conduct with all the measured time points. Student’s tests were run for each interval to determine if there were differences between the genotypes in baseline OCR. Statistical analysis showed significant differences between genotypes both under baseline conditions (Figure 4A,D) and after starvation (Figure 4B,E). HDF of PARK2 CNVs carriers revealed lower rates of extracellular oxygen consumptions in comparison to WT under baseline conditions (see Figure 4A) and after starvation (Figure 4B,E). We could not detect a significant difference between PARK2 CNV deletion and duplication carriers and WT healthy and ADHD control after CCCP treatment (see Figure 4C,F). Our data therefore suggest that HDF derived from ADHD patients carrying PARK2 CNV deletion and duplication display decreased extracellular oxygen consumption compared to WT under both baseline conditions and after starvation stress, but not after CCCP treatment.



To determine if with time the recorded fluorescence would decrease, we calculated an exploratory repeated measures ANOVA on RFU recorded in the intervals. In the baseline conditions, a significant effect of time (F(2,8) = 71.024, p < 0.0001) could be seen, but no interaction between time and genotype. This suggests that the fluorescence signal declines over time, possibly because of the utilization of the reagent, which was unaffected by genotype. This finding was similar in the samples subjected to 24-h starvation (F(2,14) = 411,536, p < 0.0001), but in this case the decline was higher in healthy and ADHD wildtype control lines, potentially because of the earlier reported elevated OCR compared to the PARK2 CNV deletion and duplication carriers (F(2,14) = 88.790, p < 0.0001).



Because of only having n = 1 per group in the mDANs we could not perform valid statistical tests with biological replicates. Numerically, also in the mDANs, duplication as well as deletion carriers were observed to have a lower OCR under baseline conditions and, although to a lesser degree, after nutrient deprivation (see Figure 5A,B). After CCCP treatment, the mDANs from especially the ADHD PARK2 deletion carrier showed lower OCR in comparison to the Healthy WT control (see Figure 5C).




3.7. Reactive Oxygen Species Production (ROS)


Finally, we analyzed the effect of the different genotypes on the production of cellular ROS in fibroblast (Figure S6A,C). ROS measurement showed a significant effect of the nutrient deprivation and CCCP stress (F(2,12) = 55.208, p < 0.0001, ηp2 = 0.902) but not of genotype (F(1,12) = 2.183, p = 0.165, ηp2 = 0.154), and also no interaction effect (F(2,12) = 0.768, p = 0.485, ηp2 = 0.114). The main differences for treatment were found between baseline and starvation conditions (Tukey HSD p < 0.0001), and baseline and CCCP treatment (Tukey HSD p < 0.0001). A higher amount of ROS could be observed after starvation (M = 2.441; SD = 0.262) and CCCP treatment (M = 2.268; SD = 0.064) compared to baseline conditions (M = 1.397; SD = 0.184). We did not find a significant difference in ROS response between starvation and CCCP treatment (Tukey HSD p = 0.274). In the mDANs, PARK2 CNV carriers seemed to display a lower amount of ROS in comparison to the healthy WT. Both starvation and CCCP treatment increased the ROS amount in all three mDAN cell lines (Figure S6B).





4. Discussion


In our study we investigated two patient-derived cellular models, HDF and also preliminary results from hiPSC-derived mDANs, obtained from adult ADHD patients. The patients we derived mDANs from were CNV carriers of deletions or duplications in the PARK2 gene, which has previously been associated with ADHD and were compared with healthy and ADHD wildtype carriers [15]. We used two stress paradigms, nutrient deprivation and CCCP treatment, to attempt to enhance the cellular pathophenotype in our experiments. The PARK2-coded protein parkin is involved in mitochondrial functions such as mitophagy, fusion and fission, biogenesis and mitochondrial transport [36]. Regarding PARK2 gene expression, we could find the lowest levels in the deletion carrier, however, also the duplication carrier had lower PARK2 gene as well as protein concentration in comparison to the wildtypes. The molecular mechanism of how the duplication might lead to decreased PARK2 gene and protein expression needs to be explored in future studies. In HDF, as well nutrient deprivation as CCCP treatment led to decreased PARK2 protein concentrations in all cell lines independent from the genotype. In mDAN this was true for the WT healthy control cell line, but not for the CNV cell lines. However, because of the preliminary and exploratory data on the mDAN, no definite conclusion can be drawn from those findings. We also assessed the morphology of mitochondria in fibroblasts from ADHD PARK2 CNV carriers in comparison to wildtype carriers. An altered mitochondrial network morphology was observed in the PARK2 duplication carrier/ADHD. Starvation stress affected all of our fibroblasts independently of genotype and led to a more fragmented mitochondrial network branching with single elements of a rather spherical shape. On a descriptive level, the PARK2 CNV duplication carrier/ADHD under baseline conditions seemed to show a more elongated mitochondrial shape and increased tubular branching compared to PARK2 CNV deletion carriers/ADHD and WT control and ADHD. Similar alterations were reported in cells derived from Parkinson’s patients carrying mutations in the PARK2 gene, with both increased tubular branching [28] and fragmented structure [37] reported. Additionally, in high-aged Park2 knockout mice, more fragmented mitochondria were observed in conjunction with locomotor impairments [38]. Taken together, the data suggests that genetic variants and mutations in PARK2 might result in protein dysfunction, thereby impacting mitochondrial stability. ADHD and ASD are neurodevelopmental and not neurodegenerative disorders, however, genetic variation in PARK2 gene and environmental stressor might lead to impairment of mitochondrial structure in the neurodevelopment even though no further neurodegeneration appears later in life.



In the past years, several studies have linked mitochondrial dysfunction to the etiology of several mental disorders [39]. The brain is an organ that is in need of high energy supply, and it is well established that mitochondria play a crucial role in the metabolism of not only energy, but also amino acids, lipids, and steroids; all of which are essential elements for a normally functioning central nervous system [40]. Moreover, specifically in synapses, mitochondria contribute to the maintenance of the membrane potential, facilitate calcium-dependent neurotransmitter release, and activate second messenger pathways [41,42]. After observing altered mitochondrial structure in our HDFs, we investigated mitochondria-related energy metabolism by measuring ATP levels and oxygen consumption rate in HDF and mDANs, under baseline and two stress paradigm conditions. Our findings indicate a significant difference between genotypes in HDF under both baseline and starvation conditions, and a similar result was observed in mDANs which however needs to be evaluated in the future with an independent set of additional cell lines. ADHD PARK2 CNV duplication and deletion carriers showed lower levels of cellular ATP compared to healthy and ADHD wildtype controls, suggesting a potential dysfunctional MQC system. This may contribute to an aggregation of damaged mitochondria and ATP loss. This finding is supported by a previous study using fibroblast of carriers of different PARK2 gene mutations. Under baseline conditions, ADHD PARK2 CNV deletion and duplication carriers also demonstrated decreased extracellular oxygen consumption rates under both baseline and starvation conditions in HDF, which was again reflected in the mDANs. These results replicate previous findings using ADHD cybrid cells; a transgenic cell model that allows the effects of a patient’s mitochondria to be studied in isolation. This study reported decreased levels of ATP production and oxygen consumption, and higher levels of superoxide radicals [21]. CCCP treatment had no effect on ATP levels or oxygen consumption rate in HDF or mDANs, apart from reduced OCR in ADHD PARK2 CNV deletion carrier mDANs. This finding was unexpected, as CCCP has been shown to cause mitochondrial depolarization in several other studies. However, it could be that the concentrations used in our study were too low [43].



The physiological function of mitochondria leads to the formation of several reactive oxygen species (ROS) and reactive nitrogen species (RNS), which under normal conditions are attenuated by the redox scavenger system [44]. We therefore aimed at evaluating whether the concentration of ROS was different because of genotype and/or stress paradigms. As expected, our data suggested that the cells had increased ROS production under starvation and CCCP treatment compared to baseline. However, there were no genotypic differences regarding ROS levels.



Our results, at least in part, could reflect dysregulated mitophagy (via PARK2/PRKN and PINK1). It has been shown that parkin is transported to the mitochondria which have an impaired energy metabolism, where it ubiquitinates mitofusin (Mfn) to mark them for degradation and mitophagy [45]. If parkin is not functioning properly, impaired mitochondria can accumulate and lead to neurodegeneration [46]. As no neurodegeneration is described in ADHD and ASD, any genetically induced Parkin alterations might have a more subtle effect, which leads to a higher rate of sub-optimal functioning mitochondria. This is supported by our findings of lower ATP content and reduced oxygen consumption rate, but not to an accumulation of defect mitochondria in the cells, at least not in an amount that would cause neurodegeneration. However, we could also show evidence for a stronger vulnerability of the ADHD PARK2 CNV deletion and duplication carrier cells to nutrient deprivation stress which has also been described in other Parkin-or PINK1-deficient models [43,47].



The regulation of oxidative stress, measured by the level of ROS, was not altered in our ADHD PARK2 CNV deletion or duplication cells, suggesting there could be alternative compensatory pathways regarding mitochondrial or metabolic stress. Recent studies give evidence of oxidative and nitrosative stress markers being altered in ADHD compared to healthy controls, as reviewed by Lopresti and colleagues [48]. Despite the results of those studies hinting at higher oxidative stress and less sufficient response to oxidative damage both in children and adults with ADHD [49], reported findings are partially contradictory. This is most likely due to inconsistences in markers tested, publication bias, sample collection, and the population studied [48]. However, we investigated ADHD patients that are carriers of a rare genetic variant, so our results cannot be generalized for a majority of ADHD patients.




5. Conclusions


Our work suggests that ADHD PARK2 CNV carriers might have an energy impairment. This impairment could be due to the diverse role of PARK2 in mitochondrial dynamics, potentially leading to the disruption of normal brain plasticity and cellular resilience [39]. Several highly sensitive temporal windows, such as nervous system development during embryogenesis, could be more susceptible to such perturbations possibly leading to a role in the etiology of neurodevelopmental diseases. During this sensitive developmental stage, mitochondria are involved in the maturation of neural stem cells, proliferation and differentiation, formation of dendritic processes, and synaptic plasticity [50,51,52,53]. PARK2 and PINK1 are the main regulators of the MQC, and thus could play a functional role in psychiatric and neurodevelopmental disorders like subgroups of patients with ADHD. Therefore, as novel therapeutic options, substances that increase mitochondrial functions and decrease oxidative stress like for example antioxidants (e.g., polyphenols) should be investigated in preclinical and clinical studies for their efficacy as (add-on) treatment of ADHD.



5.1. Limitations


The results of our study should be considered under several limitations. First, the number of biological repeats (patients and controls) was low, especially in the mDAN, and we did not use isogenic controls. Second, although the models presented in this study are one of the few available cellular models for studying ADHD, PARK2 CNVs represent a rare variation found just in a small subset of ADHD patients. Furthermore, we did not conduct electrophysiological experiments yet to investigate basal neuronal functions besides the ability to produce dopamine. Additionally, we did not in detail investigate the CNV effect on neuronal function and survival which will be done in future studies.




5.2. Data Availability


The data that support these findings are available from the corresponding author, S.K.-S, upon reasonable request. Human subject data will be deidentified to protect confidentiality.
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	Autism Spectrum Disorder
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	Copy Number Variation/Variants



	HDF
	Human Dermal Fibroblast



	hiPSC
	human induced Pluripotent Stem Cells
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	mature Dopaminergic Neurons
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	PARK2CNV_DUP/ADHD
	PARK2 duplication carrier with ADHD



	PARK2CNV_DEL_A/ADHD
	PARK2 deletion carrier with ADHD, A



	PARK2CNV_DEL_B/ADHD
	PARK2 deletion carrier with ADHD, B



	PD NMS
	Non-Motor Symptom Assessment Scale for Parkinson’s disease



	ROS
	Reactive Oxygen Species



	UPDRS
	Unified Parkinson’s Disease Rating Scale
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Figure 1. (A–C): Mitochondrial network analysis. (A) Mitochondrial staining (MitoTracker Red CMXRos) in fibroblast cell lines under baseline conditions, and mask of the semi-automated digital image analysis (Fiji/ImageJ) showing different types of network morphology. These images demonstrate a tubular elongated mitochondrial shape (PARK2CNV_DUP/ADHD) and a fragmented round-shaped mitochondrial network (WT_B/HEALTHY and PARK2CNV_DEL_A). Scale bars 10 µm. Graphical representation of the form factor (FF) (1B) and Aspect ratio (AR) (1C). The values were obtained by analyzing 15 cells per line/condition from two independent experiments. The dots represent the mean AR and FF values of all the mitochondria present in each fibroblast cell. In both cases there seem to be a more elongated mitochondrial shape and tubular branching in the PARK duplication carrier (PARK2CNV_DUP/ADHD) compared to the other cells (PARK2CNV_DEL_A/ADHD, PARK2CNV_DEL_B/ADHD, WT_A. WT_B/HEALTHY as well as WT/ADHD). ANOVA was calculated, level of significance was set at p = 0.05. ** p ≤ 0.01. Data are shown as mean ± SEM. 
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Figure 2. (A–C): PARK2 protein concentration. PARK2 protein concentration was evaluated in HDF lines (A + B) and mDANs (C) in baseline conditions and after 24 h nutrient deprivation (=starvation) stress and after treatment with 10 µM CCCP for 24 h. PARK2 protein data were obtained from two independent experiments (HDF, only one experiment in mDAN) with samples measured in duplicates. Data are shown as mean ± SEM. Exploratory ANOVA was calculated. A show the data from HDF cell lines from PARK2 CNV duplication vs. deletion vs. wildtype healthy control separately, C shows a combined analysis of HDF data of PARK2 CNV deletion + duplication vs. wildtype ADHD + healthy to increase number of cell lines and statistical power. Level of significance was set at p = 0.05. * p ≤ 0.05; *** p ≤ 0.001. 
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Figure 3. (A–C): ATP quantification. Cellular ATP content was evaluated in HDF lines (A,B) and in mDANs (C) in baseline conditions, after 24-h starvation stress and after treatment with 10 µM CCCP for 24 h. Fold difference was calculated against WT in baseline conditions. Data were obtained from two independent experiments with samples measured in triplicate. Data are shown as mean ± SEM. Exploratory ANOVA was calculated. Figure A shows the data of HDF cell lines from PARK2 CNV duplication vs. deletion vs. wildtype healthy control separately, Figure B shows a combined analysis of PARK2 CNV deletion + duplication vs. wildtype ADHD + healthy to increase number of HDF cell lines and statistical power. Level of significance was set at p = 0.05. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 
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Figure 4. (A–F): Oxygen consumption rate in human-derived fibroblasts (HDF). Basal oxygen consumption was measured under baseline (A,D), starvation (B,E), and CCCP treatment conditions (C,F). Fluorescence (RFU-y-axis) signal correlating with the respiration was recorded every two minutes for 90 min. Data are presented as mean of two independent experiments with samples measured in triplicate. Figure 4A–C show a combined analysis of PARK2 CNV deletion + duplication vs. wildtype healthy+ADHD wildtype to increase number of HDF cell lines and statistical power). HDF derived from ADHD patients carrying PARK2 CNVs showed lower rates of extracellular oxygen consumptions compared to WT in all the intervals both under baseline conditions (I0–30: CNV carriers (M = 36.056; SD = 0.106), WT (M = 38.493; SD = 1.276); I30–60: CNV carriers (M = 35.026; SD = 0.068), WT (M = 37.859; SD = 1.209); I60–90: CNV carriers (M = 34.841; SD = 0.293), WT (M = 37.626; SD = 1.279) (see Figure 4A) and after starvation (I0–30: CNV carriers (M = 34.938; SD = 1.267 ), WT (M = 39.160; SD = 1.398); I30–60: CNV carriers (M = 33.907; SD = 1.296), WT (M = 36.970; SD = 1.527); I60–90: CNV carriers (M = 33.593; SD = 1.427), WT (M = 35.430; SD = 1.265). Figure 4D–F shows the data of HDF cell lines from PARK2 CNV duplication vs. deletion vs. wildtype healthy control separately. There was a significant difference between the genotypes in all intervals in baseline: I0–30: t(4) = 3.292, p = 0.030, d = 2.692, r = 0.803; I30–60: t(4) = 4.054, p = 0.015, d = 3.310, r = 0.856; I60–90: t(4) = 3.675, p = 0.0321, d = 3.001, r = 0.832 and as well after starvation: starvation I0–30: t(4) = 6.224, p = 0.003, d = 5.082, r = 0.931; I30–60: t(4) = 4.351, p = 0.012, d = 3.553, r = 0.871; I60–90:t(4) = 3.842, p = 0.018, d = 3.337, r = 0.843. Data are shown as ± standard error of mean (SEM). Exploratory repeated measure ANOVAs and t-tests were calculated. Level of significance was set at p = 0.05. * p ≤ 0.05. 
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Figure 5. (A–C): Oxygen consumption rate in mDAN. Basal oxygen consumption rate was evaluated both under baseline (A), starvation (B), and CCCP treatment conditions (C). Fluorescence (RFU-y-axis) signal correlating with the respiration was recorded every two minutes for 90 min. Data are presented as mean of two independent experiments with samples measured in triplicates. Because the biological replicates were n = 1 for each group, the data shown here are only descriptive. 






Figure 5. (A–C): Oxygen consumption rate in mDAN. Basal oxygen consumption rate was evaluated both under baseline (A), starvation (B), and CCCP treatment conditions (C). Fluorescence (RFU-y-axis) signal correlating with the respiration was recorded every two minutes for 90 min. Data are presented as mean of two independent experiments with samples measured in triplicates. Because the biological replicates were n = 1 for each group, the data shown here are only descriptive.



[image: Jcm 09 04092 g005a][image: Jcm 09 04092 g005b]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jcm-09-04092


  
    		
      jcm-09-04092
    


  




  





media/file8.jpg
STARVATION cccpP

BASELINE

AHLIVIH
ool e o ALY

axay
14 il AA\<|4wol>ZONv_m<m

aHay
ORES [

AMLTVEH
e Nim

aHay
<< v Ea oo

ae

AHLIVEH
- fm . LT

auay
<+ | v Ea oo

oo
== - N oo

15

-
3
[9Bueyo pioy] uonenusaUd 41y

1<





media/file18.png
Oxygen consumption rate [RFU]

40.0

37.5

35.0

32.5

30.0

27.5

25.0

22.51Y

20.0

17.5

15.0

12.5

JAN

0] P00 P
1 0O RXA S BAALD A D
A ¢ ?
0 AT P00 o0 AR

1 I 1 I I I I 1 I 1 I 1 I I 1 I 1 I 1 1 1 1 I 1 I 1 I I 1 I 1 1 1 I 1 I I 1 I 1 1 1 1
6 8 10121416 182022 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
TIME (min)

g

WT_A/HEALTHY
PARK2CNV_DUP/ADHD
PARK2CNV_DEL_A/ADHD

(©)





media/file2.png
5+

Form Factor (arbitrary units)

PARK2CNV_DEL_A/ADHD PARK2CNV_DUP/ADHD WT_B/HEALTHY

(A)

* %

it BTt

Aspect Ratio (arbitrary units)

1 BASELINE STARVATION 1 BASELINE STARVATION
NSRRI R NN R AR R
A A & RGP S & NS
S L L F O ST EETE FEIT IS
& & Sy o o & & R S AR NP PR A AP NP PR AP
?\ \ N @,/ 00 \ Q7\ Q}’/ @,/ ) \'o < o@ OQ/ Q7 «?' < o@ o@ RY
’ Q/’ O((/ AV Q& Yé&/ Q Q¥ Q7 @«/ \é/ Q7 Q7 @’@’ Q7 Q7 &
$& $& Q7 Q7 $& NS S & & S & &
S O & S & & & & & & & &
¥ ¥ ¥ ¥

(B) (©)





media/file13.png
Oxygen consumption rate [RFU]

Oxygen consumption rate [RFU]

45.0

42.54

40.0

35.0

32.54

w&§§i§i§o§§ §i é%% ! §§% %%§% %$ %Q%%%§%%%o

§ E% X A §§5§§AZ £A§§5A*

303 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1 I I I I 1
02 4 6 810121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
TIME (min)
WT/HEALTHY+ADHD
A PARK2CNV_DUP/ADHD + PARK2CNV_DEL/ADHD
32.5-
30.0-
27.5-
25.0-
22.5- L
) ® Q
o A
20.0- % o 2
5°§000® » Weaessves
17.5- g A§§A 2 22%%2% % 252
43 § 23 2% Xé A}
15.0
12.5
10.0

1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 46 8101214161820 22 242628 30 323436 38 4042 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 36 88 90
TIME (min)

o WT_A/HEALTHY

A PARK2CNV_DUP/ADHD + PARK2CNV_DEL/ADHD

(©)

Oxygen consumption rate [RFU]

Oxygen consumption rate [RFU]

W
o
()

45.0

40.0+

T
g

32.51

=)

e 1

Bt g

i N g g
LA g : %*“MM%
32.5- Aé%;}5§§§35§§§§A§%§§§§§55%5§ A%A}§§

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

02 4 6 8101214161820 222426 28 30 32 34 36 38 40 42 44 46 43 50 52 54 56 53 60 62 6466 63 7072 74 76 78 80 82 84 36 88 90
TIME (min)

o WT/HEALTHY+ADHD

A PARK2CNV_DUP/ADHD + PARK2CNV_DEL/ADHD

(B)

42.5 §

?
§§§§§§*§§D§§§o§§§§ g §§% % §0%§0§§%§5

;
% X < £
%}%%?X%f%;E%@Z%ﬁg%ﬁ%ﬁ%ﬁ%

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
02 4 6 8101214161820 22242628 30 3234 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 73 80 32 84 86 88 90
TIME (min)

O~ WT_A/HEALTHY
A- PARK2CNV_DUP/ADHD

PARK2CNV_DEL_A/ADHD

(D)





media/file12.jpg





media/file3.jpg
CcccP

-

. ;4 N M

5 < |auav _
-z

STARVATION

BASELINE

300

prm e
L gid MM
auav
< s NTEOANODRVE
e B s
1 ANOZRSY
AHLTVEH
o e MM
auav
1 130 NODIVA
aHay
-TI 14T ANOZREYS
§ 2 & & : -©
g § & 8

[iu/Be] uoyesueou0 uisjoid ZyHYd






media/file9.png
STARVATION CCCP

BASELINE

AHLTV3H
N 1M

aHav _
N"13d ANOZRIVd

aHavy
/dNd ANOZHIVd

AHLIVdH
N 1M

aHav _
N"13d ANOZRIVd

aHavy
/dNA”ANOZHAVd

AHLIV3H
'} ® N 1M
7_ » adav
<< s /N 13d ANO2HvVd
adav
— /dNA ANOZMHvVd

| | ] 1
= iy =
- o o

[oBueys pjoj] uonesJuUadUOI 41V

(A)

2.00+

[eBueys pjoj] uonesuasuod 41V

) a 2
M w_ _._DL_
= z 2
- O+ 0O
m Jaln
< 520
Wm MAPM
*
X x
X X
*
T T T T T T T
Y] o 7o) o Y] o 7o) o
~ o N Q ~ il N =
- - - L ol o o o o

STARVATION CCCP

BASELINE

(B)





media/file1.jpg
PARK2CNV_DEL_A/ADHD

PARK2CNV_DUP/ADHD

()

WT_B/HEALTHY

(B)

T

LEEES

ol





media/file16.jpg
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

uuuuuuuuuuuuuuu





media/file7.jpg
STARVATION cecp.

BASELINE

98umy2 i wopenusauos ary.

*)

ST coop

aseLne

®)





media/file10.png
STARVATION CCCP

BASELINE

vt w
o
'_IT.

[@bueys pjoj] uonenuasuod 4d1v

‘_ @ aHav

“ “ /Y 13A ANDOZHHVd
| |
o
o

AHLTVIH
N LM

aHav _

/Y 130 ANOZHEVd

aHavy
/dNd” ANOZHHVd

AHLTVIH
N LM

aHav _

/Y 130 ANOZHEVd

aHavy
/dNd ANOZHAVd

AHL1VIH
N 1M\

aHavy
/dNd ANOZHAVd

N

(C





media/file5.png
STARVATION CCCP

BASELINE

300

o
o
N
[jw/6d] uonesyuss

250+

50+

1
uod uiIo

T

o o
o

-—

j3oud ZMHVd

AHLTV3IH
N 1M

aHav _
N13AANOZHIVd

aHavy
/dNA ANDZYHV

AHLIVIH
N 1M

aHav
N"T3A"ANDZRIVd

aHav
/dNd ANOZHHVd

AHLIVIH
N 1M

aHav
N"T3A"ANDZRIVd

aHav
/dNd ANOZHHVd

(A)





media/file0.png





media/file17.png
Oxygen consumption rate [RFU]

40.0

37.5-
35.0-%
32.5- % § Q

30.0 0

§0§§o§§§§§§§§§§§§o§oo§§§%0§§%§O§O§§§§§§§O
27.5

25.0- AZAEAAAEEAA§§A§AA5AAAAAAA sb_ _a, EAAAAAé
ZiAEA i vy ¥ VivvyvvvvvaVVV§§v v vVyy Qvéﬁ

vv \'%
1754 LV

15.0-Y

Oxygen consumption rate [RFU]

12.54

I | T T T T T T T T T 7T T T T T 7T T T T T 7T T T T T 7T T T T T T T T T T T
0 2 46 8101214161820 222426 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90

TIME (min)
O- WT_A/HEALTHY
A~ PARK2_CNV_DUP/ADHD
v PARK2CNV_DEL/ADHD

30.0-

27.5-

2501 %§%§% i§§i ; % %% %§§ ¥§ 8 e
N : % °3 %% 09578075259
g§§ §%§$i %i$ %§%§§§%% o }}§§%§§%5 %§§%z

i
17.54 ¥ ZiY
HW5}§V§§ §§ % ? Y§§ §V§§§§§§§Vy§v§§§y§v§i§
T2y

20.0

12.5-
v

1 I 1 I
2 46 8 1012141618202224262830323436384042444648505254565860626466687072747678808284868890
TIME (min)

O -

o

WT_A/HEALTHY
A- PARK2CNV_DUP/ADHD
PARK2CNV_DEL/ADHD

(B)





media/file14.png
Oxygen consumption rate [RFU]

45.0

42.5

40.0

37.5

35.0

32.5

=)

gg¥ % it

b-<2-f- -0

I 1 I 1 I I I I I I 1
02468 1012141618202224262830323436384042444648505254565860626466687072747678808284868890

O- WT_A/HEALTHY
A- PARK2CNV_DUP/ADHD

v PARK2CNV_DEL_A/ADHD

TIME (min)

(E)

Oxygen consumption rate [RFU]

32.5-
30.0-
27.5
25.0-
22.5-

20.01

—

~

(3]
1

15.0

12.54

=)

I

o

9

% 888,

Y o OQOQ OO @VMQ 4 \'4
08 $9,° s9ed, . oY  EBoed¥yfo LR
éiiAii* P890,y . 1 pifte, i

o -

N -

~ -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

6 8 10121416 182022 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
TIME (min)

WT_A/HEALTHY

PARK2CNV_DUP/ADHD

PARK2CNV_DEL/ADHD

(F)





media/file4.jpg
¥ Samonvs

oiay
S monns

ccep

ccep

¥ Samooavs
avay 2
P

(B)

STARVATION

STARGATION

BASELINE

Bz

aiay
P

Jmﬂ il irﬁm

€ §F § f 8 & ¢
] v oo v

P





media/file11.jpg
oy *,'m sy

i

A g e

»

= et
it

[N ]

it
i

o~ *'*Nm,'n,;q;..!,;[.m
‘ it

SR

B u’w&.'m it 'Nn ity

e ’l-‘Y“l*'!r‘w"!"y’ iy






media/file6.png
F*ekk

WT/HEALTHY+

— ADHD

PARK2CNV_DUP/

ADHD +
== PARK2CNV_DEL/

ADHD

180

160 -

140 - ‘
120 |

100 -

T T T T
o [=4 (=4 o o
© © < ™~

[lw/6d] uonzespuasuos uisjoid ZMYVd

STARVATION CCCP

BASELINE

(B)

STARVATION

CCCP

BASELINE

il iﬁm

i

160

T T T T
o w0 o w0
o N~ w0 N
1

125+
0-

[Jw/6d] uonesuasouod uigjoud ZUNVYd

AHLIV3H
N 1M

aHav
/Y 130 ANOZANVd

aHavy
/AN~ ANOZH;YVd

AHLTV3H
NIM

aHav

/Y 130 ANOZANVd

aHavy
/dNa” ANOZHHVd

AHLTV3H
N 1M

aHav
/Y 130 ANOZANVd

aHavy
/AN~ ANOZH;YVd

N

(C





media/file15.jpg
;‘w,.nin-nm;-;.;.-i;‘{.}i{..;.;i;u*i.

@)

ittty 6
i} ERESIIT Rt jathe
i ﬁ mh;ﬂws*pﬂ;“i

v, PLI S -,
1 ':i gty yriey T egeney ot

(B)





