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Imaging mass cytometry reveals generalised deﬁciency in
OXPHOS complexes in Parkinson’s disease
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Here we report the application of a mass spectrometry-based technology, imaging mass cytometry, to perform in-depth
proteomic proﬁling of mitochondrial complexes in single neurons, using metal-conjugated antibodies to label post-mortem
human midbrain sections. Mitochondrial dysfunction, particularly deﬁciency in complex I has previously been associated with the
degeneration of dopaminergic neurons in Parkinson’s disease. To further our understanding of the nature of this dysfunction, and
to identify Parkinson’s disease speciﬁc changes, we validated a panel of antibodies targeting subunits of all ﬁve mitochondrial
oxidative phosphorylation complexes in dopaminergic neurons from Parkinson’s disease, mitochondrial disease, and control
cases. Detailed analysis of the expression proﬁle of these proteins, highlighted heterogeneity between individuals. There is a
widespread decrease in expression of all complexes in Parkinson’s neurons, although more severe in mitochondrial disease
neurons, however, the combination of affected complexes varies between the two groups. We also provide evidence of a
potential neuronal response to mitochondrial dysfunction through a compensatory increase in mitochondrial mass. This study
highlights the use of imaging mass cytometry in the assessment and analysis of expression of oxidative phosphorylation proteins,
revealing the complexity of deﬁciencies of these proteins within individual neurons which may contribute to and drive
neurodegeneration in Parkinson’s disease.
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INTRODUCTION
Mitochondrial defects accumulate in substantia nigra (SN) neurons
with advancing age1–3. The loss of this vulnerable population of
neurons causes the motor symptoms associated with Parkinson’s
disease (PD), and impairment of mitochondrial function has been
suggested to play an integral role in this neurodegeneration. This
dysfunction is not simply limited to the interruption of ATP
provision and calcium homeostasis, but also involves the
interaction of other organelles and proteins in the regulation of
mitochondrial biogenesis and mitophagy (reviewed in Chen,
et al4.). Post-mortem studies using human midbrain samples have
provided valuable information regarding the mitochondrial
contribution to the pathogenesis of PD, including the description
of mitochondrial oxidative phosphorylation (OxPhos) complex I
deﬁciency5 and an accumulation of somatically acquired mitochondrial DNA (mtDNA) deletions1,2. The deletions present within
each SN neuron are unique in terms of their size, location and
heteroplasmy level2, and are associated with varying degrees of
biochemical defects within individual cases and between different
neurons. These studies have highlighted the importance of singleneuron analysis in modern histopathological studies to improve
our understanding of the role of mitochondria in the selective loss
of dopaminergic neurons in PD.
To improve upon the detection of mitochondrial defects
using chromogen immunohistochemistry, we have previously
employed a quadruple immunoﬂuorescent (IF) assay on
midbrain samples 6,7. This technique allows quantitative analysis of the expression of OxPhos subunits at the single-neuron
level. However, since this technique is limited to four protein
targets due to ﬂuorophore wavelengths, we were limited to

assessment of two complexes (namely complex I and IV).
Therefore, a detailed investigation of how changes in the
expression of one OxPhos complex affects the expression of
other complexes and whether deﬁciencies were present for
multiple proteins was difﬁcult to achieve within single neurons.
To understand more about the mitochondrial defects that
occur in PD, we have optimised a multiplex imaging technique
which will facilitate the single-neuron investigation of complex
signalling pathways and protein interactions.
Imaging mass cytometry (IMC) couples detection of isotopic
masses by “cytometry by time of ﬂight” (CyTOF) with a high
power, low wavelength UV-laser to allow fast ablation of tissue
sections labelled with metal-conjugated antibodies. Each metal
isotope is sequentially detected based on their mass-to-charge
ratio, allowing simultaneous detection of over 37 isotopes from
a single tissue section. The current generated by each isotope
is reﬂective of the expression of the target protein, with the
retention of spatial information, the images assembled provide
sufﬁcient resolution (~1 µm2 = 1 pixel) for analysis at a singleneuron level (~550–1800 pixels per neuron)8,9. Compared to IF,
these images have the added advantage of an increased
signal-to-noise ratio in highly auto-ﬂuorescent tissues 10. Here,
we report the ﬁrst application of IMC on formalin-ﬁxed,
parafﬁn-embedded (FFPE) human midbrain tissue with a panel
of eleven antibodies developed following previous IF studies6,7,11. With this study, we provide validation of IMC
detection for both protein expression and neuronal cell-type
classiﬁcation, providing a comprehensive evaluation of the
expression level of all ﬁve OxPhos complexes simultaneously
within individual SN neurons. Importantly, we assessed
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RESULTS
Optimisation of IMC analysis on FFPE human midbrain section
As a direct-detection technique for immunostaining, midbrain
sections (5 µm) were labelled with primary antibodies directly
conjugated to Lanthanide metal tags and IMC acquisition was
performed as schematically described in Fig. 1a. For the validation
of IMC, two cases were selected with previously characterised
OxPhos complex deﬁciencies within SN neurons7,12. The ﬁrst case
showed decreased complex I but normal complex IV expression
and harboured a single, large-scale mtDNA deletion (break point:
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whether OxPhos deﬁciency extends beyond involvement of
complexes I and IV in PD and whether deﬁciencies in multiple
OxPhos proteins is present within single neurons. A cohort of
nine PD cases and four mitochondrial disease cases with POLG
mutations were included. Despite a similar pattern of acquired
mtDNA deletions2, the POLG cases show variable neuropathological changes in the SN and were included as a comparison
to identify PD speciﬁc changes which may contribute to the
degeneration seen in PD, that is often absent from this region
in mitochondrial disease 12,13.

Fig. 1 Workﬂow and validation of imaging mass cytometry (IMC) assay on human post-mortem midbrain. a A schematic demonstration of
the IMC experimental workﬂow to investigate protein expression in individual midbrain neurons. Formalin-ﬁxed, parafﬁn-embedded (FFPE)
midbrain sections (5 µm) were immuno-labelled with twelve Lanthanide-metal-conjugated antibodies. Regions of interest within the
substantia nigra (SN) region were ablated under a pulsed 213 nm UV laser beam, ionised and accelerated via an inductively coupled plasma
source (ICP) of the “cytometry by time of ﬂight” (CyTOF). Ion currents from each metal tag were detected as a signal intensity, reﬂecting the
abundance of speciﬁc target proteins and assembled with spatial information into images. Individual tyrosine hydroxylase (TH)-positive
dopaminergic neurons were manually outlined, with the single pixels within each outline automatically segmented. The mean signal intensity
for only the cytoplasmic pixels per outlined neuron was calculated for further statistical analysis. b Validation of IMC proﬁling of mitochondrial
oxidative phosphorylation (OxPhos) protein expression in the SN neurons by comparison to immunoﬂuorescent (IF) data. Neurons from a
mitochondrial disease case harbouring a single, large-scale mitochondrial DNA (mtDNA) deletion (red; female, 40 years) previously found to
have an isolated complex I deﬁciency, and a patient with POLG mutations (dark red; male, 59 years, POLG03 in the cohort) which showed
deﬁciencies in both complex I and IV (Chen et al7.). The z score data for complex I (z_NDUFB8) and complex IV (z_MTCO1) expression
(normalised to VDAC1 expression) generated from both IF and IMC were plotted and compared to the same control cases (blue; 66 years and
73 years, male) respectively. The 95% conﬁdence ellipse was also illustrated for each dataset. c, d Example images from IF and IMC. Individual
neurons (outlined) negative for NDUFB8 and positive for MTCO1 from the single deletion case, are shown alongside neurons negative for both
NDUFB8 and MTCO1 in the patient with POLG mutations, and both signals were normal in neurons from the control cases. Scale bar, 50 µm.
npj Parkinson’s Disease (2021) 39
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m.11657-15636). The second case showed a high percentage of
neurons with deﬁciencies in both complexes I and IV, and carried
mutations in the POLG gene (p.Gly848Ser and p.Ser1104Cys;
POLG03). Data from IMC analysis showed comparable expression
of the two proteins to those previously found using IF and
demonstrated similar distribution patterns when complex IV
(MTCO1) expression was plotted against complex I (NDUFB8)
using z scores normalised to mitochondrial mass (VDAC1, Fig. 1b).
Compared to controls, IMC data showed that 96.15% (98%,
IF data) of neurons fell below the control range of complex I
expression in the single deletion case. For the POLG case, 95.45%
(96.15%, IF) of neurons showed expression of complex I which fell
below the control range while this percentage was 54.55% for
complex IV (45.15%, IF; Fig. 1b).
Distinct individual variability in mitochondrial respiratory
chain protein expression
Midbrain sections from patients with PD (n = 9), POLG mutations
(n = 4) and controls (n = 10) were labelled with twelve metalconjugated antibodies (Table 1). Example IMC images demonstrate abundant signal intensity for all tested subunits in the
control SN neurons and varying degrees/combinations of signal
loss in both patient groups (Fig. 2). For the control population,
complex I subunits showed the weakest correlation with
mitochondrial mass among the ﬁve OxPhos complexes
(NDUFB8:VDAC1, Spearman r = 0.19, p < 0.0001; NDUFA13:VDAC1,
r = 0.39, p < 0.0001). Complex IV subunit, MTCO1, one of the
OxPhos subunits most affected by mtDNA defects14 also showed a
weaker correlation with mitochondrial mass (r = 0.43, p < 0.0001),
compared to the other subunits (r = 0.53–0.76, Supplementary
Fig. 1). This can be attributed to decreased expression of these
subunits within some SN neurons when compared to the majority
of the control data, in line with the fact that the majority of the
control cohort (8/10 cases) are aged over 60 years (Supplementary
Table 1). Approximately 5–10% of SN neurons have been
previously described as being complex I or IV deﬁcient with
normal ageing using immunohistochemistry1,3,12. Since the
Table 1.

control dataset was not entirely normal, for comparative analysis,
the lower limit of the 80% prediction interval of the control was
used as an objective statistical limit to identify those neurons
which showed a severe decrease in protein expression.
In general, OxPhos protein expression was most affected in
POLG mutation carriers as determined by analysis of the
proportion of neurons showing a statistically decreased level
of protein expression (Fig. 3a). However, given the heterogeneous nature of both PD and mitochondrial disease, the
detailed characterisation of OxPhos protein expression for each
individual case is an important investigation. In this study, we
conﬁrmed that mitochondrial OxPhos protein expression is
variable between individuals, with varying combinations of
affected subunits between cases. For example, complex I
deﬁciency was the most prevalent defect identiﬁed in POLG01,
however all ﬁve complexes were severely affected in POLG03. It
is intriguing that the latter case also demonstrated Lewy
body pathology, SN neuronal degeneration and Parkinsonian
symptoms. POLG03 carried mutations (p.Gly848Ser and
p.Ser1104Cys, Supplementary Table 1) situated in the polymerase domain of the POLG protein. Interestingly, other individuals
who harbour POLG mutations involving the same domain have
been reported to show parkinsonian features15,16, suggesting
the susceptibility of the dopaminergic nigrostriatal system to
mtDNA replication defects. In contrast, expression of OxPhos
complexes was found to be preserved in the oldest POLG case,
POLG04 (79 years), alongside a relatively intact SN neuronal
population 12.
Neurons with decreased complex I or IV expression were
identiﬁed in 7/9 PD cases (complex I: NUDFB8, 8.51–58.14%;
NDUFA13, 7.89–46.67%; complex IV: MTCO1, 5.26–37.21%; COXIV,
2.63–58.14%; Fig. 3a, b). Interestingly, a high percentage of
neurons were categorised as showing decreased expression of
complex V in some PD cases (ATP5B: 4/9 cases, range
39.53–86.11%; OSCP: 3/9 cases, range 38.46–90.91%), though the
disparity between expression of the two subunits in three PD
cases (PD02, 03 and 07) requires further investigation. More than

IMC antibody panel for this study.
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concentration

Conjugated
metal tag

Working
concentration

Anti-NDUFB8 (20E9DH10C12;
AB_10859122)
Anti-NDUFA13
(6E1BH7; AB_10863178)

Complex I
ab218218 Abcam
(nDNA encoded subunit)
Complex I
ab218217 Abcam
(nDNA encoded subunit)

1 mg/ml

160

Gd

0.04 mg/ml

1 mg/ml

164

Dy

0.04 mg/ml

Anti-SDHA (2E3GC12FB2AE2;
AB_301433))

Complex II
ab218213 Abcam
(nDNA encoded subunit)

1 mg/ml

153

Eu

0.02 mg/ml

Anti-UqCRC2 (13G12AF12BB11;
AB_2213640)

Complex III
ab218215 Abcam
(nDNA encoded subunit)

1 mg/ml

174

Yb

0.02 mg/ml

Anti-MTCO1 (1D6E1A8; AB_2084810)

Complex IV
(mtDNA encoded
subunit)

ab218212 Abcam

1 mg/ml

158

Yb

0.02 mg/ml

Anti-COX4+4L2 (10G8D12C12;
AB_10862891)

Complex IV
ab218231 Abcam
(nDNA encoded subunit)

1 mg/ml

168

Er

0.02 mg/ml

Anti-ATB5B (3D5; AB_301438)

Complex V
(nDNA encoded/ core
subunit)

ab14730 Abcam

1 mg/ml

170

Yb

0.02 mg/ml

Anti-ATP5O/OSCP (4C11C10D12;
AB_10887942)

Complex V
(nDNA encoded/
rotary stalk)

ab218232 Abcam

1 mg/ml

161

Dy

0.02 mg/ml

Anti-VDAC1 (20B12AF2; AB_443084)

Mito mass marker

ab218214 Abcam

1 mg/ml

166

Er

0.02 mg/ml

Anti-TH (TH-16; AB_477569)

Dopaminergic marker

SAB4200697 Sigma 1 mg/ml

176

Yb

0.01 mg/ml

Anti-Histone H3-171Yb
(D1H2; AB_2811058)

Nuclear marker

3176023D,
Fluidigm

/
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Fig. 2 IMC images of TH-positive SN neurons. The signal from eight OxPhos complex subunits and a mitochondrial outer membrane protein
(VDAC1) as mitochondrial mass marker were pseudocoloured to highlight mitochondrial protein expression. Representative images were
selected from POLG02 (female, 23 years), PD02 (male, 70 years) and Con01 (female,18 years). Nuclei (red) are labelled by a Histone H3 antibody,
neuromelanin (NM, navy) is visualised via the signal from Ir-intercalator binding. Each individual neuron was outlined based on TH-positive
staining and intracellular presence of a nucleus and NM signal. Bar charts include to the right of each row of images illustrate the comparison
of the raw mean pixel intensity per neuron, and the numbers on the bars refer to the neuronal number in the corresponding images (redPOLG; yellow-PD; grey-control). Scale bar, 20 µm.

half of the neuronal population also showed decreased SDHA
(complex II) expression in three PD cases (PD02, 07 and 10; range
52.27–83.72%). Overall, PD02 was found to be the most affected

npj Parkinson’s Disease (2021) 39

PD case with all ﬁve complexes showing decreases, in contrast,
PD01 and PD08 were shown to have ‘normal’ OxPhos protein
expression (Fig. 3a).
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Fig. 3 Proﬁling of mitochondrial OxPhos protein deﬁciency in disease and control cases. The percentage of neurons showing a decreased
level of protein expression (*decreased-below the lower limit of the 80% prediction interval of the control regression) was calculated for each
individual case. This percentage was presented for each protein target in a heatmap (a) and compared between groups (b). Bars show the
median per group. The difference within each pair was analysed using a Mann–Whitney test (p value, *<0.05, **<0.01, ***<0.001).

Mitochondrial respiratory chain expression is less affected in
PD neurons than POLG neurons
As previously reported7, complex I was the most commonly
affected complex in the POLG patients (median and Interquartile
Range (IQR): NDUFA13, 100%, 10.85%; NDUFB8, 84.38%, 46.55%;
Fig. 3b). In the POLG group, the percentage of OxPhos decreased
neurons was higher than the control group for all subunits, with
the exception of SDHA and OSCP (Mann–Whitney test, *p < 0.05,
**p < 0.01, ***p < 0.001; Fig. 3b). Complex I deﬁciency has been
well-characterised in SN neurons of PD patients6,7,17, however, this
study conﬁrmed that such deﬁciency is signiﬁcantly less common
than in the POLG cases (NDUFA13, p < 0.01; NDUFB8, p < 0.001).
For complex IV defects, particularly with regards to the expression
of the mtDNA-encoded subunit, MTCO1, the distribution of PD
and control cases was similar (median and IQR: PD, 19.44%,
24.29%; control, 11.20%, 16.21%; Fig. 3b). This suggests the
presence of dysfunctional complex IV in aged neurons1 regardless
of the occurrence of PD, which is associated with the age-related
accumulation of mtDNA mutations2. In this present study, we also
characterised PD and POLG cases which had a high proportion of
complex II, III and V decreased neurons, yet such changes were
not universal across either group.
Next, individual neurons were grouped to compare the changes
in OxPhos protein expression between each disease group and
the controls, using z scores normalised to mitochondrial mass
(Fig. 4). Six of the eight subunits present with a unimodal curve for
the control group which is positively skewed, yet a multimodal
distribution was seen for several plots from PD and POLG groups. This
is particularly exempliﬁed in the plots of NDUFA13, SDHA and ATP5B
(Fig. 4b, c, g). These discrete distributions could be due to varying
Published in partnership with the Parkinson’s Foundation

heteroplasmy levels for mtDNA mutations at the single-neuron level,
alongside differences between individuals. It is also important to note
that the contributed sample size from each individual varied, due to
the prominent neuronal loss in some of the cases with Parkinson’s
(Table 2). To aid the interpretation of the uncertainty between such
datasets, Bayesian estimation18 was used to describe the differences
between each paired group (Fig. 4, frames).
In the Bayesian estimation models, the mean of difference (µ1–µ2)
from each pair of posterior distributions represents the degree of
difference between the two datasets18, and the higher its absolute
value (|µ1–µ2|) with a narrower 95% highest density interval (95%
HDI) indicates a more prominent difference. This analysis revealed
that the expression of each of the studied OxPhos proteins was
signiﬁcantly lower in PD and POLG cases compared to healthy
controls, within the exception of OSCP, which was only lower in the
POLG cases. Of the ﬁve studied OxPhos complexes, the largest
difference between the PD and POLG groups was identiﬁed for the
expression of complex I (NDUFA13). Compared to the controls (µ2),
the mean of difference for this protein was −0.36 for PD neurons
with a larger 95% HDI (−0.51 to −0.20), yet this value was −2.36 for
the POLG neurons (95%HDI, −2.55 to −2.18), suggesting the
decrease in complex I expression is more severe in this group than
in PD (Fig. 4). Similarly, the loss of MTCO1 was more severe in POLG
neurons, compared to PD (µ1–µ2: PD, −0.295, vs. POLG, −1.14). In
comparison, differences between the two disease groups were
smaller in terms of the expression of SDHA (µ1–µ2: PD, −0.45 vs.
POLG, −0.94) and ATP5B (PD, −0.87 vs. POLG, −1.83). Interestingly,
changes in mitochondrial mass were also small in both disease
groups compared to the controls (µ1–µ2: PD, −0.22 vs. POLG, −0.30).
npj Parkinson’s Disease (2021) 39
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Fig. 4 Z score distribution of OxPhos protein expression in single neurons from disease and control groups. a–i Frequency histograms
(bin width = 0.1) demonstrate the comparison of the z score of tested OxPhos subunits (normalised to mitochondrial mass/VDAC1) and
mitochondrial mass for individual neurons in two paired groups: POLG (red) versus control (grey), and PD (yellow) versus control. Number of
neurons analysed: PD, n = 313; POLG, n = 156; control, n = 432). The density curve represents the normalised distribution pattern of each
group dataset; the dash line shows the mean per group. The differences between every paired dataset were statistically described using the
Bayesian estimation (BEST, (Kruschke18)). The insert shows the distribution curve of the mean of difference (µ1–µ2; µ1-diseased neurons,
µ2-control neurons), its mean value and the 95% Highest Density Interval (HDI) output from the BEST analysis.

Widespread deﬁciencies across all mitochondrial respiratory
chain complexes occur in PD
One of the key advantages of the IMC assay over IF is the
simultaneous measurement of subunits of all ﬁve OxPhos
complexes within individual neurons, we therefore further
expanded our analytic strategy in order to achieve a more
npj Parkinson’s Disease (2021) 39

detailed proﬁling of associations between the expression of each
complex and corresponding changes in mitochondrial mass. The
severity of OxPhos deﬁciency within each neuron was assessed
based on the number of complexes showing decreased expression (six categories: 0–5, Fig. 5a). Almost 50% of PD neurons and
74.62% of control neurons showed no OxPhos deﬁciency, with a
Published in partnership with the Parkinson’s Foundation
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Table 2.

The number of analysed neurons for this study.
PD

POLG

Control

Case01

31

44

48

Case02

44

32

49

Case03

43

27

47

Case04

26

53

47

Case05

38

/

47

Case06
Case07

36
15

/
/

36
41

Case08

40

/

40

Case09

43

/

45

Case10

/

/

37

Mean

35.1

39

43.6

Standard deviation

9.6

11.7

4.7

Total number

316

156

437

trend for the proportion of neurons within each category to
decrease as the severity of deﬁciency increased (fully OxPhos
decreased: PD, 5.06%; control, 1.38%). However, neurons with
POLG mutations did not show such a pattern; with 17.95% of
POLG neurons identiﬁed showing a full OxPhos defect.
Previous studies have suggested that age may be one of the
drivers of mitochondrial dysfunction, with prior evidence that
respiratory chain deﬁcient cells accumulate with age in many
human tissues, often as a result of high levels of mtDNA
mutations1,19–21. Our regression analysis also conﬁrmed a
signiﬁcant positive relationship between age and the number of
complexes showing decreased expression among the control
cases (Fig. 5b; r2 = 0.07, p < 0.001), demonstrating that the severity
of OxPhos deﬁciency could develop with advancing age in
dopaminergic neurons. This is also supported by the fact that the
expression level of all ﬁve complex subunits (with the exception of
OSCP) showed a signiﬁcant decline with advancing age (Supplementary Figs. 2–3).
As the largest OxPhos complex, deﬁciency in complex I has
previous been implicated in the SN degeneration (reviewed in
Chen et al4. and Reeve, et al22.). Our proﬁling analysis revealed
that within the analysed dopaminergic neurons isolated complex I
(NDUFA13) deﬁciency was rarely detected in PD neurons and most
complex I decreased neurons harboured multiple OxPhos
deﬁciencies (Fig. 5c), whilst for POLG neurons the most common
isolated OxPhos deﬁciency was complex I (91.30% vs. 1.58%, PD).
In PD, 28.75% of complex I decreased neurons showed decreases
in all four complexes (POLG, 21.05%; control, 14.29%), and the
most likely OxPhos defect detected involved two other complexes
(34.92%; POLG, 11.29%; control, 21.42%; Fig. 5c). Despite a less
signiﬁcant loss of complex I expression in the neurons from PD
compared to those with POLG mutations (Fig. 4a, b), the
composition of the mitochondrial defect within these complex I
decreased neurons in PD demonstrated a more complicated
pattern than previously reported, particularly in terms of the
combined loss of other OxPhos complexes.
Looking into each individual complex in more detail (Fig. 6a–j),
all seven PD cases showed a varying yet high percentage of
neurons with decreased complex III (42.86–88.89%; median,
66.67%), IV (42.86–100%; median, 63.16%) and V (33.33–85.71%;
median, 80%) expression in the presence of complex I deﬁciency
(Fig. 6a). In ﬁve out of the seven PD cases, more than half of the
complex I decreased neurons also presented with a decrease in
complex II (PD02-04, 07, 10; 60–100%). Surprisingly, in the complex
I normal neuronal population, a severe decrease in complex II
(45.71–85.71%), as well as complex V (62.50–77.27%) expression
Published in partnership with the Parkinson’s Foundation

was often seen in these PD cases (Fig. 6f). While for the neurons
which showed a decrease in complex IV (MTCO1; Fig. 6c), the
proportion of neurons which showed an isolated decrease in this
complex in PD cases was small (5.36%), and absent in POLG cases,
in comparison to 39.29% in controls. Overall, these heatmaps
demonstrate similar patterns within complex I, III, IV deﬁcient
neurons, conﬁrming that in most PD cases and the two oldest
controls, complex I, III and IV deﬁciencies are more likely to occur
as a combined loss. (Fig. 6a, c, d). This could be due to the fact that
these complexes closely interact in the process of electron
npj Parkinson’s Disease (2021) 39
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Fig. 5 Investigation of combined mitochondrial RC deﬁciency and
changes in mitochondrial mass in complex I decreased neurons.
a Stacked bar charts show the percentage of neurons carrying
different numbers of affected RC complexes that show a decreased
level of expression in each group. Within each category, components of the ‘decreased’ neuronal population were colour-coded to
show the proportion of each individual complex involved. For those
complexes with two subunits tested, NDUFA13, MTCO1 and ATP5B
were selected to represent the expression of complex I, IV and V
respectively. Number of neurons analysed: PD, n = 63; POLG, n =
133; control, n = 42. b Regression analysis of the number of OxPhos
complexes showing a decreased expression and age in the control
cases (r2 = 0.07, p < 0.001). Each data point represents an individual
neuron with separate controls highlighted by colour, for each
neuron the number of proteins for which that neuron was classed as
being deﬁcient was determined. Lines and shadow represent the
linear regression line and the 95% prediction interval. c Analysis of
the percentage of neurons carrying different numbers of affected RC
complexes that show a decreased level of expression in each group
was also performed in the neuronal population with complex
I decreased expression.

transport23. Interestingly, in the complex V deﬁcient neuron
population (Fig. 6e), fewer PD neurons were observed which also
have deﬁciency for the other complexes studied (complex I:
10.14–64.71%, median, 40.88%; complex III: 0–100%; median,
38.46%; complex IV, 13.29–61.54, median, 39.18%). This, again
suggests that complex V expression could be lost independently of
other OxPhos complexes in PD, particularly when compared to the
POLG neurons.
All these data showed that three or more complexes were likely
to be involved at the same time in neurons from both disease
groups, leading to a more detrimental effect on OxPhos function
and severe implications for neuronal survival compared to an
isolated complex I/IV deﬁciency. Indeed, prominent loss of THpositive SN neurons was determined in the two POLG cases with
severe combined OxPhos deﬁciency (POLG02 and POLG03) and in
8/9 PD cases12 (Supplementary Fig. 4), with the exception of PD08
in which normal OxPhos protein expression was detected
(Fig. 6a–j).
Increased mitochondrial mass in complex I or IV decreased
neurons: an ageing related effect?
Finally, we performed a comparison of the expression of VDAC1
between normal neurons and neurons with decreased OxPhos
complex expression within individual cases to understand the
changes in mitochondrial mass to OxPhos deﬁciency, using the
Bayesian estimation (Fig. 6k–o). A signiﬁcantly higher mitochondrial mass in the complex I decreased neurons compared to those
showing normal expression was detected in all seven PD cases
(effect size, 0.19–0.54) and 5/7 control cases (effect size, 0.20–0.71;
Fig. 6k). For the analysed POLG case (POLG4), on the contrary,
mitochondrial mass was lower in the complex I decreased neurons
than those showing normal expression (effect size, 0.21). Similar
analysis was performed between complex II, III, IV, and V
decreased and normal neurons respectively (Fig. 6l–n). For
complex III deﬁcient neurons, a signiﬁcant increase of mitochondrial mass was found in 4/7 PD cases (effect size, 0.21–1.11), 2/3
controls (effect size, 0.51–0.58) and 2/3 POLG cases (effect size,
0.17–1.29) was found (Fig. 6m). Complex IV deﬁcient neurons
show a signiﬁcant increase of mitochondrial mass in 4/6 PD cases
(effect size, 0.18–0.73), 3/7 controls (effect size, 0.51–0.58) and one
POLG case (POLG01, effect size, 0.24; Fig. 6n). Whilst the level of
mitochondrial mass was signiﬁcantly decreased in the complex IV
decreased neurons in Con03, 04, 08 and POLG04 case, compared
to their complex IV normal population. These cases happened to
have low numbers of neurons showing OxPhos defects compared
npj Parkinson’s Disease (2021) 39

to other cases within their groups (Fig. 3a). It indicates there may
be a threshold of the degree of OxPhos dysfunction that
contributes to the changes in mitochondrial mass, a consequence
of altered balance between biogenesis and mitophagy. Such
response was not detected in the neurons with a decrease in
complex V (ATP5B) expression in the PD cases, leading to a
signiﬁcant difference of ‘the Difference of Means’ between the PD
and control groups (Fig. 6o, Mann–Whitney test, p < 0.05).
DISCUSSION
Here we present the application of IMC for the multiplex analysis
of mitochondrial OxPhos protein expression in FFPE human postmortem midbrain sections. This platform provides a powerful tool
for multi-array proﬁling of protein expression within single
neurons allowing the study of relationships between protein
expressions to be determined and permitting pathway analysis to
be performed. Moreover, IMC can be combined with other
techniques, for example RNA scope to provide comparative
analysis between the proteome and transcriptome 24.
The selection of good quality antibodies is paramount to the
success of IMC studies, both in terms of the quality of generated
signal and their ability to detected deﬁciencies in expression,
particularly following loss of function. To perform this in-depth
proﬁling of OxPhos protein expression, we selected antibodies
which have been previously shown to detect both nuclear and
mtDNA OxPhos defects, have been previously validated and give
good signal7,11,25,26. The reaction of these antibodies in immunoblotting, immunocytochemistry and immunoﬂuorescence has
been shown to correlate with the loss of protein when determined
spectrophotometrically for complexes II and III27, and complexes I
and IV28. Furthermore, these antibodies were also selected based
on the strong link of chosen protein targets to mitochondrial
OxPhos function. For example, we targeted the mid-later stage of
complex I assembly (subunits NDUFA13/NDUFB8) which are
known to associate with complex I function29. The MTCO1
antibody, targeted a complex IV subunit previously been shown
to correlate well with Complex IV activity as determined by COX/
SDH histochemistry30 and is linked to dysfunction caused by
mtDNA major arc deletions, which are common in these neurons1.
Finally, loss of OSCP has been found to lead to reduced ATP
production31. Here we have used IMC to target a larger number of
proteins than previously possible to assess deﬁciency in all ﬁve
complexes, however, it would be possible to explore the full
complement of subunits in an individual complex provided good
quality commercially available antibodies could be identiﬁed.
Furthermore, we acknowledge that as with any antibody-based
assay the quantitative assessment directly measures protein level
of the subunits in question and any impact on OxPhos complex
function is indirect and made based on the functional evidence
referenced above.
Alongside the detailed description of OxPhos alterations in SN
neurons between individuals with PD, POLG mutations and
controls, we highlight the variability in the expression of these
proteins between age-matched individuals in each group. Within
our cohort for example, two PD patients (PD01, 08) show intact
OxPhos expression, with minimal evidence for neurons exhibiting
a deﬁciency in any of the eight OxPhos proteins studied. Both
cases had a relatively low Braak staging and PD08 in particular had
a late age-of-onset. POLG04 which also shows relatively minor
mitochondrial defects was the oldest POLG case in our cohort, but
this individual was spared overt SN neurodegeneration12. The
variations in expression of OxPhos proteins might suggest that
different individuals have different capacities for OxPhos and can
thus tolerate mitochondrial dysfunction to varying degrees. This
hypothesis is applied with the caveat that although relatively well
age-matched, the cohort of cases used in this study will have
differing levels of pathology and degeneration (Table 3 and
Published in partnership with the Parkinson’s Foundation
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Fig. 6 Complexity of OxPhos deﬁciencies within Substantia nigra neurons. a–e Heatmaps to illustrate the percentage of neurons which
show a decreased level of protein expression within each individual complex among the ﬁve categories of deﬁcient neuronal populations
(complex I–V deﬁcient neurons respectively). f–j These are shown alongside the same percentage calculations within the corresponding
normal neuronal populations. Cases with no deﬁcient neurons were excluded from this analysis. k–o Using Bayesian estimation, the difference of
means (µ1–µ2; µ1-decreased, µ2-normal) of mitochondrial mass (VDAC1) between the decreased and normal neurons of each individual case was
analysed and compared between groups. Only cases with three or more neurons which fell into each category were included. Group comparison
of the µ1–µ2 value of each individual was also performed (Mann–Whitney test, *p < 0.05). Dot sizes represent the values of the effect size.

Supplementary Fig. 4). A study using a larger cohort would be able
to further examine and determine such individual respiratory
capacities. However, these differences in mitochondrial capacity
might provide a hypothesis for what drives the vulnerability of
Published in partnership with the Parkinson’s Foundation

these neurons to loss with advancing age, increasing the
susceptibility of some individuals to PD. Such variability may be
linked to mtDNA haplogroups32,33, for example haplogroup H has
been linked with an increased risk of PD34,35 and higher intrinsic
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Table 3.
Group

Summarized information for cases included in this study.
Mean age (years)

Mean disease duration (years)

Mean PM delay (hours)

Mean Fixation time (weeks)

Sex

PD

79.78 ± 6.83 (68–90)

9.78 ± 3.03 (6–15)

38.67 ± 28.48 (7–88)

8.18 ± 3.62 (4.43–14.14)

9 Male

POLG

45.75 ± 28.06 (22–79)

17.5 ± 15.52 (5–37)

66.75 ± 24.52 (32–85)

9.78 ± 3.03 (7–19)

2 Female/2 Male

56.1 ± 20.95 (23–81)

14.50 ± 20.21 (5–71)

4 Female/6 Male

Control

67.9 ± 28.01 (18–93)

/

mitochondrial function in muscle compared to a composite group
of individuals with different haplogroups32. Nuclear genetic
factors also drive this variable respiratory capacity and have been
found to contribute to phenotypic heterogeneity in patients with
mitochondrial disease36. Therefore, differential OxPhos capabilities
driven by variable expression and function of OxPhos proteins
could result in the different thresholds between individuals for
when decreased expression of these proteins will lead to
mitochondrial dysfunction, ATP depletion, impaired neuronal
function and loss.
The use of IMC allows the complexity of OxPhos deﬁciency to
be interrogated. To identify an expression signature of OxPhos
proteins most relevant to PD, we compared SN neurons from PD
cases to those from POLG cases. Individuals with POLG mutations
often show high levels of mtDNA mutations within SN neurons
and high levels of OxPhos deﬁciencies; however, in spite of this
neurodegeneration in the SN is variable and often minimal12.
Firstly, our data suggest a global reduction in mitochondrial mass,
the expression of OxPhos proteins and thus function of individual
mitochondria within surviving neurons in both PD and POLG.
Using the approach outlined in this study, we reveal that the
expression of subunits of all ﬁve OxPhos complexes show reduced
expression in PD and POLG cases compared to controls, as
highlighted by a shift in the distribution of expression proﬁles.
These data suggest that there is a global reduction in the
expression of the studied proteins in the two disease groups
compared to controls as highlighted by the shift to the left in the
expression proﬁles of each protein. Previous studies have often
reported a widespread deﬁciency of complex I in PD which has
been proposed to be the primary loss, with complex IV being lost
later in the disease7,17. Here, we conﬁrmed individual neurons in
PD show reduction in the expression of complex I/IV, though the
degree of reduction was less severe than in POLG cases.
Importantly, we showed that neurons with a reduction in complex
I expression in PD are often associated with a more severe
phenotype compared to the other groups. Our data highlight that
mitochondrial OxPhos deﬁciency in PD is more widespread, than
being limited to just complexes I and IV and that the proﬁles of
expression of OxPhos proteins in PD neurons are more similar to
mitochondrial disease cases than controls. In PD neurons, the
most common isolated deﬁciency was complex V core subunit
ATP5B, with complex I deﬁcient neurons often showing additional
reductions in the expression of complexes IV and V. The severe
combined deﬁciency with the inclusion of multiple complexes in
addition to complex I is likely to have a more detrimental effect on
mitochondrial function and therefore, neuronal survival in the PD
patients. In POLG and control neurons where complex I deﬁciency
is more likely to be isolated, or involve fewer complexes, there
may be compensatory electron entry through complex II, or
maintained membrane potential generation by complexes III and
IV, this may ensure at least some residual ATP production which
may be absent in PD.
As the only entirely nuclear-encoded complex within the
OxPhos, isolated complex II deﬁciency has previously been linked
to late-onset neurodegenerative changes in mitochondrial disease
patients37. In this study, we also provide evidence for complex II
deﬁciency in some PD neurons, above that detected in controls,
but not as marked as in POLG cases. The mechanism which may
npj Parkinson’s Disease (2021) 39

drive the loss of complex II in the PD cases could be associated
with various aspects of nuclear signalling38,39 or a functional
degradation of complex II caused by the disorganised formation
of supercomplexes (complex I, III, IV) previously reported in
PD38,39. The OxPhos supercomplexes are believed to form as a
compensative change to limit superoxide from dysfunctional
complex I, resulting in increased stability of each complex and
efﬁcient ATP synthesis23,40. This is also consistent with the fact that
neurons displaying decreased complex I expression from our PD
cases also showed reductions in complex III and IV expression.
Interestingly, we identiﬁed a decrease in expression of
mitochondrial complex V subunit, ATP5B in PD and some POLG
cases. This was a reproducible ﬁnding in neurons which showed
normal expression of complexes I/IV and most neurons with a
reduction in these complexes. However, reduced expression of
OSCP was not prevalent within PD neurons, which may reﬂect
recent data suggesting that OSCP might be functionally distinct
from the other core subunits of complex V and that ATP5B is more
crucial for ATP synthesis41. This complex has previously been
suggested to be upregulated in homogenate samples from the SN
and frontal cortex of PD patients42,43. While more recently
complex V has been suggested to be a target for alpha-synuclein,
with this interaction initiating mitochondrial dysfunction44,45. The
decrease in expression of an ATP synthase subunit within
individual neurons may give further evidence of impaired ATP
production in PD cases. However, the differences between ATP5B
and OSCP expression requires further investigation, with analysis
of more complex V subunits.
In addition, we provide evidence of compensatory increases in
mitochondrial mass in SN neurons in response to complex I/IV
deﬁciency, regardless of the differential baseline level of
mitochondrial mass within each individual. Such compensation
was mainly detected in the aged neuronal population (PD and
controls). Given that both PD and POLG neurons show a similar
pattern of multiple mtDNA deletions2, mtDNA copy number was
found to be higher in PD neurons than those with POLG
mutations4, explaining the potential of PD neurons to compensate for a certain degree of mitochondrial deﬁciency via an
increase in mitochondrial mass. However, multiple lines of PD
study have suggested impaired transcription of OxPhos genes in
these neurons, including a reduction in TFAM expression6,7 and a
low transcription level of PGC-1 responsive nuclear-encoded
OxPhos genes46,47. Thus, highlighting that nuclear-mitochondrial
signalling is likely to contribute to mitochondrial OxPhos
deﬁciency and other aspects of mitochondrial biology. Our
ﬁndings of complex V deﬁciency support an important role for
altered metabolism signalling48. These warrant future IMC
studies involving a large array of key signalling factors on top
of the current twelve markers to help understand and identify
the unique proteomic changes in PD.
To conclude, this study is the ﬁrst to validate and use IMC for
the multi-target proteomic analysis of FFPE midbrain tissue. Here
we characterised mitochondrial OxPhos protein expression in
detail within SN neurons, with a view to identifying patterns of
deﬁciency which may provide insight into whether such
deﬁciencies drive neurodegeneration in PD. We have shown
marked variability in the expression of these proteins between
individuals, which may reﬂect differential respiratory capacities.
Published in partnership with the Parkinson’s Foundation
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In addition, we interrogated the relationships between the
expression of all ﬁve respiratory complexes and their deﬁciencies, showing that in PD compared to control and POLG cases
OxPhos defects are often more severe and involve more
complexes. This study extends our knowledge of the complexities of mitochondrial dysfunction in Parkinson’s and highlights
the importance of understanding individual vulnerabilities. To
further understand individual respiratory capacity and its links to
neurodegeneration, studies with a larger sample size will be
required with the inclusion of individuals with different
haplogroups. The inclusion of additional mitochondrial disease
cases, including those with mild or isolated OxPhos complex
deﬁciency will allow the interpretation of OxPhos complex
deﬁciency and its role in neuronal survival.
METHODS
Tissue
FFPE human midbrain tissue sections were obtained from the Newcastle
Brain Tissue Resource (https://nbtr.ncl.ac.uk/). Written consent for the use
of all tissue had been given by the donors or next of kin and ethical
approval was provided by the National Health Service Local Research
Ethics Committee. The use of this tissue adhered to the Medical Research
Council’s (MRC) guidelines on the use of human tissue in medical research.
Clinically and pathologically diagnosed idiopathic PD cases (n = 9) and
POLG cases (n = 4) were included, alongside individuals without neurological disease used as controls (n = 10) (Table 3). We analysed all SN
neurons that met our inclusion criteria. The number of neurons analysed
per case from the collected the IMC images are as follows (mean ±
standard deviation): PD, 35.1 ± 9.6; POLG, 39.0 ± 11.7; Control, 43.6 ± 4.7.
Detailed information of the cases used for this study can be found in
Supplementary Tables 1–2. While idiopathic PD is predominantly a disease
of later life, patients with POLG mutations can experience symptoms much
earlier in life49. Where possible, we sought age-matched controls for both
disease groups and since some of our POLG cases were only in their 20 s,
we obtained two younger healthy controls for comparison.
For the validation of IMC to IF analysis, midbrain tissue sections from
POLG03 in the present cohort, alongside a mitochondrial disease case with
a single-large-scale deletion (40 year, female) and two aged controls
(66 years and 73 years, male) from a previously reported cohort7
were used.

Antibody panel
Eleven antibodies were used in the IMC panel (Table 1) targeting nine
mitochondrial proteins (all nuclear-encoded mitochondrial proteins, with
the exception of mtDNA-encoded MTCO1), alongside a dopaminergic
neuronal marker and a nuclear marker. For each complex the ratio of the
number of investigated subunits to the total number are as follows;
Complex I 2/45, Complex II 1/4, Complex III 1/11, Complex IV 2/13 and
Complex V 2/27. These mitochondrial antibodies were selected based on
consistent, speciﬁc signal from IF staining of human frozen muscle25 and
FFPE brain6,7,50, immunoblotting of human ﬁbroblasts (ATP5B and OSCP)26,
previous detection of mitochondrial dysfunction caused by both nuclear
and mtDNA mutations7,11,25,26. Selected antibodies were manufacturer
customised in a PBS-only formula with the same clone targets as previous
validations (Table 1).
To help minimise channel crosstalk, antibodies were ranked based on
their IF signal strength in serial muscle ﬁbre sections51 and conjugated to
metal tags, in accordance to the optimal delivery of metal isotope to the
mass detector. Conjugation of antibodies was performed using the
Maxpar® X8 Multimetal Labelling Kit (Fluidigm) and tested on a CyTOF
system (HeliosTM, Fluidigm) using UltraComp eBeadsTM (Thermo Fisher
Scientiﬁc). The panel was also tested by IMC to ensure no prominent
spillover was detected in the adjacent (±1) mass of isotope channels.

Antibody labelling
FFPE midbrain sections (5 µm) were immune-labelled with the full panel
(Table 1) using a protocol adapted from Chang, et al52. . Slides were
incubated at 65 °C for 30 min, deparafﬁnised in Histo-Clear II (Agar
Scientiﬁc) and rehydrated through an ethanol series (100%, 95% and 70%
v/v) and ddH2O. Heat-induced epitope retrieval was conducted at pressure
Published in partnership with the Parkinson’s Foundation

(Aptum Biologics) using Tris-EDTA solution (1 mM, pH8, Sigma) for 30 min,
followed by 5% normal goat serum (NGS, Vector; diluted in DPBS) blocking.
Each section was incubated with 50 µl of the antibody cocktail (prepared in
5% NGS) in a humidiﬁed chamber at 4°C overnight. Sections were washed
in PBST (0.1% Tween-20 in DPBS, Sigma) and stained with Intercalator-Ir
(312.5 nM in DPBS; 201192, Fluidigm) for 30 mins. After ddH2O washes,
sections were air-dried for >30 min before processing for IMC.

IMC image acquisition
IMC analysis of midbrain sections was performed on a HyperionTM imaging
system coupled to a HeliosTM mass cytometer (Fluidigm). Prior to laser
ablation, panoramic optical images of each section were obtained under a
20X objective lens within the Hyperion. Regions of interest (ROI) were
determined according to the distribution of dopaminergic neurons within
the SN, mapped in advance using tiled imaging (Zeiss AxioImager) based
on positive TH labelling (IF) on a serial midbrain section (Supplementary
Fig. 5). ROIs with a total area of 3–6 mm2 were ablated for each section. The
acquisition of data from each ROI was carried out at a resolution of ~1 µm2
and at a laser frequency of 200 Hz. Ion current data for the metal tags were
resembled with the retained spatial information from ablation, generating
integrated greyscale images as.mcd ﬁles (MCD viewer 1.0.560.2, Fluidigm).

Data analysis
Images generated from IMC were exported as tiffs (MCD viewer, Fluidigm)
and converted to pseudocoloured images for visualisation using Fiji53 and
QuPath 0.2.054. All surviving individual dopaminergic neurons within the
SN region were manually outlined using the following the criteria: positive
TH signal, clear nuclear labelling, and the presence of intracellular
neuromelanin detected through its propensity to bind the Ir-Intercalator.
Single pixel segmentation was performed within each outlined neuron to
ﬁlter out the pixels of the nucleus and neuromelanin (pixel intensity > 5),
extracting the mean intensity for the cytoplasmic pixels for statistical
analysis. For each case, the number of analysed neurons per case are listed
in Table 2. Neighbourhood and cluster pattern analysis of midbrain
neurons was not included due to separated ROI acquired for individual
section (Supplementary Fig. 6).
Statistical analysis and graph generation was performed using R 3.6.155.
Using the natural log-transformed intensity value of individual neuron, the
linear regression between each OxPhos subunit examined and VDAC1 was
generated (Supplementary Fig. 1). Z scores for each neuron were
calculated from the standard deviation (SD) of a straight-line distance
from the data point to the control regression, using a published
programme (http://mito.ncl.ac.uk/immuno/)25. This enabled the estimation
of protein expression from the predicted level according to the
mitochondrial mass. The calculation of z scores for mitochondrial mass
was based on the mean and the SD generated from a normalised VDAC1
distribution from the control dataset25. A decrease in the level of
mitochondrial subunit expression was statistically deﬁned when the
plotted data fell below the lower limit of the 80% prediction interval for
the control regression (Supplementary Fig. 1). The statistical differences
between each disease and control datasets were described using the
Bayesian estimation (the BEST package in R)18 and Mann–Whitney U test.
To allow the analysis of data sets containing different numbers of values,
we used Bayesian estimation (which accepts the null value and takes the
uncertainty of dataset into account) for the comparison between groups
with different sample size, rather than using traditional t test18. Detailed
output from the Bayesian estimation for this study can be found in
Supplementary Tables 3–4.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
Raw dataset generated and analysed during the current study (for all ﬁgures and
supplement materials) are available in the ‘Figshare’ repository (DOI: 10.25405/data.
ncl.14079497). Data are available under the terms of the Creative Commons
Attribution 4.0 International license (CC-BY 4.0).

npj Parkinson’s Disease (2021) 39

C. Chen et al.

12
CODE AVAILABILITY
The custom R code used to generate results that are reported in this study are
available from the corresponding author upon reasonable request.

Received: 3 September 2020; Accepted: 29 March 2021;

REFERENCES
1. Bender, A. et al. High levels of mitochondrial DNA deletions in substantia nigra
neurons in aging and Parkinson disease. Nat. Genet. 38, 515–517 (2006).
2. Reeve, A. K. et al. Nature of mitochondrial DNA deletions in substantia nigra
neurons. Am. J. Hum. Genet. 82, 228–235 (2008).
3. Kraytsberg, Y. et al. Mitochondrial DNA deletions are abundant and cause functional impairment in aged human substantia nigra neurons. Nat. Genet. 38,
518–520 (2006).
4. Chen, C., Turnbull, D. M. & Reeve, A. K. Mitochondrial dysfunction in Parkinson’s
disease—cause or consequence? Biology 8, 38 (2019).
5. Schapira, A. H. et al. Mitochondrial complex I deﬁciency in Parkinson’s disease. J.
Neurochem. 54, 823–827 (1990).
6. Grunewald, A. et al. Mitochondrial DNA depletion in respiratory chain-deﬁcient
Parkinson disease neurons. Ann. Neurol. 79, 366–378 (2016).
7. Chen, C. et al. Investigation of mitochondrial biogenesis defects in single substantia nigra neurons using post-mortem human tissues. Neurobiol. Dis. 134,
104631 (2020).
8. Bandura, D. R. et al. Mass cytometry: technique for real time single cell multitarget immunoassay based on inductively coupled plasma time-of-ﬂight mass
spectrometry. Anal. Chem. 81, 6813–6822 (2009).
9. Giesen, C. et al. Highly multiplexed imaging of tumor tissues with subcellular
resolution by mass cytometry. Nat. Methods 11, 417 (2014).
10. Chevrier, S. et al. Compensation of signal spillover in suspension and imaging
mass cytometry. Cell Syst. 6, 612–620 (2018).
11. Grunewald, A. et al. Quantitative quadruple-label immunoﬂuorescence of mitochondrial and cytoplasmic proteins in single neurons from human midbrain
tissue. J. Neurosci. Methods 232, 143–149 (2014).
12. Reeve, A. et al. The impact of pathogenic mitochondrial DNA mutations on
substantia nigra neurons. J. Neurosci. 33, 10790–10801 (2013).
13. Tzoulis, C. et al. Molecular pathogenesis of polymerase gamma–related neurodegeneration. Ann. Neurol. 76, 66–81 (2014).
14. Signes, A. & Fernandez-Vizarra, E. Assembly of mammalian oxidative phosphorylation complexes I-V and supercomplexes. Essays Biochem. 62, 255–270 (2018).
15. Lax, N. Z. et al. Cerebellar ataxia in patients with mitochondrial DNA disease: a
molecular clinicopathological study. J. Neuropathol. Exp. Neurol. 71, 148–161
(2012).
16. Milone, M. et al. Novel POLG splice site mutation and optic atrophy. Arch. Neurol.
68, 806–811 (2011).
17. Flønes, I. H. et al. Neuronal complex I deﬁciency occurs throughout the Parkinson’s disease brain, but is not associated with neurodegeneration or mitochondrial DNA damage. Acta Neuropathol. 135, 409–425 (2018).
18. Kruschke, J. K. Bayesian estimation supersedes the t test. J. Exp. Psychol. Gen. 142,
573–603 (2013).
19. Bua, E. A., McKiernan, S. H., Wanagat, J., McKenzie, D. & Aiken, J. M. Mitochondrial
abnormalities are more frequent in muscles undergoing sarcopenia. J. Appl.
Physiol. 92, 2617–2624 (2002).
20. Greaves, L. C. et al. Mitochondrial DNA mutations are established in human
colonic stem cells, and mutated clones expand by crypt ﬁssion. Proc. Natl Acad.
Sci. USA 103, 714–719 (2006).
21. Dolle, C. et al. Defective mitochondrial DNA homeostasis in the substantia nigra
in Parkinson disease. Nat. Commun. 7, 13548 (2016).
22. Reeve, A., Simcox, E. & Turnbull, D. Ageing and Parkinson’s disease: why is
advancing age the biggest risk factor? Ageing Res. Rev. 14, 19–30 (2014).
23. Lenaz, G. et al. Mitochondrial respiratory chain super-complex I–III in physiology
and pathology. Biochim. Biophys. Acta 1797, 633–640 (2010).
24. Schulz, D. et al. Simultaneous multiplexed imaging of mRNA and proteins with
subcellular resolution in breast cancer tissue samples by mass cytometry. Cell
Syst. 6, 25–36 (2018).
25. Rocha, M. C. et al. A novel immunoﬂuorescent assay to investigate oxidative
phosphorylation deﬁciency in mitochondrial myopathy: understanding
mechanisms and improving diagnosis. Sci. Rep. 5, 15037 (2015).
26. Oláhová, M. et al. Biallelic mutations in ATP5F1D, which encodes a subunit of ATP
synthase, cause a metabolic disorder. Am. J. Hum. Genet. 102, 494–504 (2018).

npj Parkinson’s Disease (2021) 39

27. Schilling, B. et al. Proteomic analysis of succinate dehydrogenase and ubiquinolcytochrome c reductase (Complex II and III) isolated by immunoprecipitation
from bovine and mouse heart mitochondria. Biochim. Biophys. Acta 1762,
213–222 (2006).
28. Willis, J. H. et al. Isolated deﬁciencies of OXPHOS complexes I and IV are identiﬁed
accurately and quickly by simple enzyme activity immunocapture assays. Biochim. Biophys. Acta 1787, 533–538 (2009).
29. Stroud, D. A. et al. Accessory subunits are integral for assembly and function of
human mitochondrial complex I. Nature 538, 123–126 (2016).
30. Zambonin, J. et al. Identiﬁcation and investigation of mitochondria lacking
cytochrome c oxidase activity in axons. J. Neurosci. Methods 192, 115–120 (2010).
31. Beck, S. J. et al. Deregulation of mitochondrial F1FO-ATP synthase via OSCP in
Alzheimer’s disease. Nat. Commun. 7, 11483 (2016).
32. Larsen, S. et al. Increased intrinsic mitochondrial function in humans with mitochondrial haplogroup H. Biochim. Biophys. Acta 1837, 226–231 (2014).
33. Gómez-Durán, A. et al. Unmasking the causes of multifactorial disorders: OXPHOS
differences between mitochondrial haplogroups. Hum. Mol. Genet. 19, 3343–3353
(2010).
34. Hudson, G. et al. Two-stage association study and meta-analysis of mitochondrial
DNA variants in Parkinson disease. Neurology 80, 2042–2048 (2013).
35. Hudson, G., Gomez-Duran, A., Wilson, I. J. & Chinnery, P. F. Recent mitochondrial
DNA mutations increase the risk of developing common late-onset human diseases. PLoS Genet. 10, e1004369 (2014).
36. Pickett, S. J. et al. Phenotypic heterogeneity in m.3243A>G mitochondrial disease:
the role of nuclear factors. Ann. Clin. Transl. Neurol. 5, 333–345 (2018).
37. Taylor, R. W. et al. Deﬁciency of complex II of the mitochondrial respiratory chain
in late-onset optic atrophy and ataxia. Ann. Neurol. 39, 224–232 (1996).
38. Pﬂeger, J., He, M. & Abdellatif, M. Mitochondrial complex II is a source of the
reserve respiratory capacity that is regulated by metabolic sensors and promotes
cell survival. Cell Death Dis. 6, e1835–e1835 (2015).
39. Calkins, M. J. et al. Protection from mitochondrial complex II inhibition in vitro
and in vivo by Nrf2-mediated transcription. Proc. Natl Acad. Sci. USA 102, 244–249
(2005).
40. Maranzana, E., Barbero, G., Falasca, A. I., Lenaz, G. & Genova, M. L. Mitochondrial
respiratory supercomplex association limits production of reactive oxygen species from complex I. Antioxid. Redox Signal. 19, 1469–1480 (2013).
41. Antoniel, M. et al. The oligomycin-sensitivity conferring protein of mitochondrial
ATP synthase: emerging new roles in mitochondrial pathophysiology. Int. J. Mol.
Sci. 15, 7513–7536 (2014).
42. Ferrer, I., Perez, E., Dalfo, E. & Barrachina, M. Abnormal levels of prohibitin and
ATP synthase in the substantia nigra and frontal cortex in Parkinson’s disease.
Neurosci. Lett. 415, 205–209 (2007).
43. Basso, M. et al. Proteome analysis of human substantia nigra in Parkinson’s disease. Proteomics 4, 3943–3952 (2004).
44. Ludtmann, M. H. et al. Monomeric alpha-synuclein exerts a physiological role on
brain ATP synthase. J. Neurosci. 36, 10510–10521 (2016).
45. Ludtmann, M. H. R. et al. α-synuclein oligomers interact with ATP synthase and
open the permeability transition pore in Parkinson’s disease. Nat. Commun. 9,
2293 (2018).
46. Hock, M. B. & Kralli, A. Transcriptional control of mitochondrial biogenesis and
function. Annu. Rev. Physiol. 71, 177–203 (2009).
47. Zheng, B. et al. PGC-1α, a potential therapeutic target for early intervention in
Parkinson’s disease. Sci. Transl. Med. 2, 52ra73–52ra73 (2010).
48. Elstner, M. et al. Expression analysis of dopaminergic neurons in Parkinson’s
disease and aging links transcriptional dysregulation of energy metabolism to
cell death. Acta Neuropathol. 122, 75 (2011).
49. Chan, S. S. & Copeland, W. C. DNA polymerase gamma and mitochondrial disease:
understanding the consequence of POLG mutations. Biochim. Biophys. Acta 1787,
312–319 (2009).
50. Hayhurst, H. et al. Dissecting the neuronal vulnerability underpinning Alpers’
syndrome: a clinical and neuropathological study. Brain Pathol. 29, 97–113
(2019).
51. Warren, C. et al. Decoding mitochondrial heterogeneity in single muscle ﬁbres by
imaging mass cytometry. Sci. Rep. 10, 15336 (2020).
52. Chang, Q., Ornatsky, O. & Hedley, D. Staining of frozen and formalin-ﬁxed,
parafﬁn-embedded tissues with metal-labeled antibodies for imaging mass
cytometry analysis. Curr. Protoc. Cytom. 82, 12.47.11–12.47.18 (2017).
53. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676–682 (2012).
54. Bankhead, P. et al. QuPath: open source software for digital pathology image
analysis. Sci. Rep. 7, 16878 (2017).
55. R Core Team. R: A Language And Environment For Statistical Computing (R
Foundation for Statistical Computing, 2013).

Published in partnership with the Parkinson’s Foundation

C. Chen et al.

13
ACKNOWLEDGEMENTS

ADDITIONAL INFORMATION

All brain tissues were provided by the Newcastle Brain Tissue Resource (NBTR),
funded by the UK Medical Research Council (G0400074), NIHR Newcastle Biomedical
Research Centre and Unit and the Alzheimer’s Society and Alzheimer’s Research
Trust. This work was funded by the Michael J. Fox foundation (grant 15707). C.C., A.B.,
L.B., A.L.M.S., C.W., S.J.P., G.H., A.E.V., D.M.T. and A.K.R. are supported by the Wellcome
Centre for Mitochondrial Research (203105/Z16/Z). A.K.R. is supported by a senior
Parkinson’s UK Research Fellowship (F-1401). A.S. is supported by a research
fellowship funded by The Urology Foundation. S.J.P. is supported by a Wellcome
Career Re-entry Fellowship (204709/Z/16/Z). A.E.V. is supported by a Sir Henry
Wellcome Fellowship (215888/Z/19/Z). The generation of mass cytometry data was
assisted by the Newcastle University Flow Cytometry Core Facility, with analytic
advice from Dr. Conor Lawless. We are also grateful to the Newcastle University
BioImaging Unit for their support in this work.

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41531-021-00182-x.

AUTHOR CONTRIBUTIONS
Conceptualisation by A.K.R. and C.C.; methodology by C.C., D.M., C.W. and A.F.;
software and formal analysis by C.C., A.B. and A.S.; validation by C.C., C.W. and A.E.V.;
resources by D.M., L.B., A.L.M.S. and A.F.; investigation by C.C. and D.M.; writing –
original draft by C.C. and A.K.R.; writing – review and editing by all authors.;
visualisation by C.C.; funding acquisition by A.K.R. and D.M.T.; supervision by A.K.R.
and D.M.T.

Correspondence and requests for materials should be addressed to A.K.R.
Reprints and permission information is available at http://www.nature.com/
reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

COMPETING INTERESTS
The authors declare no competing interests.

Published in partnership with the Parkinson’s Foundation

© The Author(s) 2021

npj Parkinson’s Disease (2021) 39

