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Abstract 
Neurodegeneration in multiple sclerosis (MS) is now considered the major cause of 
irreversible clinical disability; however, the mechanisms underlying neuronal injury in 
MS are poorly understood. Evidence is accumulating that mitochondrial dysfunction and 
associated reactive oxygen species (ROS) formation contribute to neurodegenerative 
processes in multiple sclerosis (MS). Here, we investigated whether alterations in 
transcriptional regulators of key mitochondrial proteins underlie mitochondrial 
dysfunction in MS cortex and contribute to neuronal loss. Hereto, we analyzed the 
expression of mitochondrial transcriptional (co-)factors and proteins involved in 
mitochondrial redox balance regulation in normal appearing grey matter (NAGM) samples 
of cingulate gyrus and/or frontal cortex from 15 MS patients and 9 controls matched for 
age, gender and post-mortem interval. PGC-1α, a transcriptional co-activator and master 
regulator of mitochondrial function, was consistently and significantly decreased in 
pyramidal neurons in the deeper layers of MS cortex. Reduced PGC-1α levels coincided 
with reduced expression of oxidative phosphorylation subunits and a decrease in gene and 
protein expression of various mitochondrial antioxidants and uncoupling proteins (UCP) 4 
and 5. Short-hairpin RNA mediated silencing of PGC-1α in a neuronal cell line confirmed 
that reduced levels of PGC-1α resulted in a decrease in transcription of OxPhos subunits, 
mitochondrial antioxidants and UCPs. Moreover, PGC-1α silencing resulted in decreased 
mitochondrial membrane potential, increased ROS formation and enhanced susceptibility 
to ROS-induced cell death. Importantly, we found extensive neuronal loss in NAGM from 
cingulate gyrus and frontal cortex of MS patients, which significantly correlated with the 
extent of PGC-1α decrease. Taken together, our data indicate that decreased neuronal 
PGC-1α expression in MS cortex partly underlies mitochondrial dysfunction in MS grey 
matter and thereby contributes to neurodegeneration in MS cortex.

Keywords
Mitochondria; multiple sclerosis; neurodegeneration; PGC-1α; ROS 
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Introduction
Multiple sclerosis (MS) is generally viewed as an auto-immune-mediated disease in 

which infiltrating macrophages and T-lymphocytes induce focal and diffuse demyelination 
throughout the brain and spinal cord.1,2 In the majority (~85%) of patients, the disease 
starts with a relapsing-remitting disease course followed by more progressive disease. 
Although current available immunomodulatory therapies are effective in reducing the 
number of relapses, they ultimately fail to halt disease progression in the progressive 
phase of the disease.3 In the progressive stage of MS, widespread axonal degeneration and 
neuronal loss are thought to play a cardinal role.4 Therefore, understanding mechanisms 
underlying neuro-axonal degeneration in MS is crucial for developing new strategies to 
halt disease progression. 

Currently, evidence is emerging that mitochondrial dysfunction plays a key role in 
neurodegeneration in MS and several papers reported extensive mitochondrial alterations 
in white matter lesions5-7 and grey matter from MS patients.5,8,9 In normal-appearing grey 
matter (NAGM), activity of the oxidative phosphorylation (OxPhos) complexes I, III and IV 
was significantly reduced compared to control GM.5,8 The consistent reduction in OxPhos 
protein expression and activity in MS cortex led us to hypothesize that alterations in 
transcriptional regulation might be at the root of these mitochondrial changes. Transcription 
of nuclear-encoded OxPhos subunits, and many other mitochondrial proteins, is under 
the control of a small number of transcription factors, namely nuclear respiratory factors 
(NRF) 1 and 2, estrogen-related receptor (ERR)-α and peroxisome proliferator-activated 
receptor (PPAR)-α and –γ (for review see 10,11). Importantly, the activity of this group of 
transcription factors is dependent on the binding of PPARγ co-activator (PGC)-1α and -1β, 
both transcriptional co-regulators. The multiple binding partners of especially PGC-1α 
enables it to simultaneously induce transcription of a broad set of genes, most of which 
are directly or indirectly involved in energy metabolism.10,11 PGC-1α is therefore often 
referred to as a master regulator of energy metabolism.12 Moreover, neuronal PGC-1α 
regulates the expression of various mitochondrial proteins with antioxidative properties, 
indicating an important role for PGC-1α in protecting neurons from ROS-induced injury.13  

Mitochondria are particularly vulnerable to ROS as the vast majority of ROS are generated 
as a by-product of oxidative phosphorylation14 and mtDNA lacks protective histones.15 
Therefore, mitochondria are equipped with mitochondria-specific antioxidant enzymes, 
including superoxide dismutase 2 (SOD2), peroxiredoxin 3 (Prx3) and thioredoxin 2 (Trx2). 
In addition, mitochondria contain a family of proteins known for their ability to reduce 
ROS production at the OxPhos chain: the uncoupling proteins (UCPs).16 Thus far, 5 different 
UCPs have been described of which UCP 2, 4 and 5 are expressed in the brain.17-19 Notably, 
various studies have demonstrated the neuroprotective properties of UCPs.17 

In the present study, we describe a significant decrease in PGC-1α in normally myelinated 
cortex of MS patients. Immunohistochemistry revealed that a large subset of pyramidal 
neurons in the deeper cortical layers of MS patients have markedly reduced levels of PGC-
1α. In the same cortical areas, we found extensive neuronal loss which correlated with local 
neuronal PGC-1α expression. As a consequence, we also found a downregulation of key 
mitochondrial antioxidant enzymes and uncoupling proteins in MS cortex. In vitro studies 
confirmed that PGC-1α acts as a key regulator of OxPhos subunits and mitochondrial 
ROS defence, and that silencing of neuronal PGC-1α leads to dysfunctional mitochondria 
and renders neurons more vulnerable to an oxidative attack. Taken together, our data 
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suggest that decreased neuronal PGC-1α contributes to neuronal loss in MS grey matter 
by inducing oxidative phosphorylation impairment and mitochondrial redox imbalance.

Material and Methods
Brain tissue

Brain tissue from frontal cortex and cingulate gyrus was obtained in collaboration with 
the Netherlands Brain Bank, Amsterdam, The Netherlands. In this study we included 15 
patients and 9 controls, which were carefully matched for age, sex and post-mortem delay. 
Patients and controls with Braak stage >1 were excluded from this study. Clinical data of 
MS patients and controls are summarized in table 1. Immediately after excision, frontal 
cortex and cingulate gyrus tissue was cut in half. One part was fixed in formaldehyde 
and embedded in paraffin for immunohistochemistry (IHC) (paraffin sections were not 
available for 4 patient cingulate gyri); the other part was snap-frozen in liquid nitrogen for 
IHC, RNA and protein isolation. The study was approved by the institutional ethics review 
board and all donors or their next of kin provided written informed consent for brain 
autopsy, use of material and clinical information for research purposes.

Immunohistochemistry
Paraffin or frozen sections were stained as described previously.7,20 In short, after 

deparaffinization and antigen retrieval (paraffin sections) or fixation in acetone (frozen 
sections), sections were incubated with the appropriate primary antibody (for details, see 
table 2) overnight at 4°C and stained with the EnVision horseradish peroxidase (DAKO, 
Glostrup, Denmark) kit followed by 3,3’diaminobenzidine-tetrahydrochloridedihydrate 
(DAB; DAKO). SOD2 (The Binding Site, Birmingham, UK) was detected using biotin-labeled 
donkey anti-sheep (Jackson Immunoresearch Laboratories, West Grove, PA, USA) followed 
by 1h in streptavidin-biotin-peroxidase complex (1:100; Vectastain, Vector Laboratories 
Inc., Burlingame, CA, USA) and DAB. All sections were counterstained with haematoxylin. 
Images were taken on a Leica DM4000B microscope (Leica Microsystems Heidelberg 
GmbH, Mannheim, Germany). 

Quantification of neuronal number
Images of cortical layers 4-6 from paraffin sections stained for NeuN were taken by 

two different blinded observers (M.W. & P.N.). Automated counting of neuronal cell body 
number per image was performed using ImageJ software (freely available from: U.S. 
National Institutes of Health, Bethesda, MD, USA: http://rsb.info.nih.gov/ij/index.html). 
In short, RGB images were converted to greyscale images, which were subsequently 
converted to binary images (white=NeuN staining; black=background). Lastly, white 
objects >100 pixels were considered a single neuron and therefore counted. Results were 
routinely compared with original images to ensure proper neuronal counting.

Real-time quantitative PCR
mRNA from frozen tissue blocks was isolated as follows. Two frozen sections were stained 

for proteolipid protein (PLP) and major histocompatibility complex (MHC)-II, to determine 
non-demyelinated cortical areas and assess infiltration of immune cells and microglial 
activation. Selected areas were subsequently outlined with a scalpel on the tissue block. 
After cutting 20µm sections, outlined areas were collected until >10 mg, snap-frozen and 
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kept at -80°C. To ascertain that no white matter, meninges or demyelinated cortex was 
collected, 2 frozen sections were cut at the end of tissue collection and stained for PLP 
and MHC-II. Subsequently, mRNA was isolated from these samples using the RNeasy® 
Lipid Tissue Mini Kit (Qiagen Sciences, Maryland, USA). Total RNA from cell cultures was 
isolated using Trizol (Invitrogen, Carlsbad, CA, USA) as described previously and mRNA 
concentrations were measured using Nanodrop (Nanodrop Technologies, Wilmington, 
DE, USA). 

cDNA was synthesized with the Reverse Transcription System kit (Promega, Madison, 
WI, USA) following manufacturer’s guidelines. Quantitative PCR (qPCR) reactions 
were performed in an ABI7900HT sequence detection system using the SYBR Green 
method (Applied Biosystems, Foster City, CA, USA) as described previously.21 Obtained 
mRNA expression levels were normalized to GAPDH expression levels. All primers were 
synthesized by Ocimum Biosolutions (Ocimum Biosolutions, IJsselstein, the Netherlands) 
(supplementary table).

Western blot
For protein analysis, 30-50 mg of non-demyelinated cortical tissue was collected as 

described above. Tissue was homogenized by incubating the samples with M-PER buffer 
(Thermo Scientific, Rockford, IL, USA) with protease and phosphatase inhibitors (Roche 
diagnostics GmbH) on ice for 30 min and passing the samples 10 times through an 
0,8 mm2 needle (21G x 11/2”; Terumo, Leuven, Belgium). Protein isolation from cultured 
cells was performed using M-PER buffer supplemented with protease and phosphatase 
inhibitors according to manufacturer’s protocol. Protein concentrations were determined 
using the BCA protein assay (Thermo Scientific). Western blot was performed as previously 
described,20 and actin quantification was used to correct for total protein loading variation.

Cell culture and lentivirus-mediated delivery of shRNA
The human neuroblastoma cell line, SH-SY5Y, was cultured in Opti-MEMα/HAM F-12 

(1:1, Life Technologies, Vienna, Austria) containing 10% foetal calf serum (FCS, Life 
Technologies), 2 mM L-glutamin (Life Technologies), and penicillin/streptomycin (50 mg/
ml; Life Technologies) in 5% CO2 at 37° C. To establish silencing of PGC-1α we used a vector-
based lentiviral shRNA technique as described previously.22 48 Hours after infection of 
SH-SY5Y cells with PGC-1α or non-targeting shRNA-expressing lentivirus, stable cell lines 
were selected by puromycin treatment (2 µg/mL; SigmaAldrich). The efficiency of the 
expression silencing was determined by qPCR and western blotting. 

Functional analysis of cells treated with shRNA
Stable cell lines transduced with PGC-1α shRNA or non-targeting shRNA were plated 

in 96-well plates (Greiner Bio-One, Frickenhausen, Germany) and grown until confluent. 
Mitochondrial membrane potential was assessed using tetramethylrhodamine methyl 
ester (TMRM; Invitrogen, Carlsbad, CA, USA), a fluorescent probe of which accumulation 
in mitochondria depends on mitochondrial membrane potential, according to 
manufacturer’s protocol. Total fluorescent signal was measured with Fluostar Galaxy (BMG 
Labtech, Ortenberg, Germany) fluorometer and corrected for total mitochondrial content 
as assessed with Mitotracker Green FM (Invitrogen). 

Moreover, endogenous ROS production and resistance against exogenous ROS 
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were determined in shRNA transduced cells. Hereto, cells were treated with tert-butyl 
hydrogen peroxide (tbH2O2; SigmaAldrich) for 2 hours. Subsequently endogenous ROS 
production was assessed using 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein 
diacetate, acetyl ester (CM-H2DCFDA; Invitrogen), a probe which turns fluorescent upon 
oxidation, according to manufacturer’s protocol. Total fluorescence was measured with 
the fluorometer and corrected for cell numbers. Cell viability upon tbH2O2 treatment 
was assessed using the LIVE/DEAD Viability/Cytotoxicity kit (Invitrogen) according to 
manufacturer’s protocol. Fluorescent signals of alive and dead cells were measured with 
the fluorometer and ratio between dead and live cells was calculated. 

Statistical analysis
If D’Agostino and Pearson omnibus normality test was passed Student’s t-test was 

performed to compare expression levels between patients and controls, otherwise Mann-
Whitney U-test was used. Linear regression analysis was used to determine correlation 
of neuronal loss and PGC-1α expression per neuron. mRNA and protein expression 
levels of shRNA treated cells were compared using Student’s t-test, as was mitochondrial 
membrane potential. 2-Way ANOVA with Bonferroni post-hoc test was used to asses 
differences in dead:live cell ratios and endogenous ROS production.

Results
Decreased expression of PGC-1α in the cortex of MS patients

Reduced expression of OxPhos genes has previously been described in the motor 
cortex of MS patients.5 Here we report similar findings in cingulate gyrus and frontal cortex 
samples of MS patients (supplementary data 1). Next, we set out to investigate if reduced 
expression of transcriptional regulators of OxPhos genes could explain these alterations. 
Therefore, we first performed quantitative RT-PCR on samples of cingulate gyrus and 
frontal cortex of MS patients and matched controls for well-known transcription factors 
(NRF1 & -2, ERRα and PPARα & -γ) and their cofactors (PGC-1α & -β) of OxPhos genes (Fig 
1A). Interestingly, we observed a significant and consistent descrease of PGC-1α mRNA 
levels in both cingulate gyrus (26% reduction) and frontal cortex (32% reduction). Next, 
we analyzed PGC-1α protein expression in samples obtained from the same patients and 
controls using western blot and found significant reductions of 14% in cingulate gyrus 
and 19% in frontal cortex (Fig 1B & C). Western blot analysis for β3 tubulin, a neuronal 
marker, showed no differences between patients and controls, indicating that decreased 
levels of PGC-1α were not the result of neuronal loss. Immunohistochemical analysis 
revealed that PGC-1α is predominantly expressed in cytoplasm and nuclei of pyramidal 
neurons in layers 4-6 of cingulate gyrus and frontal cortex in both patients and controls 
(Fig 1D & E; supplementary data 2). In cingulate gyrus and frontal cortex of MS patients, 
a large subset of these neurons was markedly less intense immuno-labelled compared 
to controls, indicating a lower neuronal expression of PGC-1α. To assess if this reduction 
in neuronal PGC-1α coincided with neuronal loss we performed automated counting of 
the neuronal density in layers 4-6 of the same sections. Here we show a substantial and 
significant loss of neuronal number in MS cingulate gyrus and frontal cortex by 23% and 
35%, respectively (Fig 1F). Regression analysis revealed a significant correlation between 
neuronal density and PGC-1α protein expression corrected for neuronal content in MS 
cortex (Fig 1G). As the bulk of cortical PGC-1α in MS cortex is present in neurons (Fig 1E), 
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PGC-1α protein expression corrected for neuronal content is a good estimate of average 
PGC-1α expression per neuron. Therefore, the here showed correlation shows an inverse 
association between neuronal PGC-1α levels and loss of neurons in MS cortex. Taken 
together, we observed a consistent and significant reduction in PGC-1α levels in MS 
cortical neurons, which is likely to underlie, at least partly, the decrease in OxPhos protein 
expression and OxPhos complex activity. Moreover, our data suggests that reduced 
neuronal PGC-1α might contribute to neuronal loss in MS cortex.
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Decreased expression of mitochondrial antioxidants and UCPs in MS cortex
Besides its involvement in OxPhos gene regulation, PGC-1α is also involved in 

transcription of mitochondrial antioxidant enzymes and uncoupling proteins (UCPs).13,23 
Therefore, we next analyzed the expression profile of key mitochondrial antioxidants and 
UCPs in our cortical samples. Average mRNA levels of SOD2 and Prx3 were significantly 
reduced in cingulate gyrus and frontal cortex of MS patients with 20% and 36% for SOD2 
and 44% and 28% for Prx3, respectively. Trx2, which main function is to reduce oxidized 
Prx3, was reduced by 29% in cingulate and 19% in frontal cortex, but the latter did not reach 
statistical significance (Fig 2A). Protein levels of the mitochondrial antioxidants were also 
reduced in patients, albeit less pronounced than mRNA with an average decrease of 6% for 
Prx3 in cingulate gyrus to 22% for Trx2 in frontal cortex. Porin expression in MS cortex was 
unaltered, indicating similar mitochondrial number in MS and control cortex (Fig 2B & C). 
Immunostainings of control and patient material for mitochondrial antioxidants revealed 
that, similar to PGC-1α, the majority of SOD2, Prx3 and Trx2 was present in neuronal cell 
bodies (Fig 2D-I). Importantly, although differences in protein expression as assessed with 
western blot were relatively small, SOD2, Prx3 and Trx2 immunostaining was clearly less 
pronounced in MS cortical neurons compared to neurons in control samples.

Quantitative RT-PCR revealed a marked difference between UCP2 and UCP4 & 5 mRNA 
expression. Both UCP4 & 5 mRNA levels were ~50% reduced, whereas UCP2 mRNA 
levels remained unaltered (Fig 3A). Likewise, western blot analysis revealed a significant 
reduction in UCP5 protein expression ranging from 28-34%, whereas no changes were 
observed in UCP2 protein expression (Fig 3B & C). Unfortunately, multiple antibodies 

Figure 1 (continued from previous page). Decreased expression of PGC-1α in MS cortex. (A) qRT-PCR 
analysis revealed significant downregulation of PGC-1α mRNA in both cingulate gyrus (CG; 73.6% ± 8.6) and 
frontal cortex (FC; 67.8% ± 6.3) MS samples. mRNA levels were normalized against GAPDH mRNA levels. (B) 
Representative images of western blots demonstrating decreased PGC-1α protein expression in MS frontal 
cortex. No changes were observed in the levels of β3-tubulin (neuronal marker) and actin (protein loading 
control). (C) Quantification of western blots demonstrated decreased PGC-1α levels in CG (85.9% ± 5.6) and FC 
(80.7% ± 3.9) MS samples. The unchanged β3-tubulin levels (96.1% ± 2.5 for CG; 104.4% ± 2.9 for FC) indicate 
similar neuronal content in MS and control samples. Protein levels of PGC-1α and β3-tubulin were normalized 
against actin. (D & E) Immunohistochemical analysis of PGC-1α in control and MS cortex clearly demonstrated 
PGC-1α expression in neuronal cytoplasm and nuclei, whereas a subset of glia also expresses PGC-1α albeit to 
a much lesser extent. PGC-1α was most prominent in pyramidal neurons in layer 4-6 of the cortex (x 200). In 
MS patients, a large subset of these neurons exhibited markedly reduced PGC-1α expression. (F) Automated 
counting of neurons in cortical layers 4-6 revealed significant loss of neurons in CG (77.3% ± 3.4) and FC (65.0% 
± 4.1) of MS patients. (G) PGC-1α protein expression corrected for β3-tubulin protein expression, as assessed by 
western blot, significantly correlated with neuronal loss. Values denote mean ± SEM.  * P<0.05, ** P<0.01, *** 
P<0.001 as determined by student’s t-test or Mann-Whitney U-test. For cingulate gyrus n=9; for frontal cortex 
n=7. In F & G n=5 for cingulate gyrus.
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directed at the different UCPs were not suitable for immunohistochemistry. Also, UCP4 
antibodies were not suitable for western blot analysis. Collectively, our data demonstrate 
reduced neuronal expression of mitochondrial antioxidants and an overall reduction in 
UCP4 & 5 in normally myelinated MS cortex, which might be caused by reduced neuronal 
PGC-1α expression.
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Figure 2 (previous page). Decreased expression of mitochondrial antioxidants in MS cortex. (A) qRT-PCR 
analysis revealed significantly reduced mRNA levels of SOD2 (79.9% ± 6.2 for cingulate gyrus (CG); 64.2% ± 3.2 
for frontal cortex (FC)), Prx3 (55.7% ± 11.6 for CG; 61.8% ± 11.9 for FC) and Trx2 (71.2% ± 9.7 for CG; 81.2% ± 
11.5 for FC) in MS cortex. mRNA levels were normalized against GAPDH mRNA levels (B) Representative images 
of western blots showing decreased expression of SOD2 and Trx2 in MS frontal cortex, while Prx3 and porin 
expression was unchanged. (C) Quantification of western blot data for SOD2 (87.6% ± 4.2 for CG; 83.3% ± 4.2 for 
FC), Prx3 (94.0% ± 5.5 for CG; 93.0% ± 4.9 for FC) and Trx2 (80.9% ± 3.2 for CG; 78.1% ± 7.4 for FC), demonstrating 
an overall reduction in antioxidant enzyme expression, although only the decrease in SOD2 and Trx2 reached 
statistical significance. Porin levels were similar to control, indicating equal number of mitochondria in MS and 
control cortex. Protein levels were normalized against actin. (D-I) Immunohistochemical analysis of SOD2, Prx3 
and Trx2 in control and MS cortex demonstrated a clear neuronal staining pattern, although several glial cells 
also express relatively small amounts of mitochondrial antioxidants. In MS patients, neurons were markedly 
less immunoreactive for antibodies against SOD2, Prx3 and Trx2 (x 200). Values denote mean ± SEM. * P<0.05, 
** P<0.01, *** P<0.001 as determined by student’s t-test or Mann-Whitney U-test. For cingulate gyrus n=9; for 
frontal cortex n=7. 

Figure 3. Decreased expression of UCP4 & 5, but not UCP2, in MS cortex. (A) qRT-PCR data showed 
significantly reduced mRNA levels of UCP4 (54.2% ± 14.1 for cingulate gyrus (CG); 46.3% ± 2.5 for frontal 
cortex (FC)) and 5 (56.3% ± 14.3 for CG; 46.5% ± 4.3 for FC) in MS cortex, whereas UCP2 levels were unchanged 
(125.6% ± 21.37 for CG; 100.2% ± 27.8 for FC). UCP mRNA levels were normalized against GAPDH mRNA levels. 
(B) Representative images of western blots revealing significant decreased expression of UCP5 in MS frontal 
cortex, but not UCP2. (C) Quantification of western blots for UCP2 and 5 demonstrated a slight, decrease in UCP2 
protein levels (91.5% ± 5.8 for CG; 90.0% ± 9.7 for FC), whereas UCP5 protein levels were significantly reduced in 
MS cortex (66.7% ± 5.2 for CG; 72.3% ± 2.9 for FC). Protein levels were normalized against actin. Values denote 
mean ± SEM. * P< 0.05, *** P<0.01 as determined by student’s t-test or Mann-Whitney U-test. For cingulate gyrus 
n=9; for frontal cortex n=7.
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Functional effects of silencing neuronal PGC-1α 
To further unravel transcriptional regulation of mitochondrial antioxidants and UCPs by 

PGC-1α, we stably transduced SH-SY5Y neuroblastoma cells with shRNA directed at PGC-
1α. This led to a 70% reduction in PGC-1α protein levels (Fig 4A & B), which subsequently 
resulted in a significant decrease in SOD2, Prx3, UCP2 and UCP4 mRNA levels (Fig 4C). Trx2 
and UCP5 mRNA levels were also decreased in PGC-1α-silenced cells, albeit not significantly 
(Fig 4C). Moreover, PGC-1α silencing in neuroblastoma cells led to reduced expression of 
key OxPhos subunits (supplementary data 3). Importantly, these specific OxPhos genes 
were previously found to be significantly decreased in MS motor cortex5 and were also 
decreased in our cortical MS samples. On a functional level, PGC-1α silencing resulted 
in a significant decrease in mitochondrial membrane potential (Fig 4D) and increased 
intracellular ROS production, particularly upon exposure to hydrogen peroxide (Fig 4E). 
Moreover, silencing of PGC-1α caused enhanced susceptibility to hydrogen peroxide-
induced neuronal cell death (Fig 4F).

Figure 4. Functional effects of reduced neuronal PGC-1α expression. (A) Western blot images revealed 
lower PGC-1α protein levels in SH-SY5Y cells transduced with PGC-1α shRNA compared to those transduced 
with non-targeting shRNA. (B) Quantification of images shown in (A) demonstrated significantly reduced PGC-
1α expression in SH-SY5Y cells transduced with PGC-1α shRNA (29.7% ± 1.8; n=2). (C) This reduction in PGC-1α 
led to decreased gene expression of SOD2 (57.2% ± 7.9), Prx3 (28.2% ± 3.3), Trx2 (82.3% ± 6.0) and UCPs (69.6% 
± 5.6 for UCP2; 16.3% ± 1.8 for UCP4; 55.8% ± 4.0 for UCP5) (n=4). mRNA levels were normalized against GAPDH 
mRNA levels. 
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Discussion
Evidence is emerging that mitochondrial dysfunction is an early and important hallmark 

of MS pathology. Previously, several research groups described mitochondrial changes in 
MS cortex, including changes in the expression and activity of oxidative phosphorylation 
(OxPhos) complexes.5,8 Dutta and colleagues found a neuronal-specific decrease in 
expression of 22 nuclear-encoded subunits of complex I, III, IV and V in normal myelinated 
motor cortex of MS patients, which coincided with decreased activity of complex I and 
III.5  Recently, Campbell and co-workers described a striking increase of neurons devoid of 
complex IV activity in MS cortex, irrespective of cortical lesions.8 

In this study we provide compelling evidence for a central role of PPAR-γ coactivator-1α 
(PGC-1α), a transcriptional co-activator, in mitochondrial dysfunction in MS cortex. PGC-
1α levels were significantly decreased in normally myelinated cingulate gyrus and frontal 
cortex of progressive MS patients compared to non-neurological controls, which was not 
attributable to neuronal loss. Rather, immunohistochemistry revealed that a large subset 
of neurons in the lower cortical layers of MS cortex is markedly less immunoreactive for 
anti-PGC-1α compared to neurons in control cortex samples. mRNA expression of other 
transcriptional regulators of OxPhos genes was not significantly altered in MS cortex 
compared to control samples, except for a decrease in NRF1 in frontal cortex. In cingulate 
gyrus of MS patients, however, NRF1 mRNA was slightly increased. This inconsistency led 
us to not follow up on NRF1. Our data further corroborates a previous study describing 
similar levels of NRF2 in the cortex of MS patients and controls, but decreased DNA-binding 
capacity of NRF2.9 The latter might be explained by the here described reduction in PGC-
1α, which serves as a binding partner for NRF2 and thus influences binding capacity. 
Besides NRF2, PGC-1α also controls the activity of the other transcription factors involved 
in oxidative phosphorylation and is therefore considered to be the master regulator of 

Figure 4 (Continued from previous page). (D) Mitochondrial membrane was reduced in SH-SY5Y cells 
transduced with PGC-1α shRNA (96.4% ± 1.0; n=12), as measured with TMRM. TMRM signal was corrected for 
average mitochondrial content as measured with Mitotracker Green FM. (E) LIVE/DEAD Viability Cytotoxicity 
assay revealed increased vulnerability against hydrogen peroxide in (continued from previous page) PGC-1α 
shRNA transduced neuroblastoma cells (167.8% ± 3.1 for non-targeted shRNA at 100 µM; 200.3% ± 2.6 for PGC-
1α shRNA 100 µM; n=8). Bars represent dead cells to live cells ratio. (F) ROS production, as measured with CM-
H2DCFDA, was increased in non-treated PGC-1α shRNA silenced cells (134.4% ± 0.7; n=12). Stimulation with 
30µM hydrogen peroxide further increased ROS production in silenced cells (288.7% ± 1.9; n=12), whereas ROS 
production in control cells remained unchanged (89.3% ± 4.1; n=12). CM-H2DCFDA signal was corrected for 
total number of cells. Values denote mean ± SEM. * P< 0.05, ** P<0.01, *** P<0.001 as determined by students’ 
t-test or Mann-Whitney U-test (B,C,D) or 2-way ANOVA with Bonferroni correction (E,F).
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oxidative metabolism.10,11,24 Based on our findings it is conceivable that reduced PGC-1α 
levels contribute to the previously described alterations in OxPhos subunit expression 
and activity. Indeed, knock-down of PGC-1α in neuronal cells led to a significant reduction 
in OxPhos gene expression, including NDUFS4, complex III 9,5 kD, COX5A and ATP5G3, 
which were all previously found to be reduced in MS motor cortex.5 Here, we confirmed 
that these OxPhos subunits are also decreased in cingulate gyrus and frontal cortex of MS 
patients. Furthermore, PGC-1α controls the expression of proteins involved in regulation 
of the mitochondrial redox balance.13,23 Importantly, we found a significant decrease 
in mRNA levels of mitochondrial antioxidants and UCPs, with the notable exception of 
UCP2 in MS cortex. In general, protein levels of mitochondrial antioxidants and UCPs, 
as detected by western blot, were also decreased, albeit less pronounced than mRNA 
levels. Remarkably, immunohistochemical analysis of mitochondrial antioxidant protein 
expression showed a more pronounced decrease in expression in MS neurons. Even 
though we observed a relatively small decrease in proteins involved in regulation of the 
mitochondrial redox balance in MS cases using western blot, it is conceivable that the 
collective decrease renders neurons more susceptible to free radicals. 

 In vitro, we confirmed that downregulation of PGC-1α in neuronal cells results in a 
significant downregulation of mitochondrial antioxidants and UCPs, including UCP2, 
which makes the unchanged expression of UCP2 in MS cortex even more remarkable. A 
possible explanation is the more widespread distribution of UCP2 in the cortex, whereas 
UCP4 and 5 expression is restricted to neurons.25,26 

Previous studies have linked mitochondrial dysfunction to both axonal loss in MS 
white matter and neuronal loss in MS gray matter.5,8,27 Moreover, in Huntington’s (HD) and 
Parkinson’s disease (PD) reduced PGC-1α has been shown to severely contribute to neuronal 
mitochondrial dysfunction and to play an important role in neurodegeneration.28,29 Here, 
we describe extensive neuronal loss in cortical layers 4-6 of cingulate gyrus and frontal 
cortex of MS patients. Importantly, PGC-1α protein levels per neuron inversely correlate 
with neuronal loss, which suggests that reduced neuronal PGC-1α also contributes to 
neuronal loss in MS. In fact, our in vitro experiments clearly demonstrate that PGC-1α 
knockdown reduces the mitochondrial membrane potential, increases mitochondrial ROS 
production and enhances neuronal vulnerability to an oxidative attack. As evidence for 
excessive ROS production and oxidative damage in MS brain tissue is accumulating,30,31 
it is conceivable that reduced expression of PGC-1α and its downstream targets involved 
in mitochondrial ROS detoxification render neurons more vulnerable to exogenous ROS 
produced by activated microglia and thus contributes to neuronal loss. Interestingly, it 
has been shown that pyramidal neurons in layer 5, which express markedly less PGC-
1α, are especially vulnerable in MS cortex.32 However, these findings were observed 
in demyelinated cortical areas, whereas we focused solely on normal appearing grey 
matter. Further studies are warranted to assess PGC-1α expression and its role in 
neurodegeneration in cortical lesions.  

Surprisingly, western blot analysis of β3-tubulin, a neuronal marker, showed no 
difference between MS and control samples, which seems to contradict our finding 
of extensive neuronal loss in paraffin sections of the same MS patients. A reasonable 
explanation for this apparent contradiction is that besides neuronal loss, there is also 
extensive loss of glial cells, which even exceeds neuronal cell loss in cortical lesions.33 
Thus, although there is significant loss of neurons in MS cortex, total protein samples of 



88

Chapter 5 

88

the same sections might not show a corresponding decrease in neuronal proteins as glial 
proteins might be even more decreased. 

Besides contributing to cortical pathology, our findings will also have implications for 
axonal loss, a widespread and clinically important phenomenon in MS.34,35 Recently, it 
was elegantly shown that mitochondria play a cardinal role in immune-mediated axonal 
degeneration in the experimental autoimmune encephalomyelitis (EAE) model.36 The 
authors observed mitochondrial swelling as an early sign of focal axonal degeneration and 
showed that administration of exogenous antioxidants mitigated mitochondrial swelling 
and axonal degeneration. This indicates that oxidative damage to mitochondria is a 
critical step in immune-mediated axonal degeneration. Since our data shows an impaired 
antioxidant defence of neuronal, and thus axonal, mitochondria, oxidative damage might 
accumulate more rapidly in axonal mitochondria thereby contributing to axonal injury in 
inflammatory lesions.

Axonal loss is also present in chronic non-inflammatory MS lesions and is likely triggered 
by a long-lasting state of energy-deprivation, termed ‘virtual hypoxia.37-39 In short, virtual 
hypoxia in demyelinated axons is the result of an increased energy demand, due to 
increased expression of Na+ channels, a subsequent enhanced activity of Na+/K+ ATPase,40 
and reduced ATP production by mitochondria.5,6 Eventually, virtual hypoxia is believed to 
induce degeneration of axons by calcium overload, glutamate excitotoxicity and oxidative 
damage. Notably, decreased PGC-1α and subsequent reduced OxPhos activity in cortical 
neurons in MS patients provides a molecular basis for the reduced energy production in 
axonal mitochondria and might therefore contribute to virtual hypoxia. 

Thus far, the underlying mechanism of reduced neuronal PGC-1α expression in MS 
cortex remains unknown. A genetic cause, as has been described for HD and familial PD,41,42 
is highly unlikely in MS. Here, we propose that chronic low-grade microglial activation 
might reduce neuronal PGC-1α in MS cortex. Previously, it has been shown that chronic 
stimulation of adipocytes, muscle and cardiac cells in vitro with the proinflammatory 
cytokine TNF-α leads to decreased PGC-1α expression.43-45 A similar mechanism might 
also occur in neurons in MS cortex. Future research is warranted to investigate the role of 
chronic low-grade microglial activation and subsequent production of proinflammatory 
mediators contribute to reduced neuronal PGC-1α in MS cortex.

Our findings make PCG-1α an interesting and promising therapeutic target to combat 
neurodegeneration in MS. Interestingly, viral overexpression of PGC-1α and PGC-1α 
activators were able to reduce neurodegeneration in experimental animal and cell 
models of HD, PD and Alzheimer’s disease.13,42,46 Similarly, several studies have shown 
neuroprotective properties of compounds which are known to induce PGC-1α activity.47-49 
Taken together, these data warrant further investigation into the therapeutic potential of 
PGC-1α in MS.
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Table 1 Clinical data of MS patients and non-neurological controls
Case Age 

(years)
Type of 

MS
Sex Post-mortem

delay (h:min)
Disease

Duration
(years)

GCI or FC

MS 1 55 SP m 6:20 31 GCI
MS 2 61 SP m 9:15 31 GCI
MS 3 45 SP m 7:45 18 GCI & FC
MS 4 76 SP m 7:35 55 GCI
MS 5 57 SP m 7:55 28 GCI
MS 6 88 PP f 7:55 25 GCI
MS 7 40 PP f 9:00 9 GCI
MS 8 81 SP f 7:17 58 GCI
MS 9 68 PP f 8:25 11 GCI

MS 10 71 PP m 7:00 27 FC
MS 11 77 PP f 10:00 29 FC
MS 12 50 PP m 9:30 24 FC
MS 13 44 PP m 12:00 16 FC
MS 14 44 SP m 9:30 22 FC
MS 15 86 ND m 10:10 ND FC
Ctrl 1 66 NA f 7:00 NA GCI
Ctrl 2 71 NA m 8:55 NA GCI & FC
Ctrl 3 58 NA m 5:15 NA GCI & FC
Ctrl 4 62 NA m 7:20 NA GCI & FC
Ctrl 5 77 NA f 2:55 NA GCI & FC
Ctrl 6 62 NA f 7:55 NA GCI & FC
Ctrl 7 50 NA f 4:10 NA GCI & FC
Ctrl 8 78 NA m 17:40 NA GCI
Ctrl 9 51 NA f 5:36 NA GCI & FC

SP = secondary progressive MS; PP = primary progressive MS; ND = not determined; m = male; f = female; 

Tables

Table 2 Antibody details
Antigen Dilution Antibody type Source*

IHC WB
proteolipid protein (PLP) 1:500 NA  mouse IgG2a Serotec
HLA-DR 1:50 NA mouse IgG2b eBioscience
PGC-1α 1:100 1:1000 rabbit polyclonal Santa Cruz
neuronal Class III β3-tubulin NA 1:1000 IgG2a Covance
NeuN 1:1000 NA mouse IgG1 Millipore
porin NA 1:1000 rabbit polyclonal Abcam
superoxide dismutase (SOD)2 1:1000 1:1000 sheep polyclonal The Binding Site
peroxiredoxin (Prx)3 1:15000 1:5000 rabbit polyclonal Abfrontier
thioredoxin (Trx)2 1:100 1:500 rabbit polyclonal Sigma
uncoupling protein (UCP)2 NA 1:500 rabbit polyclonal Santa Cruz
uncoupling protein (UCP)5 NA 1:500 rabbit polyclonal Santa Cruz
actin NA 1:1000 goat polyclonal Santa Cruz
IHC, immunohistochemistry; WB, western blot; HLA-DR, human leukocyte antigen-DR; PGC-1α, peroxisome 
proliferator-activated receptor-γ coactivator-1-α; NA, not applicable

* Sources: Serotec, Oxford, UK; eBioscience, San Diego, CA; Santa Cruz Biotechnology, Santa Cruz, CA; 
Covance, Princeton, NJ; Millipore, Billerica, MA; Abcam, Cambridge, UK; The Binding Site, Birmingham, UK; 
Abfrontier, Seoul, Korea; Sigma-Aldrich, St Louis, MO

Supplementary data 1. Decreased expression of 
oxPhos genes in MS cortex. qRT-PCR analysis re-
vealed significantly reduced mRNA levels of NDUFS4 
(65.0% ± 8.9 for cingulate gyrus (CG); 66.4% ± 6.5 for 
frontal cortex (FC)), COX5A (77.9% ± 9.3 for CG; 79.5% 
± 3.6 for FC) and ATP5G3 (66.3% ± 11.0 for CG; 59.7% 
± 4.9 for FC) in MS cortex, whereas complex III 9,5 kD 
mRNA expression was only slightly reduced (86.3% 
± 5.6 for CG; 87.8% ± 8.0 for FC). mRNA levels were 
normalized against GAPDH mRNA levels. Values de-
note mean ± SEM. * P<0.05, ** P<0.01, *** P<0.001 
as determined by student’s t-test or Mann-Whitney 
U-test. For cingulate gyrus n=9; for frontal cortex n=7.
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Supplementary data 2. PGC-1α is prominently expressed in neurons in layer 4-6 and markedly reduced 
in MS cortex. (A) Overview of PGC-1α staining in the cingulate gyrus of a healthy control showing robust ex-
pression of PGC-1α predominantly in cortical layer 4-6 (x 25). (B) Overview of PGC-1α staining in the cingu-
late gyrus of an MS patient showing a marked decrease in PGC-1α immunoreactivity in cortical layer 4-6 (x 25). 

Supplementary data 3. Short hairpin-mediated 
silencing of PGC-1α in SH-SY5Y cells lead to de-
creased gene expression of OxPhos subunits. 
Downregulation of NDUFS4, COX5A, complex 
III 9,5 kD and ATP5G3 was previously observed 
in non-demyelinated motor cortex of MS pa-
tients. mRNA levels were normalized against 
GAPDH mRNA levels. Values denote mean ± SEM. 
* P< 0,05 as determined by students’ t-test. (n=2) 


