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a b s t r a c t
Multiple sclerosis (MS) is an inﬂammatory demyelinating autoimmune disorder of the central nervous system
(CNS) associated with severe neurological disability. Reactive oxygen species (ROS) and mitochondrial dysfunction play a pivotal role in the pathogenesis of this disease. Several members of the mitochondrial uncoupling protein subfamily (UCP2–UCP5) were suggested to regulate ROS by diminishing the mitochondrial membrane
potential and constitute therefore a promising pharmacological target for MS. To evaluate the role of different
uncoupling proteins in neuroinﬂammation, we have investigated their expression patterns in murine brain
and spinal cord (SC) during different stages of experimental autoimmune encephalomyelitis (EAE), an animal
model for MS. At mRNA and protein levels we found that only UCP2 is up-regulated in the SC, but not in brain.
The increase in UCP2 expression was antigen-independent, reached its maximum between 14 and 21 days in
both OVA and MOG immunized animals and correlated with an augmented number of CD3+ T-lymphocytes in
SC parenchyma. The decrease in abundance of UCP4 was due to neuronal injury and was only detected in CNS
of MOG-induced EAE animals. The results provide evidence that the involvement of mitochondrial UCP2 in
CNS inﬂammation during EAE may be mainly explained by the invasion of activated T-lymphocytes. This conclusion coincides with our previous observation that UCP2 is up-regulated in activated and rapidly proliferating Tcells and participates in fast metabolic re-programming of cells during proliferation.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Multiple sclerosis (MS) and its animal model – experimental autoimmune encephalomyelitis (EAE) – are T-cell-mediated inﬂammatory
and demyelinating autoimmune diseases of the central nervous system
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(CNS) associated with severe neurological disability [1,2]. The molecular
mechanisms leading to the histopathological hallmarks of MS are still
ambiguous. Increasing evidence shows that oxidative stress and mitochondrial injury play an important role in MS pathogenesis by contributing to lesion formation [3–5]. Activated macrophages and resident
microglia in acute inﬂammatory lesions are suggested to be the main
source of pro-inﬂammatory cytokines and ROS production [6].
Excessive ROS production in mitochondria is attributed to respiratory chain function. Decreasing the proton motive force by mild
uncoupling was proposed to be an effective way to diminish ROS [7].
Uncoupling proteins (UCP2–5) belong to the mitochondrial anion transporter superfamily and have been controversially discussed for years for
involvement in ROS regulation by decreasing the proton gradient
through the inner mitochondrial membrane (for review [8]), although
evidence for their role in metabolism permanently increases [9,10]. In
the context of ROS regulation, UCP2 was proposed to be involved in
the pathogenesis of neurodegenerative and neuroinﬂammatory diseases, in particular in MS or EAE [11–15]. The main arguments for
UCP2's protective role were the up-regulation of UCP2 gene expression
in the inﬂamed spinal cord of EAE mice [16] and higher clinical scores of
the disease in UCP2 knockout mice [13]. No clear picture concerning the
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type of cells which up-regulate UCP2 during MS/EAE has emerged from
previous studies. Recently we demonstrated that only UCP4 is present
in neurons and neurosensory cells at physiological conditions [9,17,
18]. We found UCP2 in cells of the immune system including brain microglia conﬁrming previous reports [19,20]. The UCP2 expression pattern implies strong involvement in the metabolism of highly
proliferating and/or activated cells [9].
In the present work we aimed to test the hypothesis that the up-regulation of UCP2 occurs due to invasion of activated T-cells in CNS during
inﬂammation and not due to protein overexpression in neurons. For this
we compared (i) mRNA and protein levels of UCP2, UCP4 and UCP5 at
different EAE stages (early, acute and chronic), (ii) the expression of
UCP2 after immunization with non-neural OVA-protein, (iii) expression
of the respective hallmarks for autoimmune damage (neuronal injury,
axonal loss, reactive astro- and microgliosis) and (iv) the number of
CD3+ T-lymphocytes at different stages of CNS-unspeciﬁc (OVA) and
speciﬁc (MOG) immunization.

2. Methods
2.1. EAE induction in mice
Female C57BL/6J mice aged 4–6 weeks were obtained from Harlan
Laboratories S.r.J. (Italy), maintained in cages and housed for two
weeks in accordance with international and university guidelines for
animal care. Mice were subcutaneously immunized with 250 μg of myelin oligodendrocyte glycoprotein (MOG) (Pepceuticals Ltd., UK) solved
in 200 μl emulsion containing equal volumes of phosphate buffer saline
(PBS), CFA (Difco Laboratories Inc, USA) and 4 mg/ml Mycobacterium
tuberculosis H37Ra (Difco Laboratories Inc, USA). For the control groups
of mice we used the emulsion contained ovalbumin (OVA, Pepceuticals
Ltd., UK) instead of MOG which was prepared in the same way. Mice
from both groups received an intraperitoneal (i.p.) injection of 400 ng
Bordetella pertussis toxin (Merck, Austria) at days 0 and 2 after immunization. Mice were weighed daily and scored (Tables 1 and 2) using the
ﬁve-grade scale, as described previously [21]. In short, we attribute
the following scores according to the clinical signs of disease: 0, healthy
mouse; 1, weak or ﬂaccid tail; 1.5, limp tail and unsteady gait; 2, unsteady gait (ataxia), hind leg paresis; 2.5, clumsy gait, hind leg paresis
(partial dragging); 3, paraparesis of one or two hind limbs; 3.5,
paraparesis of one or two hind limbs, forelimb weakness; 4, paraparesis
with fore limb involvement; 4.5, paraparesis of hind limbs, paresis of
fore limbs (cannot move or groom); 5, moribund or dead.
The animals used in experiments were sacriﬁced at 5, 14 and 21 days
post injection (dpi). In addition to the ﬁrst control group treated with
OVA, a second control group was established, consisting of agematched, healthy, and not immunized C57BL/6 mice.
All procedures were performed in accordance with prevailing guidelines for animal care, and were approved by the Ethical Committees of
the University of Veterinary Medicine and of the Austrian Federal Ministry of Science and Research (Animal experiment authorization: 01/04/
97/2010).
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Table 2
Weight monitoring of C57BL/6 mice at 5, 14 and 21 dpi with encephalitogenic (MOG) and
non-encephalitogenic peptides (OVA). Not treated (naïve) mice served as a control littermates. Values represent a mean ± SD for n=10-11 per group.
Group

MOG
OVA
Naive

Dpi, day after injection
0
Initial weight

5

14

21

18.0 ± 0.87
18.54 ± 0.79
18.36 ± 0.50

16.8 ± 1.10
17.38 ± 1.29
18.68 ± 0.66

17.0 ± 2.79
18.77 ± 2.18
19.47 ± 0.85

17.2 ± 3.31
19.45 ± 2.11
20.18 ± 0.73

2.2. Immunohistochemistry (IHC)
Mice were deeply anaesthetized with a mixture containing ketamine (Pﬁzer, Karlsruhe, Germany) and xylazine (Rompun@, Bayer,
Germany), then intracardially perfused with 20 ml ice-cold 0.1 M
PBS and 20 ml 4% paraformaldehyde (PFA). Brain and SC were
removed and ﬁxed in 4% PFA. For ﬂuorescence microscopy, we used
cryo- and vibratom tissue sections. 50 μm thick vibratome sections
without cryoprotection were prepared using a Leica VT1000
vibratome (Leica Microsystems, Germany). For cryo-sections organs
were incubated in 0.8–1.4 M phosphate-buffered sucrose for 5 days
at + 4 °C for cryoprotection, than embedded in a tissue-freezing medium obtained from Leica Microsystems GmbH (Germany). The tissues were sectioned (20 μm thick) at − 26 °C using Jung Frigocut
Cryostat Microtome (Leica, Germany), mounted on Superfrost™
microscope slides (Erie Scientiﬁc, Portsmouth NH, USA) and stored
at − 20 °C until staining. As primary antibodies (AB) for detection
of UCP4, MHC class II, microglia, astrocytes and lymphocytes
we used rabbit anti-UCP4 (1:1000, [18]), rat anti-rat RT1Bu (1:4;
Serotec, UK ⁄ International), goat anti-SOD2 (Santa Cruz, 1:50),
mouse anti-glial ﬁbrillary acidic protein (GFAP; 1:750; DAKO
GmbH, Germany) and rat anti-CD3 antibody (1:100; AbD Serotec,
UK). Negative control sections were incubated in a similar manner,
except that the primary AB was replaced by normal goat serum
(NGS; Vector Laboratories, Burlingame, USA). For visualization
of primary ABs, goat anti-rabbit IgG conjugated with Alexa-488
(diluted 1:1000, Invitrogen, Germany) and goat anti-mouse/rat IgG
conjugated with Alexa-568 (1:1000, Invitrogen, Germany) were
used as secondary ABs.
For light microscopy analysis we used vibratome and parafﬁn-embedded sections. 8 μm thick parafﬁn sections were cut using Microm
HM 355S (Leica), deparafﬁnized in xylene and heated in sodium citrate
buffer in the microwave to unmask the antigen. The sections were incubated with primary antibodies as described above. As secondary antibodies, biotinylated anti-rat IgG (dilution 1:1000; Linaris GmbH,
Wertheim, Germany), anti-mouse IgG (1:1000; Vector Laboratories,
Burlingame, USA) and anti-rabbit IgG (1:1000; Vector Laboratories,
USA) were used. Finally, sections were pre-incubated with ABC-solution
(ABC-Elite; Vector Laboratories, USA) and developed with 0.03% H2O2
and 1% 3,3`-diaminobenzidine tetrahydrochloride (DAB, SigmaAldrich).
2.3. Luxol Fast Blue staining

Table 1
Clinical scores determined for C57BL/6 mice at 5, 14 and 21 dpi with encephalitogenic
(MOG) and non-encephalitogenic peptides (OVA). Clinical scores were determined according grading system for EAE clinical assessment (s. Methods). Not treated (naïve) mice
served as a control. Values represent a mean ± SD for n = 10–11 per group.
Group

MOG
OVA
Naive

Dpi, day after injection
5

14

21

0
0
0

3.25 ± 0.96
0
0

2.1 ± 0.99
0
0

The spinal cord sections were stained with Luxol Fast Blue according to the standard protocol [22]. In brief, deparafﬁnized sections were incubated with Luxol Fast Blue solution (0.1% in 95%
alcohol with 0.5% acetic acid) at 57 °C overnight. After short differentiation by quick immersion in lithium carbonate solution
(0.05%), the slides were rinsed twice with 70% ethanol, counterstained with hematoxyline, dehydrated in an ethanol series, cleared
in xylene, and coverslipped with Entellan (Merck, Darmstadt,
Germany).

1004

A. Smorodchenko et al. / Biochimica et Biophysica Acta 1863 (2017) 1002–1012

2.4. Light and confocal microscopy
Digital images of selected sections were taken using an Olympus BX51 microscope (Hamburg, Germany). Confocal images were acquired in
sequential scanning mode using Leica TCS SP5 equipped with a 63x oilimmersion objective. Argon (488 nm) and DPSS (561 nm) lasers were
used respectively for the excitation of Alexa-488 and Alexa-568. During
the processing stage, individual image channels were pseudo-colored
according to the ﬂuorophore emission spectrum. Image J software
(http://rsb.info.nih.gov/ij/) was used for image merging, background
correction and adjustment of brightness and contrast.
2.5. Western blot analysis (WB)
Protein samples for Western blots (WB) were obtained from the
mouse brain, spinal cord, thymus and spleen. Tissues were homogenized in RIPA buffer containing the protease inhibitor cocktail (SigmaAldrich, Austria), sonicated and centrifuged at 1000xg for 10 min at
4 °C. Total protein concentrations were determined using Pierce™ BCA
Protein Assay Kit (Thermo Scientiﬁc, Rockford, USA). 20–100 μg of
total protein from brain, spinal cord, thymus and spleen were loaded
on 15% SDS-PAGE Gel, followed by a transfer to nitrocellulose membranes (PEQLAB, Austria). After blocking in 2% BSA, membranes were
incubated overnight at 4 °C with afﬁnity puriﬁed antibodies. The following ABs were used: rabbit anti-UCP2 (1:1000; [19], rabbit anti-UCP4,
rabbit anti-UCP5 (1:1000, [17]), rabbit anti-IBA1 (1:1000; Wako
Chemicals, Neuss, Germany), mouse anti-GFAP (1:400, DAKO Deutschland GmbH, Germany), mouse anti-Hsp60 (1:10000, Abcam), GAPDH
(1:2500, Sigma) and mouse anti-CD3 (1:100; Abcam). Anti-rabbit IgG
and anti-mouse IgG coupled to HRP (GE Healthcare, UK) were used as
secondary ABs. For visualization of AB binding the chemiluminescence
reaction of the ECLTM-Prime Western Blotting Detection Reagent (GE
Healthcare, Buckighamshire, UK) was used. The membranes were
then stripped and sequentially incubated with ABs against VDAC
(1:10000; Abcam, Cambridge, UK) and β-actin (1:5000; Sigma-Aldrich,
Germany). The production of recombinant UCP2 and UCP5, used as positive controls, was performed as described previously [23,24].
2.6. Quantitative real-time PCR
Frozen spinal cord and brain samples were put into steel cylinders,
cooled in liquid nitrogen and then shredded in a Retsch mill 200 (1
min., 30 sec-1; (Retsch GmbH, Germany)). Total RNA was isolated
from the brain and spinal cord of naïve, OVA- and MOG immunized animals at day 5 and day 14 dpi using RNeasy Mini Kit from Qiagen
(Hilden, Germany) according to the manufacturer’s protocol. The total
RNA content was determined with the BioPhotometer (Eppendorf, Austria). RNA quality was tested with the BioAnalyzer (Agilent, Austria)
using RNA 6000 Nano Kit (Agilent 2100 Bioanalyzer, USA). Reverse
transcription was performed with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Austria) and random primers. Relative quantiﬁcation of the target genes was done using Qiagen
QuantiFast Multiplex PCR Kit at a ﬁnal volume of 10 μl, with 300 nM
of each primer and a 200 nM probe. The gene expression was measured
with the Light Cycler 480 (Roche Diagnostics GmbH, Vienna, Austria)
using the following program: initial denaturation for 5 min at 95 °C,
followed by 45 cycles of 30 s at 95 °C and 50 s at 62 °C. The relative
amount of target gene mRNA was normalized to glyceraldehyde-3phosphate dehydrogenase (GAPDH) gene as an internal standard.
Negative controls (without reverse transcriptase) were used for each
sample to exclude contamination with genomic DNA. Primers used for
the PCR were obtained from (Euroﬁns, Germany) and were (name,
forward, reverse, and probe):
mUcp2-forward: GCTGGTGGTGGTCGGAGATA
mUcp2-reverse: ATGGCATTACGGGCAACATT

mUcp2-son: AGCACTGTCGAAGCCTACAAGACCATTGC
mUcp4-forward: TCTGGACTTGTGGCTTCTATTCTG
mUcp4-reverse: GTTTGTCTCGAGGTTGGTTCATT
mUcp4-son: CCAGCCGATGTCATCAAAAGCCGA
mUpc5-forward: CTTACTAAAACACGGCTGCAAGTC
mUcp5-reverse: GGCATGAAACATCCCTCTATATTTTAT
mUcp5-son: AAGGCCAGAGTATCGATGTTCGTTTCAAAGA
mGAPDH forward: TGTGTCCGTCGTGGATCTGA
mGAPDH reverse: CCTGCTTCACCACCTTCTTGA
mGAPDH son: CCGCCTGGAGAAACCTGCCAAGTATG
The expression level of UCPs genes was related to GAPDH and presented in relative units using Eq. (1) [25]
∑ ¼ 2−Δct ;

ð1Þ

with Δct = ct(UCP) − ct(GAPDH). The threshold cycle (ct) of one sample used for the calculation is a mean value of duplicates.
2.7. Statistical analysis
Data from PCR and Western blot analysis are presented as mean
values ± SEM from at least three independent experiments with six
to eight specimens for each condition. Data were analyzed with t-test
considered statistical signiﬁcance at pb 0.05.
3. Results
3.1. Comparison of UCP2 mRNA and protein expression in CNS of OVA- and
MOG-immunized mice at different time points after immunization
To compare the expression levels of different UCPs in the central
nervous system (CNS), we subcutaneously injected 6–8 week old
female C57BL/6J mice with OVA or MOG.
Because UCP2 is known to be post-translationally regulated [26,27],
we performed both WB and PCR to analyze protein (Fig. 1, A-D) and
mRNA (Fig. 1, E-F) content at 5, 14 and 21 dpi (days post immunization), which correspond to the pre-clinical stage of EAE, disease peak
and decay/chronic stage respectively. We found no UCP2 expression
in brain of naïve, OVA and MOG-immunized mice (Fig. 1, A). In SC,
UCP2 protein content was increased in OVA- and even more prominent
in MOG-immunized animals at 14 dpi in comparison to naïve animals
(Fig. 1, B-C). At 21 dpi only MOG-immunized animals showed a slight
increase in UCP2 expression (Fig. 1, C). The constant amount of VDAC
measured in relation to actin shows that the number of mitochondria
did not change during the course of disease (Fig. 1, D). The analysis of
gene expression revealed that ucp2 was not altered in mouse brain at
any time point irrespective of the peptide used for immunization
(Fig. 1, E). In contrast, ucp2 in SC was almost ﬁve times higher at
14 dpi in MOG-EAE mice as in control mice (Fig. 1, F).
3.2. Comparison of UCP4 expression after EAE induction in SC and brain of
MOG/OVA-immunized mice
Because UCP4 is the only UCP we have previously found in neurons,
we tested its expression in course of EAE in this work. The quantitative
analysis of UCP4 in brain did not reveal differences in protein and gene
expression between naïve, OVA- and MOG-immunized mice at all investigated time points after immunization (Fig. 2, A-B), despite a pronounced neuronal disability with high clinical scores (Tabl. 1) and
body weight loss (Table 2). Fig. 2 (D-E) demonstrates that UCP4 abundance in SC was decreased at the peak of disease (14 dpi), which we attributed to mitochondria damage, because the expression level of
mitochondrial outer membrane protein VDAC was also decreased in
SC (Fig. 2, F) in contrast to its expression in brain (Fig. 2, C). No signiﬁcant changes in UCP4 expression in brain and SC were detected in
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Fig. 1. UCP2 expression in brain and spinal cord of OVA- and MOG-immunized mice. A–B. Representative Western blot images (WB) showing UCP2 expression in brain (A) and spinal cord
(B) from naïve (N), OVA- and MOG-immunized animals at 5, 14 and 21 dpi. Anti-VDAC and anti-β-actin antibodies were used as loading controls. For each lane, 20 μg total protein was
loaded. C – D. Quantitative analysis of WB images showing the relative distribution of UCP2 (C) and VDAC (D) both normalized to β-actin in spinal cord of naïve (N), OVA and MOGimmunized mice at 14 and 21 dpi. Values represent means ± SEM from four WB with 4–5 animals per each group, *p b 0.05; **p b 0.001. E–F. UCP2 gene expression analysis
performed from whole brain and spinal cord of mice with MOG- and OVA- induced EAE at 5 dpi and 14 dpi. Data are presented as mean ± SEM from ﬁve mice per each group, **p b 0.05.

OVA-immunized littermates at all investigated time points (Fig. 2, A,
B, D, E).

3.3. Visualization of the neuronal mitochondria damage in spinal cord (SC)
after MOG/OVA mice immunization
To visualize the neuronal mitochondrial damage we performed
a confocal microscopy of SC sections double-immunostained with
antibodies against the inner mitochondrial membrane proteins
UCP4 and COX (Fig. 3, A), which we evaluated in our previous
work [17,28].
Image analysis revealed that the expression pattern of both
proteins was altered in MOG-treated mice at 14 dpi. Instead of ﬁne
homogeneous distribution of UCP4 that is typical for healthy
neurons [18], we detected large conglomerate-like patterns for
both proteins, that obviously reﬂects the changes of mitochondrial
morphology in damaged neurons and conﬁrms observations of

our and other groups, which described mitochondria swelling in
damaged CNS [18,29–32].
The swelling of axonal terminals was reported to not only contain
accumulated transport product substances like amyloid precursor proteins (APP) and non-phosphorylated neuroﬁlaments, but also include
the injured mitochondria and oxidized phospholipids [33,34]. Using
IHC we detected the accumulation of UCP4-positive spheroids in axonal
end-bulbs in inﬂamed lesions of SC at 14 dpi only in MOG-immunized
animals (Fig. 3, B). Confocal laser scanning microscopy clearly demonstrated the localization of these spheroids in close vicinity to the activated astrocytes and MHC-class II positive macrophages (Fig. 3, D-E). Single
and double IHC with anti-UCP4 antibody and antibody against mitochondrial SOD2 revealed the co-localization of both markers in axonal
end-bulbs (Fig. 3, C and F). This ﬁnding is in line with data reported by
Nikic et al., which demonstrated the accumulation of mitochondria in
swelling axonal ends and spheroids in SC of EAE animals [33]. Together
these data present the evidence for multiple neuronal damage during
EAE progression.
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Fig. 2. UCP4 expression in brain and spinal cord of OVA- and MOG-immunized mice. A. Representative Western blot images (WB) showing UCP4 expression in brain of naïve (N), OVA- and
MOG-immunized mice at 5 dpi and 14 dpi. VDAC and β-actin were used as controls for mitochondria amount and total protein loading. For each lane, 20 μg protein was loaded. B-C.
Quantitative analysis of WB showing the relative UCP4 (B) and VDAC (C) amounts in brain of naïve, control and EAE mice at 5 and 14 dpi. Values represent means ± SEM from eight
Western Blots with 6–8 animals per each group. D. Representative WB showing UCP4 expression in spinal cord at 5 dpi and 14 dpi. Anti-VDAC and anti-β-actin were used as controls
for mitochondria amount and total protein loading. For each lane, 20 μg protein was loaded. E–F. Quantitative analysis of WBs showing the relative UCP4 (B) and VDAC (C) amounts in
spinal cord of naïve, control and EAE mice at 5 and 14 dpi. Values represent means ± SEM from eight WBs with 6–8 animals per each group. *p b 0.05; **p b 0.005 (Student's T-test).

3.4. UCP5 detection in CNS of naïve, OVA- and MOG-immunized animals
UCP5, originally named as BMCP1 (brain mitochondrial carrier protein 1), was described at mRNA level in brain of human and rodents
[35]. We neither detected it in brain nor in SC at protein level under
physiological conditions in our previous work [17]. To evaluate whether
UCP5 expression was increased under inﬂammation, we performed a
WB analysis using antibodies against UCP5 validated in our previous
work and UCP5 recombinant protein as a positive control [17]. Fig. 4,
A demonstrates the absence of protein expression in spinal cord of
naïve, OVA- and MOG-immunized mice at all investigated time points.
In contrast to the results of other investigators [36] we only detected a

very low amount of UCP5 at mRNA level (Fig. 4, B-C), that explains the
failure of its detection at the protein level as previously discussed [9].
3.5. Investigation of histopathological markers of inﬂammation up-regulated by EAE
To test at which time points the induction of EAE led to the demyelination and axonal damage typical for EAE-model [37] and to identify
the primary cell type responsible for UCP2 up-regulation in SC, we performed a combined staining of SC sections with cell nuclei marker hematoxylin and myelin marker LFB (Fig. 5, A-F) or hematoxylin and T
lymphocyte marker CD3 (Fig. 5, G-H). The enhanced lymphocyte
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invasion and demyelinated areas in white matter were detected only in
SC of MOG-immunized mice at 14 dpi (Fig. 5, F and H). On the protein
expression level, the CD3 level was distinctly up-regulated in SC of
both groups (OVA- and MOG-immunized mice) at 14 and 21 dpi
(Fig. 5, I).
It was previously shown that neurodegeneration caused by MOG
immunization strongly correlates with reactive astrogliosis and increased density of microglial cells [21]. In WB we, indeed, detected the
elevated levels of IBA1 (Fig. 5, K) and GFAP (Fig. 5, L) immunoreactivity
in SC at the peak of disease (14 dpi). To identify the primary cell type responsible for UCP2 up-regulation in SC we investigated the protein expression level of T lymphocyte marker (CD3).
We revealed that the increase of microglial cell density (IBA1-staining, Fig. 6, middle panel) and astrogliosis (GFAP-staining, Fig. 6, low
panel) occurred exclusively in SC of MOG-EAE animals and not in
OVA-immunized mice. Anti-CD3 staining of SC sections similarly
showed the massive T-cells inﬁltrations of white matter in MOG-immunized mice and to a much less extent in SC of OVA-immunized mice
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(Fig. 6, upper panel). These ﬁndings support our previous data showing
the up-regulation of UCP2 in OVA-activated and stimulated T-cells [19].
Thus, we concluded that the up-regulation of UCP2 abundance in SC of
immunized animals depends on the presence of activated Tlymphocytes.
3.6. Determination of UCP2 protein content in immune organs of OVA- and
MOG-immunized mice
Previously, Vogler et al. [13] observed a decrease of UCP2 mRNA in
spleen at day 12 after MOG-immunization. Because thymus microenvironment has been also shown to be affected in acute EAE [38] we investigated a UCP2 protein expression pattern after OVA- and MOGimmunization in thymus and spleen. At 5 dpi, in absence of clinical
signs, we did not see any changes in UCP2 content in thymus neither
in naïve, nor in OVA- and MOG-immunized mice. A strong decrease of
UCP2 levels was detected at all time points in MOG-immunized mice
and to a lesser extent in OVA-injected animals in spleen (Fig. 7, C),

Fig. 3. Visualization of neuronal mitochondria damage in the mouse spinal cord at 14 dpi after MOG-immunization. A. Confocal laser scanning microscopy image of motor neurons in
lumbar spinal cord. Neurons were immunostained with anti-COX (visualized by Alexa 568, red) and anti-UCP4 (visualized by Alexa 488, green) in naïve (upper row) and MOG (lower
row) immunized mouse. Immunostaining was performed on 50 μm thick longitudinal vibratome sections of ﬁxed spinal cord. Scale bar, 10 μm. B–C. Representative images
demonstrating the expression of UCP4 (B) and SOD2 (C) in white matter of longitudinal sections of spinal cord from naïve and MOG-immunized mice at 14 dpi. Staining with primary
antibodies were ampliﬁed by ABC and visualized with DAB. Immunostaining was performed on 50 μm thick longitudinal vibratome sections of spinal cord. Scale bar, 30 μm. D.
Confocal laser scanning microscopy image of lesion in white matter of spinal cord. Double-immunostaining was performed with anti-GFAP (visualized by Alexa 568, red) and antiUCP4 (visualized by Alexa 488, green). UCP4-positive axonal spheroids were detected in close vicinity of activated astrocytes. Immunostaining was performed on 50 μm thick
longitudinal vibratome sections of spinal cord. Scale bar, 20 μm. E. Confocal laser scanning microscopy images show the localization of UCP4-positive spheroids (visualized by Alexa
488, green) near the MHC-class II-positive (visualized by Alexa 568, red) cells in inﬂammatory lesion of the white matter of spinal cord. Immunostaining was performed on 50 μm
thick longitudinal vibratome sections of spinal cord. Scale bar, 20 μm. F. Confocal laser scanning microscopy shows the co-localization of UCP4 (green) and SOD2 (red) in spheroids
and axonal bulbs in a inﬂammatory lesion of spinal cord. Double-labeling with anti-UCP4 antibody (Alexa-488, green) and anti-SOD2 (Alexa-568, red) antibodies was performed on
20 μm thick cryostat sections. Scale bar, 10 μm.
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Fig. 3 (continued).

whereas UCP2 decrease in thymus was more moderate at 14 dpi (Fig. 7,
A). Three weeks after immunization (21 dpi), we observed even an increase of UCP2 expression in the thymus of both OVA- and MOG-groups
(Fig. 7, A).
Interestingly, the alteration of the UCP2 expression pattern coincided with the CD3 expression proﬁle (Fig. 7, B). Notably, the

immunization with OVA- and MOG-peptides led to a stable decrease
in CD3 levels at all investigated time-points in the spleen (Fig 7, D). At
14 and 21 dpi we detected a pronounced up-regulation of the mitochondrial stress marker Hsp60, probably due to activation of IBA1-positive macrophages and epithelial cells in thymus and spleen of OVA- and
MOG-immunized animals (Fig. 7, B and D). Thus, our data demonstrated
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Fig. 4. UCP5 expression in brain and spinal cord of OVA- and MOG-immunized mice. A. Representative Western blot images of protein extracts from spinal cord of naïve (N), OVA- and
MOG-immunized animals at 5 and 14 dpi immunostained with anti-UCP5, anti-VDAC and anti-GAPDH antibodies. For each lane, 20 μg protein was loaded. B-C. UCP5 gene expression
analysis in whole brain (B) and spinal cord (C) of mice with active EAE, induced by MOG or by OVA at day 5 or 14 dpi. Values represent a mean ± SEM of four mice per each group.

the participation of thymus and spleen in EAE progression, and showed
that the UCP2 protein content in these immune organs is directly associated with the expansion of the CD3-positive T-cell population.
4.. Discussion
In the present study we demonstrated that the up-regulation of
UCP2 expression after EAE induction (i) occurred only in spinal cord,
(ii) directly correlated with the time-course of EAE being the highest
at the peak of the disease (14 dpi), (iii) was antigen-independent, i.e.
could be induced both by non-speciﬁc OVA and EAE-speciﬁc MOG immunization, and (iv) coincided with the alteration of CD3+ T-lymphocyte amount during immune response. Therefore, our data partly
support the previous studies demonstrating the elevation of ucp2 gene
level in SC during the course of active induced EAE [13,16]. In view of
our recent data that shows the absence of UCP2 in neurons [19], we hypothesized that the possible cause for UCP2 expression changes can be
linked to the common activation of the immune cells due to inﬂammation. It is known, that the initiation of disease and extent of neuronal
damage during the course of EAE is associated with the inﬁltration of
CNS parenchyma by myelin-speciﬁc T-cells [39]. Because no
immunohistological evidence for the UCP2 up-regulation in these cells
can be obtained due to poor antibody performance, we evaluated the
time course of expression of several cell markers for T-lymphocytes,
macrophages and astrocytes and paralleled it to the time course of
UCP2 expression during EAE. The results revealed that the up-regulation of UCP2 level corresponded to the peak of acute and chronic phases
of EAE and correlated with the massive inﬁltration of activated encephalitogenic T-cells shown by anti-CD3 antibody immunostaining. Further
evidence which links UCP2 expression to the invasion of activated lymphocytes is the moderate up-regulation of UCP2 protein level in SC by
animal immunization with a CNS-irrelevant antigen ovalbumin (OVA)
[40]. The current observations conﬁrm our previous data showing that
non-CNS-speciﬁc T-lymphocytes transmigrate the brain blood barrier
and penetrate CNS parenchyma without promoting neuropathology

[21]. In contrast to MOG-stimulated T-cells, the lymphocytes from
OVA-immunized animals were not able to encounter their antigen in
SC parenchyma for re-stimulation and for persisting in CNS during
long time periods [41]. Indeed, the selective up-regulation of mitochondrial UCP2 levels in stimulated OT-II T-lymphocytes was detected only
after speciﬁc re-stimulation [19], that probably occurred due to the intensive production of cytokines and an increase of glutamine uptake
[42,43]. An additional supporting fact for this suggestion is the simultaneous down-regulation of the CD3-marker and UCP2 in immune organs
at 14 dpi after immunization with both OVA and MOG peptides. This
ﬁnding indirectly conﬁrms the data from a previous study [38], which
revealed ﬁrst morphological alterations in rat thymus around 12 dpi
after EAE induction. Moreover, the ultra-structural and morphological
observations at this time-point show depletion of thymocytes from
the thymus and an enlargement of intercellular volumes which can be
due to T-lymphocyte movement from the thymus into the blood vessels. The decrease of the UCP2 mRNA level in spleen at day 12 after
MOG-immunization was also described by Vogler and colleagues [13].
In contrast to MOG-immunized animals, the UCP2 expression level
in SC of OVA-immunized mice was not prominent. CNS inﬁltration by
MOG-speciﬁc T-cells induced the astro- and microgliosis – characteristic
hallmarks of neuroinﬂammation during MS and EAE – conﬁrming the
results of other groups [44,45]. Indeed, we observed the IBA1- and
GFAP-immune-positivity only in SC of MOG-immunized mice (Fig. 5,
K-L), which is in line with our previous reports [21,46]. Taken into account that UCP2 was detected in macrophages [47] and in microglia
[19], we postulate that mitochondria from microglial cells could also
partly be responsible for the elevation of the UCP2 protein level in the
SC of MOG immunized mice on 14 and 21 dpi.
5. Conclusion
In this work we used EAE, the animal model of MS, and self-designed
anti-UCP antibodies, which we have evaluated in our previous work. To
get a deeper insight into the molecular mechanisms, we not only
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Fig. 5. Investigation of inﬂammation markers up-regulated by EAE. (A–H) Histopathological analyses of the longitudinal spinal cord sections from OVA and MOG-immunized mice in
preclinical phase (5 dpi) and at the peak of EAE (14 dpi). Simultaneous Luxol Fast Blue (LFB) and hematoxyline staining (A–F) indicates the white matter demyelination in close
vicinity to cell inﬁltration in spinal cord of MOG-EAE mice (F, arrows). Anti-CD3 immunohistochemistry (G–H) detected massive accumulation of activated T-cells (anti-CD3+
staining) in spinal cord of MOG-immunized animals at 14 dpi (H). Immunostaining was performed on 8 μm thick longitudinal parafﬁn embedded sections of spinal cord. Scale bar
corresponds to 50 μm and applies to all images. I–L. Representative Western blot images of spinal cord lysates from naïve (N), OVA- and MOG-immunized animals immunostained
with anti-CD3 (I), anti-IBA1 (K) and anti-GFAP (L). For each lane, 100 μg (I) or 50 μg (K–L) protein was loaded. Anti-β-actin antibody was used as a loading control.

Fig. 6. Visualization of T-lymphocytes (CD3+-positive), activated microglia (IBA1-positive) and astrocytes (GFAP-positive) in spinal cord of naïve, OVA- and MOG-immunized mice. DABImmunostaining was performed on 8 μm thick longitudinal parafﬁn embedded sections of spinal cord.
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Fig. 7. UCP2 expression in thymus and spleen of OVA- and MOG-immunized mice. Representative WB images and UCP2/CD3 quantiﬁcation of thymus (A-B) and spleen (C-D) from naïve
(N), OVA- and MOG-immunized animals immunostained with anti-UCP2, anti-IBA1, anti-CD3, anti-Hsp60 antibodies. Anti-VDAC and anti-β-actin antibodies were used as loading control.
For each lane 50 μg protein was loaded. Data are presented as mean ± SEM of 3–5 mice per group; *p b 0.5, **p b 0.01, ***p b 0.001.

investigated the expression of UCP2, UCP4 and UCP5 at different EAE
stages in brain and spinal cord, but also compared it to UCP expression
after unspeciﬁc activation of immune system by ovalbumin. We show
for the ﬁrst time that the abundance of UCP4, which is only present in
neurons, is not affected within the course time of disease. For a long
time it had been supposed that the activity of UCP2 in neurons would
regulate the proton gradient and therefore the production of ROS. Our
current results demonstrated that UCP2 is not present in neurons
under neuroinﬂammatory conditions. In contrast, we have correlated
the elevated amounts of UCP2 in spinal cord with the lymphocyte invasion, released by EAE-speciﬁc MOG antigen. Our results clearly indicate
that of the three different UCPs, only UCP2 in speciﬁcally activated lymphocytes may represent a potential target for MS treatment.
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