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Abstract

Background
Antibodies and oxidative stress are hallmarks of multiple sclerosis (MS) lesions. We aimed to clarify the
relation between them, their role in MS patients, and to investigate their specificity, comparing MS with
classical neurodegenerative diseases (ND).

Methods
Brain samples from 14 MS cases, 6 with ND and 9 without neurological diseases (controls).
Immunohistochemistry assays were used to detect oxidized lipids (EO6), IgG and IgM, oligodendrocytes
(Olig2), axons (NF, neurofilament) and cellular (TUNEL) and axonal damage (APP, amyloid precursor
protein).

Results
We did not observe EO6 in controls. All samples from MS patients showed EO6 in oligodendrocytes and
axons within lesions. We did not detect co-localization between EO6 and antibodies. Neither did we
between EO6 and TUNEL or APP. 94.4% of TUNEL positive cells in normal appearing white matter were
also stained for IgG and 75.5% for IgM. IgM, but not IgG co-localized with APP. EO6 was associated with
axonal damage in amyotrophic lateral sclerosis (ALS). We did not observe association between
antibodies and cellular or axonal damage in ND patients. MS patients showed a higher number of B cells
and plasma cells in the lesions and meninges than controls. The number of B cells and plasma cells was
associated with the presence of antibodies and with the activity of the lesions.

Conclusions
We observed a main role of B-lymphocytes in the development of MS lesions. Antibodies contribute to the
oligodendrocyte and axonal damage in MS. Oxidative stress was associated with axonal damage in ALS.

1. Introduction
Multiple sclerosis (MS) is the most common chronic inflammatory demyelinating disease of the Central
Nervous System (CNS). One of the main features observed in the CNS of MS patients is the presence of
IgG, IgM and IgA antibodies on degenerating myelin sheaths (Lucchinetti et al. 1996; Storch et al. 1998),
oligodendrocytes and axons (Sádaba et al. 2012; Zhang et al. 2005) located in demyelinated lesions. IgG
and IgM were also detected in new forming lesions (Barnett and W. 2004; Gay et al. 1997) and normal
appearing white matter (Sádaba et al. 2012) and were associated with activated complement factors and
foamy macrophages (Breij et al. 2008; Storch et al. 1998; Sádaba et al. 2012).
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The source of these antibodies is unknown but it have been described follicle-like structures in the
meninges of MS patients (Magliozzi et al. 2007; Prineas 1979; Serafini et al. 2004), plasma cells in the
lesions (Esiri 1977) and increased activated and memory B cells in the CSF (Haas et al. 2011). In addition,
clonal expansion of these cells in brain lesions has been demonstrated, indicating that an antigen driven
immune response could be present (Baranzini et al. 1999). B lymphocytes also have antibodyindependent effector functions. They present antigens to T lymphocytes, express in the membrane costimulatory molecules and secret cytokines that regulate the activation of the latter (Ireland et al. 2012).
Nevertheless, it cannot be excluded that additional or other primary mechanisms may be involved in the
pathogenesis of MS. Demyelinated plaques show oxidation of different molecules, such as DNA
(Vladimirova et al. 1998), proteins (Bizzozero et al. 2005; Cross et al. 1998; Diaz-Sanchez et al. 2006; Liu
et al. 2001) and lipids (Haider et al. 2011), which is related with demyelination and neurodegeneration
(Haider et al. 2011). A marker of oxidative stress was observed in oligodendrocytes and axons located
predominantly in actively demyelinating white matter and cortical lesions (Fischer et al. 2013), indicating
that oxidative stress is related to the activation of macrophages and astrocytes (Fischer et al. 2012; Liu et
al. 2001).
Moreover, inflammation and oxidative stress are not specific hallmarks of MS lesions, which makes it
difficult to evaluate their role in the pathophysiology of the disease. Mutations in copper/zinc ion-binding
superoxide dismutase, and enzymes, which regulate the oxidation/reduction balance, have been detected
in a relatively low percentage of Amyotrophic Lateral Sclerosis (ALS) patients (Kiernan et al. 2011; Rosen
et al. 1993). Different studies performed in this disease have also demonstrated immunoglobulin
(Engelhardt and Appel 1990) and complement (McGeer et al. 1991) deposition in the CNS of these
patients; and the presence of serum antibodies to voltage gated calcium channels (Engelhardt et al. 1995;
Kimura et al. 1994). Biochemical analyses have demonstrated increased lipid oxidation in astrocytes
located in temporal lobe samples from frontotemporal dementia (FTD) patients (Martínez et al. 2008).
Other groups detected antibodies in the cerebrospinal fluid of the latter (Kankaanpää et al. 2009).
Studies of Parkinson's disease (PD) have demonstrated that glutathione concentration is decreased in the
substantia nigra (Jenner et al. 1992), and rats inoculated with IgG purified from these individuals showed
destruction of the substantia nigra (Chen et al. 1998).
In these neurological diseases, there are specific targets that are damaged. Demyelination and axonal
damage are the main targets of damage in MS patients (Stadelmann et al. 2011), while motor neurons
are damaged in ALS patients (Kiernan et al. 2011), and the main target in PD disease is dopaminergic
neurons (Moore et al. 2005). FTD is tau associated dementia (Irwin 2016).
In this paper, we analysed the relation between antibodies and oxidative stress, their role in MS patients.
We also aimed to investigate their specificity, comparing MS with classical neurodegenerative diseases
(ND).

2. Materials And Methods
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2.1. Tissue specimens
MS brain tissues were obtained from the UK Multiple Sclerosis Tissue Bank, the Thomas Willis Oxford
Brain Collection (now the Oxford Brain Bank), or Neuro Resource, University College London, Institute of
Neurology and Banco de Tejidos CIEN, Instituto Carlos III. The former also donated the samples from
patients with ALS, FTD and PD. Control samples were donated by the Departamento de Anatomía,
Universidad San Pablo CEU. All subjects, or their close relatives, gave informed consent for brain donation
after their deaths. The study was approved by the Ethical Committee of the Universidad San Pablo CEU
(113/16/05).
We studied 96 formalin-fixed, paraffin embedded tissue blocks from neurologically normal controls (n = 9)
and patients with ALS (n = 2), FTD (n = 2), PD (n = 2) and MS (n = 14) patients. The demographic and
clinical data and the type of samples analysed are summarized in Table 1.
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Table 1
Clinical data from patients with MS and different neurodegenerative diseases and control group. Type of
lesions analyzed for every case.
Case

Sample
type

N.
samples

Type of
Disease

Age

Disease
duration
(years)

MS
type

Cause of death

MS10

AC

5

MS

37

3

SP

Pulmonary embolus

C.A

7

NAWM

1

C.A

7

MS

54

24

SP

MS

C.I

5

NAWM

4

MS09

C.A

1

MS

51

NA

SP

Bronchopneumonia

MS11

AC

1

MS

55

NA

NA

NA

C.A

2

AC

1

MS

26

6 months

ACbs

Bronchopneumonia

C.A

2

NAWM

1

C.A

3

MS

69

24

SP

Pneumonia, MS

NAWM

2

C.A.

1

MS

58

38

SP

Aspiration

MS02

MS14

MS03

MS05

pneumonia, MS
MS01

AC

1

MS

58

42

SP

Bronchopneumonia,
immobility, MS

C.A

2

C.I

2

NAWM

2

MS06

CI

1

MS

60

NA

SP

Cardiac arrest

MS04

C.I.

1

MS

56

27

SP

Carcinoma of breast,
MS

MS12

AC

1

MS

54

NA

PP

NA

C.I: chronic inactive lesion. C.A: chronic active lesion. AC: acute lesion. SP: secondary progressive. PP:
primary progressive. AC: acute multiple sclerosis. ACbs: acute brainstem multiple sclerosis. M.A:
motor area. F.C: frontal lobe. M.B: mid brain. NA: not available. MS: multiple sclerosis. ALS:
amyotrophic lateral sclerosis. FTD: frontotemporal dementia.
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Case

Sample
type

N.
samples

Type of
Disease

Age

Disease
duration
(years)

MS
type

Cause of death

MS07

AC

2

MS

26

1,5

AC

Acute MS

C.A

3

MS13

C.A

2

MS

56

NA

NA

NA

MS08

C.I

4

MS

52

37

SP

Pulmonary embolus

MS15

C.I

4

MS

NA

NA

NA

NA

ALS-1

M.A

2

ALS

NA

NA

NA

ALS-2

M.A

2

ALS

NA

NA

NA

FTD1

F.L

2

FTD

NA

NA

NA

FTD2

F.L

2

FTD

NA

NA

NA

PAR-1

M.B

2

PAR

PAR-2

M.B

2

PAR

CO1

Control

3

Control

NA

NA

Pulmonary embolus

CO2

Control

2

Control

NA

NA

Acute pancreatitis

CO3

Control

1

Control

NA

NA

NA

CO4

Control

5

Control

NA

NA

NA

CO5

Control

1

Control

NA

NA

NA

CO6

Control

1

Control

NA

NA

NA

CO7

Control

1

Control

NA

NA

NA

CO8

Control

1

Control

NA

NA

NA

CO9

Control

1

Control

NA

NA

NA

C.I: chronic inactive lesion. C.A: chronic active lesion. AC: acute lesion. SP: secondary progressive. PP:
primary progressive. AC: acute multiple sclerosis. ACbs: acute brainstem multiple sclerosis. M.A:
motor area. F.C: frontal lobe. M.B: mid brain. NA: not available. MS: multiple sclerosis. ALS:
amyotrophic lateral sclerosis. FTD: frontotemporal dementia.

The age at death of MS patients ranged from 26 to 69 and the disease duration from 6 months to 42
years. One case was primary progressive, 2 were acute MS, 9 showed a secondary progressive course and
in 2 cases the evolution was not available.
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2.2. Lesional staging
Consecutive sections from MS tissue blocks were stained with hematoxylin-eosin to identify areas of
hyper or hypocellularity and with Luxol fast blue (LFB) to show the demyelinated areas. In order to
characterize the lesion activity, we also performed immunohistochemistry with anti-CD68 antibody to
detect macrophages. The protocols were used in previous works (Ferguson et al. 1997; Tzartos et al.
2008; Sádaba et al. 2012).
MS lesions were ordered as follows: 1) chronic inactive: lesions showing demyelination, hypocellularity,
low number of inflammatory infiltrates and absence or marked scarcity of CD68 positive cells; 2) chronic

active: lesions presenting hypercellularity and many macrophages at the edge of chronic lesions; 3)
acute: lesions showing a high degree of inflammatory cell infiltration, including macrophages, some of
which contained cytoplasmic Luxol fast blue-reactive fragments of myelin in the lesion. The 62 blocks
from MS patients included 17 chronic inactive, 29 chronic active and eleven acute lesions; all the 30
blocks from patients without neurological disease were classified as control NAWM.
Then, we used immunohistochemistry assays (Sádaba et al. 2012) to classify the MS lesions regarding
the presence of IgG or IgM (Supplementary Data 1).
Corresponding stains were performed to stage samples from patients with neurodegenerative diseases.
We analyzed samples from 2 Parkinson disease patients. All samples showed characteristic histological
alterations (loss of dopaminergic neurons and aggregation of the protein α-synuclein into ubiquitinpositive Lewy bodies). We analyzed samples from 2 patients with frontotemporal dementia. Samples
from patient 1 showed classical histological alterations, gliosis (as it is observed in Fig. 3.), neuronal loss
and ballooned neurons. Samples from patient 2 did not show these characteristic histological alterations.
We analyzed samples from 2 patients with amyotrophic lateral sclerosis. Samples from patient 1 showed
loss of upper motor neurons and associated astrogliosis. Samples from patient 2 did not show these
classical histological alterations.

2.3. Immunohistochemistry
Sections (6 µm) of formalin fixed and paraffin-embedded samples from the central nervous system were
deparaffinised with Hemo-De solution (manufacturer, Scientific Safety Solvents, Fort Worth, Tex.;
distributor, Fisher Scientific Co.) and rehydrated in ethanol and PBS. EDTA 2 mM, Tris 50 mM pH 90.0
buffer and microwave heating was used for retrieval of antigen as previously described (Kim et al. 2004).
Consecutive sections were stained with mouse anti IgM (Santa Cruz Biotechnology, Inc.,) diluted 1:10,
mouse anti IgG (AbD Serotec) diluted 1:50, mouse anti EO6 (Avanti Polar Lipids) diluted 1:400, rabbit anti
APP (Sigma-Aldrich) diluted 1:200, rabbit anti Olig-2 (oligodendrocyte transcription factor 2, Chemicon)
diluted 1:250 overnight at 4°C, anti CD79 diluted 1:40 (donated by Margaret Jones) and anti CD138
diluted 1:50 (Abd Serotec). Staining was developed with Dako Real Envision Detection System (Dako) as
described previously (Tzartos et al. 2008).

2.4. Immunofluorescence
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We used double immunofluorescence to study the target of IgM and IgG antibodies and oxidative stress.
Tissue sections were fixed as described above and then incubated with anti IgM or anti IgG or anti EO6 at
1:10 or 1:200 or 1:100 dilution, respectively, overnight at 4ºC. Staining was developed using Tyramide
signal amplification Kit with Alexa Fluor 488 (Invitrogen). After washing, slides were incubated overnight
with a second antibody: mouse anti EO6 at 1/100 dilution, rabbit anti Olig-2 (EMD Millipore) at 1:250
dilution, rabbit anti NF (neurofilament, AbD Serotec) at 1:300 dilution and rabbit anti APP at 1:100
dilution. Appropriate secondary antibodies included anti mouse-HRP or anti rabbit-HRP. Samples were
stained with Tyramide signal amplification kit with Alexa Fluor 568 (Invitrogen). When primary antibodies
were all mouse monoclonal antibodies we used Vector M.O.M immunodetection kit (Vector Laboratories)
to block the first antibody. As negative controls for each double label, the same procedure as above was
followed except that one of the primary antibodies was omitted. No staining was seen in these sections.
Positive control for IgM and IgG consisted of paraffin-embedded tonsillar tissue.

2.5. TUNEL assay.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed in order to
analyse the oligodendrocyte damage and the relation of the latter with the oxidative stress or humoral
immune response. Tissue sections were fixed, deparaffinised and rehydrated as described above. After
peroxidase blocking samples were incubated with TdT Reaction Buffer for 10 minutes. After washing,
samples were incubated with TdT reaction mixture (Enzyme Reagent + Label Reagent) for 2 hours at
room temperature. Samples were washed with Stop Wash Buffer solution for 10 minutes. After washing,
slides were incubated the samples with streptavidin-HRP diluted 1:1000 for 20 minutes at room
temperature. When immunohistochemistry assays were developed, DAB was used as chromogen.
Tyramide-Alexa Fluor 568 was used when double immunofluorescence labelling was performed.

2.6. Cell quantification
To determine the number of cells in the different areas, we marked out the area of lesions, NAWM and
meninges using the ImageJ software (National Institutes of Health, Bethesda, MD). To identify the
lesional area, we used hematoxylin staining to identify areas of hyper or hypocellularity. To assess the
accuracy of the measurement of the area of the lesions and NAWM, we also calculate the lesional area in
serial samples stained with Luxol or anti CD68. Then, we counted manually the number of CD79 or
CD138 positive cells using the same software.

2.6. Data acquisition
When using diaminobenzidine immunohistochemistry, digital images of tissue sections were captured
using a Scanner Leica SCN4000. For immunofluorescence, sections were examined with a fluorescence
microscope (Leica fluorescence microscope CTR6000). Images were captured using Leica camera
DFC345FX. ImageJ software (National Institutes of Health, Bethesda, MD) was used to manage the
images.

3. Results
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3.1. Study of oxidative stress in samples from patients with
neurological diseases.
We did not detect oxidized lipids (EO6) in normal brain tissue from normal controls. However, we could
detect oxidative stress in tissue from all MS patients analysed. The presence of oxidized lipids was
observed in patients ranging from 6 months to more than 40 years of disease duration and EO6 was
detected in patients with secondary progressive MS and acute disease.
We did not observe EO6 staining in NAWM samples from MS patients nor in chronic inactive lesions,
except in one sample from an acute MS patient. However, all chronic active and acute lesions analysed
were positive for EO6. Oxidized lipids were observed in the cytoplasm of foamy macrophages, cells
resembling oligodendrocytes, and in axon-like structures, located mainly in the edge of the lesions
(Fig. 1).
We also detected EO6 positive axon-like structures in all samples analysed from patients with ALS or FTD
(Fig. 2.A-D). However we did not observed EO6 positive oligodendrocyte-like cells in this patients. No lipid
oxidation was observed in PD samples analysed (Fig. 2.E).
To demonstrate if oxidative stress affected oligodendrocytes and axons in patients with MS, ALS and
FTD, we developed double immunofluorescences (EO6/Olig2, EO6/NF, IgG/Olig2, IgG/NF, IgM/Olig2,
IgM/NF). In MS patients, we observed oligodendrocytes (Olig2 + cells) and axons (NF+) stained for EO6
(Supplementary Data 2).
To study the specificity of these results, we also analysed the presence of E06 in patients with
neurodegenerative diseases. Lipid oxidation affected NF positive structures in patients with ALS or FTD
(Supplementary Data 3).

3.2. Study of antibody deposits in samples from patients
with neurological diseases.
To analyse the specificity of antibody deposits and their role in the physiopathology of MS we analysed
the presence of IgG and IgM in samples from patients with ALS, FTD and PD. The study showed IgG on
neurons in ALS patients (Fig. 3A-B) and on cells resembling astrocytes in FTD specimens (Fig. 3C-D).
However we did not detect IgG deposits in PD samples nor IgM in any case analysed (Fig, 3E-L). In
summary, the antibody deposits pattern was different from that observed in tissue from MS patients,
where antibodies were located on axons and oligodendrocytes and included IgM as well as IgG.

3.3. Relation between oxidative stress and antibody
deposits in MS patients.
We have observed EO6/Olig2 double positive cells and EO6 positive axons in this study (Suplementary
Data 2). He have also observed IgG/Olig2 and IgM/Olig2 double positive cells and IgG and IgM around
axons (Supplementary Fig. 4) in this study. In summary, EO6 and antibodies label the same structures,
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oligodendrocytes and axons (the same pattern). For this reason, we investigated whether oxidative stress
and humoral immune responses were related. Consecutive immunohistochemistry demonstrated EO6
positive cells in IgG-/IgM-, IgG+/IgM- and IgG+/IgM + lesions. Then we developed EO6/IgG and EO6/IgM
double immunofluorescences. However, we did not find IgG/EO6 or IgM/EO6 double positive cells or
axons in lesions (Fig. 4).

3.4. Relation between oxidative stress, antibody deposits
and tissue damage in patients with MS, FTD and ALS.
Once we had demonstrated that oxidative stress and antibodies did not co-localize, first, we studied the
role of oxidative stress and antibodies in the injury of oligodendrocytes in MS patients.
We developed an immunohistochemistry technique to detect damaged cells (TUNEL+) and we analysed
white matter samples from these individuals and a control group.
We did not observe TUNEL positive cells in the control group, but we detected TUNEL positive cells in
lesions and NAWM samples from MS patients (Fig. 5A-C).
Following on from this observation, we performed EO6/TUNEL, IgG/TUNEL and IgM/TUNEL double
labelling to analyse the relation between these factors and cell damage. We did not observe EO6/TUNEL
double positive cells in any case (data not shown).
To clarify the role of antibodies in the oligodendrocyte damage in MS patients, we studied NAWM
samples because, as described above, we did not detect oxidative stress nor inflammatory infiltrate in this
area. We observed that most TUNEL positive cells were also stained for IgG (94.4%) or IgM (75.5%)
(Fig. 5D-I).
We further proposed to study if oxidative stress or immunoglobulin deposits were related with axon injury
in patients with MS, ALS and FTD. To achieve this goal, first, we developed peroxidase staining on
consecutive slides analysed previously to detect amyloid precursor protein (APP).
We did not observe APP deposits in samples from the control group or NAWM samples from MS patients,
but we detected APP deposits in axons located in the centre and edge of chronic active lesions and also
in acute lesions (Fig. 6A-C).
Then, we performed EO6/APP, IgG/APP and IgM/APP double immunofluorescences on samples from MS
patients to clarify the role of oxidative stress and antibodies in the damage of neurons and axons. We did
not detect EO6/APP nor IgG/APP co-localization on axons in demyelinated areas from those samples
(Fig. 6D-I). However, most of the APP positive axons were also IgM positive (Fig. 6J-L) in MS patients.
We did not observe IgG/APP co-localization on neurons in ALS patients (data not shown). However,
contrary to MS, we found EO6/APP double positive axons in samples from ALS and FTD patients (Fig. 7).
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In summary, in MS patients, IgG and IgM were associated with oligodendrocyte damage and only IgM
was linked with axonal damage. However, oxidative stress was related to axonal damage in patients with
ALS and FTD.

3.5. Relation between MS lesion activity and the presence
of B lymphocytes and plasma cells in the central nervous
system.
To further investigate the role of the humoral immune response in the MS tissue damage, we analysed
the presence of B-lymphocytes and plasma cells in lesions (parenchyma and perivascular space) and the
meninges regarding the activity of the lesions (Fig. 8A-F). Data are summarized in Table 2.
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Table 2
Analysis of the number of B lymphocytes and plasma cells in the brain and meninges of MS patients and
controls.
ACTIVITY

B Lymphocytes

Plasma cells

(mean ± SEM (mean error standard))

(mean ± SEM mean error
standard))

PV

PAR

MEN

PV

PAR

MEN

NAWM (n
= 16)

0.041 ±
0.020

0.000 ±
0.000

2.547 ±
2.491

0.021 ±
0.011

0.000 ±
0.000

0.000 ± 0.000

C.I (n = 13)

0.210 ±
0.060

0.124 ±
0.048

2.162 ±
0.583

0.503 ±
0.197

0.103 ±
0.048

5.400 ± 2.470

C.A (n =
29)

1.091 ±
0.311

0.466 ±
0.182

3.807 ±
1.245

0.545 ±
0.165

0.207 ±
0.092

3.701 ± 1.130

AC (n = 11)

2.317 ±
0.986

0.412 ±
0.133

19.633 ±
10.493

0.134 ±
0.048

0.180 ±
0.130

6.771 ± 4.610

IgG- (n =
29)

0.365 ±
0.157

0.058 ±
0.047

3.587 ±
1.870

0.106 ±
0.065

0.011 ±
0.006

3.627 ± 1.431

IgG+ (n =
41)

1.244 ±
0.349

0.450 ±
0.134

1.694 ±
0.409

0.527 ±
0.129

0.225 ±
0.075

4.713 ± 1.510

IgM- (n =
46)

0.719 ±
0.271

0.183 ±
0.073

3.983 ±
1.247

0.128 ±
0.040

0.100 ±
0.050

2.281 ± 0.926

IgM+ (n =
24)

1.049 ±
0.380

0.488 ±
0.198

9.706 ±
4.980

0.783 ±
0.207

0.206 ±
0.092

6.763 ± 2.129

NAWM: normal appearing white matter from MS patients and controls. C.I: chronic inactive lesions.
C.A: chronic active lesions. AC: acute lesions. IgG-: areas without IgG deposits. IgG+: areas with IgG
deposits. IgM-: areas without IgM deposits. IgM+: areas with IgM deposits. n = number of samples
analyzed.

Chronic inactive (I) (p = 0.001), Chronic active (A) (p = 0.002) and Acute (C) lesions (p < 0.0001) showed a
higher density of B lymphocytes in the perivascular spaces than NAWM. Acute lesions also had a higher
density of these cells in the perivascular spaces than Chronic inactive lesions (p < 0.0001) or Chronic
active. (p = 0.045) lesions. No statistical differences were observed between Chronic inactive and Chronic
active lesions. The analysis of the parenchyma also demonstrated similar results. Chronic inactive (p =
0.013), Chronic active (p = 0.002) and Acute (p < 0.0001) lesions showed a higher density of B cells in the
lesion parenchyma than NAWM. In addition, the parenchyma of active lesions also showed a higher
density of these lymphocytes than the parenchyma of chronic inactive lesions (p = 0.041). The number of
B cells in the parenchyma was similar when I and A or A and C lesions were compared. In summary, all
types of MS lesions showed higher number B lymphocytes than NAWM, as a consequence of the
increased number in both compartments, perivascular space and parenchyma. The analysis of the
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meninges around the NAWM or demyelinated areas only demonstrated significant differences in the
number of B lymphocytes between AC lesions and NAWM (p = 0.031) (Fig. 8G).
All type of lesions also showed a higher number of plasma cells than NAWM consequence of the
increased number of these cells in the perivascular space and parenchyma (Table 1). We observed an
increased number of plasma cells in the perivascular space of I (p = 0.008), A (p = 0.002), and C (p =
0.026) lesions when compared with NAWM. In the parenchyma, I (p = 0.036), A (p = 0.02) and C (p = 0.005)
lesions also showed increased number of these cells than NAWM. No statistical significance difference in
the number of plasma cells was detected among the different type of lesions. I (p = 0.019) and A (p =
0.030) lesions showed a higher number of plasma cells in the meninges than NAWM (Fig. 8H).
To study the role of B cells and plasma cells in the development of the lesions, we also compared the
number of B lymphocytes and plasma cells in the different type of lesions. I and A lesions showed a
similar number of B and plasma cells in both areas, in perivascular spaces and parenchyma. However, the
number of B cells was higher than the number of plasma cells lesions in both compartments of C lesions,
in perivascular spaces (p < 0.003) and meninges (p < 0.012).

3.6. Relation between the presence of antibody deposits
and the number of B lymphocytes and plasma cells in the
central nervous system.
To clarify the source of IgG and IgM deposits observed in MS patients we analysed the presence of Blymphocytes and plasma cells in the lesions (parenchyma and perivascular spaces) and in the meninges
surrounding the brain areas analysed regarding the presence of immunoglobulin deposits (Table 2).
Lesions showing IgG deposits had a higher number of B lymphocytes in the perivascular space (p =
0.002), parenchyma (p < 0.0001) and meninges (p = 0.029) than those areas without deposits. No
significant differences in the number of B lymphocytes were detected when the meninges were analysed
(Fig. 9A). IgG containing areas also contained a higher number of plasma cells, in the perivascular spaces
(p < 0.0001) and parenchyma (p = 0.001) compared with IgG negative ones. No significant differences
were detected between negative and positive IgG areas in the number of plasma cells in the meninges
(Fig. 9B).
A similar number of B cells was observed when negative and positive IgM lesions were analysed
(Fig. 9C). However, IgM-positive lesions showed a higher number of plasma cells in the perivascular
space (p = 0.001), parenchyma (p = 0.003) and meninges (p = 0.015) than those without IgM (Fig. 9D).

4. Discussion
Intrathecal IgG synthesis is a hallmark for the diagnosis of MS (Andersson et al. 1994; Masjuan et al.
2006; Poser et al. 1983; Villar et al. 2005a) and oligoclonal IgM antibodies against lipids restricted to
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cerebrospinal fluid is an unfavourable prognostic marker of the disease (Villar et al. 2008; Villar et al.
2005b). We observed previously IgG and IgM deposits on oligodendrocytes and axons located in
demyelinating lesions of MS patients and on oligodendrocytes in the NAWM. Antibody deposits colocalized with complement and foamy macrophages (Sádaba et al. 2012). All these data support the
suggestion that antibodies are a main mechanism in of tissue damage in MS.
Nevertheless, it cannot be excluded that other mechanisms may be involved in this disease, for example,
oligodendrocyte apoptosis (Lucchinetti et al. 2000) or oxidative stress (Bizzozero et al. 2005; Haider et al.
2011). Mitochondrial dysfunction that is related with axonal (Dutta et al. 2006; Mahad et al. 2009) and
oligodendrocyte (Haider et al. 2011; Mahad et al. 2008), damage could play a main role in both cases.
Different findings provide evidence that the oxidation of proteins or lipids could result in the generation of
neo-epitopes, which in turn could lead to an immune response (Binder et al. 2002). About 40% of MS
patients show IgM antibodies to phosphatidylcholine in the cerebrospinal fluid and in atherosclerosis IgG
and IgM antibodies that recognize OxLDL (Tsimikas et al. 2007) have been described.
In addition, oxidative stress and humoral immune responses are not confined to MS among CNS
diseases. Increased oxidative stress has been detected in CNS tissue from patients with ALS(Kiernan et
al. 2011; Rosen et al. 1993), FTD(Martínez et al. 2008) and PD (Jenner et al. 1992), and antibodies to
components of the CNS have been detected in patients with ALS(Engelhardt et al. 1995; Kimura et al.
1994), and PD (Chen et al. 1998).
Consequently, we proposed to analyse the relation between antibodies and oxidative stress and their role
in MS patients. We also aimed to investigate their specificity, comparing MS with classical
neurodegenerative diseases (ND).
We did not observe lipid oxidation in brain samples from controls without neurological diseases. However,
we detected oxidized phosphatidylcholine in all MS patients analysed. Oxidative stress was independent
of the clinical disease type or the disease duration. We did not observe lipid oxidation in chronic inactive
lesions, but we detected oxidized phosphatidylcholine in chronic active (mainly in the edge of the lesion)
and acute lesions. Contrary to previous observations when the presence of IgG of IgM in the CNS was
analysed (Sádaba et al. 2012), we did not detect lipid oxidation in NAWM samples from MS patients. All
these data suggest that oxidative stress is related to lesion activity, corroborating previous results (Haider
et al. 2011). Lipid oxidation was observed in oligodendrocytes, foamy macrophages and axons located in
lesions. These results corroborate those published by Haider et al (Haider et al. 2011) who observed
oxidized phospholipids in the cytoplasm of oligodendrocytes located in active multiple sclerosis lesions,
but we also discovered axons containing oxidised lipids.
We did not detect oxidative stress in samples from patients with PD. Although the number of samples
analyzed was not very high, this observation is consistent with a recent study describing increased
oxidation in serum but not in cerebrospinal fluid of these patients (Wei et al. 2018). These results indicate
that oxidative stress is unlikely to be a main mechanism in most cases of PD (Moore et al. 2005). Further
studies are required to extend these observations.
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However, we observed oxidative stress affecting axons in samples from ALS.
We also observed oxidized lipids on axons in FTD patients, data consistent with biochemical analysis
(Martínez et al. 2008).
To clarify the specificity of the IgG and IgM deposits observed in MS patients (Barnett and W. 2004; Gay
et al. 1997; Lucchinetti et al. 2000; Storch et al. 1998; Sádaba et al. 2012) we analysed these
immunoglobulins in patients with neurodegenerative diseases.
We did not detect IgM in any case with neurodegenerative disease, demonstrating that this
immunoglobulin is specific to MS patients. In MS cases we observed IgG on oligodendrocytes and axons.
However, we detected IgG on neurons in samples from ALS cases, corroborating previous results
(Engelhardt and Appel 1990). In samples from FTD individuals, we detected IgG deposits on cells
resembling astrocytes. In summary, IgG deposits on oligodendrocytes are specific to MS patients when
these individuals were compared with those suffering from classical neurodegenerative disease.
We have described above the presence of oxidised lipids on oligodendrocytes and axons in samples from
MS patients, a similar distribution pattern to that observed when IgG and IgM was analysed previously
(Sádaba et al. 2012). Consequently, we explored the relation between oxidative stress and the humoral
immune response. We detected oxidative stress in lesions showing antibodies as well as in samples in
which antibodies were not detected. Moreover, double immunofluorescence showed that lipid oxidation
did not co-localize with IgG or IgM. We have only analysed lipid oxidation but previous studies have
shown that cells showing lipid oxidation are also exposed to the oxidation of different molecules (Haider
et al. 2011). These data suggest that, in this case, a humoral immune response is not the main factor that
elicits the production of free radicals, or in reverse, the oxidative stress does not trigger the humoral
immune response either.
We also studied the role of oxidative stress and antibodies in axonal damage. We did not detect
evidences of axonal damage in NAWM samples from MS patients or in the normal control group as
previously described (Ferguson et al. 1997). We detected APP positive damaged axons in chronic and
acute lesions but it was not solely related to inflammation because we detected positive axons for APP in
the centre of chronic active lesions, a finding that differs from a previously published study (Ferguson et
al. 1997). Probably, the discrepancy is for the reason that we used a highly sensitive
immunohistochemistry technique. This finding supports the suggestion that humoral immune responses
can trigger damage to axons because in these areas of chronic active plaques there is not a high number
of inflammatory cells.
Next, we studied the role of oxidative stress and antibodies in oligodendrocyte and axonal damage.
Double immunofluorescence did not demonstrate an association between lipid oxidation and
oligodendrocyte damage, suggesting that oxidative stress does not triggers demyelination. Probably, it is
a secondary mechanism consequent upon the inflammatory process and cell injury. However, IgG or IgM
positive oligodendrocytes were also positive for a cell marker used to detect cell death. This evidence
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suggests that antibody could play a main role in the development of new forming lesions as previously
suggested (Barnett and W. 2004; Gay et al. 1997).
Double immunofluorescence also revealed that APP positive axons did not present oxidized
phosphatidylcholine. Surprisingly, we did not detect IgG deposits on damaged axons, but APP positive
axons were also IgM positive, indicating that these antibodies, but not IgG or oxidative stress, play a main
role in axonal damage. These data clarify the poor outcome of MS patients with oligoclonal IgM bands in
the cerebrospinal fluid (Villar et al. 2002a, b, 2003).
Antibodies can trigger oligodendrocyte and axonal damage because they activate the complement
cascade and macrophages, both of which are present in the lesions of these patients (Sádaba et al.
2004).
However, the pathological mechanism concerning axonal damage in patients without IgM remains to be
elucidated. Regarding this, demyelination induces a reorganization of Na+ channels along the axon,
which cause increased energy demand (England et al. 1990). However, mitochondrial damage has been
described in the lesions (Mahad et al. 2008; Mahad et al. 2009) which could explain the decreased ATP
production observed in samples from MS patients (Sádaba et al. 2016).
Contrary to MS cases, this study demonstrates that increased oxidative stress was observed in ALS and
correlated with axonal damage. These findings represent, to our knowledge, the first evidence of the
pathological role of this factor in ALS, at least in some patients. We realize that this observation is
preliminary and needs to be confirmed in greater numbers of cases. Similar results were obtained when
samples from FTD were analysed, and oxidative stress was related with axonal damage.
To study more deeply the role of the humoral immune response we analyzed the number of B
lymphocytes and plasma cells in the different MS lesions.
The number of B cells in the meninges surrounding the lesions was similar among I, A and NAWM, but,
the highest number of B lymphocytes observed in C lesions was associated with an increased number of
these cells in the meninges surrounding these type of lesions. In addition, the number of B lymphocytes
was higher than the number of plasma cells in the lesions and meninges of C lesions. All these data
demonstrate that the inflammatory demyelinating phase of MS lesions is related with the number of B
lymphocytes. Moreover, meninges can be a main source of B lymphocytes during the inflammatory
phase, corroborating previous results (Lovato et al. 2011; Obermeier et al. 2011). However, I and A lesions
showed a high number of plasma cells in the lesions, especially in the perivascular spaces. As I lesions
do not show inflammatory infiltrate (macrophages or T lymphocytes), the presence of plasma cells could
be a main mechanism to maintain the lesions along the time. In addition, our findings support the
important role of the perivascular space as a reservoir of plasma cells in A and I lesions.
The main mechanism, as described above, to provoke the tissue damage is the production of antibodies.
Regarding this, we observed that IgG positive lesions showed a higher number of B-lymphocytes in the
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lesions and meninges than those negative for this antibody. Moreover, IgG positive lesions also had a
higher number of plasma cells in the lesions.
In line with this, immunoglobulin recombination was described in the B lymphocytes of the CNS
(Baranzini et al. 1999), and B cell maturation was described as taking place in lymphoid nodules of the
central nervous (Corcione et al. 2004) system and also in follicle-like structures in the meninges
(Magliozzi et al. 2007).
IgM positive lesions also showed a higher number of plasma cells in the meninges than IgM negative
lesions. These data are relevant to previous results demonstrating a similar oligoclonal bands pattern in
the cerebrospinal fluid during the evolution of the disease (Villar et al. 2008). Taking into account that IgM
antibodies are related with axonal damage, these data explain that increased numbers of plasma cells in
cerebrospinal fluid are related to tissue damage.
Of particular interest, these data are clinically relevant because they explain the results obtained with
immunosuppressant treatments. Natalizumab decreases the number of relapses and the progression of
the disability (Polman et al. 2006) and the therapy with anti CD20 also decreases the number of lesions
(Hauser et al. 2008). But they do not cure the disease, probably because do not eliminate the production
of intrathecal IgG or IgM antibodies (Piccio et al. 2010; Villar et al. 2012). For these reasons, it would be of
great interest, to develop a therapy against plasma cells.
In summary, our work draws attention to the main role of IgG and IgM in newly forming lesions in MS. In
addition, we provide a novel role for IgM antibodies in axonal damage, which may account for patients
with IgM antibody in cerebrospinal fluid having a poor prognosis (Villar et al. 2002a, b, 2003). However,
we obtained preliminary evidence that oxidative stress is related to axonal damage in ALS Thus, this
study demonstrates differing pathophysiology between MS and the classical neurodegenerative diseases
of ALS and FTD. It would be of great interest to clarify the causes of these differing pathological
mechanisms in order to provide novel therapeutic strategies to limit neurological disability in all these
patients.
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Figure 1
Analysis by immunohistochemistry of oxidative stress (EO6) in MS patients. Serial sections of a sample
from control group (A, C), and chronic active lesions (B, E-F) and NAWM (D) from a MS patient. EO6
labeling (A, C, D, E, F) and Luxol Fast Blue (B) staining. No EO6 positive staining was observed in control
group (C) or NAWM (D) from MS patient. E) The picture shows EO6 positive oligodendrocyte like cells and
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EO6 positive foamy macrophages. F) Representative example of EO6 positive axon like structures. A-B)
scale bar= 4 mm. C-F) scale bar=25µm.

Figure 2
Analysis by immunohistochemistry of oxidative stress (EO6) in patients with neurodegenerative diseases.
Samples from patients with ALS (A, B), FTD (C, D), Parkinson (E, F). Representative images from patients
with ALS (A) and FTD (C) showing positive staining for EO6. Magnifications from previous pictures
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showed axon-like structures labeled for EO6 in samples from patients with ALS (B) and FTD (D). No
positive staining for EO6 were detected in patients with Parkinson (E). A, C, C) scale bar= 4 mm. B, D, F)
scale bar= 25 µm.

Figure 3
Analysis by immunohistochemistry of IgG and IgM deposits in patients with neurodegenerative diseases.
Serial sections of samples from ALS (A, B, G, H), FTD (C, D, I, J), Parkinson (E, F, K, L). Labeling for IgG (APage 26/33

F) and IgM (G-K). Positive staining for IgG was observed in samples from ALS (A, B) and FTD (E, F).
Magnification of these pictures showed IgG deposits on neurons in ALS (B) and on astrocyte like cells in
FTD (D) brain samples. IgG deposits were not observed when brain samples from Parkinson (E, F) were
analyzed. Immunohistochemistry analysis did not demonstrated IgM deposits in samples from ALS (G,
H), FTD (I, J) and Parkinson (K, L) patients. A, C, E, G, I, K). Scale bar= 4 mm. B, D, F, H, J, L) scale bar= 25
µm.

Figure 4
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Relation of oxidative stress and IgG or IgM deposits in MS lesions. Representative images from the edge
of chronic active lesions from MS patients. Staining for IgG (A, G, green), IgM (D, J, green) and lipid
oxidation (EO6, B, E, H, K, red). Overlays did not show double positive cells for EO6 and IgG (C) nor
EO6/IgM double staining (F). Double immunofluorescence did not demonstrate IgG/EO6 nor IgM/EO6
double positive axons. Scale bar=25µm.

Figure 5
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Relation of IgG or IgM deposits and oligodendrocyte injury. Representative images from control group (A),
and chronic active lesions (B, D-F) and NAWM (C, G-L) samples from MS patients. Diaminobenzidine
(DAB) labeling for TUNEL (A-C). Fluorescence staining for EO6 (D, green), TUNEL (E, H, K, red), IgG (G,
green) and IgM (J, green). Immunohistochemistry showed positive TUNEL cells in lesions (B) and NAWM
(C). Double positive EO6/TUNEL cells were not detected (F). Double immunofluorescence demonstrated
that most of the TUNEL positive cells were also IgG positive (94.4%) (I). Most of the TUNEL cells were
also IgM positive (75.5%) (L). Scale bar=25µm.

Figure 6
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Study of axonal damage in MS patients. Serial sections of samples from control group (A), and NAWM
(B) and chronic active lesion (C-L) from MS patient. DAB staining for APP (A-C) and fluorescent labeling
for EO6 (E, green), IgG (G, green), IgM (J, green) and APP (E, H, K, red). The picture showed axons
positively stained for APP in chronic active lesion from MS patients (B) but not in the control group (A) or
NAWM from MS patients (C). Double immunofluorescence showed that neither EO6 (F) nor IgG (I)
colocalized with APP on axons. Overlays (L) demonstrated double positive axons for APP and IgM. Scale
bar=25µm.

Figure 7
Study of axonal damage in brain samples from ALS (A-C) and FTD (D-F) patients. Fluorescent labeling
for EO6 (E,D, green), and APP (B, E, red). Overlays demonstrated the presence of double positive axons for
APP and EO6 in samples from ALS (C) and FTD (F). Scale bar 25 μm.
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Figure 8
Relation between the number of B cells or plasma cells and the activity of the lesions. A-Representative
pictures of the presence of B cells (CD79+) (A-C) and plasma cells (CD138+) (D-F) in the perivascular
space of chronic inactive (A, D), chronic active (B, E) and acute (C, F) lesions. G) number of B cells. B)
Number of plasma cells. Bars represent mean ± 2xSEM (standard error of the mean). Right axis represent
the number of cells in the lesions and left axis represent the number of cells in the meninges. NAWM:
normal appearing white matter. CI: chronic inactive lesion. CA: chronic active lesion. AC: acute lesion. PV:
perivascular space. PAR: parenchyma. MEN: meninges. Scale bar: 25 µm
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Figure 9
Relation between the number of B cells or plasma cells and the presence of IgG or IgM deposits. Bars
represent mean ± 2xSEM (standard error of the mean). Right axis represent the number of cells in the
lesions and left axis represent the number of cells in the meninges. A) Number of B cells (CD79+) in
lesions with (IgG+) or without (IgG-) IgG deposits. B) Number of CD79+ positive cells in lesions with
(IgM+) or whithout (IgM-) IgM deposits. C) Number of plasma cells (CD138+) in IgG- and IgG+ lesions. D)
Number of CD138 cells in IgM- and IgM+ lesions. NAWM: normal appearing white matter. C.I: chronic
inactive lesion. C.A: chronic active lesion. AC: acute lesion. PV: perivascular space. PAR: parenchyma.
MEN: meninges.
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