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Abstract: Many neurodegenerative disorders share a common pathophysiological pathway
involving axonal degeneration despite different etiological triggers. Analysis of cytoskeletal
markers such as neurofilaments, protein tau and tubulin in cerebrospinal fluid (CSF) may be
a useful approach to detect the process of axonal damage and its severity during disease
course. In this article, we review the published literature regarding brain-specific CSF
markers for cytoskeletal damage in primary progressive multiple sclerosis and amyotrophic
lateral sclerosis in order to evaluate their utility as a biomarker for disease progression in
conjunction with imaging and histological markers which might also be useful in other
neurodegenerative diseases associated with affection of the upper motor neurons.
A long-term benefit of such an approach could be facilitating early diagnostic and
prognostic tools and assessment of treatment efficacy of disease modifying drugs.
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1. Introduction

Multiple Sclerosis (MS) is the most common autoimmune disease of the central nervous
system (CNS) in young adults affecting about 30 in 100,000 (global prevalence according to
WHO 2008, available online: http://www.who.int/mental health/neurology/Atlas MS WEB.pdf).
The majority of MS-patients face the relapsing remitting form of the disease, in which the attacks
are usually a sign of acute exacerbation of the inflammation [1]. After an average period
of 19.1-21.4 years, about one third of patients progress to the secondary phase of the disease, which is
characterized by slowly accumulating disability with or without acute exacerbations [2]. However,
about 11%—18% of the patients have primary progressive multiple sclerosis (PPMS) with continuous
slowly accumulating disability [3], mainly caused by the irreversible loss of axons [1]. This
neurodegenerative process is believed to be closely associated with inflammatory activity especially in
the progressive forms of the disease [4]. Yet, the current anti-inflammatory therapies used in relapsing
remitting multiple sclerosis (RRMS) fail to alter the progression of both the primary and secondary
forms of the disease [5].

Another chronic neurological disease associated with both neurodegeneration and neuroinflammation
is amyotrophic lateral sclerosis (ALS), which is the most common motor neuron disease in adults with
an incidence of 1-2 cases per 100,000, leading to death after a disease duration of 3—5 years [6-8].
ALS is characterized by degeneration of the primary and secondary motor neurons with subsequent
respiratory failure due to muscle wasting. Its pathophysiology is complex and multifactorial involving
several genetic factors which cause protein aggregation and formation of ubiquitin-positive, tau- and
a-synuclein-negative TDP-43 (TAR DNA-binding protein 43), FUS (fused in sarcoma) inclusions [9].
Oxidative stress and glutamate excitotoxicity are also presumed to play an important role in
the degeneration of the motor neurons [10]. PPMS and ALS, although two different etiologic entities,
share some common pathophysiological pathways involving axonal death, apoptosis, and gliosis
occurring already in preclinical stages. Degeneration of the long tracts in the spinal cord with clinical
signs of upper motor neurons (UMN) occur in PPMS patients [11] as well as in ALS [7] associated
with progressive spinal cord atrophy in both diseases [12,13]. Moreover, other diseases involving
the long tracts of the spinal cord like hereditary spastic paraplegia (HSP) and primary laterals
sclerosis (PLS) share similar clinical features with PPMS and classical ALS [14,15] and may challenge
differential diagnosis [16,17]. Further studies regarding the mechanisms involved in these pathways
could help to develop a common strategy to understand, prevent or at least slow the ongoing axonal
degeneration and the resulting disability. Validation of CSF biomarkers and analyzing them in
conjunction with other imaging markers of neurodegeneration (volumetry, diffusion tensor imaging
and MR-spectroscopy) is a promising approach which could be helpful for establishing early
diagnostic and prognostic tools, monitoring the progression and assessment of treatment efficacy of
disease modifying drugs.

2. Pathophysiology of ALS

Since the first description of ALS about more than 100 years ago, the main pathophysiological
mechanisms still remain unclear. In familial ALS (fALS) patients (about 10% of cases) many genes
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have been linked with the disease. c9ORF72 is currently considered the most frequent mutation in
ALS causing nearly 40% of fALS and 7% of sporadic ALS (sALS) [18]. Other mutations include TAR
DNA binding protein (TARDBP), fused in sarcoma (FUS), superoxide dismutase-1 (SOD1) and, less
commonly, mutations affecting other proteins like optineurin (OPTN), ubiquilin-2 (UBQLN2) and
ataxin-2 (ATXN2) and recently TANK-binding kinase 1 (TBK1) play a role in some familial cases of
ALS [19,20]. All sALS and fALS cases carrying mutations in TARDBP have characteristic transactive
response DNA binding protein 43 kDa (TDP-43) aggregation [21]. Few other cases show FUS or
SOD1 aggregation in patients carrying FUS or SOD1 mutations, respectively [22,23]. TDP-43 has
a wide range of physiological functions including an important role in RNA splicing, miRNA
synthesis, RNA transport and many other RNA metabolic processes [24]. Most TDP-43 mutations
affect the C-terminal glycine-rich domain of the protein, indicating that altering the function of this
domain alone may be sufficient to cause neurodegeneration [25]. Post-translational modifications of
TDP-43 include phosphorylation, ubiquitylation and C-terminal truncation [21] Whether TDP-43
aggregation is the direct cause of cell death or just the result of other neurotoxic processes and which
effect it has on the viability of neurons remain unclear [21]. However, given the wide range of
physiological functions, loss of nuclear TDP-43 may be sufficient to cause neurodegeneration [26].
Like TDP-43, FUS is a RNA binding protein which plays a role in splicing, miRNA processing and
transport of mRNA between the nucleus and the cytoplasm [27,28]. Most mutations of FUS affect
the nuclear localization sequence (NLS), which is essential for the shuttling of the protein between
the nucleus and the cytoplasm [22,24]. The mutated FUS is, in contrast to TDP-43, neither
phosphorylated nor ubiquitinated [19]. Further pathophysiological aspects of these different
proteinopathies include prion-like pathologies, protein sequestration, stress granule formation and
dysfunction of protein degradation pathways [19]. Degeneration of the motor neurons is followed by
an inflammatory reaction with gliosis and accumulation of activated microglia and astrocytes with
the production of cytotoxic molecules and inflammatory cytokines like TNF-a, and IL-1 [29]. Indeed,
glial cells play an important role in the pathophysiology of the ALS. Because of a deficient
astrocyte-specific glutamate transporter (GLT-1) or excitatory amino acid transporter-2, (EAAT?2),
the astrocytes fail to clear up the glutamate leading to exacerbation of the glutamate excitotoxicity [30].
Moreover, the role of astrocytes and microglia is supported by the observed increase in production of
reactive oxygen species, Nitric oxide (NO) and interferon-y [30,31]. The role of microglia is more
evident in the late stages of the disease [32]. Recently, the oligodendrocytes have been found to be
involved through loss of monocarboxylate transporter 1 (MCT1) resulting in altered metabolism and
axonal degeneration [33]. Furthermore, emerging evidence shows an increase of dendritic cells,
CD-4+ and CD-8+ T-Lymphocytes, in proximity to dying motor neurons [34]. Both mutant
TDP-43 [35] and extracellular mutant SODI1 [36] can induce a local inflammatory reaction.
The anti-inflammatory drug Lenalidomide increased survival and improved motor performance in
SOD1 mutated mice in correlation with decreased expression of TNF-a, and IL-1 [35] highlighting
the role of inflammation in the pathophysiology of the disease.

Over the last years, a better understanding of the dynamics of ALS has evolved by work on
morphological characterization of the neurodegenerative spreading through the nervous system.
Postmortem examination of the distribution of TDP-43 aggregation in the brain and spinal cord
revealed four distinct stages of the pathology (Braak staging). TDP-43 aggregates appear in
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the agranular motor cortex, brainstem motor neurons and a-motor neurons in the spinal cord (stage 1).
The disease progresses afterwards affecting prefrontal neocortex and reticular formation (stage 2)
followed by postcentral gyrus and striatum (stage 3) and ends by involvement of the anteromedial
temporal lobe and hippocampus (stage 4) [37]. The TDP-43 pathology starts in the central nervous
system as a focal (e.g., in thoracic or lumbar spinal cord segments), bifocal or multifocal process and
propagates to other areas by transneuronal signaling or axonal transport either in a direct
neuroanatomic pattern or through connected neuronal networks [38,39].

3. Pathophysiology of Progressive Multiple Sclerosis (MS)

The pathological hallmark of MS is inflammation induced demyelination and subsequent axonal
loss [40,41], which may be initially accompanied by remyelination in part of the lesions [42,43].
Pathological studies revealed different types of plaques depending on the stage of the inflammatory
reaction (classic active plaques, slowly expanding lesions, inactive plaques and remylinated
shadow plaques) with a predominance of the first in RRMS and the second in progressive types
of MS [44]. Histopathological examination of acute MS lesions revealed different patterns of tissue
injury for which different causal mechanisms are presumably responsible [45,46]: T cell infiltrates and
macrophage-associated tissue injury (pattern 1); antibody and complement-mediated immune reactions
against cells of the oligodendrocyte lineage and myelin (pattern 2); hypoxia-like injury, resulting
either from inflammation-induced vascular damage or macrophage toxins that impair mitochondrial
function (pattern 3); and a genetic defect or polymorphism resulting in primary susceptibility of
the oligodendrocytes to immune injury (pattern 4) [45]. The inflammatory cell infiltrates include
T-cells with a predominance of CD-8+ T-lymphocytes, B-lymphocytes and activated macrophages [47].

A characteristic feature of late stages of the disease is the presence of intact blood-brain barrier
(BBB). This is also apparent through the absence of gadolinium enhancing lesions. Nevertheless, there is
a diffuse ongoing inflammatory reaction in the CNS tissue in particular in chronic MS, which is not
necessarily restricted to lesions but also occurs in the white or grey matter apart from lesions [48].
Thus, a considerable axonal damage is also apparent in non-demyelinated areas [49]. Diverse
mechanisms could be involved in the process of axonal injury such as cytotoxic T cells, macrophageal
enzymes, microglial and astrocytic activation, oxidative stress, altered axonal ion homeostasis,
mitochondrial dysfunction and iron accumulation [50,51].

4. Physiology of Cerebrospinal Fluid (CSF) and Its Relationship with Brain Specific Proteins in CSF

CSF originates mainly from the choroid plexus and the interstitial fluids of the brain and meninges.
About 80% of the CSF proteins derive from the blood and enter the CSF mainly by passive diffusion
over the blood CSF barrier (BCB) [52]. Measuring the CSF-serum albumin ratio is a well-accepted
marker of the CSF flow rate which is influenced by several factors such as barrier permeability,
CSF production and elimination [53]. The blood-derived molecules continuously enter the CSF along
its way through the subarachnoid space leading to a continuous increase in their concentration along
the CSF-circulation moving away from the ventricles towards the caudal end of the CSF space.
The concentration of the molecules originating from the brain tissue usually tends to decrease by
moving away from the ventricles and simultaneous dilution by CSF components originating from
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blood [54]. Another important aspect regarding the concentration of some molecules is the topographic
distribution of different brain pathologies. The frontal, parietal and occipital lobe are considered
CSF-distant leading to limited ability of the CSF analysis as a mirror for the pathological changes in
contrast to diseases of meninges, temporobasal region and the spinal cord [55]. Concentration of brain
specific proteins in lumbar CSF can be elevated in various pathologies of the brain independent of
etiology (Alzheimer disease, ALS, meningoencephalitis, MS). In addition, several additional factors
may influence concentration of CSF proteins and have to be considered when studying CSF
parameters such as (a) circadian variation; (b) volume of sampled CSF and (c) rostro-caudal concentration
gradient [56,57].

5. CSF Markers of Neuroaxonal Damage
5.1. Neurofilaments

Neurofilaments are one of the class IV intermediate filaments and a major structural element of
the axons and dendrites of the neurons. They are formed from four subunits. neurofilament
light-chain (NfL) of 68 kDa, which form a backbone for the neurofilament medium-chain (NfM)
of 150 kDa and neurofilament heavy-chain (NfH) of 190-210 kDa to assemble [57]. Each subunit is
formed from two double stranded alpha helical structure [58]. The fourth subunit is either a-internexin
in the CNS or peripherin in the peripheral nervous system (PNS) [59]. Complete neurofilaments (10 nm)
interact with actin microfilaments and microtubules to form the cytoskeleton of large myelinated axons,
which plays an essential role in stabilizing the axon structure and maintain axonal transport of nutrients
and organelles [60]. Neurofilaments undergo extensive phosphorylation, especially at the C-terminus
of NfH and NfM by cofactor-dependent and cofactor-independent kinases, which is essential for its
crosslinking and stabilization of the axonal cytoskeleton [61]. The degree of phosphorylation
determines the diameter of the axon [62]. Highly phosphorylated NfH is only found in axonal
neurofilaments and is partially resistant to proteases in contrast to NfL which is also present in the
cell bodies and dendrites [63]. Consequently, highly phosphorylated NfH may be considered as
a surrogate marker for axonal damage [64]. Neurofilaments are generally metabolically stable during
their transport along the axons whereas dephosphorylation and degradation mostly take place at
the synapses [65].

5.1.1. Neurofilaments (NF) in ALS

The role of neurofilaments in ALS have been intensively studied in the last 20 years. Munoz
and colleagues have detected an abnormal accumulation of phosphorylated neurofilaments in cell
bodies of anterior horn motor neurons of the spinal cord [66]. Mutations leading to polymorphism in
the 43 Lys-Ser-Pro (KSP) motifs of the neurofilament gene were found in some sporadic ALS patients
and could play a role in the pathophysiology of ALS [67]. Measuring the CSF level in different
studies showed similar results. CSF level of NfLL and NfH was significantly higher when compared
with healthy controls [68,69], ALS-mimics [70] and other neurological diseases [71,72] in all
studies (Table 1). Higher levels of neurofilaments tend to be associated with rapid progression of
the disease [69,71-73]. The levels are similar between sALS and fALS. However, patients with SOD1
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mutation tend to show a relatively lower concentration, which could be explained by changes in
NfL mRNA by mutant SOD1 [71]. Patients with predominant upper motor neuron lesion (UMNL)-signs
have higher levels than patients with predominant lower motor neuron lesion (LMNL)-signs in all
mentioned studies but one [73]. This study also revealed different levels according to site of onset of
the disease, with a two to three fold higher level in patients with bulbar onset compared to those with
spinal onset. However, this result was not statistically significantly different from results described
in other studies, which did not show any difference. The levels were related to prolonged central
conduction time in motor evoked potentials (MEP) [70]. No relation could be found with either
the muscle power in medical research council sum score (MRCS) [69] or with changes in
electromyography (EMGQ) [70]. The levels were similar in patients with and without riluzole therapy [69].

Table 1. Neurofilament cerebrospinal fluid (CSF) levels in amyotrophic lateral sclerosis (ALS)
as compared to healthy controls, ALS-mimics and other neurological diseases.

Correlation with

Marker Method Sample Size Finding . Reference
Progression Rate

ELISA 12 ALS, 11 AD, 34 control ALS>AD not reported [68]

ELISA 60 sALS, 19 fALS, 206 OND  ALS > reference > control yes [71]

NfL ELISA 32 ALS, 26 ALS-mimic ALS > ALS-mimic not reported [70]
ELISA 37 ALS, 25 CIDP, 21 OND ALS > CIDP and OND yes [72]

ECL 38 ALS, 20 control ALS > control not reported [74]

ELISA ALS 69, 33 Control ALS > control yes [69]

ELISA 32 ALS, 26 ALS-mimic ALS > ALS-mimic not reported [70]

NfH ECL 50 ALS, 73 controls ALS > control not reported [75]

Higher level is associated
ELISA 20 ALS yes [73]

with rapid progression

NfL: Neurofilament Light-chain; NfH: Neurofilament Heavy-chain; ELISA: Enzyme-linked immunosorbent
Assay; AD: Alzheimer’s disease; ALS: Amyotrophic Lateral Sclerosis; fALS: Familial ALS;
OND: Other Neurological Diseases; CIDP: Chronic Inflammatory Demyelinating Polyneuropathy;
ECL: Electrochemiluminescence.

5.1.2. Neurofilaments (NF) in Primary Progressive Multiple Sclerosis (PPMS)

NfL and NfH levels are increased in CSF of MS-patients when compared with healthy controls or
patients with other neurological diseases (Table 2). However, contradicting results about the levels
in subtypes of MS have been reported, since CSF-neurofilament levels in progressive multiple
sclerosis (PMS) were either higher [57,76] or lower [77] or equal [59,78] to levels in RRMS. The same
could be found regarding the relation to clinical severity (Expanded disability status scale, EDSS).
NfL shows a statistically significant correlation with inflammatory markers like the chemotactic
cytokine CXCL13 and myelin basic protein (MBP) [77] but not to cell count or albumin-quotient [59].
Higher levels of NfHSMB3 at baseline tend to be associated with EDSS progression at follow up [76].
Similarly, high NfL at baseline was significantly correlated with multiple sclerosis severity scale
(MSSS) at follow up [79]. Moreover, patients with progressive MS (PMS) from onset tend to have
a higher NfL at baseline than RRMS patients [57].
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Table 2. Neurofilament CSF levels in primary progressive multiple sclerosis (PPMS) as
compared to healthy controls, relapsing remitting (RRMS) and secondary progressive multiple
sclerosis (SPMS) and other inflammatory- and non-inflammatory neurological diseases.

. Lo Correlation
Marker Method Sample Size Finding . o Reference
with Disability
16 PPMS, 13 SPMS,
Dot Blot 6 PPMS, 36 IND PMS > RRMS > control yes [57]
and NIND
21 RRMS,
ELISA Non-measurable no [78]
20 SPMS, 10 PPMS
65 RRMS, Sig. correlation between
ELISA not reported [79]
NiL 10 SPMS, 20 PPMS NfL and MSSS at follow up
33 RRMS,
ELISA PMS > RRMS > OND yes [80]
7 SPMS, 1 PPMS
40 SPMS, 21 PPMS,
ELISA RRMS > PMS > NIND not reported [77]
26 RRMS, 20 NIND
38 RRMS, 25 SPMS,
ELISA 23 PPMS, 62 CIS, RRMS/SPMS/PPMS > control no [59]
72 healthy control
In-House ELISA 23 SP/PP MS,
. NfHSMBS PMS > RRMS yes [76]
NfH technique 11 RRMS, 318 NIND
21 RRMS, RRMS = SPMS =
ELISA no [78]
20 SPMS, 10 PPMS PPMS > controls

PPMS: Primary Progressive Multiple Sclerosis; SPMS: Secondary Progressive Multiple Sclerosis;
IND: Inflammatory Neurological Diseases; NIND: Non Inflammatory Neurological Diseases;
PMS: Progressive Multiple Sclerosis; RRMS: Relapsing Remitting Multiple Sclerosis; MSSS: Multiple
Sclerosis Severity Scale; CIS: Clinically Isolated Syndrome.

5.2. Tau-Protein (Tau)

Tau proteins belong to the family of microtubule associated proteins. They are highly expressed in
neurons and mainly found in axons. There are six tau isoforms due to alternative mRNA splicing [78].
The molecular weight varies between 50 and 75 kDa. Tau proteins play a very important role in
microtubule assembly, bundling and stabilization. Typically, phosphorylation of Tau is an important
factor regulating its function, however, phosphorylation of some residues could decrease or completely
abolish its ability to bind to microtubules. Hyperphosphorylation of Tau leads to its accumulation and
the formation of neurofibrillary tangles (NFT) which characterize many neurodegenerative diseases
such as Alzheimer disease, Pick’s Disease, progressive supranuclear palsy (PSP) and corticobasal
degeneration (CBD) [81,82].
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5.2.1. Tau-Protein (Tau) in Amyotrophic Lateral Sclerosis (ALS)

Measurement of CSF-Tau in ALS patients showed inconsistent results. There were no differences
between ALS patients, healthy controls [83,84] and 4R-tauopathy like progressive supranuclear
palsy (PSP) [85] (Table 3). However, some studies showed higher level compared to healthy
controls [69,86]. CSF Tau was not related to the site of onset (bulbar vs. spinal) in all studies. One study
found a relationship between UMN-Score and CSF Tau. The same study reported that patients in earlier
disease stages exhibit a higher level than those with advanced disease [86].

Table 3. CSF levels of total Tau-protein (t-Tau) in Amyotrophic Lateral Sclerosis (ALS) as
compared to healthy controls and other diseases associated with 4-Repeat-Tauopathy (4R-Tau).

Lo Relation to
Marker Sample Finding . . Reference
Clinical Severity

70% of ALS have high
20 sALS, 20 controls no [86]
CSF-tau compared to controls

T 18 sALS, 75 control ALS = control no [83]
-Tau

67 sALS, 2 fALS, 33 control ALS > control no [69]

57 sALS, 110 controls ALS = controls no [84]

51 ALS, 23 4R-tau, 23 control ALS = 4R-Tau = control yes [85]

t-Tau: total Tau; SALS: Sporadic ALS; 4R-tau: 4-Repeat-Tauopathy.
5.2.2. Tau-Protein (Tau) in Primary Progressive Multiple Sclerosis (PPMS)

Measurement of total Tau in CSF of PPMS patients provides, similar to RRMS, contradicting
results among the different studies (Table 4). CSF-Tau was elevated in PPMS patients in comparison
to controls without a significant difference when compared to other RRMS/SPMS (secondary
progressive multiple sclerosis) patients [87-89]. Other studies showed that CSF-Tau did not
significantly differ between PMS and other inflammatory neurological diseases, but was still higher
than healthy controls [90]. Kapaki and colleagues found that highly elevated CSF-Tau was more
common in PMS patients when compared to controls [87]. No difference between MS patients
including PPMS and controls could be found in two studies [91,92]. A correlation between t-Tau and
EDSS could not be established in any of the studies. Bartosik-Psujek found that concentrations of
CSF-Tau were correlated with the IgG index in patients with inflammatory neurological diseases [90].
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Table 4. CSF levels of total Tau-protein (t-Tau) in primary progressive multiple sclerosis
(PPMS) as compared to healthy controls, relapsing remitting (RRMS) and secondary
progressive multiple sclerosis (SPMS) and other inflammatory- and non-inflammatory
neurological diseases.

L. Correlation
Marker Number Finding L Reference
to Disability
15 RRMS, 11 SPMS, 10 PPMS, MS > control and ALS 72% of PMS having
) not reported [87]
17 ALS, 29 healthy controls highly elevated tau compared to 27% of RRMS
84 RRMS, 21 SPMS,
RRMS > IND > PMS > NIND not reported [90]
9 PPMS, 60 NIND, 79 IND
43 defined MS,
MS = control No [92]
20 CIS, 56 controls (OND)
t-Tau
50 CIS, 35 RRMS,
MS > control No [88]
8 SPMS, 9 PPMS, 46 control
32 RRMS, 2 SPMS,
MS = Control No [91]
4 PPMS, 19 healthy controls
30 RRMS, 9 SPMS,
MS > control No [89]

6 PPMS, 38 healthy controls

ALS: Amyotrophic Lateral Sclerosis; MS: Multiple Sclerosis; PPMS: Primary Progressive Multiple Sclerosis;
SPMS: Secondary Progressive Multiple Sclerosis; OND: Other Neurological Diseases; RRMS: Relapsing
Remitting Multiple Sclerosis.

5.3. Phosphorylated Tau-Protein (p-Tau)
5.3.1. p-Tau in ALS

Levels of p-Tau were found to be significantly lower when compared either to healthy seniors or
to patients with PSP [85]. In the same study, the reduction in the p-Tau to t-Tau ratio could
distinguish ALS from 4R-tauopathy and from healthy controls with a good sensitivity and
specificity (92% and 91.7%, respectively). Moreover, the low p-tau and reduced p-tau to t-tau ratio
were related to clinical severity as defined by the revised ALS functional rating scale (ALSFRS-R),
cognitive dysfunction in mini mental state examination (MMSE) and reduction of fractional
anisotropy (FA) for the corticospinal tract and corpus callosum [85]. No correlation could be found
with disease progression rate.

5.3.2. p-Tau in PPMS

A recent histopathological study found abnormal accumulation of p-Tau in multiple cell types with
glial predominance in PPMS [93]. There are many studies measuring the p-Tau in CSF from RRMS
patients, however, none of them included any PPMS patients.
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5.4. Tubulin and Actin

Another major components of the cytoskeleton are the microtubules and actin microfilaments
(23 and 6 nm diameter, respectively). The microtubules usually consist of nine to 16 protofilaments,
which are made up of alternating o and 3 tubulin monomers (each contain 450 a.a) [94]. There are six
isoforms with predominant expression of classes II and III isotypes in the brain [95]. The actin
microfilaments are formed mainly from two stranded helical polymers of actin (predominantly § or y
isoforms). They play an important role in supporting the neuronal cytoskeleton and transport of
neurotransmitters along the neurites and their release at synapses [96,97]. In one study, the CSF-actin
and tubulin levels were significantly higher in PPMS (n = 6) and SPMS (n = 13) when compared to
RRMS (n = 16), healthy controls (n = 12) or non-inflammatory neurological diseases (n = 20) [57].
Another study showed significantly higher B-Tub II in PMS (n = 9) in comparison to OND (n = 18).
Moreover, B-Tub III was higher in PMS than in RRMS [80]. In both studies, the levels strongly
correlate with the EDSS score [57,80]. There are no sufficient data about the levels in ALS.

6. Discussion

Although ALS and PPMS are etiologically and pathophysiologically two different entities,
they share some common end pathological landmarks, especially the axonal degeneration and
release of different markers in the CSF (Figure 1) and (Table 5).

Table 5. Patterns of common CSF-Biomarkers of Axonal Damage: A comparison between
Amyotrophic Lateral Sclerosis (ALS) and Primary Progressive Multiple Sclerosis (PPMS).

CSF-Markers of
Axonal Damage
Neurofilaments PPMS > healthy controls [75-79] ALS > healthy controls [68-74]
t-Tau PPMS > or = healthy controls  [87-91]  ALS > or = healthy controls  [83-86]
p-Tau PPMS < healthy controls [93] ALS < 4-repeat tauopathy [85]
t-Tau: total Tau-protein; p-Tau: phosphorylated Tau-protein.

PPMS Reference ALS Reference
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Figure 1. Main pathophysiological processes involved in Amyotrophic lateral sclerosis
(ALS) and primary progressive multiple sclerosis (PPMS). ALS is characterized by
accumulation of intracellular cytoplasmic aggregations (TDP-43, fused in sarcoma (FUS)
and superoxide dismutase (SOD)) in the motor neurons. Glial cells play an important role
in the pathophysiology through different pathways: defective astrocytic glutamate (GLU)
uptake through excitatory amino acid transport (EAAT)-2 receptors resulting in glutamate
excitotoxicity, defective lactate uptake by the oligodendrocytes through monocarboxylate
transporter (MCT)-1 receptors and neurotoxic factors release from the microglial cells.
Inflammatory cells like dendritic cells play a role through release of inflammatory
mediators like interferon-y (IFN-y), reactive oxygen species (ROS) and nitric oxide (NO).
In PPMS, however, the axonal loss is mediated by different mechanisms like macrophage
and T-cell induced tissue damage, antibodies mediated damage of the myelin sheath and
oligodendrocytes, hypoxic tissue injury and primary oligodendrocyte’s susceptibility. Both
diseases result in axonal damage with increased levels of different markers in the
cerebrospinal fluid (CSF) (total Tau-protein (t-Tau), phosphorylated Tau-protein (p-Tau),
neurofilaments, actin and tubulin) and characteristic changes in magnetic resonance
imaging (MRI) like brain atrophy and reduction of fractional anisotropy (FA).

Neurofilament levels were elevated in almost all studies in both diseases. The high levels seem to
be correlated with rapid clinical progression in ALS and PPMS. A relationship was found between
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NfH and both clinical and electrophysiological signs of UMN degeneration, justifying the use of
NfH as a marker for degeneration of long axons in different neurological diseases. Interestingly,
the correlation between NfL with some inflammatory markers like CXCL and CSF-Tau with
IgG-index may support the hypothesis that neurodegeneration in multiple sclerosis is a direct result
of continuous low-grade inflammatory activity and not a separate pathological process. Further
evidence derives from recent histopathological studies showing a significant correlation between
the inflammation and axonal degeneration in MS-Plaques with dying-out of the inflammation and
degeneration phenomena in older-patients without other neurodegenerative diseases [4]. In contrast
to neurofilaments, t-Tau measurement showed discrepancy between the levels in different studies.
However, it does not universally correlate with disability. Although t-Tau is usually considered as
an axonal marker, occurrence of highly elevated levels in diseases which primary involve the gray
matter like Alzheimer’s disease (AD) and Creutzfeldt Jakob disease (CJD) could question its
usefulness as a marker in diseases involving long tracts in the CNS. The role of P-tau, tubulin and actin
as a biomarker in both ALS and PPMS require further study to determine their usefulness.

Attempts to correlate CSF NF-levels with clinical parameters in PPMS could be useful when
related to individual functional system scores such as the expanded disability status scale (EDSS) or
the multiple sclerosis functional composite (MSFC). One might expect to find a significantly higher
NF-levels in patients with predominant pyramidal affection. However, a drawback in many of
the mentioned studies in PPMS is trying to find a correlation between NF-levels and total EDSS
without considering its single components such as motor functions. Other drawbacks were different
techniques to measure NF-levels and small sample size in many studies. Measuring the biomarker
levels in the CSF and their dynamics along the disease course of ALS may give an idea about
the progress of the underlying pathological process even in the preclinical phase of the disease. This
may have an impact on the early diagnosis and treatment of the disease. Examination of SOD1 mutant
mice showed different changes in the cellular level like cytoplasmic vacuoles, vacuolated mitochondria
and loss of synapses early in postnatal period long before developing clinical symptoms [98,99].
Similarly, in FUS and TDP-43 pathologies, the cellular changes like protein accumulation in
the cytoplasm occur long before the cellular death takes place and a second hit or even multiple
hits (environmental factors, oxidative stress) are needed to convert the rather soluble isolated punctate
aggregation of the protein or within stress granule in the cytoplasm to the insoluble large cytoplasmic
protein aggregations [22,28]. Furthermore, in one study, electrophysiological estimation of motor unit
number (MUNE) in SOD1 mutation carriers revealed normal results in the asymptomatic stage when
compared to age and sex matched family controls without the mutation. Another study showed
normal EMG in two asymptomatic sALS patients about 18 month before the establishment of
the diagnosis [100]. In summary, the study results suggest that a long preclinical period occurs where
cellular changes accumulate with no or only minimal cell death followed by a relatively short
presymptomatic stage, and where a rapid and widespread death of the motor neurons and axonal
damage takes place. Only when the extent of neurological damage exceeds the functional plasticity
of the nervous system will the symptoms appear [101]. We assume that these changes during
the preclinical/presymptomatic period could be associated with changes in the CSF-biomarkers in ALS
patients. Figure 2 demonstrates the dynamics of those markers over the course of the disease.
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Figure 2. Dynamics of CSF-biomarkers in ALS. The long preclinical stage characterized
by cellular changes like cytoplasmic vacuoles, mitochondrial changes and synaptic loss
because of genetic predisposition (first hit) in addition to environmental factors and
oxidative stress (other hits) would be associated with no or minimal cellular death and,
thus, no or low level of marker in the CSF. In the presymptomatic stage, where extensive
cell death and axonal damage takes place, there would be a massive release of CSF
markers for neurodegeneration. The symptoms will appear when the damage exceeds
the functional capacity of the CNS. In the symptomatic stage, the CSF levels of
neurodegeneration markers do not show significant changes which can be explained by
reduced volume of neuroaxonal structures. Less sensitive markers for axonal death like
t-Tau will be even normal.

Furthermore, ALS patients form a heterogeneous group regarding the rate of disease progression.
Younger patients and those with limb-onset disease show a slower disease progression [102]. Moreover,
the disease progression was related in cross-sectional imaging studies with neuroimaging measures
such as cortical thinning of precentral gyrus [103], temporal areas [104], bilateral and temporal
areas [105] and lower fractional anisotropy (FA) and higher radial diffusivity in corticospinal tracts
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(CST) using diffusion tensor imaging (DTI) [106]. However, in longitudinal studies this FA reduction of
the CST in the brain [106] and spinal cord [13], along with clinical upper motor neurons clinical scores,
appears to be relatively constant over the disease course [106,107] unlike the rather progressive and
widespread changes in cortical grey matter [106] and reduction of cord cross-sectional area [13].

Accordingly, corresponding changes in the dynamics of neurofilaments and other markers of
CST damage should be considered when comparing patients with fast (FP-ALS) and slow (SP-ALS)
progressive ALS (Figure 3). Moreover, the above-mentioned concept casts doubt on the usefulness of
therapies targeting the degeneration of the long tracks in symptomatic patients and should direct
the research towards developing therapies targeting this progressive grey matter degenerative process
and refining its measurement methods to be used as an endpoint in different clinical studies.

Gray matter and whole brain atrophy

NFin FP-ALS

Brain FA in FP-ALS

FA of the cervical cord
NF in SP-ALS

Brain FA in SP-ALS

Rate of biomarker changes
White matter affection

preclinical presymptomatic symptomatic

>

Disease course

Figure 3. Dynamics of changes in the CSF and MRI-parameters of neurodegeneration over
the course of the ALS. In different longitudinal imaging studies, the Fractional Anisotropy
(FA) was relatively stable, but different between patients with fast (FP-ALS) and
slow (SP-ALS) progressive ALS. The same studies showed progressive atrophy of
the cortical grey matter and spinal cord in the symptomatic stages. This suggests that
the major damage of corticospinal tract occurs in the presymptomatic stage of the disease.
Accordingly, the rate of changes in FA and neurofilaments (NF) in the CSF would be
greater in the presymptomatic stage rather than after appearance of the symptoms.

The comparison of different UMNL-markers (clinical, electrophysiological, imaging and
neurofilaments) and their dynamics in ALS has the potential to identify patients early in the course of
the disease or even in the asymptomatic stage as better candidates for clinical studies. Furthermore,
a risk stratification score should be established to identify the fast progressive ALS patients searching
for the factors leading to a more aggressive form of the disease.
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In PPMS one can see a trend towards higher neurofilament (NF) level in PMS patients compared to
RRMS patients. Similar to ALS, MRI parameters provide also valuable information regarding
the process of neurodegeneration in MS. Whole brain atrophy was consistent in all MS patients but with
different rates according to clinical phenotypes ranging from 0.5%—0.8% in RRMS to 1.3%—1.4% in
SPMS and 1%-1.3% in PPMS [12]. However, other studies showed differences between rates of grey
matter atrophy (GMA) and white matter atrophy (WMA) with a relative constant WMA rates
(about three-fold the normal) in CIS, RRMS and PMS patients and a much more aggressive GMA in
SPMS patients (about 14-fold) when compared to CIS patients (three or four-fold) [108]. Similarly,
faster rates of upper cervical cord atrophy was found in SPMS and PPMS patients when compared to
RRMS [109].

Furthermore, a statistically significant decrease in cord FA during the course of the disease was seen
in PPMS patients [110]. Summarizing these finding one can postulate the following dynamics of
neurodegeneration markers in MS-patients (Figure 4).
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Figure 4. Dynamics of CSF and MRI-parameters of neurodegeneration over the course of
the multiple sclerosis (MS). The imaging studies revealed accelerated whole brain, spinal cord
and cortical gray matter atrophy in the progressive phase of MS when compared to relapsing
remitting multiple sclerosis (RRMS) and clinically isolated syndrome (CIS). Similarly,
decrease in cord FA was higher in PPMS compared to RRMS. According to these results,
similar changes in the levels of neurofilaments could be postulated.

Here again, like in ALS, the grey matter atrophy is highly progressive with the progression of
the disease, compared with the relatively milder white matter atrophy. This highlights the role of gray
matter atrophy in different neurodegenerative diseases.
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Generally, the studies in ALS showed relatively homogenous results, unlike the PPMS. This could
be explained by the differences between PPMS patients regarding the site of lesions, the affection of
different functional systems, and the course and duration of disease. While in ALS, the degeneration
affects mainly the motor neurons and their projections with disease duration of three to five years
followed by death. Thus, postulating and validating a module for the CSF-biomarker dynamics for
PPMS would be difficult—Given that until now there is no animal model for the disease to study
the presymptomatic or even the preclinical stage. Moreover, little or nothing is known about these
stages because of the absence of known risk factors which allow following up the patients in the early
stages within the framework of a prospective study. Nonetheless, in a recent follow-up study in
patients with radiologically isolated syndrome, 9.6% of the patients (n = 14) develop PPMS in five
years [111] representing a sample for patients with asymptomatic PPMS for further longitudinal
studies regarding dynamics of neurodegenerative markers.

7. Conclusions

PPMS and ALS share some common degenerative and inflammatory features involving axonal
death, apoptosis and gliosis occurring already in preclinical stages despite their different disease
triggering etiologies. Knowledge on mechanisms involved in these pathways will help to develop
a strategy to prevent or at least slow the ongoing axonal degeneration and the resulting disability.
Validation of CSF biomarkers and analyzing them in conjunction with other markers of
neurodegeneration is a promising approach which could be helpful for establishing early diagnostic
and prognostic tools, and for assessment of treatment efficacy of disease modifying drugs.
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