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Abstract

Int roduct ion: The cytotoxicity of cerebrospinal fl uid (CSF) in pat ients with lateral 
amyot rophic sclerosis in cell cultures that  include neurons may be considered as a 
dif fusion mechanism of the disease, due to the proximity of the CSF to the spinal 
column.
Development : Various literature studies suggest  that  the motor neurons are more 
suscept ible to cytotoxicity compared to other neuron cells, including glial,  in cell 
cultures. The review of the composit ion of CSF in lateral amyot rophic sclerosis gives few 
clues on how this mechanism causes pre-apoptot ic and apoptot ic changes on the addit ion 
on CSF to the cultures, although it  could be associated with the glutamate receptors, to 
a greater extent  in those that  respond to AMPA/ kainate, and have a role in ion 
channels.
Conclusions: The cytotoxicity of CSF is a peculiarity of lateral amyot rophic sclerosis, 
which could explain some aspects of how the disease progresses. More studies are 
required in order to understand more about  this mechanism, including bet ter ident ifi cat ion 
of pat ients from whom samples are obtained, as well as their characterist ics, 
dif ferent iat ing them into familial or sporadic.
© 2009 Sociedad Española de Neurología. Published by Elsevier España, S.L. All rights 
reserved.
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PALABRAS CLAVE

Esclerosis lateral 
amiot rófi ca;
Líquido 
cefalorraquídeo;

La citotoxicidad del líquido cefalorraquídeo en la esclerosis lateral amiotrófi ca

Resumen

Int roducción: La citotoxicidad del líquido cefalorraquídeo (LCR) de pacientes con esclerosis 
lateral amiotrófi ca en cult ivos celulares que incluyen neuronas puede plantearse como un 
mecanismo de difusión de la enfermedad, debido a la cercanía del LCR a la médula espinal.
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Introduction

The possibilit y that  biological materials from pat ients with 
amyot rophic lateral sclerosis (ALS), both in it s familial and 
sporadic forms, present  some element  capable of causing a 
toxic effect  was already described by dif ferent  authors, 
who showed the highest  cytotoxicity with serum1-4 or with 
biochemical or ult rast ructural changes in cellular cultures. 5,6 
However, subsequent  studies could not  confi rm these 
effects.7-11 Cerebrospinal fl uid (CSF) toxicity has also been 
proposed in other neurodegenerat ive diseases such as 
Parkinson’s disease, where it  has been suggested that  the 
CSF of these pat ients could inhibit  the growth of 
dopaminergic neurons in culture,12-16 although these studies 
have not  been reproduced. However, the potent ial adverse 
effect  of the CSF of pat ients with ALS (ALS-CSF) in various 
cellular cultures17-32 has been repeatedly described, although 
some studies have not  found this.33 Iwasaki et  al,34 in a cell 
culture from the anterior horn of the spinal cord of 
embryonic rats, found no dif ferences in the survival 
produced by ALS-CSF in cont rols. Gredal et  al,35 in a culture 
of mouse cort ical neurons, did not  fi nd dif ferences either in 
the response to calcium or potassium chloride to ALS-CSF, 
indicat ing that  no changes take place in calcium homeostasis, 
which is one of the mechanisms of lesions from excitotoxic 
mechanism.

Cont rary to these few negat ive studies, a signifi cant  
number of experiments confi rm the cytotoxic effect  of ALS-
CSF in various cell cultures (table 1). This toxic effect  is 
greater in cultured motor neurons than in those that  are 
not 28 and in cultures containing a higher percentage of glial 
cells28 than in those including most ly neurons.29 The 
deleterious effect  of ALS-CSF may also be mediated by 
microglia,25 but  Anneser et  al29 have demonst rated the 
cytotoxic effect  in cultures with a very low percentage of 
these cells. Table 2 shows the studies show ult rast ructural 
changes caused by ALS-CSF in cells, such as an increase in 
phosphorylat ion of neurofi laments,18,19,26 ast rocytosis,21,26,27 
vacuolizat ion,28,31 preapoptot ic or apoptot ic signs25,29,30 or 
signs of cellular death.28

Composition of ALS-CSF

The CSF contains proteins and protein fragments discharged 
by the affected cells, which could serve as biomarkers for 
neurodegenerat ive diseases.36-41 In the case of ALS, 
regardless of the search for a biological marker, there is an 
incent ive to t ry to determine what  the mechanism is that  
makes it  toxic for cell cultures.42 The toxic factor could lead 
to neuronal degenerat ion direct ly24 or be a mediator for the 
spread of the lesion. The possibilit y that  CSF contains a 
causal factor is unlikely, but  cannot  be discarded, because 
it  is considered that  the presentat ion of this disease may be 
infl uenced by environmental factors;43,44 therefore, this 
factor, which some authors have called mysterious,42 has 
been sought  extensively.

Glutamate has always been considered as the best  
candidate to j ust ify a direct  effect ; dif ferent  studies have 
thus focused on the invest igat ion of amino acid 
neurot ransmit ters in the CSF. Conversely, it  has been found 
that  the glutamate values decrease in severe pat ients, 
aspartate values are normal or elevated and glycine values 
are variable; there are pat ients with high and low values, 
while GABA concent rat ion is elevated in pat ients with 
advanced or moderate progression.45 High values of 
glutamate, aspartate, glycine or beta-N-methylamino-L-
alanine were not  detected in a study of 17 pat ients. 46 In 
another study, the glutamate, isoleucine, leucine, 
methionine and tyrosine values were normal, while there 
was an increase in the concent rat ions of serine, glutamine 
and alanine in spinal onset  pat ients. 47 The values for 
kynurenic acid, an endogenous antagonist  of AA receptors, 
appeared signifi cant ly elevated in pat ients, and were higher 
in more advanced pat ients.48 Therefore, although a 
neurotoxicity mediated by AMPA17,28 or NMDA22 receptors of 
glutamate, as well as by ast rocyte GTL131 has been suggested 
to explain the toxic effect  of ALS-CSF, it  does not  seem 
simple to j ust ify the toxicity from the CSF composit ion 
itself .  On the other hand, neither Tikka et  al25 nor Anneser 
et  al29 succeeded in proving that  glutamate infl uences it .  
Other neurot ransmit ters and hormones have also been 

Citotoxicidad;
Cult ivos celulares

Desarrol lo: Los diferentes estudios de la literatura indican una mayor suscept ibilidad del 
efecto citotóxico en las motoneuronas, frente a ot ro t ipo de células neuronales y la in-
clusión de glía en los cult ivos. La revisión de la composición del LCR en la esclerosis la-
teral amiot rófi ca no permite indicar mediante qué mecanismo se producen cambios pre-
apoptót icos y apoptót icos con la adición del LCR a los cult ivos, aunque podría estar 
relacionado con los receptores del glutamato, en mayor medida, aquellos que responden 
a AMPA/ kainato, e intervenir en canales iónicos.
Conclusiones: La citotoxicidad del LCR es una singularidad de la esclerosis lateral amio-
t rófi ca que podría explicar aspectos evolut ivos de la enfermedad. Para el mej or conoci-
miento de este mecanismo, es necesario que nuevos estudios incluyan una mayor ident i-
fi cación de los pacientes de quienes se obt ienen las muest ras, así como sus característ icas, 
y diferenciar si son formas familiares o esporádicas.
© 2009 Sociedad Española de Neurología. Publicado por Elsevier España, S.L. Todos los 
derechos reservados.



366 J. Mat ías-Guiu et  al 

Table 1 Toxic effect  of cerebrospinal fl uid (CSF) in amyot rophic lateral sclerosis (ALS) in cell cultures

Author/ year Culture Result

Courant ier et  al17,  1993 Rat  neurons in culture Cellular survival of 47% with ALS-CSF versus 80% 
of cont rols

Terro et  al20,  1996 Rat  cort ical cells Increase in the rate of neuronal death by 
almost  t riple that  of cont rols

Smith et  al23,  1998 VSC-4.1 cells, i.e. cholinergic cells When the CSF contained elevated values of 
4-hydroxinonenal, a lipid peroxidat ion product  
produces a 50% increase in cellular death; if  
there were low contents, there was no increase

Tikka et  al25,  2002 Embryonic rat  spinal cells Reduct ion of 34% in neuronal survival
SEN et  al28,  2005 Embryonic rat  spinal cells In motor neurons, cellular survival decreased 

by 50%; in other neurons, by 20%
Anneser et  al29,  2006 Motor neurons from bird embryo spinal cells Reduct ion of 10% in cellular survival
Anneser et  al29,  2006 Mixed culture of motor neurons and glia 

from bird embryo spinal cells
Reduct ion of 50% in cellular survival. Not  
modifi ed with the addit ion of glutamate

Table 2 Ult rast ructural or biochemical changes due to the toxic effect  of cerebrospinal fl uid (CSF) in amyot rophic lateral 
sclerosis (ALS) in cell cultures

Author/ year Culture Result

Nagaraj a et  al18,  1994 Spinal cells of a bird species embryo Increase in neurofi lament  phosphorylat ion 
Rao et  al19,  1995 Spinal motor neurons from newborn rats Increase in neurofi lament  phosphorylat ion 

in anterior horn but  not  in posterior horn
Shahani et  al21,  1998 Spinal cells from newborn rats St rongly GFAP-posit ive ast rocytosis in grey 

and white mat ter
Manabe et  al22,  1999 Rat  lumbar spinal cells Increase in Fos-posit ive cells in posterior horn
Tikka et  al25,  2002 Spinal cells from rat  embryo DNA fragmentat ion and preapoptot ic 

and apoptot ic signs. Neurofi lament  
dephosphorylat ion 

Shahani et  al26,  2004 Administ rat ion in rat  CSF, and analysis 
in spinal t issue

Increase in LDH, in NF phosphorylated 
ant ibodies and in react ive ast rocytes

Anneser et  al27,  2004 Glial cells from bird embryo Increase in the ast rocyt ic proliferat ion and 
expression of viment in

SEN et  al28,  2005 Spinal cells from rat  embryos Neurit ic ret ract ion, cellular oedema, 
cytoplasmic vacuolisat ion and even cellular 
death. Transient , but  pronounced, elevat ion of 
calcium in motor and non-motor neurons, 
although higher in the motor

Anneser et  al29,  2006 Motor neurons from bird embryo spinal cells DNA fragmentat ion and preapoptot ic signs

Ramamohan et  al30,  2007 Spinal motor neurons from newborn rats Fragmentat ion of Golgi apparatus in neurons 
by the ALS-CSF

Shobha et  al31,  2007 Spinal motor neurons from newborn rats Vacuolated cells at  48 h. Decrease of GLT-1 
expression in grey mat ter ast rocytes, normality 
in GLAST. Increase in LDH act ivity

Gunasekaran et  al32,  2009 Spinal motor neurons from newborn rats Decrease in the expression of Nav1.6 channels. 
Decrease in the expression of Kv1.6 channels
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analysed. In pat ients with moderate and advanced disease, 
a CSF ult rafi lt rate against  acetylcholinesterase (AChE) 
showed that  the act ivity was diminished. 49 Substance P 
values in the CSF were increased, especially in pat ients 
with durat ion over two and a half  years.50 The CSF content  
of 3-methoxy-4-hydroxyphenylglycol (MHPG) in pat ients 
was found to be elevated, whereas homovanill ic acid and 
somatostat in were normal.51 In another study, CSF 
concent rat ions of vasoact ive intest inal pept ide (VIP) were 
lowered, while those of cholecystokinin (CCK) and neural 
adhesion cell molecule (NCAM) were normal.52 Another 
study showed increased CSF values of adenosine, but  
unchanged neopterin levels.53 Prostaglandin E values were 
high compared with the cont rol group, but  unrelated to 
clinical status, ALS type or disease durat ion,54 and these 
data were reproduced in another study.55 The CSF T3 values 
were found slight ly increased in one study, whereas those of 
T4 were normal.56 Diminished CRF values have been 
detected.57 S-100 protein values decreased in the CSF of 20 
pat ients,58 in a similar situat ion to that  found in serum. 59 
The cGMP was found to have decreased in CSF, but  with no 
correlat ion to the clinical state,60 although another study 
found no such alterat ion.61

Several authors have proposed the possibilit y that  the 
toxic factor is mediated by oxidat ive metabolism.20,31 
Dif ferent  studies have analysed its markers in CSF. The 
concent rat ions of reduced and oxidised forms of coenzyme 
Q10 (CoQ10) and 8-hydroxy-2’ -deoxyguanosine (8-OHdG) 
have been determined in ALS-CSF. The percentages of ox-
CoQ10 and 8-OHdG were higher than in cont rols and were 
related to disease durat ion. There was a correlat ion 
between ox-CoQ10 and 8-OHdG in sporadic ALS.62,63 The ox-
CoQ10 form had already been observed in 20 pat ients with 
sporadic ALS in one series,64 and with no increase in another 
series of 30 pat ients with ALS.65 One study analysed the CSF 
content  of a set  of oxidat ive proteins, the total ant ioxidant  
capacity by Fe reduct ion, the number of 4-hydroxynonenal 
and the sum of nit rites and nit rates as indicators of oxidat ion 
products. In this study, the capacity to reduce Fe was 
decreased in the CSF and the set  of oxidat ive proteins had 
increased in CSF and plasma, while the amounts of nit rites 
and nit rates (cont rary to what  was found in males in another 
study66) and the fi gures of 4-hydroxynonenal were similar to 
those of cont rols;67 these data were reproduced in another 
work68.  This substance was increased in the ALS-CSF samples 
that  produced the highest  degree of toxic effect  according 
to Smith et  al.23 Nit rate values increased in another study 
on sporadic ALS.69 No increase in the CSF was demonst rated 
by HPLC in alphatocopherol (vitamin E) ALS.70 The values of 
3-nit roxityroxine were also diminished.71 The metabolites 
of nit ric oxide were high and superoxide dismutase (SOD) 
act ivity was low in sporadic ALS.72 Erythropoiet in in the CSF 
was also diminished in ALS, as compared with pat ients with 
tension headaches and dement ias,73,74 while it  was less in 
pat ients with rapid progression.75 F-2 isoprostane, a marker 
of oxidat ive neurodegenerat ion, was normal in ALS and 
increased in Alzheimer.76 Comparing the values of hydroxyl 
radicals, free ascorbate, SOD1 and SOD2 act ivit ies and 
8-OHdG showed that , in familiar and sporadic ALS, the 
concent rat ions of ascorbate and 8-OHdG in the CSF were 
higher than in cont rols, whereas SOD act ivit ies were lower. 

The concent rat ion of copper in sporadic ALS was higher 
than in the cont rols.77

Considering that  neurofi lament  phosphorylat ion is one of 
the observat ions demonst rated in cell cultures after adding 
ALS-CSF,18,19,26 and more so for it s potent ial use as a 
biomarker, there are dif ferent  studies that  have analysed 
these proteins in the CSF, as well as those infl uencing 
aggregat ion. Light  neurofi lament  proteins in the CSF were 
elevated in pat ients compared with cont rols and inversely 
correlated with the evolut ion, while this determinat ion was 
lower in familiar ALS-SOD.78 The values of another 
neurofi lament  protein, NfHSMI35, were elevated in ALS and 
more so than in pat ients with Alzheimer. The NfHSMI35 
values in the CSF were higher in pat ients with upper motor 
neuron onset  and in those with more rapid evolut ion and 
did not  correlate with tau protein values. Rosengren et  al79 
showed that  the fi lament  protein was increased in the CSF. 
In another case, tau values in the CSF were not  found to 
have increased in 18 pat ients.80 Other authors found, 
however, an increased tau value in the CSF of 20 pat ients 
with sporadic ALS, especially in the early stages. The 
amyloid beta protein 42 is reduced in ALS, according to one 
study, while tau and phospho-tau proteins were normal in 
CSF81;  this was reproduced in another study.80 The NfHSMI35 
determinat ion in the CSF was 5 t imes higher in 69 pat ients 
with ALS than in cont rols and 10 t imes higher than in 
pat ients with Alzheimer; NfHSMI35 was also higher in 
pat ients whose onset  was due to upper motor neuron lesion, 
with no correlat ion with tau values in the CSF, which were 
also increased.82 In connect ion with TDP-43 in the CSF, no 
notable increases were found in ALS83 or in ALS-
frontotemporal lobar degenerat ion, although one study 
showed elevated levels in pat ients with early-stage ALS, 
decreasing with the durat ion of the disease. 84

The addit ion of ALS-CSF represents the appearance of 
apoptot ic or preapoptot ic changes25,28-30 in cell cultures. 
ALS-CSF contains markers associated with apoptosis, such 
as mat rix 9 metalloproteinase (MMP-9); in a study of 24 
pat ients with ALS and 15 cont rols, this marker was shown to 
be slight ly lower in pat ients without  reaching stat ist ical 
signifi cance, with a tendency to decrease with evolut ion. 85 
In another study,86 MMP-2 and MMP-9 values and the MMPs 
inhibitor, TIMP2, values were normal, while those of TIMP1 
were elevated In the evaluat ion of cytochrome C in the CSF 
of 40 pat ients with ALS, it  appeared decreased in 46% of 
pat ients compared with cont rols, and there was no 
signifi cant  variat ion in the serum or a relat ion with clinical 
characterist ics.87

Shahani et  al24 have suggested the possibilit y that  there 
may be an immunological mechanism to explain ALS-CSF 
toxicity. Dif ferent  studies have measured immunological 
markers in the CSF of pat ients with ALS. The determinat ion 
of RANTES (a beta-chemokine), which is a chemoat t ractant  
for lymphocytes and monocytes, showed higher values in 
ALS than in non-infl ammatory neurological processes.88 Flt3 
is a cytokine with neurot rophic and ant iapoptot ic act ivity, 
which promotes neuronal survival and has been found 
signifi cant ly elevated in ALS.89 An increase of CD4 
complement  in the CSF has been described. 90 Ant ibodies 
against  anterior horn cells of the spine are present  in the 
CSF of most  pat ients with ALS,91 and ant ibodies against  
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st ructures of the glia and axons were detected in a high 
percentage in the CSF of pat ients, as well as ant ibodies 
against  cells.92 Increased t it res of ant ibodies against  
ganglioside GM1, AGM1 and sulphat ides have been observed 
in a percentage of pat ients with ALS. 93 The results on the 
values of interleukin-6 in CSF are discordant , given that  for 
some authors it  is elevated,94 while other studies have found 
it  normal,95 although it  has also been said that  interleukin-6 
is elevated due to hypoxemia.96

Gunasekaran et  al32 have pointed out  the potent ial 
protect ive effect  of certain growth factors such as BDNF 
and CNTF. The fi gures for BDNF are not  altered in ALS, in 
cont rast  to GDNF, which are increased.97 In relat ion to other 
growth factors, increased levels of monocyte chemotact ic 
protein 1 (MCP-1) have been found in the CSF of pat ients 
with ALS, as well as decreased values of vascular endothelial 
growth factor (VEGF), although without  signifi cant  
demonst rat ion. According to a study proposing that  the 
MCP-1/ VEGF rat io in the CSF could dif ferent iate ALS from 
other neurodegenerat ive diseases,98 MCP-1 is posit ively 
correlated with the Norris scale. This protein is also found 
to be increased in another study.99 The concent rat ions of 
granulocyte colony-st imulat ing factor (G-CSF) and MCP-1 in 
the CSF are increased in comparison with cont rols.100 In 
cont rast , another study shows that  VEGF values in the CSF 
are increased signifi cant ly in long-term diseases and in 
those with onset  at  ext remit ies.101 No correlat ion was found 
between VEGF and the degree of hypoxia, although the 
fi gures are high in hypoxemic pat ients.102 Another study 
found a decrease in VEGF values in early-stage ALS. 103 The 
epidermal growth factor (EGF) is reduced in the ALS CSF, 
according to one study.104 The beta 1 t ransforming growth 
factor can protect  neurons from oxidat ive damage and 
inhibit  apoptosis; it s value in the CSF has been found to be 
within normal limits, although it  has appeared elevated in 
long-term pat ients.105 A signifi cant  decrease in growth 
hormones, insulin and IGF-1 was observed in the CSF, 106 as 
well as a drop in nit ric oxide, IGF-1 and IGF-2, which 
appeared normal.107

Discussion

The CSF is located very near many of the pathological 
lesions that  can develop in ALS, especially spinal. For this 
reason, it  may possible to visualise in it  specifi c biochemical 
changes more easily than in other neurodegenerat ive 
diseases. However, this does not  j ust ify the fact  that  CSF 
could contain a factor that  generates pathological processes 
in unspecifi c cell models. This would support  the assumpt ion 
that  the disease mechanism development  may involve more 
environmental factors than those of genet ic suscept ibilit y. 
Although they may be clinically similar, familial ALS 
(especially SOD1-related forms) and sporadic ALS may have 
dif ferent  mechanisms108 and a dif ferent  response to 
t reatment ; this could explain the recent  failure of clinical 
t rials with minocycline,109,110 although there may be other 
reasons.111 Familial forms associated with SOD1 base the 
experimental model of the most  commonly used t ransgenic 
animal for research on the disease.112 It  is not  possible to 
know whether dif ferent  ALS subtypes have a dif ferent  

cytotoxic act ivity, since few art icles describe this 
informat ion.23,25,32 The study by Tikka et  al25 included CSF 
from 26 pat ients, of which 5 were familial-SOD1, by D90A 
mutat ion; 5, familial non-SOD1; and 16 sporadic. There 
were no dif ferences among the 3 groups in terms of DNA 
fragmentat ion or neurofi lament  phosphorylat ion degree, 
suggest ing that  the behaviour of the groups in terms of 
cytotoxicity may be similar. Although some studies suggest  
that  ALS-CSF cytotoxicity does not  correlate with disease 
durat ion,25,29 most  do not  indicate this informat ion, so it  is 
not  possible to rule out  that  the toxic factor may appear or 
disappear at  a given t ime in the evolut ion.

An important  aspect  to consider is the variable 
suscept ibilit y of cell cultures in which the cytotoxic effect  
has been observed, since the maj ority is const ituted by 
cells obtained from embryonic, adult  or cort ical spinal 
marrow (tables 1 and 2). In any case, it  seems that  the toxic 
effect  would have a greater affi nity for motor neurons28 and 
be enhanced by glial cells in the culture. 25 This observat ion 
is consistent  with the data of Clement  et  al, 113 which showed 
that  for neuronal degenerat ion to occur in the t ransgenic 
mouse model with SOD1 mutat ion, it  is necessary for there 
to be, along with the accumulat ion of abnormal SOD1 in 
neurons, part icipat ion of non-neuronal cells, which could 
be through an alterat ion of glutamate t ransporter proteins 
GTL1 and EAAT2.114-117 This is one of the arguments in favour 
of cell therapy in the disease.118 Tikka et  al25 have reported 
that  the cytotoxic effect  could be mediated by microglia, 
consistent  with the hypothesis of Boillee et  al, 119 although 
Anneser et  al29 has found it  in cultures with a scarce presence 
of these cells.

The experiment  by Anneser et  al29 noted that  the toxic 
factor should have a low molecular weight  and be resistant  
to heat . The proteomics analysis of CSF represents a model 
for research on neurological diseases,120,121 is ideal for small 
molecules and, therefore, could provide addit ional 
informat ion. To our knowledge, there are only four 
proteomic studies on CSF in ALS in the literature. Ramst rom 
et  al122 found no dif ferent  protein in the cont rols using mass 
spect romet ry. Ranganathan et  al123,124 found 3 dif ferent  
proteins, 1 decreased and 1 increased. One of the decreased 
proteins was cystat in C and the other was t ransthyret in 
(TTR); the increased protein was a fragment  of the 
neuroendocrine protein 7B2. Transthyret in has also been 
found in Alzheimer disease,125,126 although the decrease is 
greater in ALS, and related to the fi nal stages. Alpha and 
beta haemoglobin chains also appear to increase in the CSF 
of deceased pat ients obtained at  autopsy, probably due to 
the blood-brain barrier breakdown. In the third study, 
Pasinet t i et  al127 found 3 proteins dif ferent  from those of 
the cont rols. These proteins were ident ifi ed as cystat in C, 
which was diminished, one of 4.8 kDa, which could be beta-
2-microglobulin (also increased in the Alzheimer disease128) 
and another that  was a pept ide fragment  of neurosecretory 
protein VGF; Ranganathan et  al124 also made this discovery 
in vivo.  Bret tschneider et  al129 also analysed the CSF of 14 
pat ients and observed 2 overregulated proteins and 3 
underregulated. Two of the lat ter were Zn-alpha-2-
glycoprotein and ceruloplasmin precursor protein. The role 
of cystat in C in ALS has previously been discussed in another 
art icle.108
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Table 3 presents the results of pharmacological 
intervent ions on ALS CSF culture and the response on the 
cytotoxic effect . The effect  of the toxic factor appears to 
be mediated by increased calcium, which is direct ly 
correlated with the degree of cell death caused by the ALS-
CSF,28 but  also by Nav1.6 or Kv1.6 channels.32 Both AMPA/
kainate receptor antagonists17,28 and glutamate NMDA 
receptor antagonists22 (but  with greater intensity by the 
fi rst ) part ially reduced the cytotoxic effect , although this 
has also been associated with the presence of free radicals20 
or with nit ric oxide mediat ion.31 In any case, the response 
to these intervent ions on the culture may be related more 
to cell inj ury mechanisms than to the very composit ion of 
ALS-CSF. Gunasekaran et  al32 point  out  the potent ial benefi t  
of applying BDNF or CNTF to the culture.

Undoubtedly, the CSF may make it  possible to ident ify 
biomarkers in ALS130,131.  However, it s cytotoxicity is also a 
singularity that  could explain the evolut ionary aspects of 
the disease. Studies completed and included in this review 
lack clinical informat ion, so the cytotoxic effect  cannot  be 
correlated with clinical pat ient  condit ions or especially if  
the forms were familial or sporadic. It  seems clear that , to 
understand this mechanism, further studies need to include 
bet ter ident ifi cat ion of those pat ients from whom the 
samples were obtained.

Confl ict of interests

The research on which this art icle is based was funded by 
the proj ect  “ Select ive vulnerabilit y of motor neurons to the 
neurotoxic effects of cerebrospinal fl uid from pat ients with 
amyot rophic lateral sclerosis (ALS)”  awarded by the 
Fundación Mutua Madrileña.

References

1. Wolfgram F, Myers L. Amyot rophic lateral sclerosis: effect  of 
serum on anterior horn cells in t issue culture. Science. 1973; 
179:579-80.

2. Wolfgram F. Blind studies on the effect  of amyot rophic lateral 
sclerosis sera on motor neurons in vit ro. UCLA Forum Med Sci. 
1976;19:145-9.

3. Maher I,  Pouplard-Barthelaix A, Emile J. Cytotoxicity of serum 
from amyot rophic lateral sclerosis pat ients on spinal cord 
cells in culture. Adv Exp Med Biol.  1987;209:75-7.

4. Roisen FJ, Bart feld H, Donnenfeld H, Baxter J. Neuron specifi c 
in vit ro cytotoxicity of sera from pat ients with amyot rophic 
lateral sclerosis. Muscle Nerve. 1982;5:48-53.

5. Van der Neut  R, Gispen WH, Bär PR. Serum from pat ients with 
amyot rophic lateral sclerosis induces the expression of B-50/
GAP-43 and neurofi lament  in cultured rat  fetal spinal neurons. 
Mol Chem Neuropathol. 1991;14:247-58.

Table 3 Effect  of substances on the toxicity of cerebrospinal fl uid (CSF) in amyot rophic lateral sclerosis (ALS)

Author/ year Culture Potent ial protect ive effect Without  effect

Courant ier et  al17,  1993 Rat  neurons in culture AMPA/ kainate receptor antagonist  NMDA receptor 
antagonist  

Terro et  al20,  1996 Rat  cort ical cells Vitamin E. Allopurinol —

Smith et  al23,  1998 VSC-4.1 cells, which are 
cholinergic

Allopurinol. Vitamin E. Glutathione —

Manabe et  al22,  1999 Rat  lumbar spinal cells MK801, an NMDA antagonist  CNQX, an AMPA/
kainate antagonist

Shahani et  al24,  2001 Spinal motor neurons 
from newborn rats

Cyclophosphamide —

Tikka et  al25,  2002 Spinal cells from rat  embryos MK-801 minocycline, NMDA 
antagonist . CNQX, AMPA/ kainate 
antagonist

—

Anneser et  al27,  2004 Glial cells from bird embryos AIDA, a mGluR antagonist DCG-4, mGluR agonist

Shahani et  al26,  2004 Administ rat ion in rat  CSF, 
and analysis in spinal t issue

Deprenyl —

SEN et  al28,  2005 Spinal cells from rat  embryos APV, NMDA antagonist . NBAX, 
AMPA/ kainate antagonist , st ronger 
effect  of the lat ter

—

Anneser et  al29,  2006 Spinal motor neurons from bird 
embryos

AIDA, an mGluR antagonist . DHPG, 
an mGluR agonist , but  which has a 
dual effect  and can be antagonist

Glutamate. CPPG, an 
mGluR antagonist . 
AMPA antagonist

Shobha et  al31,  2007 Spinal motor neurons 
from newborn rats

Nit ro-L-arginine methyl ester 
(L-NAME), a nit ric oxide synthetase 
inhibitor 

—

Gunasekaran et  al32,  2009 Spinal motor neurons 
from newborn rats

BDNF. CNTF —



370 J. Mat ías-Guiu et  al 

6. Doherty P, Dickson JG, Flanigan TP, Kennedy PG, Welah FS. 
Effects of amyot rophic lateral sclerosis serum on cultured 
chick spinal neurons. Neurology. 1986;36:1330-4.

7. Horwich MS, Engel WK, Chauvin PB. Amyot rophic lateral 
sclerosis sera applied to cultured motor neurons. Arch Neurol. 
1974;30:332-3.

8. Liveson J, Frey H, Bornstein MB. The effect  of serum from ALS 
pat ients on organotypic nerve and muscle t issue cultures. 
Acta Neuropathol. 1975;32:127-31.

9. Lehrich JR, Couture J. Amyot rophic lateral sclerosis sera are 
not  cytotoxic to neuroblastoma cells in t issue culture. Ann 
Neurol. 1978;4:384.

10. Touzeau G, Kato AC. Effects of amyot rophic lateral sclerosis 
sera on cultured cholinergic neurons. Neurology. 1983;33:317-
22.

11. Touzeau G, Kato AC. ALS serum has no effect  on three 
enzymat ic act ivit ies in cultured human spinal cord neurons. 
Neurology. 1986;36:573-6.

12. Yu SJ, Lo ES, Cochran EJ, Lin DH, Faselis CJ, Klawans HL, et  
al.  Cerebrospinal fl uid from pat ients with Parkinson’s disease 
alters the survival of dopamine neurons in mesencephalic 
culture. Exp Neurol. 1994;126:15-24.

13. Hao R, Norgren RB, Lau YS, Pfeif fer RF. Cerebrospinal fl uid of 
Parkinson’s disease pat ients inhibits the growth and funct ion 
of dopaminergic neurons in culture. Neurology. 1995;45:138-
42.

14. Hao R, Ebadi M, Pfeif fer RF. Selegiline protects dopaminergic 
neurons in culture from toxic factor(s) present  in the 
cerebrospinal fl uid of pat ients with Parkinson’s disease. 
Neurosci Let t .  1995;200:77-80.

15. Le WD, Rowe DB, Jankovic J, Xie W, Appel SH. Effects of 
cerebrospinal fl uid from pat ients with Parkinson disease on 
dopaminergic cells. Arch Neurol. 1999;56:194-200.

16. Mandybur GT, Miyagi Y, Yin W, Perkins E, Zhang JH. Cytotoxicity 
of vent ricular cerebrospinal fl uid from Parkinson pat ients: 
correlat ion with clinical profi les and neurochemist ry. Neurol 
Res. 2003;25:104-11.

17. Courat ier P, Hugon J, Sindou P, Vallat  JM, Dumas M. Cell 
culture evidence for neuronal degenerat ion in amyot rophic 
lateral sclerosis being linked to glutamate AMPA/ kainate 
receptors. Lancet . 1993;341:265-8.

18. Nagaraj a TN, Gourie-Devi M, Nalini A, Raj u TR. Neurofi lament  
phosphorylat ion is enhanced in cultured chick spinal cord 
neurons exposed to cerebrospinal fl uid from amyot rophic 
lateral sclerosis pat ients. Acta Neuropathol. 1994;88:349-52.

19. Rao MS, Devi MG, Nalini A, Shahani N, Raj u TR. Neurofi lament  
phosphorylat ion is increased in vent ral horn neurons of 
neonatal rat  spinal cord exposed to cerebrospinal fl uid from 
pat ients with amyot rophic lateral sclerosis. Neurodegenerat ion. 
1995;4:397-401.

20. Terro F, Lesort  M, Viader F, Ludolph A, Hugon J. Ant ioxidant  
drugs block in vit ro the neurotoxicity of CSF from pat ients with 
amyotrophic lateral sclerosis. Neuroreport . 1996;7:1970-2.

21. Shahani N, Nalini A, Gourie-Devi M, Raj u TR. React ive 
ast rogliosis in neonatal rat  spinal cord after exposure to 
cerebrospinal fl uid from pat ients with amyot rophic lateral 
sclerosis. Exp Neurol. 1998;149:295-8.

22. Manabe Y, Kashihara K, Shiro Y, Shohmori T, Abe K. Enhanced 
Fos expression in rat  lumbar spinal cord cultured with 
cerebrospinal fl uid from pat ients with amyot rophic lateral 
sclerosis. Neurol Res. 1999;21:309-12.

23. Smith RG, Henry YK, Mat tson MP, Appel SH. Presence of 
4-hydroxynonenal in cerebrospinal fl uid of pat ients with 
sporadic amyot rophic lateral sclerosis. Ann Neurol. 1998;44: 
696-9.

24. Shahani N, Gourie-Devi M, Nalini A, Raj u TR. Cyclophosphamide 
at tenuates the degenerat ive changes induced by CSF from 

pat ients with amyot rophic lateral sclerosis in the neonatal rat  
spinal cord. J Neurol Sci. 2001;185:109-18.

25. Tikka TM, Vart iainen NE, Goldsteins G, Oj a SS, Andersen PM, 
Marklund SL, et  al.  Minocycline prevents neurotoxicity induced 
by cerebrospinal fl uid from pat ients with motor neurone 
disease. Brain. 2002;125:722-31.

26. Shahani N, Gourie-Devi M, Nalini A, Rammohan P, Shobha K, 
Harsha HN, et  al.  (—)-Deprenyl alleviates the degenerat ive 
changes induced in the neonatal rat  spinal cord by CSF from 
amyot rophic lateral sclerosis pat ients. Amyot roph Lateral 
Scler Other Motor Neuron Disord. 2004;5:172-9.

27. Anneser JM, Chahli C, Ince PG, Borasio GD, Shaw PJ. Glial 
proliferat ion and metabot ropic glutamate receptor expression 
in amyot rophic lateral sclerosis. J Neuropathol Exp Neurol. 
2004;63:831-40.

28. Sen I,  Nalini A, Joshi NB, Joshi PG. Cerebrospinal fl uid from 
amyot rophic lateral sclerosis pat ients preferent ially elevates 
int racellular calcium and toxicity in motor neurons via AMPA/
kainate receptor. J Neurol Sci. 2005;235:45-54.

29. Anneser JM, Chahli C, Borasio GD. Protect ive effect  of 
metabot ropic glutamate receptor inhibit ion on amyot rophic 
lateral sclerosis-cerebrospinal fl uid toxicity in vit ro. 
Neuroscience. 2006;141:1879-86.

30. Ramamohan PY, Gourie-Devi M, Nalini A, Shobha K, Ramamohan 
Y, Joshi P, et  al.  Cerebrospinal fl uid from amyot rophic lateral 
sclerosis pat ients causes fragmentat ion of the Golgi apparatus 
in the neonatal rat  spinal cord. Amyot roph Lateral Scler. 2007; 
8:79-82.

31. Shobha K, Vij ayalakshmi K, Alladi PA, Nalini A, Sathyaprabha 
TN, Raj u TR. Altered in-vit ro and in-vivo expression of glial 
glutamate t ransporter-1 following exposure to cerebrospinal 
fl uid of amyot rophic lateral sclerosis pat ients. J Neurol Sci. 
2007;254:9-16.

32. Gunasekaran R, Narayani RS, Vij ayalakshmi K, Alladi PA, 
Shobha K, Nalini A, et  al.  Exposure to cerebrospinal fl uid of 
sporadic amyot rophic lateral sclerosis pat ients alters Na(v)1.6 
and K(v)1.6 channel expression in rat  spinal motor neurons. 
Brain Res. 2009;1255:170-9.

33. Askanas V, Marangos PJ, Engel WK. CSF from amyotrophic 
lateral sclerosis pat ients applied to motor neurons in culture 
fails to alter neuron-specifi c enolase. Neurology. 1981;31:
1196-7.

34. Iwasaki Y, Ikeda K, Shioj ima T, Tagaya M, Kinoshita M. 
Amyot rophic lateral sclerosis cerebrospinal fl uid is not  
toxic to cultured spinal motor neurons. Neurol Res. 1995;17:
393-5.

35. Gredal O, Wit t  MR, Dekermendj ian K, Moller SE, Nielsen M. 
Cerebrospinal fl uid from amyot rophic lateral sclerosis has no 
effect  on int racellular free calcium in cultured cort ical 
neurons. Mol Chem Neuropathol. 1996;29:141-52.

36. Johnson G, Brane D, Block W, Kammen DP, Gurklis J, Peters 
JL, et  al.  Cerebrospinal fl uid protein variat ions in common to 
Alzheimer’s disease and schizophrenia. Appl Theor Elect rophor. 
1992;3:47-53.

37. Blennow K. Cerebropinal fl uid protein biomarkers for 
Alzheimer’s disease. Neuro Rx. 2004;1:213-25.

38. Choe LH, Dut t  MJ, Relkin N, Lee KH. Studies of potent ial 
cerebrospinal fl uid molecular markers for Alzheimer’s disease. 
Elect rophoresis. 2002;23:2247-51.

39. Davidsson P, Westman-Brinkmalm A, Nilsson CL, Lindbj er M, 
Paulson L, Andreasen N, et  al.  Proteome analysis of 
cerebrospinal fl uid proteins in Alzheimer pat ients. Neuro Rep. 
2002;13:611-5.

40. Sj ögren M, Davidsson P, Got t fries J, Vanderst ichele H, Edman 
A, Vanmechelen E, et  al.  The cerebrospinal fl uid levels of tau, 
growth-associated protein-43 and soluble amyloid precursor 
protein correlate in Alzheimer’s disease, refl ect ing a common 



Cerebrospinal fl uid cytotoxicity in lateral amyot rophic sclerosis 371

pathophysiological process. Dement  Geriat r Cogn Disord. 
2001;12:257-64.

41. Sj ögren M, Davidsson P, Tullberg M, Minthon L, Wallin A, 
Wikkelso C, et  al.  Both total and phosphorylated tau are 
increased in Alzheimer’s disease. J Neurol Neurosurg 
Psychiat ry. 2001;70:624-30.

42. Shaw PJ. Toxicity of CSF in motor neurone disease: a potent ial 
route to neuroprotect ion. Brain. 2002;125:693-4.

43. Mat ias-Guiu J, Galan L, Garcia-Ramos R, Vela A, Guerrero A. 
Epidemiología descript iva en esclerosis lateral amiot rófi ca. 
Neurología. 2007;22:368-80.

44. Mat ías-Guiu J, García-Ramos G, Galán L, Vela A, Guerrero A. 
Epidemiología analít ica de la esclerosis lateral amiot rófi ca. 
Neurología. 2008;23:168-78.

45. Niebroj -Dobosz I,  Janik P. Amino acids act ing as t ransmit ters 
in amyot rophic lateral sclerosis (ALS). Acta Neurol Scand. 
1999;100:6-11.

46. Perry TL, Krieger C, Hansen S, Eisen A. Amyot rophic lateral 
sclerosis: amino acid levels in plasma and cerebrospinal fl uid. 
Ann Neurol. 1990;28:12-7.

47. Camu W, Bill iard M, Baldy-Moulinier M. Fast ing plasma and 
CSF amino acid levels in amyot rophic lateral sclerosis: a 
subtype analysis. Acta Neurol Scand. 1993;88:51-5.

48. I∏zecka J, Kocki T, Stelmasiak Z, Turski WA. Endogenous 
protectant  kynurenic acid in amyot rophic lateral sclerosis. 
Acta Neurol Scand. 2003;107:412-8.

49. Niebrój -Dobosz I,  Domit rz I,  Mickielewicz A. Cytotoxic act ivity 
of serum and cerebrospinal fl uid of amyot rophic lateral 
sclerosis (ALS) pat ients against  acetylcholinesterase. Folia 
Neuropathol. 1999;37:107-12.

50. Matsuishi T, Nagamitsu S, Shoj i H, Itoh M, Takashima S, Iwaki 
T, et  al.  Increased cerebrospinal fl uid levels of substance P in 
pat ients with amyot rophic lateral sclerosis. J Neural Transm. 
1999;106:943-8.

51. Hart ikainen P, Reinikainen KJ, Soininen H, Sirviö J, Soikkeli R, 
Riekkinen PJ. Neurochemical markers in the cerebrospinal 
fl uid of pat ients with Alzheimer’s disease. Parkinson’s disease 
and amyot rophic lateral sclerosis and normal cont rols. J 
Neural Transm Park Dis Dement  Sect . 1992;4:53-68.

52. Werdelin L, Gj erris A, Boysen G, Fahrenkrug J, Jørgensen OS, 
Rehfeld JF. Neuropept ides and neural cell adhesion molecule 
(NCAM) in CSF from pat ients with ALS. Acta Neurol Scand. 
1989;79:177-81.

53. Yoshida Y, Une F, Utatsu Y, Nomoto M, Furukawa Y, Maruyama 
Y, et  al.  Adenosine and neopterin levels in cerebrospinal fl uid 
of pat ients with neurological disorders. Intern Med. 1999;38: 
133-9.

54. I∏zecka J. Prostaglandin E2 is increased in amyot rophic lateral 
sclerosis pat ients. Acta Neurol Scand. 2003;108:125-9.

55. Almer G, Teismann P, Stevic Z, Halaschek-Wiener J, Deecke L, 
Kost ic V, et  al.  Increased levels of the pro-infl ammatory 
prostaglandin PGE2 in CSF from ALS pat ients. Neurology. 2002; 
58:1277-9.

56. Malin JP, Ködding R, Fuhrmann H, Von zur Mühlen A. T4, T3 
and rT3 levels in serum and cerebrospinal fl uid of pat ients 
with amyot rophic lateral sclerosis. J Neurol. 1989;236:57-9.

57. Klimek A, CieÊlak D, Szulc-Kuberska J, Stepien H. Reduced 
lumbar cerebrospinal fl uid cort icot ropin releasing factor 
(CRF) levels in amyot rophic lateral sclerosis. Acta Neurol 
Scand. 1986;74:72-4.

58. Süssmuth SD, Tumani H, Ecker D, Ludolph AC. Amyot rophic 
lateral sclerosis: disease stage related changes of tau protein 
and S100 beta in cerebrospinal fl uid and creat ine kinase in 
serum. Neurosci Let t .  2003;353:57-60.

59. Ot to M, Bahn E, Wilt fang J, Boekhoff I,  Beuche W. Decrease of 
S100 beta protein in serum of pat ients with amyot rophic 
lateral sclerosis. Neurosci Let t .  1998;240:171-3.

60. I∏ecka J. Decreased cerebrospinal fl uid cGMP levels in pat ients 
with amyot rophic lateral sclerosis. J Neural Transm. 2004;111: 
167-72.

61. Ikeda M, Sato I,  Yuasa T, Miyatake T, Murota S. Nit rite, nit rate 
and cGMP in the cerebrospinal fl uid in degenerat ive neurologic 
diseases. J Neural Transm Gen Sect . 1995;100:263-7.

62. Murata T, Ohtsuka C, Terayama Y. Increased mitochondrial 
oxidat ive damage and oxidat ive DNA damage cont ributes to 
the neurodegenerat ive process in sporadic amyot rophic 
lateral sclerosis. Free Radic Res. 2008;42:221-5.

63. Murata T, Ohtsuka C, Terayama Y. Increased mitochondrial 
oxidat ive damage in pat ients with sporadic amyot rophic 
lateral sclerosis. J Neurol Sci. 2008;267:66-9.

64. Sohmiya M, Tanaka M, Suzuki Y, Tanino Y, Okamoto K, 
Yamamoto Y. An increase of oxidized coenzyme Q-10 occurs in 
the plasma of sporadic ALS pat ients. J Neurol Sci. 2005;228:
49-53.

65. Molina JA, De Bustos F, Jiménez-Jiménez FJ, Gómez-Escalonilla 
C, García-Redondo A., Esteban J., et  al.  Serum levels of 
coenzyme Q10 in pat ients with amyot rophic lateral sclerosis. 
J Neural Transm. 2000;107:1021-6.

66. Taskiran D, Sagduyu A, Yüceyar N, Kutay FZ, Pögün S. Increased 
cerebrospinal fl uid and serum nit rite and nit rate levels in 
amyot rophic lateral sclerosis. Int  J Neurosci. 2000;101:
65-72.

67. Siciliano G, Piazza S, Carlesi C, Del Corona A, Franzini M, 
Pompella A, et  al.  Ant ioxidant  capacity and protein oxidat ion 
in cerebrospinal fl uid of amyot rophic lateral sclerosis. J 
Neurol. 2007;254:575-80.

68. Boll MC, Alcaraz-Zubeldia M, Montes S, Rios C. Free copper, 
ferroxidase and SOD1 act ivit ies, lipid peroxidat ion and NO(x) 
content  in the CSF. A dif ferent  marker profi le in four 
neurodegenerat ive diseases. Neurochem Res. 2008;33:17-23.

69. Tohgi H, Abe T, Yamazaki K, Murata T, Ishizaki E, Isobe C. 
Increase in oxidized NO products and reduct ion in oxidized 
glutathione in cerebrospinal fl uid from pat ients with sporadic 
form of amyot rophic lateral sclerosis. Neurosci Let t .  1999;260: 
204-6.

70. De Bustos F, Jiménez-Jiménez FJ, Molina JA, Esteban J, 
Guerrero-Sola A, Zurdo M, et  al.  Cerebrospinal fl uid levels of 
alpha-tocopherol in amyot rophic lateral sclerosis. J Neural 
Transm. 1998;105:703-8.

71. Ryberg H, Söderling AS, Davidsson P, Blennow K, Caidahl K, 
Persson LI. Cerebrospinal fl uid levels of free 3-nit rotyrosine 
are not  elevated in the maj ority of pat ients with amyot rophic 
lateral sclerosis or Alzheimer’s disease. Neurochem Int . 2004; 
45:57-62.

72. Boll MC, Alcaraz-Zubeldia M, Montes S, Murillo-Bonilla L, Rios 
C. Raised nit rate concent rat ion and low SOD act ivity in the 
CSF of sporadic ALS pat ients. Neurochem Res. 2003;28:699-
703.

73. Widl K, Bret tschneider J, Schat tauer D, Süssmuth S, Huber R, 
Ludolph AC, et  al.  Erythropoiet in in cerebrospinal fl uid: age-
related reference values and relevance in neurological 
disease. Neurochem Res. 2007;32:1163-8.

74. Bret tschneider J, Widl K, Ehrenreich H, Riepe M, Tumani H. 
Erythropoiet in in the cerebrospinal fl uid in neurodegenerat ive 
diseases. Neurosci Let t .  2006;404:347-51.

75. Bret tschneider J, Widl K, Schat tauer D, Ludolph AC, Tumani 
H. Cerebrospinal fl uid erythropoiet in (EPO) in amyot rophic 
lateral sclerosis. Neurosci Let t .  2007;416:257-60.

76. Mont ine TJ, Beal MF, Cudkowicz ME, O’ Donnell H, Margolin 
RA, McFarland L, et  al.  Increased CSF F2-isoprostane 
concent rat ion in probable AD. Neurology. 1999;52:562-5.

77. Ihara Y, Nobukuni K, Takata H, Hayabara T. Oxidat ive st ress 
and metal content  in blood and cerebrospinal fl uid of 
amyot rophic lateral sclerosis pat ients with and without  a Cu, 



372 J. Mat ías-Guiu et  al 

Zn-superoxide dismutase mutat ion. Neurol Res. 2005;27:
105-8.

78. Jacobsson J, Rosengren L, Blennow K, Andersen PM. 
Cerebrospinal fl uid neurofi lament  light  levels in amyot rophic 
lateral sclerosis: impact  of SOD1 genotype. Eur J Neurol. 
2007;14:1329-33.

79. Rosengren LE, Karlsson JE, Karlsson JO, Persson LI, Wikkelsø 
C. Pat ients with amyot rophic lateral sclerosis and other 
neurodegenerat ive diseases have increased levels of 
neurofi lament  protein in CSF. J Neurochem. 1996;67:2013-8.

80. Jiménez-Jiménez FJ, Hernánz A, Medina-Acebrón S, De Bustos 
F, Zurdo JM, Alonso H, et  al.  Tau protein concent rat ions in 
cerebrospinal fl uid of pat ients with amyot rophic lateral 
sclerosis. Acta Neurol Scand. 2005;111:114-7.

81. Sj ögren M, Davidsson P, Wallin A, Granérus AK, Grundst röm E, 
Askmark H, et  al.  Decreased CSF-beta-amyloid 42 in 
Alzheimer’s disease and amyot rophic lateral sclerosis may 
refl ect  mismetabolism of beta-amyloid induced by disparate 
mechanisms. Dement  Geriat r Cogn Disord. 2002;13:112-8.

82. Bret tschneider J, Petzold A, Süssmuth SD, Ludolph AC, Tumani 
H. Axonal damage markers in cerebrospinal fl uid are increased 
in ALS. Neurology. 2006;66:852-6.

83. Steinacker P, Hendrich C, Sperfeld AD, Jesse S, Von Arnim CA, 
Lehnert  S, et  al.  TDP-43 in cerebrospinal fl uid of pat ients with 
frontotemporal lobar degenerat ion and amyot rophic lateral 
sclerosis. Arch Neurol. 2008;65:1481-7.

84. Kasai T, Tokuda T, Ishigami N, Sasayama H, Foulds P, Mitchell 
DJ, et  al.  Increased TDP-43 protein in cerebrospinal fl uid of 
pat ients with amyot rophic lateral sclerosis. Acta Neuropathol. 
2009;117:55-62.

85. I∏zecka J, Stelmasiak Z, Dobosz B. Mat rix metalloproteinase-9 
(MMP-9) act ivity in cerebrospinal fl uid of amyot rophic lateral 
sclerosis pat ients. Neurol Neurochir Pol. 2001;35:1035-43.

86. Lorenzl S, Albers DS, LeWit t  PA, Chirichigno JW, Hilgenberg 
SL, Cudkowicz ME, et  al.  Tissue inhibitors of mat rix 
metalloproteinases are elevated in cerebrospinal fl uid of 
neurodegenerat ive diseases. J Neurol Sci. 2003;207:71-6.

87. I∏zecka J. Decreased cerebrospinal fl uid cytochrome c levels 
in pat ients with amyot rophic lateral sclerosis. Scand J Clin 
Lab Invest . 2007;67:264-9.

88. Rentzos M, Nikolaou C, Rombos A, Boufi dou F, Zoga M, 
Dimit rakopoulos A, et  al.  RANTES levels are elevated in serum 
and cerebrospinal fl uid in pat ients with amyot rophic lateral 
sclerosis. Amyot roph Lateral Scler. 2007;8:283-7.

89. I∏zecka J. Cerebrospinal fl uid Flt3 ligand level in pat ients 
with amyot rophic lateral sclerosis. Acta Neurol Scand. 2006; 
114:205-9.

90. Tsuboi Y, Yamada T. Increased concent rat ion of C4d 
complement  protein in CSF in amyot rophic lateral sclerosis. J 
Neurol Neurosurg Psychiat ry. 1994;57:859-61.

91. Niebroj -Dobosz I,  Dziewulska D, Janik P. Auto-ant ibodies 
against  proteins of spinal cord cells in cerebrospinal fl uid of 
pat ients with amyot rophic lateral sclerosis (ALS). Folia 
Neuropathol. 2006;44:191-6.

92. Greiner A, Schmausser B, Petzold K, Krüger H, Marx A. 
Neuronal targets of serum and cerebrospinal fl uid 
autoant ibodies in amyot rophic lateral sclerosis. Acta 
Neuropathol. 1996;91:67-71.

93. Niebroj -Dobosz I,  Jamrozik Z, Janik P, Hausmanowa-
Pet rusewicz I,  Kwieciƒski H. Ant i-neural ant ibodies in serum 
and cerebrospinal fl uid of amyot rophic lateral sclerosis (ALS) 
pat ients. Acta Neurol Scand. 1999;100:238-43.

94. Sekizawa T, Openshaw H, Ohbo K, Sugamura K, Itoyama Y, 
Niland JC. Cerebrospinal fl uid interleukin 6 in amyot rophic 
lateral sclerosis: immunological parameter and comparison 
with infl ammatory and non-infl ammatory cent ral nervous 
system diseases. J Neurol Sci. 1998;154:194-9.

95. Krieger C, Perry TL, Ziltener HJ. Amyot rophic lateral sclerosis: 
interleukin-6 levels in cerebrospinal fl uid. Can J Neurol Sci. 
1992;19:357-9.

96. Moreau C, Devos D, Brunaud-Danel V, Defebvre L, Perez T, 
Destée A, et  al.  Elevated IL-6 and TNF-alpha levels in pat ients 
with ALS: infl ammat ion or hypoxia?. Neurology. 2005;65:1958-
60.

97. Grundst röm E, Lindholm D, Johansson A, Blennow K, Askmark 
H. GDNF but  not  BDNF is increased in cerebrospinal fl uid in 
amyot rophic lateral sclerosis. Neuroreport . 2000;11:1781-3.

98. Wilms H, Sievers J, Dengler R, Bufl er J, Deuschl G, Lucius R. 
Int rathecal synthesis of monocyte chemoat t ractant  protein-1 
(MCP-1) in amyot rophic lateral sclerosis: further evidence for 
microglial act ivat ion in neurodegenerat ion. J Neuroimmunol. 
2003;144:139-42.

99. Nagata T, Nagano I,  Shiote M, Narai H, Murakami T, Hayashi T, 
et  al.  Elevat ion of MCP-1 and MCP-1/ VEGF rat io in cerebrospinal 
fl uid of amyot rophic lateral sclerosis pat ients. Neurol Res. 
2007;29:772-6.

100. Tanaka M, Kikuchi H, Ishizu T, Minohara M, Osoegawa M, 
Motomura K, et  al.  Int rathecal upregulat ion of granulocyte 
colony st imulat ing factor and its neuroprotect ive act ions on 
motor neurons in amyot rophic lateral sclerosis. J Neuropathol 
Exp Neurol. 2006;65:816-25.

101. I∏zecka J. Cerebrospinal fl uid vascular endothelial growth 
factor in pat ients with amyot rophic lateral sclerosis. Clin 
Neurol Neurosurg. 2004;106:289-93.

102. Moreau C, Devos D, Brunaud-Danel V, Defebvre L, Perez T, 
Destée A, et  al.  Paradoxical response of VEGF expression to 
hypoxia in CSF of pat ients with ALS. J Neurol Neurosurg 
Psychiat ry. 2006;77:255-7.

103. Devos D, Moreau C, Lassalle P, Perez T, De Seze J, Brunaud-
Danel V, et  al.  Low levels of the vascular endothelial growth 
factor in CSF from early ALS pat ients. Neurology. 2004;62:2127-
9.

104. CieÊlak D, Szulc-Kuberska J, Stepieƒ H, Klimek A. Epidermal 
growth factor in human cerebrospinal fl uid: reduced levels in 
amyot rophic lateral sclerosis. J Neurol. 1986;233:376-7.

105. I∏zecka J, Stelmasiak Z, Dobosz B. Transforming growth 
factor-Beta 1 (tgf-beta 1) in pat ients with amyot rophic lateral 
sclerosis. Cytokine. 2002;20:239-43.

106. Bilic E, Bilic E, Rudan I,  Kusec V, Zurak N, Delimar D, et  al.  
Comparison of the growth hormone, IGF-1 and insulin in 
cerebrospinal fl uid and serum between pat ients with motor 
neuron disease and healthy cont rols. Eur J Neurol. 2006;13: 
1340-5.

107. Pirt t ilä T, Vanhatalo S, Turpeinen U, Riikonen R. Cerebrospinal 
fl uid insulin-like growth factor-1, insulin growth factor binding 
protein-2 or nit ric oxide are not  increased in MS or ALS. Acta 
Neurol Scand. 2004;109:337-41.

108. Mat ías-Guiu J, García-Ramos R, Galán L, Barcia J. Neuronal 
death in amyot rofi c lateral sclerosis. Neurología. 2008;23:518-
29.

109. Gordon PH, Moore DH, Miller RG, Florence JM, Verheij de JL, 
Doorish C, et  al.  Effi cacy of minocycline in pat ients with 
amyot rophic lateral sclerosis: a phase III randomised t rial.  
Lancet  Neurol. 2007;6:1045-53.

110. Mat ias-Guiu J, Galan L, Garcia-Ramos R, Barcia JA. Superoxide 
dismutase: The cause of all amyot rophic lateral sclerosis? Ann 
Neurol. 2008;64:356-7.

111. Gamez J. Minocycline for the t reatment  of amyot rophic 
lateral sclerosis: neuroprotector or neurotoxin? Refl ect ions on 
another failure of t ranslat ional medicine. Neurología. 2008; 
23:484-93.

112. Galán L, Vela A, Guerrero A, Barcia JA, García-Verdugo JM, 
Mat ías-Guiu J. Modelos experimentales en esclerosis lateral 
amiot rófi ca. Neurología. 2007;22:381-8.



Cerebrospinal fl uid cytotoxicity in lateral amyot rophic sclerosis 373

113. Clement  AM, Nguyen MD, Roberts EA, Garcia ML, Boillee S, 
Rule M, et  al.  Wild-type non neuronal cells extended survival 
of SOD1 mutant  motor neurons in ALS mice. Science. 2003; 
302:113-7.

114. Rothstein JD, Tsai G, Kuncl RW, Clawson L, Cornblath DR, 
Drachman DB, et  al.  Abnormal excitatory amino acid 
metabolism in amyot rophic lateral sclerosis. Ann Neurol. 
1990;28:18-25.

115. Rothstein JD, Mart in LJ, Kuncl RW. Decreased glutamate 
t ransport  by the brain and spinal cord in amyot rophic lateral 
sclerosis. N Engl J Med. 1992;326:1464-8.

116. Rothstein JD, Van Kammen M, Levey AI, Mart in LJ, Kuncl RW. 
Select ive loss glutamate t ransporter GLT-1 in amyot rophic 
lateral sclerosis. Ann Neurol. 1995;38:73-84.

117. Pardo AC, Wong V, Benson LM, Dykes M, Tanaka K, Rothstein 
JD, et  al.  Loss of the ast rocyte glutamate t ransporter GTL1 
modifi es disease in SOD(G39A) mice. Exp Neurol. 2006;201:
120-30.

118. Mat ías-Guiu J, Barcia JA, García-Verdugo JM, Galán L, Vela A, 
García-Ramos R. Terapia celular en la esclerosis lateral 
amiot rófi ca. Neurología. 2008;23:226-37.

119. Boillee S, Yamanaka K, Lobsiger CS, Copeland NG, Jenkins NA, 
Kassiot is G, et  al.  Onset  and progression in inherited ALS 
determined by motor neurons and microglia. Science. 2006; 
312:1389-92.

120. Ekegren T, Hanrieder J, Bergquist  J. Clinical perspect ives of 
high-resolut ion mass spect rometry-based proteomics in 
neuroscience-Exemplifi ed in amyot rophic lateral sclerosis 
biomarker discovery research. J Mass Spect rom. 2008;43:559-
71.

121. Maurer MH. Proteomics of brain ext racellular fl uid (ECF) 
and cerebrospinal fl uid (CSF). Mass Spect rom Rev. 2010;29:
17-28.

122. Ramst röm M, Ivonin I,  Johansson A, Askmark H, Markides KE, 
Zubarev R, et  al.  Cerebrospinal fl uid protein pat terns in 

neurodegenerat ive disease revealed by liquid chromatography-
Fourier t ransform ion cyclot ron resonance mass spect romet ry. 
Proteomics. 2004;4:4010-8.

123. Ranganathan S, Williams E, Ganchev P, Gopalakrishnan V, 
Lacomis D, Urbinelli L, et  al.  Proteomic profi ling of 
cerebrospinal fl uid ident ifi es biomarkers for amyot rophic 
lateral sclerosis. J Neurochem. 2005;95:1461-71.

124. Ranganathan S, Nicholl GC, Henry S, Lutka F, Sathanoori R, 
Lacomis D, et  al.  Comparat ive proteomic profi ling of 
cerebrospinal fl uid between living and post  mortem ALS and 
cont rol subj ects. Amyot roph Lateral Scler. 2007;8:373-9.

125. Serot  JM, Christmann D, Dubost  T, Couturier M. Cerebrospinal 
fl uid t ransthyret in: aging and late onset  of Alzheimer’s 
disease. J Neurol Neurosurg Psychiat r.  1997;63:506-8.

126. Biroccio A, Del Boccio P, Panella M, Bernardini S, Dill io C, 
Gambi D, et  al.  Dif ferent ial post -t ranslat ional modifi cat ions 
of thansthyret in in Alzheimer’s disease: a study of the cerebral 
spinal fl uid. Proteomics. 2006;6:2005-13.

127. Pasinet t i GM, Ungar LH, Lange DJ, Yemul S, Deng H, Yuan X, 
et  al.  Ident ifi cat ion of potent ial CSF biomarkers in ALS. 
Neurology. 2006;66:1218-22.

128. Carret te O, Desmalte I,  Scherl A, Yalkinoglu O, Corthals G, 
Burkhard P, et  al.  A panel of cerebrospinal fl uid potent ial 
biomarkers for diagnosis of Alzheimer disease. Proteomics. 
2003;3:1486-94.

129. Bret tschneider J, Mogel H, Lehmensiek V, Ahlert  T, Süssmuth 
S, Ludolph AC, et  al.  Proteome analysis of cerebrospinal fl uid 
in amyot rophic lateral sclerosis (ALS). Neurochem Res. 2008; 
33:2358-63.

130. Mitchell RM, Freeman WM, Randazzo WT, Stephens HE, Beard 
JL, Simmons Z, et  al.  A CSF biomarker panel for ident ifi cat ion 
of pat ients with amyot rophic lateral sclerosis. Neurology. 
2009;72:14-9.

131. Wagner KR. The need for biomarkers in amyot rophic lateral 
sclerosis drug development . Neurology. 2009;72:11-2.


