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Oxidative mechanisms play an important role in the 
pathogenesis of Alzheimer's disease, Parkinson's dis- 
ease and other neurodegenerative diseases. To assess 
whether the oxidation of brain lipoproteins plays a role 
in the development of these pathologies, we investi- 
gated whether the lipoproteins of human cerebrospinal 
fluid (CSF) are susceptible to oxidative modification 
in vitro. We studied oxidation time-course for up to 
100 h of human CSF in the absence (autooxidation) or 
presence of exogenous oxidants. Autooxidation of di- 
luted CSF was found to result in a slow accumulation of 
lipid peroxidation products. The time-course of lipid 
hydroperoxide accumulation revealed three consecu- 
tive phases, lag-phase, propagation phase and plateau 
phase. Qualitatively similar time-course has been typi- 
cally found in human plasma and plasma lipoproteins. 
Autooxidation of CSF was accelerated by adding exo- 
genous oxidants, delayed by adding antioxidants and 
completely inhibited by adding a chelator of transition 
metal ions. Autooxidation of CSF also resulted in the 
consumption of endogenous ascorbate, a-tocopherol, 
urate and linoleic and arachidonic acids. Taking into 
account that (i) lipid peroxidation products measured 
in our study are known to be derived from fatty acids, 
and (ii) lipophilic antioxidants and fatty acids present 
in CSF are likely to be located in CSF lipoproteins, we 
conclude that lipoproteins of human CSF are modified 
in vitro during its autooxidation. This autooxidation 

appears to be catalyzed by transition metal ions, such 
as Cu(II) and Fe(III), which are present in native CSF. 
These data suggest that the oxidation of CSF lipopro- 
teins might occur in vivo and play a role in the patho- 
genesis of neurodegenerative diseases. 
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I N T R O D U C T I O N  

There  is g o o d  ev idence  that  increased  oxidat ive  

stress p lays  an  i m p o r t a n t  role in the d e v e l o p m e n t  
of A l z h e i m e r ' s  d isease  (AD), [1"21 Pa rk inson ' s  
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104 s. ARLT et al. 

disease (PD) [3] and other neurodegenerative pa- 
thologies. The levels of various oxidation prod- 
ucts have been shown to be higher in the brains 
of AD [4"51 and PD [6"7] patients compared to con- 
trols. [8] However, the mechanisms of oxidative 
degeneration in AD and PD remain largely 
unknown. 

fl-Amyloid peptide (Aft), a major component 
of senile plaques, has been implicated as an oxi- 
dant involved in the pathogenesis of AD. [2] It 
has been suggested that Aft, a 40-43 amino acid 
peptide, can spontaneously produce free rad- 
icals on incubation in an aqueous milieu. [9] Aft 
radicals might react with various biomolecules, 
such as lipids and proteins resulting in their dys- 
function. This mechanism of free radical oxida- 
tion has been suggested to be responsible for the 
toxicity of Aft towards neurons. [1°1 Neurons have 
been accordingly proposed as the major target 
for oxidative damage in AD. Other oxidants po- 
tentially involved in the development of AD in- 
clude transition metal ions, such as Cu(II) and 
Fe(III), which seem to be increased in this patho- 
logy. [11,12] These transition metals are also thought 
to play a role in other neurodegenerative dis- 
eases, such as PD and multiple sclerosis. [13"14] 

Ad is synthesized by neuronal cells and sec- 
reted into the interstitial fluid [151 and is therefore 
present at low concentrations in cerebrospinal 
fluid (CSF) and blood plasma. [161 Besides Aft, 
human CSF contains Cu(II) and Fe(III) which 
are carried by the proteins ceruloplasmin and 
transferrin in a catalytic-inactive form. [171 Impor- 
tantly, human CSF also contains lipoproteins 
whose physical properties are similar to those of 
high-density lipoproteins (HDL) from blood 
plasma. I18"19] It is well established that plasma 
lipoproteins are highly vulnerable to oxidative 
modification by different oxidants in vitro. [2°'21] 

Oxidation of plasma lipoproteins is known to be 
important for the development of atherosclero- 
sis. [22] Since lipoproteins are present in CSF to- 
gether with several oxidants, we think it is likely 
that oxidation of CSF lipoproteins may play a 
role in the pathogenesis of neurodegenerative 

diseases. To assess this hypothesis, we investi- 
gated whether the lipoproteins of human CSF 
are susceptible to oxidative modification in vitro. 

We found that lipoproteins of human CSF were 
modified in vitro during both, CSF autooxidation 
and oxidation by exogenous oxidants. CSF auto- 
oxidation was catalyzed by transition metal ions, 
such as Cu(II) and Fe(III), and was completely 
inhibited by endogenous ascorbate, the major 
CSF antioxidant. 

MATERIALS A N D  M E T H O D S  

Materials  

Chelex 100 resin (50-100 mesh) was obtained from 
Bio-Rad (Mtinchen, Germany). 9-Hydroxyocta- 
decadienoic acid (9-HODE) was from Cascade 
Biochem (Reading, UK). Anhydrous sodium 
methoxide was from Alltech (Unterhaching, 
Germany). Egg yolk phosphatidylcholine, bovine 
brain phosphatidylserine and bovine brain sphin- 
gomyelin were obtained from Serva (Heidelberg, 
Germany). Soybean lipoxygenase and Aft peptide 
1-40 were from Sigma (Deisenhofen, Germany). 
All other chemicals and solvents were obtained 
from Sigma (Deisenhofen, Germany) or Merck 
(Darmstadt, Germany). 

The reagents and phosphate-buffered saline 
(PBS) used for CSF oxidation were made up in 
Chelex-treated, double-distilled deionized water 
to effectively remove transition metal ions. The 
absence of catalytically active transition metal 
ions in PBS and water was verified by the ascor- 
bate autooxidation method. [23] 

Iso la t ion  of  CSF 

CSF was obtained by lumbar puncture from eight 
adult subjects aged 26-76 years being examined 
for possible neurological disorders. Five of the 
subjects had no neurological disorder and three 
suffered from pseudotumor cerebri (CSF over- 
production). No significant difference in oxida- 
tion time-course between the subjects without 
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TIME-COURSE OF OXIDATION OF CEREBROSPINAL FLUID 105 

neurological disorders and those with CSF over- 
production was found. CSF was put on ice im- 
mediately after collection and frozen at -80°C 
under argon within I h. The samples were stored 
under these conditions for no longer than 3 
months. Freshly isolated CSF was used in some 
experiments to assess a potential influence of 
freezing/thawing on the oxidation time-course. 
CSF centrifuged at 4°C for 10 min at 3000 rpm to 
remove potentially present cells, was also studied 
to assess their role for CSF oxidation. 

Characterization of CSF Chemical 
Composition 

c>Tocopherol, ascorbate and urate were mea- 
sured as major antioxidants of human CSE [24] 

~-Tocopherol was quantified by reversed-phase 
high-performance liquid chromatography 
(HPLC) with electrochemical detection as de- 
scribed elsewhere. E25'261 &Tocopherol was used 

as an internal standard. Ascorbate and urate were 
measured by reversed-phase HPLC with UV 
detection at 280nm. [27] An aliquot of the sam- 

ple corresponding to 100 gl undiluted CSF was 
diluted I : 1 (v/v) with 10% meta-phosphoric acid 
and centrifuged at 13000rpm for 3min at 4°C. 
The supernatant was subjected to reversed-phase 
HPLC using an aqueous solution containing 0.1 M 
Na2HPO4, 2.5 mM Na2EDTA and 2.0 mM tetra- 
hexylammonium chloride, pH 3.0, at 1.0 ml/min 
as a mobile phase. 

CSF fatty acids and cholesterol were measured 
by capillary gas chromatography with flame ion- 
ization detection. {28J CSF samples corresponding 
to 100 gl undiluted CSF were mixed with hepta- 
decanoic acid and 5c~-cholestane which were used 
as internal standards for fatty acids and choles- 
terol, respectively, t-Butyl hydroxytoluene was 
added as an antioxidant and the mixture was ex- 
tracted with 9 volumes of chloroform/methanol 
(2:1v/v) .  The chloroform phase was collected, 
evaporated under nitrogen and fatty acids in 
the residue were methylated by anhydrous 
sodium methoxide for 15 min at 50°C. To measure 

cholesterol, the reaction product was silylated by 
incubation with N,O-bis-(trimethylsilyl)trifluoro 
acetamide with 1% trimethylchlorosilane for I h 
at 80°C under argon. CSF polyunsaturated fatty 
acids (PUFAs) were calculated as a sum of lino- 
leic and arachidonic acids. Individual fatty acids 
and cholesterol were identified by gas chroma- 
tography-mass spectrometry using a Hewlett 
Packard MS 5972 mass selective detector (Hewlett 
Packard, Palo Alto, USA). 

Copper and iron were measured as potential 
oxidants present in CSE Total copper was quanti- 
tated as its complex with bathocuproinedisulfonic 
acid [281 after reduction with ascorbate. Five hun- 
dred gl CSF was mixed with 100gl of ascorbate 
solution (100 mM) and 400 ~tl bathocuproinedisul- 
fonic acid (100 gM in PBS), and sample absorbance 
was measured at 480 nm. Total iron was measured 
photometrically using a commercially available 
kit (Sigma, Deisenhofen, Germany). 

Oxidation of CSF 

Frozen CSF samples were thawed at room tem- 
perature immediately before oxidation and pooled 
when necessary. The samples (undiluted or 
diIuted 10-fold with PBS, pH 7.4) were oxidized at 
37°C under air either in the absence (autooxida- 
tion) or in the presence of exogenous oxidants or 
antioxidants. Cu(I1), 2,2'-azobis-(2-amidinopro- 
pane) hydrochloride (AAPH), lipoxygenase or 
A3 peptide 1-40 were used as oxidants; ethylene- 
diaminetetraacetic acid (EDTA), c~-tocopherol and 
ascorbate were used as antioxidants. Aft 1-40 was 
dissolved in Chelex-treated, double-distilled de- 
ionized water, stored at 80°C for no longer than 
2 months and thawed immediately before use. 
Absence of catalytically active transition metal 
ions in Aft solutions was verified by the ascorbate 
autooxidation method. I231 

To continuously register the time-course of 
oxidation, the oxidation was performed in a ther- 
mostated spectrophotometrical cuvette and an 
accumulation of lipid peroxidation products 
having conjugated diene structure was measured 
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106 s. ARLT et al. 

(see below). The oxidation was also performed 
in a water bath to discontinuously measure 
antioxidants, fatty acids and oxidation products. 
Aliquots of the samples were removed after 
incubation time specified and oxidation was 
stopped by freezing at -80°C until analysis. 

Characterization of the Time-course of 
CSF Oxidation 

Lipid peroxidation products (mostly hydroper- 
oxides I29]) with a conjugated diene structure and 
thiobarbituric acid-reactive substances (TBARS) 
were measured as CSF oxidation products. Accu- 
mulation of conjugated dienes was registered as 
an absorbance increase of CSF samples at 234 nm. 
This parameter is known to reflect the level of 
conjugated dienes in plasma low-density lipopro- 
tein (LDL) [29] and has been shown to correlate 
with other indices of lipid peroxidation and to 
be indicative of lipoprotein oxidation in human 
plasma.[3°~2] The absorbance was measured over 
a period of up to 100h. Individual lipid hydro- 
peroxides with a conjugated diene structure were 
analyzed using reversed-phase HPLC with UV 
detection at 234 n m .  [33"341 An aliquot of the sam- 
ple corresponding to 100 gl undiluted CSF or an 
aliquot of lipid standard or plasma lipoproteins 
was extracted with 5 volumes of hexane and 1 
volume of methanol. Hexane extract was eva- 
porated under nitrogen, dissolved in methanol/ 
tert-butanol (1 : 1 v/v) and subjected to reversed- 
phase HPLC using methanol/tert-butanol 
(1:1v/v) at 1.0 ml/min as a mobile phase. The 
system was calibrated using oxidized stearoy- 
larachidonoyl phosphatidylcholine. The con- 
centration of lipid hydroperoxides in oxidized 
stearoylarachidonoyl phosphatidylcholine was 
measured spectrophotometrically using 9-HODE 
as a standard. The recovery of phospholipids by 
the extraction method used was characterized 
using human plasma HDL. Known amount of 
HDL was extracted as described above and 
phospholipids were measured before and after 
extraction using a commercially available kit 

(Boehringer Mannheim, Mannheim, Germany). 
The recovery was 91.0 -4- 4.2% (n = 3). 

TBARS were measured after reaction of the 
diluted CSF samples (200 gl) with thiobarbituric 
acid using HPLC with fluorescent detection at 
515 nm excitation/553 nm emission, f351 CSF oxi- 
dation was also characterized by a consumption 
of antioxidants, fatty acids and cholesterol which 
were measured as described above. 

Oxidation of Plasma Lipoproteins and 
Standard Lipids 

Plasma LDL and HDL were isolated using density 
gradient ultracentrifugation of heparin plasma 
for 20 h at 4°C in the presence of 1.5 mM EDTA. ~361 
Plasma was obtained from a local blood bank. 
LDL (80 mg total cholesterol/all) and HDL (50 mg 
total cholesterol/dl) were oxidized by AAPH 
(10 mM) at 37°C for 18 h. Egg yolk phosphatidyl- 
choline, bovine brain phosphatidylethanolamine, 
bovine brain phosphatidylserine, bovine brain 
sphingomyelin, bovine heart cardiolipin and 
synthetic cholesteryl linoleate, cholesteryl arachi- 
donate, stearoyllinoleyl phosphatidylcholine, 
palmitoylarachidonoyl phosphatidylcholine 
(PAPC) and stearoylarachidonoyl phosphatidyl- 
choline (200mg/dl of each) were oxidized as 
standard lipids. The oxidation was performed 
at 37°C in the absence of exogenous oxidants 
for 64h or in the presence of AAPH (10mM) 
for 18 h. Total cholesterol in plasma lipoproteins 
was measured using commercially available kit 
(Boehringer Mannheim, Mannheim, Germany). 
All data are shown as mean+SEM, unless 
otherwise indicated. 

RESULTS 

To characterize the oxidizability of CSF lipopro- 
reins, undiluted and 10-fold diluted CSF was 
incubated at 37°C for up to 100 h in the absence 
of exogenous oxidants. Whereas undiluted CSF 
was well protected against autooxidation, slow 
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TIME-COURSE OF OXIDATION OF CEREBROSPINAL FLUID 107 

accumulation of lipid peroxidation products was 
observed in the diluted samples (Figure 1). Thus, 
the autooxidation was accelerated by CSF dilu- 
tion. This effect was not related to freezing and 
thawing the samples, since similar time-courses 
were recorded in fresh CSF (Figure 1A) and in 
CSF frozen at -80°C and thawed (Figure 1B). 

Conjugated dienes (mostly lipid hydroper- 
oxides [29]) were detected in CSF extracted with 
methanol and hexane after a separation using 
reversed-phase HPLC by their specific absorbance 
at 234 nm.[29] A peak at 3.2 min was newly found in 
oxidized CSF in comparison to unoxidized sam- 
ples (Figure 1C). At the same position, a peak was 
also seen in oxidized HDL (Figure 1C) and LDL 
(data not shown). When different unsaturated 
lipids were oxidized in vitro, a peak at 3.1 rain 
was only found in oxidized PAPC (Figure 1C), 
stearoylarachidonoyl phosphatidylcholine and 
stearoyllinoleyl phosphatidylcholine (data not 
shown), suggesting that phosphatidylcholine hy- 
droperoxides were the major hydroperoxide spe- 
cies formed during CSF autooxidation. 

The time-course of CSF absorbance at 234 nm 
was found to parallel the time-course of lipid 
hydroperoxides measured by HPLC (Figure 2). 
Absorbance increase at 234 nm was not associated 
with an increased turbidity of the samples, since 
no appreciable increase in absorbance at 400 and 
600nm was measured (data not shown). This 
justified using the absorbance increase at 234 nm 
as a measure of oxidation of CSF lipids. 

Centrifugation of CSF at 3000 rpm to remove 
contaminating cells had no influence on the time- 
course of absorbance at 234nm (Figure 3A), 
demonstrating that oxidized lipids were not 
derived from CSF cells. The time-course of both 
the absorbance increase at 234nm and lipid 
hydroperoxide accumulation in the diluted CSF 
revealed three consecutive phases, the lag-phase, 
propagation phase and plateau phase. The oxi- 
dation rate was close to zero in the lag-phase, 
maximal in the propagation phase and again 
close to zero in the plateau phase. The lag-phase 
lasted 2-20 h and the propagation phase 5-15 h, 
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FIGURE 1 Influence of dilution on the time-course of CSF 
oxidation. Accumulation of lipid hydroperoxides in fresh (A) 
and frozen at 80°C/thawed (B) CSF incubated at 37°C in 
the absence of exogenous oxidants is shown. Time-courses 
measured for undiluted (O) and 10-fold diluted with PBS 
(O) CSF are given. Data are the mean + SEM for three differ- 
ent CSF samples (A) or means for two other samples (B). 
Lipid hydroperoxides were extracted from CSF by methanol 
and hexane and measured by HPLC with UV-detection at 
234nm; *p < 0.05 vs. undiluted CSE (C) Chromatograms of 
unoxidized (solid lines) and oxidized (dotted lines) CSF, HDL 
and PAPC measured by HPLC with UV-detection at 234 nm. 
CSF was diluted 10-fold with PBS and incubated for 43h at 
37°C. PAPC (200 mg/dl) and HDL (30 mg total cholesterol/dl) 
were oxidized at 37°C in the presence of AAPH (10mM) for 
18 h. Before separation, the samples were extracted by meth- 
anol and hexane (see Materials and Methods). A peak newly 
found in oxidized samples is shown with arrows. 
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FIGURE 2 Accumulation of lipid hydroperoxides  mea- 
sured by HPLC ( , )  and absorbance increase at 234 nm ([1) 
in 10-fold diluted CSF incubated at 37°C in the absence of 
exogenous  oxidants. Data s h o w n  are the mean of three 
measurements  and are representative of two separate ex- 
periments performed with two different CSF samples.  
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FIGURE 3 Influence of CSF centrifugation (A) and free- 
zing/thawing (B) on ~he absorbance increase at 234nm in 
10-fold diluted CSF incubated at 37°C in the absence of exo- 
genous oxidants, (A) CSF was  diluted and oxidized before 
(O) and after ( 0 )  10min centrifugation at 3000rpm to re- 
move  CSF cells. (B) CSF was  diluted and oxidized before (O) 
and after (O) freezing at 80°C and thawing. Data shown are 
the mean of two (A) or three (B) separate experiments. 

demonstrating substantial variability in the oxi- 
dizability between different individuals. Qualita- 
tively similar time-course has been typically 
found in human blood plasma I3°~21 and plasma 
lipoproteins 12m where three similar phases are 
also observed. The triphasic time-course of CSF 
absorbance at 234nm was not influenced by 
freezing the samples at -80°C and thawing 
(Figure 3B). Time-course of oxidation measured 
in parallel in one particular sample was repro- 
ducible, seen as similar characteristics of oxida- 
tion phases, e.g. the duration of the lag-phase 
(16.4+1.7h, n - 8 )  and propagation phase 
(10.6 ± 1.2 h, n = 8). 

Accumulation of lipid hydroperoxides in the 
diluted CSF was accelerated by adding exoge- 
nous oxidants, such as lipoxygenase and AAPH, 
to the CSF prior to oxidation (Figure 4A). Adding 
EDTA, a chelator of transition metal ions, com- 
pletely inhibited autooxidation. The oxidants 
significantly and dose-dependently increased 
CSF oxidation rate in the propagation phase 
and slightly shortened this phase in comparison 
to the samples unsupplemented with oxidants 
(Figure 4B). Acceleration of lipid hydroperoxide 
accumulation was also seen after adding Aft 1-40 
(1 pM) to CSF prior to oxidation (Figure 5). The 
CSF oxidation rate in the propagation phase was 
increased (13.1 d:2.7 vs. 15.9 ±5 .1nMdienes /  
min, n = 3, in the absence and presence of Aft 
1-40, respectively), and the lag-phase was shor- 
tened (3.2 ± 1.1 vs. 1.1 i l . 0  h, n = 3). Adding 
Cu(II) to a final concentration of 10 or 50 pM cau- 
sed a slow decrease in the absorbance at 234 nm 
(data not shown). 

Accumulation of conjugated dienes in 10-fold 
diluted CSF was delayed by adding the antioxi- 
dants ascorbate and ~-tocopherol. When the CSF 
was oxidized in the presence of 50 nM c~-toco- 
pherol, the oxidation lag-phase was prolonged 
from 9.1 i 4 . 2  to 10.4±2.5h (mean±SD,  n=3) .  
When a CSF sample from another patient was 
oxidized in the presence of 500 gM ascorbate, the 
oxidation lag-phase was prolonged from 2.5 + 
1.3 to 3.7 d: 0.2 h (mean ± SD, n = 3). 
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FIGURE 4 (A) Absorbance increase at 234nm in 10-fold 
diluted CSF incubated at 37°C in the absence of exogenous 
oxidants (autooxidation; O) and in the presence of AAPH 
(100p~M; II), lipoxygenase (25U/ml; A) or EDTA ( lmM; 
O)- (B) Oxidation rate in the propagation phase in 10-fold 
diluted CSF incubated at 37°C in the absence of exogenous 
oxidants (autooxidation) and in tee presence of AAPH, 
lipoxygenase or EDTA. Data shown are representative of 
five separate experiments performed with two different 
CSF samples (A) and mean ± SEM of four experiments (B). 
Oxidation rate averaged over the whole incubation time is 
shown for CSF incubated with EDTA. LO, lipoxygenase; 
*p < 0.05 vs. autooxidized CSE 
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FIGURE 5 Absorbance increase at 234nm in 10-fold 
diluted CSF incubated at 37°C in the absence of exogenous 
oxidants (autooxidation; O) and in the presence of full A3 
peptide 1-40 (1 btM; I ) .  Data shown are representative of 
four separate experiments performed with three different 
CSF samples. 

Autooxidat ion of diluted CSF at 37°C was also 
seen as an accumulat ion of TBARS, which in- 
creased by 58.5 :t: 11.5 nM after 100 h incubation 
(n 3). TBARS time-course revealed a lag-phase 
of about  75 h and was accelerated by 50 btM Cu(II) 
(increase by 95 .6±17 .4nM after 100h) and in- 
hibited by 1 mM EDTA (increase by 0.3 ± 19.7 nM 
after 100h). Linoleic and arachidonic acids, the 
major PUFAs i n  CSF, [37] were consumed dur ing 
CSF autooxidation. PUFA content of CSF de- 
creased from 3.28 -4- 1.04 to 1.57 :k 0.58 gM after 
40 h autooxidat ion (n = 3), corresponding to their 
consumpt ion rate of 1.3% of total CSF PUFAs per 
hour. In contrast, no decrease in CSF PUFAs was 
measured in the presence of EDTA. Consumpt ion  
of CSF cholesterol revealed similar t ime-course 
(data not shown). 

CSF oxidation resulted in changes in the con- 
centration of (>tocopherol,  the major lipophilic 
antioxidant  in CSF. [381 After 75h incubation at 
37°C, 71.0 ± 5.1% (n = 3) of the initial concentra- 
tion of 5.1 nM was consumed in autooxidizing 
CSE There was a lag-phase of about  25 h, dur ing 
which no ~-tocopherol  consumpt ion was ob- 
served (Figure 6). Adding  50 bLM Cu(II) slightly 
accelerated ~-tocopherol  consumpt ion (73.7± 
4.1% consumed after 75h, n 3) and adding 
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FIGURE 6 Time-course of the absorbance at 234nm (Q), 
~-tocopherol (O), ascorbate (O) and urate (A) simulta- 
neously measured in 10-fold diluted CSF autooxidized at 
37°C. Initial concentration of ascorbate, urate and ~-toco- 
pherol in whole CSF were 138BM, 36BM and 5.1nM, re- 
spectively. Data shown are representative of three separate 
experiments. 
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I mM EDTA delayed it (24.8 ± 26.9% consumed 
after 75 h, n = 3). 

Ascorbate and urate, the most important hy- 
drophilic antioxidants in human CSF, [24] w e r e  

also consumed during CSF autooxidation. All 
CSF ascorbate was oxidized within the first 10 h 
of incubation, whereas urate consumption was 
only seen after 45 h (Figure 6). Adding EDTA de- 
layed ascorbate consumption (86.0 + 0.75% con- 
sumed after 10 h, n 3). 

When time-courses of the different antioxidants 
and oxidation products measured in the same 
sample were compared, ascorbate was found to 
be the antioxidant first consumed during the 
oxidation, followed by ~-tocopherol and urate 
(Figure 6). The point at which ascorbate was 
totally consumed approximately coincided with 
the end of the lag-phases of conjugated diene 
accumulation and o~-tocopherol consumption. As 
long as ascorbate was present, no appreciable 
accumulation of oxidation products and con- 
sumption of other antioxidants was detected in 
the samples. After complete loss of ascorbate, 
accumulation of oxidation products began, de- 
spite the presence of c~-tocopherol. 

CSF samples used in our study contained tran- 
sition metal ions. In accordance with previously 
reported data, I~'121 CSF levels of total copper and 
iron were 0.64 ± 0.43 and 0.57 ± 0.27 ~tM (n = 5), 
respectively. 

D I S C U S S I O N  

Human CSF was found to be oxidized during its 
incubation at 37°C either in the absence or in the 
presence of exogenous oxidants. CSF oxidation 
was seen as a consumption of hydrophilic and 
lipophilic antioxidants and accumulation of oxida- 
tion products. Human CSF contains lipoproteins 
whose properties are similar to those of HDL from 
blood plasma. I18"191 These lipoproteins carry most, 
if not all, CSF lipids and are expected to carry other 
lipophilic compounds, such as lipophilic antioxi- 
dants and fatty acids. Our study shows that 

lipoproteins of human CSF are oxidatively modi- 
fied during CSF oxidation. This was concluded 
from the following observations: (i) phosphatidyl- 
choline hydroperoxides were detected in oxidized 
CSF using reversed-phase HPLC; (ii) the concen- 
tration of hydroperoxides and TBARS increased 
during incubation; (iii) both lipid hydroperoxi- 
des and TBARS are known to be derived from 
PUFAs; ~2°~ (iv) c~-tocopherol, the major lipophilic 
antioxidant, and linoleic and arachidonic acids, 
the major PUFAs in CSF, were consumed during 
the incubation; (v) neither the time-course of 
oxidation was influenced by CSF cells nor were 
the oxidation products derived from the cells. 
These results indicate that lipoproteins of human 
CSF are prone to oxidative modification in vitro. 

CSF oxidation did not require exogenous oxi- 
dants but occured autocatalytically. The auto- 
oxidation of CSF was completely inhibited by 
EDTA, indicating that it was catalyzed by transi- 
tion metal ions, such as Cu(II) and/or  Fe(III). 
These ions are present in native CSF as redox- 
inactive complexes with the metal-binding pro- 
teins ceruloplasmin and transferrin I17j but can be 
released, when intact protein structure is dis- 
turbed, e.g. [39'40] prolonged incubation in vitro at 
37°C is likely to disturb the structure of metal- 
binding proteins, enabling release of Cu(II) and 
Fe(III) in a catalytically active free form. [41] 

Another potential source of transition metals is 
PBS which normally contains traces of them. To 
remove transition metals, PBS was made up in 
double-distilled, deionized water treated with 
Chelex 100 ion-exchange resin. Absence of tran- 
sition metals in PBS was then verified by the 
ascorbate autooxidation method. [23] The detec- 
tion limit of this method is about I nM Cu(II), 
which is much more active than Fe(III) in catalyz- 
ing lipoprotein oxidation. ~2°1 CSF samples used 
in our study contained about 0.5 ~tM copper. This 
implies that in our incubations (CSF diluted 10- 
fold), the level of endogenous copper was much 
higher than exogenous (50 vs. ( i nM), implying 
that endogenous, rather than exogenous, metal 
ions catalyzed CSF oxidation in our study. 
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Besides transition metals, other oxidants were 
able to oxidize CSF in our study. Adding exogen- 
ous oxidants accelerated oxidation of CSF lipo- 
proteins. For lipoxygenase, AAPH and Cu(II), this 
was in agreement with their ability to accelerate 
oxidation of plasma lipoproteins. I2°'211 The pro- 
oxidant activity of Aft 1-40 at high (micromolar) 
concentrations can be explained by its reported 
ability to produce free radicals. I9~ Accelerated 
oxidation was seen as a more rapid increase in 
CSF absorbance at 234nm (in the presence of 
AAPH, lipoxygenase or Aft 1-40) or more rapid 
consumption of antioxidants and fatty acids 
and accumulation of TBARS (in the presence of 
Cu(II)). The decrease in the absorbance at 234 nm 
found after addition of Cu(II) was likely to be 
due to the precipitation of CSF lipoproteins at 
such high Cu(II) concentrations. 

Following initiation, the time-course of CSF 
oxidation (measured as an accumulation of lipid 
hydroperoxides) revealed three consecutive 
phases, the lag-phase, propagation phase and 
plateau phase, independently of which oxidant 
was used. No major changes in the CSF levels 
of lipophilic compounds, such as o~-tocopherol, 
PUFAs, lipid hydroperoxides and TBARS, were 
found during the lag-phase. The end of the 
lag-phase approximately coincided with the time- 
point of total ascorbate consumption. This sug- 
gests that endogenous ascorbate was able to fully 
protect CSF lipoproteins against oxidation. This 
effect was in accordance with the ability of ascor- 
bate to completely inhibit oxidation of plasma 
lipoproteins and to be the most efficient antioxi- 
dant in human plasma. I421 After ascorbate con- 
sumption, oxidation of CSF lipoproteins began, as 
indicated, with an increase in lipid hydroperoxides 
and a decrease in c~-tocopherol. The propagation 
phase of the oxidation was reached despite the 
presence of c~-tocopherol which was clearly unable 
to protect CSF lipids after ascorbate was consumed. 
The presence of urate, another hydrophilic anti- 
oxidant known to delay late stages of lipoprotein 
oxidation, ~43'44] was also unable to inhibit CSF oxi- 
dation in the absence of ascorbate. 

Such oxidative time-course measured by us 
in human CSF can be explained using the a- 
tocopherol-mediated model of lipoprotein oxida- 
tion developed for the oxidation of isolated 
plasma lipoproteins by Stocker et a/. [21'43'45] 

According to this model, ct-tocopheroxyl radical, 
a primary product of c~-tocopherol oxidation, 
can propagate oxidation of isolated lipoproteins 
under mild oxidative conditions. This prooxidant 
activity of c~-tocopherol evolves into antioxidant 
activity, when oxidative conditions become stron- 
ger. The presence of co-antioxidants, ~461 such as 
ascorbate, capable of reducing ~-tocopheroxyl 
radical back to tocopherol, represents another 
factor determining c~-tocopherol activity towards 
oxidation. We have recently shown that in the 
presence of high concentrations of co-antioxi- 
dants, o~-tocopherol behaves as an antioxidant 
independently of the oxidative conditions. I471 
This antioxidant activity may, however, evolve 
into prooxidant, when the co-antioxidants are 
exhausted under conditions of mild oxidation. 
According to this model, oxidation of CSF lipo- 
proteins is completely inhibited in the presence 
of ascorbate, which efficiently eliminates c~-toco- 
pheroxyl radicals formed from the lipoprotein 
particles. As a result, concentration of ascorbate 
decreases and that of c~-tocopherol remains 
unchanged. Under these conditions c~-tocopherol 
functions as an antioxidant, which is in accor- 
dance with the prolongation of the lag-phase after 
CSF supplementation with c~-tocopherol. After 
ascorbate is consumed, CSF lipoproteins become 
oxidized via an o~-tocopheroxyl radical-mediated 
mechanism. The order of the antioxidant con- 
sumption found (ascorbate followed by c~-tocoph- 
erol and urate) was in accordance with this model. 
Long (up to 20 h) lag-phase and low CSF con- 
centrations of transition metals suggest that 
in our study CSF was oxidized under mild con- 
ditions, which strongly supports the mechanism 
proposed. 

This mechanism implies that ascorbate is 
the most important antioxidant in human CSF. 
The central role of ascorbate for antioxidative 
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protection of CSF lipoproteins can explain w h y  its 
CSF concentration is maintained at such a high 
level (3-5-fold higher  than its plasma concentra- 
tion). L481 Since autooxidat ion of undi lu ted  CSF 

occured very  slowly, ascorbate seems to provide  
sufficient protection of CSF in vivo. Antioxidant  
function of ascorbate is also consistent with the 
observation that CSF autooxidation was delayed 
by adding this antioxidant. Dilution of CSF might  
weaken an interaction between water-soluble 
ascorbate and l ipoprotein located ct-tocopherol 
and thereby enable CSF oxidation, as it has 
already been described for plasma. [47] 

As long as the physiological relevance of CSF 
dilution is unclear, our  system remains rather 
artificial. However ,  our data suggest  that oxida- 
tion of CSF lipoproteins might gradual ly occur 
in vivo, if ascorbate is consumed under  the action 
of some oxidants. This might happen  in a local 
microenvi ronment  between neurons  and neuro- 
glia when  high amounts  of oxidants are secreted, 
e.g. by activated microglia. Physiological oxidants 
able to drive this process include, e.g. transition 
metal ions, Aft [21 and lipoxygenase, which is 
expressed in brain. [49] Once formed,  oxidized 
l ipoproteins might  initiate various pathological 
changes in the brain, since oxidized plasma lipo- 
proteins are known to be toxic for different cells 
and can initiate pathological processes. [221 Lipid 

t ransport  within the brain, the major function of 
CSF lipoproteins, might  also be impaired. Since 
Aft, a major marker  for AD, can generate free 
radicals, [9] oxidation seems to be secondary to its 
formation, thus promot ing  the course of the dis- 
ease rather than being causal. Moreover, oxida- 
tion can be induced by neuronal  cell death and 
thereby might be a consequence of the degenera-  
tive processes in the brain. 

It is not known how important  the oxidation of 
CSF lipoproteins may  be for the deve lopment  of 
neurodegenera t ive  diseases. In a recent s tudy 
we found that the in vitro oxidizability of CSF 
lipoproteins was considerably higher in patients 
with AD, PD and multiple sclerosis than in age- 
matched controls (Schippling et al., submitted).  

Thus oxidized l ipoproteins may  be more easily 
formed in the brain of patients with neurodegen-  
erative diseases in comparison with healthy 
subjects, suggesting that the oxidation of CSF 
lipoproteins might  p lay  a role in the pathogenesis  
of neurodegenerat ive  diseases. 
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