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 Abstract 
 Real time oxidative stress in the extracellular compartment of rat striatum was characterized by microdialysis with 
synthetic non-dialyzable marker molecules composed of linoleic acid, tyrosine and guanosine (N-linoleoyl tyrosine 
(LT) and N-linoleoyl tyrosine 2´  -deoxyguanosyl ester (LTG)). Partial dopaminergic deafferentation was induced by 
injection of 6-hydroxydopamine (250  μ g) to the left lateral ventricle, which depleted ipsilateral striatal dopamine by 
46% and dopaminergic cells in left substantia nigra by 44%, 5 weeks after administration. Resting microdialysate 
dopamine levels in dopamine-depleted striatum were not different from sham-operated rats, although the ratio of 
oxidized metabolites of dopamine to free dopamine was signifi cantly increased. Hydroperoxide and epoxy products of the 
linoleoyl portion of LT and LTG were detected in the striatal microdialysate by LC/MS/MS following initial separation 
by HPLC and were signifi cantly increased in dopamine-depleted compared with control striatum without an increase 
in guanosine or tyrosine oxidation or nitration. Systemic administration of N-acetyl cysteine (350 mg/kg i.p.) decreased 
the increment in hydroperoxide and epoxy metabolites to levels not signifi cantly different from control. Oxidation 
activity towards polyunsaturated fatty acids is present in the extracellular space of partially dopamine-denervated stria-
tum, whereas oxidized glutathione and oxysterol levels in striatal tissue are decreased, possibly indicative of a compensa-
tory response.  
  Keywords:   Compensatory mechanisms  ,   6-hydroxydopamine  ,   markers  ,   Parkinson ’ s disease  ,   polyunsaturated fatty acids  ,  
 striatal microdialysis  
  Abbreviations: DA  ,   Dopamine; 6OHDA  ,   6-Hydroxy Dopamine; ICV  ,   Intra-cerebroventricular; LT  ,   N-linoleoyl 
tyrosine; LTG  ,   N-linoleoyl tyrosine 2 ́ -deoxyguanosyl ester; NAC  ,   N-Acetyl Cysteine; PD  ,   Parkinson ’ s disease    
 Introduction 

 Although the pathological phenotype and clinical 
symptoms of Parkinson ’ s disease (PD) are well 
described, the aetiology of the disease and the mech-
anism responsible for the progression of neurodegen-
eration are still unknown. Clinical and biochemical 
studies have raised hypotheses that infl ammation, 
excessive nitric oxide generation, mitochondrial dys-
function, proteosomal dysfunction and genetic poly-
morphisms are involved in the pathogenesis of PD 
ISSN 1071-5762 print/ISSN 1029-2470 online © 2010 Informa UK Ltd. (Inf
DOI: 10.3109/10715761003692529
[1,2]. In addition, abundant evidence points to a role 
of oxidative stress in causing the neuronal death seen 
in PD [3]. This association is based on: (i) biochem-
ical features of dopaminergic neurons, including 
increased amounts of iron (which serves as a catalyst 
for hydroxyl radical formation via the Fenton reac-
tion) and accumulation of neuromelanin, together 
generating highly reactive free radicals; (ii) evidence 
of oxidative stress in human post-mortem brain tissue 
including an increase in superoxide dismutase and a 
orma Healthcare, Taylor & Francis AS)
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decrease in glutathione (GSH) levels in substantia 
nigra [4,5], (iii) the formation of protein carbonyls 
and 8-hydroxy-2-deoxyguanosine, refl ecting oxidative 
damage to proteins and DNA, respectively, and (iv) 
increased levels of the lipid peroxidation products 
malondialdehyde and lipid hydroperoxides in the sub-
stantia nigra pars compacta of deceased PD patients 
[6]. Oxidative stress and changes in redox balance of 
tissues may exert collateral damage to major biomol-
ecules and to normal neighbouring cells [7]. Thus, 
free radical generation may be the initiating pathway, 
leading to cell death and to the development of path-
ological conditions such as PD. 

 In the current work, a new methodology for char-
acterizing real time oxidative stress in biological sys-
tems is described using previously described synthetic 
marker molecules. The sensitive marker molecules 
were designed, synthesized and constructed from 
various endogenous sub-units, which were connected 
covalently together to form a novel probe not present 
as such in tissues (Figure 1). Each marker molecule 
contains two or three of the major groups from which 
the body is composed: linoleic acid (LA) represents 
the polyunsaturated fatty acids (PUFA), the tyrosine 
residue represents proteins and the hydrophilic sub-
unit 2´-deoxyguanosine represents DNA. Each part 
of the synthetic marker is well known to be easily 
oxidized and to form specifi c products, depending on 
the type of ROS/RNS present [8 – 12]. The markers 
used in this experiment were N-linoleoyl tyrosine 
(LT) and N-linoleoyl tyrosine 2´  -deoxyguanosyl ester 
(LTG). Analysis of the oxidized markers provides 
information about the presence and type of the oxida-
tive stress under study. 

 The novel marker molecules were perfused by 
microdialysis in the striatum of rats in which partial 
dopaminergic (DA-ergic) deafferentation had been 
produced by intracerebroventricular (i.c.v.) injection 
of 6-hydroxydopamine (6OHDA) in order to moni-
tor real time oxidative stress. The partial lesion 
model was chosen to mimic the situation of early 
Parkinson ’ s disease. The synthetic marker molecules 
do not pass the microdialysis membrane and so 
the changes in their composition found  in vivo  are 
 only  caused by diffusion of free radicals from the 
  Figure 1.     The structure of a custom-designed synthetic marker com
addition of guanosine (G).  
extracellular space into the microdialysate. This 
approach represents an important difference from 
other dialysable markers (chiefl y salicylate) which 
have been used previously because (i) unlike salicy-
late, our marker sub-units are naturally present in 
tissues and (ii) other dialysable markers may diffuse 
into the tissue, enter surrounding cells and their oxi-
dized products may diffuse back into the microdi-
alysis probe not accurately demonstrating the level 
of oxidative stress in the extracellular space. An 
increased generation of free radicals in the extracel-
lular space of striatum partially depleted of DA was 
detected using the present technique, lending sup-
port for the hypothesis that partial dopaminergic 
denervation increases oxidative stress on the remain-
ing neuronal population in the striatum and laying 
the foundation for a new method of real time mea-
surement of oxidative stress.   

 Materials and methods  

 Animals and lesioning procedure 

 All procedures with animals were authorized by the 
Technion Animal Care and Use Committee, whose 
ethical standards are based on those detailed in the 
National Institutes of Health (Bethesda, MD) Guide 
for the Care and Use of Laboratory Animals. Male 
Sprague-Dawley rats (200 – 250 g; Harlan, Jerusalem, 
Israel) were anaesthetized with ketamine/xylazine 
(70/35 mg/kg i.p.) and placed in a stereotaxic frame 
(Kopf, CA). A heating pad maintained a constant 
body temperature of 37 ° C. In an initial study aimed 
to quantify lesion extent, one of three doses of 6OHDA 
hydrochloride: 125, 250 or 325  μ g (in 10  μ L 0.85% 
saline containing 0.1% ascorbic acid) was injected 
i.c.v. into the left lateral ventricle using co-ordinates 
AP  − 0.8, LR 1.4, DV  − 3.5 mm with respect to bregma 
[13]. The noradrenergic neurons were protected by 
injecting desipramine (10 mg/kg s.c.) 30 min prior to 
the 6OHDA injection. Sham-lesioned rats were sub-
jected to the same procedures using vehicle. For the 
microdialysis study, two groups of rats were subjected 
to the same protocol, sham lesioned and 250  μ g 
6OHDA.   
posed of tyrosine (T) and linoleic acid (L) with and without the 
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 Immunohistochemistry 

 For immunohistochemistry, rats were formalin-fi xed 
 in vivo . Briefl y, rats were anaesthetised deeply with 
pentobarbital and perfused through the heart with 
phosphate-buffered saline (PBS) followed by 4% for-
malin in PBS, brains were removed and fi xed in 
formalin for 5 days. Following the fi xation, brains 
were freeze-protected in 25% sucrose and frozen in 
tissue-freezing medium (Triangle Biomedical Science, 
Durham, NC, USA). Cryosections (25 μ m) were 
made from the substantia nigra area, washed in PBS 
and treated with 0.5% Triton (X-10, Sigma, St Louis, 
MO, USA) for 10 min. Endogenous peroxidase activ-
ity was blocked by 30 min incubation with 3% hydro-
gen peroxide in methanol. Non-specifi c binding was 
blocked with a mixture of 5% bovine serum albumin 
and 5% foetal calf serum and the sections were then 
incubated overnight at 4 ° C with mouse anti-tyrosine 
hydroxylase (TH) primary antibody (1:1000; Sigma, 
T1299). The following day, detection of primary anti-
body was carried out using anti-mouse IgG and 
HRP-streptavidin-coupled peroxidase activity with 
AEC (3-amino-9-ethyl carbazole) chromogen reagent 
as indicator (Zymed Histostain kit, Zymed, San 
Francisco, CA, USA). Sections of substantia nigra 
were counter-stained with cresyl violet acetate 
(Sigma). Tyrosine hydroxylase-positive cells were 
manually counted in the left substantia nigra pars 
compacta by a blinded observer in every fourth brain 
section between bregma  − 4.8 to  − 6.0 (14 sections per 
brain).   

 Microdialysis study 

 Five weeks after the lesion of DA-ergic neurons and 
1 day prior to microdialysis, rats were anaesthetized 
with ketamine/xylazine and a silicon guide cannula 
(CMA/12, CMA/Microdialysis, Stockholm, Sweden) 
was implanted with its tip at the dorsal limit of the left 
striatum (AP  � 0.02, LR  � 0.3, DV  − 0.35 from bregma) 
[14]. A dummy microdialysis probe was inserted into 
the guide cannula, so that the necessary brain tissue 
damage would be done at the time of guide cannula 
insertion, but not at the time of active microdialysis 
probe placement. One day later, rats were anaesthe-
tized with isofl urane (Nicholas Piramal, London, UK) 
while maintaining a constant body temperature of 
37 ° C with a heating pad. The dummy probe was 
removed and a microdialysis probe (CMA/12, 4 mm 
membrane length, polyarylethersulphone membrane, 
cut-off 20 kDa, CMA/Microdialysis, Stockholm, 
Sweden) was inserted into the guide cannula and per-
fused with artifi cial cerebro-spinal fl uid (ACSF; NaCl 
147 mmol/L, KCl 2.7 mmol/L, CaCl 2  1.2 mmol/L, 
MgCl 2  0.85 mmol/L) containing a mixture of markers 
(LT and LTG, 160 µM) and Tween 20 (0.01 %) at a 
fl ow rate of 1 µL/min. After a 1 h equilibration period, 
dialysates were collected every hour into refrigerated 
tubes containing 20  μ L of 0.1 M perchloric acid and 
frozen on dry ice. After the third dialysate collection, 
rats were administered either N-acetyl cysteine (NAC, 
350 mg/kg, s.c.) or saline. Samples were collected for 
an additional 3 h and then analysed by HPLC equipped 
with electrochemical detector for DA and its metabo-
lites and LCMS for markers and metabolites. Imme-
diately at the end of the microdialysis, rats were 
sacrifi ced and the striata were removed and homoge-
nized with 10 volumes of 0.1 M perchloric acid in 
saline (w/v), sonicated for 5 min and kept frozen at 
 − 70 ° C until analysis.   

 Analysis of catecholamines in the dialysate and 
in the striatal tissue 

 For DA determination in tissue, 100  μ l of striatal 
homogenate (diluted with 0.1 M perchloric acid in 
saline 1:10 w/v) were centrifuged for 10 min at 
10, 000 g. The supernatant was injected into the sol-
vent stream of an HPLC apparatus. The dialysate 
samples were similarly injected directly to the HPLC. 
The separation of DA and its metabolites was achieved 
using an Inertsil ODS-2 column 5  μ m 4.6  �  150 mm 
(GL Sciences, Tokyo, Japan) with a mobile phase 
composed of 100 mM NaH 2 PO 4 , 1 mM octanesul-
phonic acid, 2.5 % methanol, 4.5% acetonitrile and 
269  μ M sodium EDTA dissolved in HPLC grade 
deionized water and pH adjusted to 2.75. The fl ow 
rate through the system was 1 mL/min. Detection 
of compounds was enabled by a model 5011A ana-
lytical cell and model 5200 Coulochem II electro-
chemical detector (ESA, Chelmsford, MA, USA) 
operated in redox mode. Column eluates were ini-
tially oxidized at a potential of  � 300 mV using an 
ESA guard cell placed before the detector, reduced 
to  � 100 mV at detector 1 and measured at  − 400 mV 
at detector 2. Catecholamines were normalized to 
protein quantity using the Lowry assay for protein 
determination.   

 Analysis of oxidative stress marker molecules and 
their metabolites 

 Dialysates were diluted 1:4 in acetonitrile and the 
detection of oxidized and unoxidized LT marker and 
oxidized and unoxidized LTG marker was performed 
by LC/MS/MS. Initial separation and detection of 
compounds was performed using HPLC (Waters 
2790) and a Waters photodiode array detector (model 
996). The HPLC column was 3.5  μ m C18 ODS 
XTerra (Waters, MA) and the compounds were eluted 
using a gradient of solution A (0.1% acetic acid in 
acetonitrile) and solution B (0.1% acetic acid in dou-
ble-distilled water, DDW) as follows: start with 40% 
A; followed by an increase to 60% A for 2 min; and 
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then to 80% A for 10 min. Finally, the column was 
washed with a solution of 98% A. In the separation 
of LTG and oxidized LTG, in solvents A and B, 
acetic acid was omitted. MS/MS (Micromass Quattro 
Ultima MS, Manchester, UK) analysis of the oxid-
ized products was performed in scan mode using 
electrospray negative ions (ES − ). The MS source 
temperature was set at 150 ° C, with a cone gas 
fl ow of 22 L/h and a desolvation gas fl ow of 600 L/h. 
Peak spectra were monitored between 30 – 900 m/z. 
Collision-induced dissociation MS was performed 
with collision energy of 25 – 30 eV and 3 – 3.5 kV 
capillary voltages. Multiple-reaction-monitoring 
was performed under the same conditions. A calibra-
tion curve of LT and LTG was run with each set 
of analyses.   

 Reduced and oxidized glutathione derivatization 
and detection in the striatal tissue 

 The analysis of GSH and GSSG was performed 
according to Hammermeister et al. [15], with slight 
modifi cations as follows. Striatal homogenate (50  μ L) 
was added to 2.5  μ L phosphate buffer (1 M, pH 6.25) 
and 10  μ L of perchloric acid 60% and was centri-
fuged for 10 min. To 50  μ L of aliquot from the 
homogenate aqueous layer or standard solution 
(0.1 – 20  μ M of GSH and GSSG in 10% perchloric 
acid) was added 6  μ L of 72.6  μ M internal standard 
( γ -Glu-Glu), 12.5  μ L of an indicator buffer solution 
containing 1.5 mM bathophenanthroline disulphonic 
acid (BPSA), 0.15 M boric acid, 10  μ M cresol red, 
all in 5% perchloric acid, and 5  μ L of 33 mM iodoa-
cetic acid, in an ice bath. The solution was mixed and 
adjusted to pH 8.6 – 8.8 (fi rst appearance of 
purple colour) with 40 – 48  μ L of 2 M NaOH. The 
solution was stored at room temperature in the dark 
(0.5 h). Dansyl chloride (94  μ L, 15 mM in ace-
tonitrile) was added and the samples were mixed and 
stored at 4 ° C. Samples were analysed using HPLC-
fl uorescence derivatization (FLD) methodology. 
Twenty microlitres of sample were injected into 
a model 1050 HPLC system (Hewlett-Packard, 
Palo Alto, CA) fi tted with a Hypersil (Hypersil 
Inc., Cheshire, UK) aminopropyl AE column (APS-
2, 150  �  4.6 mm) and a model 1046A FLD (Hewl-
ett-Packard) optimized at 258 nm excitation and 515 
nm emission. The 20 min gradient elution (1.5 mL/
min) was carried out at room temperature: solvent A 
was 55% acetonitrile in double-distilled water and B 
was 800 mM ammonium acetate (pH 4.8 with glacial 
acetic acid) in 44% acetonitrile. The gradient was as 
follows: 0 – 4 min 20% B, 4 – 18 min to 99% B, 18 – 20 
min 99% B, 4 min of pre-wash and back to 20% B 
for equilibration prior to the next injection. Calibra-
tion curves of GSH and GSSG were run with each 
set of analyses.   
 Determination of oxysterols in the striatal tissue 

 In order to determine concentration of oxysterols in 
striatal tissue, an internal standard (19-hydroxycho-
lesterol) was added to striatal homogenate (200  μ L) 
followed by addition of a mixture of 1 mL hexane:
2-propanol (3:2 v/v), containing 10 ppm butylated 
hydroxy anisol. The mixture was centrifuged at 
18,800 g and the organic phase was separated. The 
extraction procedure was repeated twice and the 
combined organic phase was evaporated under nitro-
gen and samples were kept under argon at  − 80 ° C 
until analysis. 

 For the analysis of the total amount of oxysterols 
(free and esterifi ed) the dried extracts were hydroly-
sed with KOH solution as follows: dried extracts were 
dissolved in 0.5 mL diethylether (which was treated 
previously with aluminium oxide to eliminate possible 
peroxide content) and 0.5 mL KOH (20% in 
MeOH:DDW 70:30 solution). The solution was 
mixed for 3 h at room temperature. One millilitre of 
diethyl ether was added and the pH of the aqueous 
phase was adjusted to 5 by adding 0.5 mL citric acid 
solution (20% in DDW). The solution was vortexed 
and the ethyl ether phase was separated. Another por-
tion of diethylether was added, vortexed and sepa-
rated. The combined phases of diethylether were 
dried using Na 2 SO 4  and evaporated under nitrogen. 
The samples were then subjected to the silylating 
reagent (50  μ L of 1, 4-dioxane and 50  μ L of N,O-
bis(trimethylsilyl) acetamide) and heated to 80 ° C for 
60 min. Gas chromatography (GC)/MS analysis of 
the silylated mixture was performed by means of high 
pressure (HP) gas chromatograph, fi tted with an HP-5 
trace analysis capillary column (column 0.32 mm, I.D. 
0.25 mm fi lm thickness, 5% phenyl methyl silicone), 
with a mass-selective detector, linked to an HP 
Chem Station data system. Helium was used as the 
carrier gas, at a fl ow rate of 0.656 ml/min, pressure 
10.4 psi and a linear velocity of 31 cm/s. Samples 
were detected by GC/MS in total ion monitoring 
(TIM) mode and 19-OH cholesterol was used as the 
internal standard (IS). The response factor for each 
oxysterol under the analytical conditions was calcu-
lated from the peak-area ratio [16]. The oxysterols 
alpha-epoxy and beta-epoxy were selected for analy-
sis as potential products during cholesterol oxidation 
[17]. Oxysterols were separated and the percentage 
of each oxysterol was calculated from cholesterol in 
the same sample [9].   

 Statistic analysis 

 In the immunohistochemical study, the statistical anal-
ysis was performed using one-way ANOVA. In the 
microdialysis study, comparison between DA levels, 
turnover and marker oxidation products between 
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different animals treatment was performed by two-
way ANOVA with repeated measures. GSH and oxys-
terols comparisons between control and lesioned 
animals were made using unpaired  ‘  t  ’  test. Statistical 
signifi cance level was set at  p   �  0.05.    

 Results  

 Extent of dopaminergic lesion 

 In rats which were subjected to  in vivo  fi xation at 5 
weeks after i.c.v. injection of three different doses of 
6OHDA, a dose-dependent reduction in numbers of 
TH-positive cells in the substantia nigra pars com-
pacta was seen (Figure 2). The dose of 250  μ g 6OHDA 
caused a 44  �  5% ( n   �  6 – 8,  p   �  0.0001) reduction 
in TH-positive cells and was used in all subsequent 
experiments. Analysis of striatal tissue DA levels fol-
lowing microdialysis in rats which had received 250 
 μ g 6OHDA showed a 46  �  6% reduction in left 
striatal DA content in comparison with control rats 
( n   �  12 – 14,  p   �  0.01).   

 Measurement of marker oxidation and recovery in 
in vitro microdialysis system 

 Detailed marker composition and possible marker 
oxidation products  in vitro , cell culture and blood 
samples have already been published by Szuchman et 
al. [9 – 11], Khatib et al. [8] and Tavori et al. [18]. In 
order to determine the recovery and oxidation of the 
marker in the microdialysis system without tissue 
exposure, ACSF containing marker (160  μ M) and 
Tween 20 (0.01%) was perfused through a microdi-
alysis probe placed in a vial fi lled with either water or 
hydrogen peroxide solution (0.4 mM). The collected 
dialysates were diluted in acetonitrile (1:4) and the 
  Figure 2.     Reduction in TH-positive cells in substantia nigra 5 weeks 
after i.c.v. administration of different amounts of 6OHDA. The 
extent of lesions in 6OHDA-treated rats was calculated by 
dividing the number of TH-positive cells by that in the control rat 
substantia nigra. Mean values shown  �  SEM for  n   �  6 – 8 rats per 
group.  ∗  ∗  p   �  0.01 vs control by one-way ANOVA.  
amount of the marker was determined by LC/MS. 
The recovery of all markers was very high (95  �  5%), 
indicating that a negligible amount passed through 
the dialysis membrane. When hydrogen peroxide was 
placed in the vial, oxidation of the markers circu lating 
in the probe occurred and the concentration of the 
oxidized products of the markers (LT-OOH, LT-
Epoxy, LTG-OOH and LTG-Epoxy) was higher as 
the concentration of hydrogen peroxide increased (for 
example, the ratio of LT-Epoxy to total LT increased 
in a linear way from 0.58% to 0.98% as the concen-
tration of hydrogen peroxide increased from 10 –  9  M 
to 10 –  5  M, data not shown). The concentration of 
LTG-8OXO, however, did not change with hydrogen 
peroxide exposure. No traces of markers were 
observed in the vial nor in the striatal tissue itself at 
the end of all experiments, indicating the markers ’  
lack of ability to cross the microdialysis membrane.   

 Measurement of dopamine levels and oxidative 
stress in striatal extracellular fl uid 

 Striatal microdialysis was performed 5 weeks after the 
i.c.v. injection of 250  μ g 6OHDA ( n   �  14) or saline 
( n   �  12). Microdialysate collections (1 h each) were 
made for 6 h following the 1 h equilibration after 
insertion of the probe. Constant levels of DA, DOPAC 
(dihydroxyphenylacetic acid) and HVA (homovanillic 
acid) were seen over the 6 h period. No signifi cant 
difference in DA levels was seen between 6OHDA-
treated and control rats in the extracellular compart-
ment of the striatum (Figure 3A), but DOPAC and 
HVA levels were greater in the former. Calculation of 
the ratio (DOPAC  �  HVA)/DA levels, an index of DA 
turnover, showed an increase of  ∼ 75% (Figure 3B), 
indicative of a higher DA release and metabolism in 
the striatum of partially lesioned animals and, hence, 
activation of compensatory mechanisms. 

 The basal oxidative stress of the two groups of animals 
was assessed according to the production of oxidized 
markers in the dialysate and is expressed as the ratio 
of oxidized marker/total non-oxidized marker during 
the 6 h of perfusion. After the fi rst 3 h of microdialy-
sis, the antioxidant NAC (350 mg/kg) or saline was 
administered s.c. and microdialysates were collected for 
an additional 3 h. Four different treatment groups were 
tested: (i) sham/saline, (ii) sham/NAC, (iii) 6OHDA/
saline and (iv) 6OHDA/NAC. 

 The production of oxidized marker products in 
rats not treated with NAC was constant over the 6 h 
collection period (Figures 4 and 5). An increase in 
the amount of oxidized markers was seen in the 
6OHDA-treated rats compared to the saline-treated 
animals. When comparing the means of the six 
collection periods for saline and 6-OHDA-treated 
rats, the hydroperoxide form of LT (LTOOH) 
was increased in 6OHDA-treated rats by 21  �  4% 
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  Figure 4.     Change in oxidized LT markers during the 6 h of striatal 
microdialysis expressed as percentage from total marker 
concentration before and after administration of N-acetyl-cysteine 
(NAC). (A) Content of the hydroperoxide form of LT (LT-OOH) 
and (B) Content of the epoxy form of LT (LT-Epoxy).  ∗  ∗  ∗  p   �  0.001 
for difference between control animals ( ) to 6OHDA treated 
animals ( ) both treated with saline. Three hours after the 
beginning of the microdialysis, each rat received N-acetyl cysteine 
(NAC) 350 mg/kg or saline in a single s.c. injection, ### p   �  0.001 
and # p   �  0.05 for the difference in the amount of oxidized markers 
after NAC administration in the 60HDA treated rats ( ). Mean 
levels shown  �  SEM for  n   �  6 – 7 rats per treatment, analysis was 
performed by ANOVA.   

  Figure 3.     The concentration of DA and DA turnover in striatal 
microdialysate throughout the 6 h period of dialysate collection. 
There was no signifi cant difference between control and lesioned 
animals in DA concentration in the extracellular compartment (A). 
DA turnover (measured as (DOPAC  �  HVA)/DA) was increased 
in the lesioned animals compared to control rats by  ∼ 70% (B). 
 ∗  ∗  ∗  p   �  0.001 by two way ANOVA. Mean levels shown  �  SEM for 
 n   �  12 – 14 rats per treatment.  
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(Figure 4A), the epoxy form of LT was increased 
by 28  �  4 % (Figure 4B), the hydroperoxide product 
of LTG was increased by 37  �  7% (Figure 5A) and 
the epoxy product of LTG was higher by 14  �  3% 
(Figure 5B, all these increases were highly signifi cant, 
 p   �  0.001). Systemic administration of the antioxi-
dant NAC signifi cantly decreased the increments 
in all of these metabolites except that of the epoxy 
product of LTG. When comparing the means of 
the three collections before to the three after NAC 
administration, LT-OOH decreased by 71  �  5% 
(Figure 4A), LT-epoxy decreased by 64  �  3% 
(Figure 4B) and LTG-OOH decreased by 71  �  2% 
(Figure 5A, all of these decrements highly signifi cant, 
 p   �  0.05). No change in the 8-oxo guanosine form 
was observed in the 6OHDA treated rats before or 
after NAC treatment (Figure 5C).   

 Measurement of reduced and oxidized glutathione 
and oxysterols in the striatal tissue 

 In order to determine the level of oxidative stress in 
striatal tissue, the amount of reduced and oxidized glu-
tathione (GSH and GSSG, respectively), their ratios 
and the level of oxysterols were measured in striatal 
homogenate. An increase in the GSH level (37  �  10%, 
Figure 6A) and a signifi cant decrease in the GSSG con-
centration (35  �  9%,  p   �  0.05) was seen in rats treated 
with 6OHDA (Figure 6B), resulting in a signifi cantly 
lower ratio of GSSG:GSH (57  �  11%,  p   �  0.05, Figure 
6C). Levels of oxysterols (alpha and beta epoxy choles-
terol) in striatal tissue were also decreased by 51  �  15% 
and 57  �  15%, respectively ( p   �  0.05, Figure 7).    
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  Figure 5.     Change in oxidized LTG markers during the 6 h of 
striatal microdialysis expressed as percentage from total marker 
concentration before and after administration of N-acetyl-cysteine 
(NAC). (A) Content of the hydroperoxide form of LTG (LTG-
OOH), (B) content of the epoxy form of LTG (LTG-Epoxy) and 
(C) content of the 8OXO form of LTG (LTG-8OXO).  ∗  ∗  ∗  p   �  
0.001 for difference between control animals ( ) to 6OHDA 
treated animals ( ) both treated with saline. Three hours after the 
beginning of the microdialysis, each rat received N-acetyl cysteine 
(NAC) 350 mg/kg or saline in a single s.c. injection, # p   �  0.05 for 
the difference in the amount of oxidized markers after NAC 
administration in the 60HDA treated rats ( ). Mean levels shown 
 �  SEM for  n   �  6 – 7 rats per treatment, analysis was performed by 
ANOVA.   

 

  Figure 6.     Decrease in GSSG and GSSG/GSH ratio in the striatal 
tissue of 6OHDA-treated rats. In the striatal tissue of rats treated 
with 6OHDA, GSH levels were increased by 37  �  10% (A) and 
GSSG levels were decreased by 35  �  9 % (B). As a consequence, 
a signifi cantly lower ratio (57  �  11% control values) of oxidized 
to reduced forms of glutathione (GSSG:GSH) was observed in the 
6OHDA-treated animals (C).  ∗  p   �  0.05 for difference from sham-
operated rats by Student ’ s  t -test, mean values  �  SEM for  n   �  
12 – 14 rats per group.   
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 Discussion 

 The LT marker contains linoleic acid connected to 
tyrosine via an amide bond and the LTG consists of 
the LT backbone with the carboxylic group in the 
tyrosine moiety esterifi ed with guanosine via the lat-
ter ’ s deoxy-ribose sub-unit. These hybrid markers 
permit simultaneous assessment of the real time oxi-
dative modifi cation of lipid (linoleic acid), protein 
(tyrosine) and nucleic acid (guanosine). Synthesis of 
LT and LTG, their structure and their oxidized 
species were described in detail by Szuchman et al. 
[9,10] and Khatib et al [8]. The tyrosine moeity can 
be attacked by reactive chloride, bromide and nitro-
gen species, yielding products such as 3-chloroty-
rosine, 3,5-dichlorotyrosine, 3-bromotyrosine and 
3-nitrotyrosine. Peroxidation of LA gives different 
hydroperoxides and epoxides, whereas reaction of 
reactive nitrogen species and chloride species yields 
in addition to the peroxidation and epoxidation also 
nitration and chlorination of the linoleic acid moiety 
on specifi c positions. 

 The use of LT constructed from Tyr and LA enabled 
us to distinguish these oxidized products from those of 
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  Figure 7.     Decrease in endogenous oxysterols in the striatal tissue 
of 6OHDA-treated rats. In the striatal tissue of rats treated with 
6OHDA the level of alpha epoxy cholesterol (A) and beta epoxy 
cholesterol (B) were signifi cantly lower (51  �  15% and 57  �  15%, 
respectively) than sham-operated rats.  ∗  p   �  0.05 by Student ’ s 
 t -test, mean values  �  SEM for  n   �  12 – 14 rats per group.   
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the endogenous Tyr and LA of the tested sample. In 
this methodological work our sensitive markers were 
exposed to the extracellular environment surrounding 
striatal neurons and accelerated oxidative stress gen-
eration was detected, 5 weeks after 6OHDA admin-
istration. A marked elevation in oxidative stress (DNA, 
protein and fatty acid damage) has been shown by 
different methods and in diverse models of PD [19]; 
however, the importance of our marker is its sensitiv-
ity and its ability to trace a specifi c fi ngerprint of oxi-
dation to different ROS\NOS generated  in situ  and to 
pin-point the oxidative stress as it occurs in the extra-
cellular space . 

 We report here for the fi rst time application of these 
novel non-dialysable marker molecules by microdi-
alysis to detect generation of free radicals in real time 
in the extracellular compartment. The elevation in 
oxidative stress in the striatum of injured rats was 
signifi cant in forming four different products of the 
oxidized markers (LT-OOH, LT-epoxy, LTG-OOH 
and LTG-epoxy), all of them are products of an attack 
only on the linoleic acid moiety of the markers, with 
no oxidation in the 2 ́ -deoxyguanosine and tyrosine 
sub-units and no nitration nor chlorinated products 
of the marker either on the tyrosine or on the linoleic 
acid (see possible nitration and other oxidation prod-
ucts of the synthetic markers sub-units in Szuchman 
et al. [11]). The generation of LT-OOH, LTG-OOH 
and their respective epoxy compounds, specifi cally on 
the linoleic acid moiety of the markers  in vivo , and  in 
vitro  using hydrogen peroxide, suggests that the type 
of oxidant responsible for this oxidative reaction is 
probably hydrogen peroxide or other endogenous 
hydroperoxides in the extracellular compartment 
which are capable of penetrating the microdialysis 
membrane. Indeed, the extent and pattern of increase 
in the marker metabolites in 6OHDA-treated rats was 
very similar to that seen following exposure of the 
marker to hydrogen peroxide  in vitro . Yasuhara et al. 
[20] found increased levels of 8-OH deoxyguanosine 
in hemi-Parkinsonian rats, but in their study DA 
depletion would have been extensive and unilateral 
and measurement of 8-OH deoxyguanosine levels 
was performed 2 days after 6OHDA, a time when the 
effect of the neurotoxin would have been maximal. 
Other studies have observed increased indexes of oxi-
dative stress in striatal tissue after 6OHDA treatment, 
such as TBARS, protein carbonyls, 4-hydroxynone-
nal, but in all cases these were elevated in the fi rst few 
days after administration of the neurotoxin and sub-
sequently returned to normal levels [21,22]. 

 Administration of a systemic dose of the antioxi-
dant NAC resulted in a signifi cant decrease in the 
amount of three of the oxidized products, lowering 
oxidative stress in the striatum of 6OHDA-treated 
rats almost to the level of the control rats. This rever-
sal of the oxidative changes by NAC reinforces the 
conclusion that generation of oxidative free radicals 
in the striatal tissue occurs following partial DA-ergic 
deafferentation. 

 In contrast to the increased oxidative stress in the 
extracellular compartment, a signifi cant reduction in 
the oxidative stress products GSSG and oxysterols was 
observed in the striatal tissue itself, together with an 
increased GSH level. The reduced amount of ROS in 
the neuronal tissue could be the result either of reduced 
ROS generation in tissue as opposed to extracellular 
space or of activation of a compensatory response to 
an increased extracellular oxidative stress. Such a com-
pensatory response may explain why dopaminergic 
neurons do not continue to degenerate in this and 
similar experimental models, generated by single admin-
istration of neurotoxin, despite a continued increase in 
the extra neuronal oxidative stress. Decreased GSH 
levels were found in striatal tissue 30 days after unilat-
eral 6OHDA lesion to the nigro-striatal pathway in rats 
[23], but under conditions of near total lesion. In mice 
[24] GSH levels were decreased shortly after partial 
6OHDA lesion by i.c.v. injection, but then increased, 
and were above normal 28 days after lesion, at a time 
when DA levels had returned to normal. Response of 
GSH levels to 6OHDA lesion is therefore highly depen-
dent on the experimental conditions. It is also of inter-
est that GSH levels are reduced in substantia nigra of 
PD patients [25], however in such patient studies, 
denervation level is nearly complete and tissues are 
subject to a long post-mortem delay before assay, which 
complicates interpretation of this data. 

 Following partial DA-ergic deafferentation of the 
striatum, at levels up to 80% depletion of striatal DA 
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content, compensatory mechanisms are activated 
which maintain control of movement at normal levels 
[26]. A part of this compensatory change is an increase 
in synthesis and turnover of DA, with generation of 
increased amounts of the oxidized DA metabolites, 
DOPAC and HVA, indicative of increased DA metab-
olism by MAO [27 – 29]. In order to study oxidative 
stress in this condition, we chose to administer the 
toxin i.c.v., because of the ease of administration and 
reproducibility of injection amount by this route. The 
dose of 250  μ g 6OHDA caused  ∼  50% depletion of 
the dopaminergic neurons in the substantia nigra, 
which was the denervation level we chose in order to 
model early stage PD. Striatal microdialysis showed 
that, in keeping with fi ndings from other similar stud-
ies, extracellular DA levels are maintained at normal 
values in rats with this degree of lesion, while genera-
tion of oxidized metabolites was increased (Figures 
3A and B), confi rming the existence of compensatory 
increased DA turnover in the remaining neurons. 
Increased compensatory activity by the remaining DA-
ergic neurons has been proposed previously to play a 
potential role in the accelerated DA-ergic degenera-
tion seen in Parkinson ’ s disease [28]. Recently, how-
ever, it has been realized that non DA-ergic neuronal 
pathways may play a part in the compensatory read-
justment to partial DA-ergic denervation [27] and 
overactive DA-ergic pathways are unlikely to play a 
role in continued DA-ergic degeneration [30]. Indeed, 
a partial 6OHDA lesion in the rat induces a stable 
state of denervation, as opposed to the accelerated 
neuronal loss of PD [31]. Use of high spatial resolu-
tion microvoltammetry technique coupled with stim-
ulation of medial forebrain bundle has shown that at 
physiological stimulation frequencies, similar extra-
cellular fl uid DA concentrations are attained in 
lesioned rats as in controls in response to neuronal 
activation [32]. Despite the lack of change in mean 
extracellular DA levels, however, local DA concentra-
tions may well be increased in the region of DA-ergic 
synapses, but the reduced total number of DA trans-
porter (DAT) sites will lead to a reduction in total 
reuptake activity, leading to normal extracellular fl uid 
DA levels. Thus, the existence of oxidative stress in 
this model may be linked to the involvement of the 
compensation mechanism in the striatum of injured 
animals and can be the result of lower activity of the 
DAT, which results in a high local concentration of 
DA in the synapses of remaining neurons. As described 
above, excess DA generates free radicals resulting 
from H 2 O 2  production; however, DA also undergoes 
oxidation via the non enzymatic pathway [33], a pro-
cess which is accelerated in the presence of Fe �  2  ions 
and results in the formation of toxic DA quinones. 
These two pathways for DA metabolism can lead to 
elevated levels of oxidative stress in the extracellular 
space in the vicinity of the remaining DA-ergic axon 
terminals, although mean DA levels in extracellular 
fl uid, as sampled by microdialysis, is normal. 

 The central role of oxidative stress in the progres-
sion of neurodegenerative diseases in general and PD 
in particular was shown  in vitro  and in various animal 
models and the pursuit for a reliable and accurate 
biomarker has been carried on for a long time. The 
involvement of imbalanced redox homeostasis and 
excessive ROS/RNS production in various tissues is 
generally measured by using endogenous markers of 
oxidative stress such as 8-oxo 2 ́ -deoxyguanosine 
(DNA damage), keto proteins (protein alterations) 
and fatty acid oxidation products (thiobarbituric acid 
reactive substances (TBARS), malondialdehyde 
(MDA), isoprostanes, etc.). Another approach is the 
use of salicylic acid as a synthetic probe for scaveng-
ing a hydroxyl radical [34]. In a model of near total 
DA depletion, increased amounts of 2,3- and 2,5-dihy-
droxybenzoic acid were found in striatal tissue of rats 
following i.c.v. administration of salicylic acid [35]. 
Subsequently, no change was found in the same sali-
cylic acid metabolites when salicylic acid was per-
fused in the striatum by microdialysis [36]. Apart 
from the fact that DA-ergic denervation was near 
total in these studies, salicylic acid is a limited indica-
tor for oxidative stress containing only an aromatic 
ring, its oxidation is not a naturally occurring process 
in the body and it is limited to monitoring mainly the 
presence of oxidation products through hydroxyl rad-
ical attack, apart from being freely dialysable, as 
described above (Introduction). 

 Apart from alteration in activity of the DA-ergic 
system, increased oxidative stress could result from 
increased activity of projection neurons from the stri-
atum to other basal ganglia structures such as the 
external pallidum. The latter nuclei are remote from 
the microdialysis area, but neuronal tracts leading to 
them may pass through the microdialysis area and 
increased neuronal activity in these tracts, i.e. the 
indirect pathway, whose activity is known to increase 
following DA-ergic deafferentation [37] may increase 
production of ROS/RNS. 

 Our data therefore reveal increased oxidative stress 
in the extracellular space of the striatum following 
partial DA-ergic deafferentation, which may be a part 
of the oxidative stress profi le in the Parkinsonian 
brain. It should be stressed that our system enables 
study of oxidative stress in real time but only over the 
short period of microdialysis; measurement of oxi-
dized biomarkers is also of use in evaluating the oxi-
dative stress existing in a model system, but indicates 
a different aspect, i.e. the effect of the stress in the 
long-term. Future studies are in progress to further 
evaluate the ability of LT and LTG to detect oxidative 
and other attack on endogenous cell components 
after different pharmacological interventions in the 
dopaminergic pathways. 
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