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a  b  s  t  r  a  c  t

Oxidative  stress  is  one  of  the  mechanisms  which  may  be important  in  the  pathogenesis  of  Parkinson’s
disease.  In  the  current  study,  the  effects  of 6-hydroxydopamine  (6-OHDA)  perfusion  on  hydroxyl  radical
formation  in  the mouse  striatum  were  investigated  using  the  in vivo salicylate  trapping  microdialy-
sis  technique.  The  latter  uses  salicylate  as  a  trapping  agent  for  hydroxyl  radicals  with formation  of
2,3-dihydroxybenzoic  acid (2,3-DHBA),  which  is measured  by HPLC.  Two  different  approaches  of  the
technique  were  validated  in  mice.  First,  perfusion  of  the  trapping  agent  salicylate  (1  mM)  via the  probe  in
combination  with  6-OHDA  (5  �M)  was  used  to screen  for radical  scavenging  properties  of  compounds  in
mice.  Alternatively,  striatal  administration  of 6-OHDA  in  a concentration  known  to  induce  nigrostriatal
denervation  (1 mM),  without  the trapping  agent,  allowed  to  maximally  challenge  the  neuronal  microen-
vironment  and  as  such  to investigate  both  its acute  and  long-term  effects.  In the  first  method,  as  expected,
glutathione  (GSH)  (1.5  mM)  prevented  the  6-OHDA-induced  increase  in  2,3-DHBA  levels.  In the second
method,  GSH  prevented  the  hydroxyl  radical  formation,  while  depletion  of  GSH  with  2-cyclohexen-1-

one  (CHO)  resulted  in  significantly  higher  2,3-DHBA  levels  than  when  6-OHDA  was  perfused  alone.  Three
weeks after  the  local  6-OHDA  perfusion,  the  total  striatal  dopamine  (DA)  and  dihydroxyphenylacetic  acid
(DOPAC)  content  were  reduced  by 30%,  compared  to  the  intact  striatum,  accompanied  by  a reduction  in
striatal  tyrosine  hydroxylase  (TH)  immunoreactive  (ir)  nerve  terminals.  This  suggests  that  the  second
method  can  be used  to  determine  the  acute  as  well  as the  long-term  effects  of  6-OHDA  in the  mouse
striatum.
. Introduction

Several studies suggest that Parkinson’s disease is a multifac-
orial disorder. Even though the precise etiology of Parkinson’s
isease remains uncertain, genetic and/or environmental factors
re clearly important in its pathogenesis (Aoyama et al., 2008;
eredith et al., 2008; Obeso et al., 2010; Przedborski, 2005) among
hich oxidative stress (Koutsilieri et al., 2002; Yacoubian and
Please cite this article in press as: Varcin M, et al. Acute versus long-ter
depletion in the striatum of mice. J Neurosci Methods (2011), doi:10.1016/

tandaert, 2009) is one of the most commonly accepted mecha-
isms (Aoyama et al., 2008; Garcia et al., 2000; Jenner, 2003; Schulz
t al., 2000). Oxidative stress can be described as a condition in

Abbreviations: 2,3-DHBA, 2,3-dihydroxybenzoic acid; 2,5-DHBA, 2,5-
ihydroxybenzoic acid; 6-OHDA, 6-hydroxydopamine; CHO, 2-cyclohexene-1-one;
A, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; GSH, glutathione; LC, liq-
id chromatography; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PEEK,
olyetheretherketone; ROS, reactive oxygen species; TH, tyrosine hydroxylase; ir,

mmunoreactive.
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which the cellular antioxidant defense mechanisms are insufficient
to keep the level of reactive oxygen species (ROS) below a toxic
threshold (Schulz et al., 2000). This may  be either due to an over-
production of reactive free radicals or to a failure of cell buffering
mechanisms (Yacoubian and Standaert, 2009). The overabundance
of free radicals may  damage cell lipids, proteins and DNA (Shimizu
et al., 2002). Several of the genes linked to familial forms of Parkin-
son’s disease appear to be involved in the protection against or
the propagation of oxidative stress (Toulouse and Sullivan, 2008;
Yacoubian and Standaert, 2009).

Among the ROS, the hydroxyl radical is the most reactive and
destructive free radical. Due to its short lifetime and high reac-
tivity, the direct measurement of hydroxyl radical formation in
biological systems is difficult (Themann et al., 2001). Several ana-
lytical approaches are described to indirectly monitor the hydroxyl
radical generation in vivo, by measuring the basal hydroxyl radi-
m effects of 6-hydroxydopamine on oxidative stress and dopamine
j.jneumeth.2011.07.004

cal level, the evoked hydroxyl radical level, or both (Cheng et al.,
2002; Di Giovanni et al., 2009). Among these techniques, in vivo
salicylate trapping microdialysis is one of the most widely used to
indirectly quantify the hydroxyl radicals in brain structures. In this

dx.doi.org/10.1016/j.jneumeth.2011.07.004
dx.doi.org/10.1016/j.jneumeth.2011.07.004
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:Sophie.Sarre@vub.ac.be
dx.doi.org/10.1016/j.jneumeth.2011.07.004
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ig. 1. Schematic overview of the implantation of a microdialysis probe in the stria
nd  Ferger, 2000). 2,3-DHBA: 2,3-dihydroxybenzoic acid; 2,5-DHBA: 2,5-dihydroxy

ndirect method, salicylate, used as a trapping agent in the per-
usate, reacts with hydroxyl radicals and based on the principle
f aromatic hydroxylation forms 2,3-dihydroxybenzoic acid (2,3-
HBA) and 2,5-dihydroxybenzoic acid (2,5-DHBA) (Fig. 1). Only

he 2,3-DHBA content is quantified, as 2,5-DHBA can be formed
ndogenously, while all 2,3-DHBA is derived from the reaction (Di
iovanni et al., 2009; Teismann and Ferger, 2000). The 2,3-DHBA
ontent in the dialysates is measured by HPLC with electrochemical
etection.

Usually, in vivo salicylate trapping microdialysis is used
s a screening method for possible therapeutic radical scav-
nging properties of specific compounds (Ferger et al., 2000;
bata, 2002; Opacka-Juffry et al., 1998; Yuan et al., 2004). In

his approach, radical-enhancing molecules such as 1-methyl-
-phenyl-2,3-dihydropyridinium ion or 6-OHDA are perfused to

nduce hydroxyl radical formation. Radical scavengers are able to
lock this formation (Cheng et al., 2002; Di Giovanni et al., 2009;
ruber et al., 2006; Teismann and Ferger, 2000). However, the
ethod with 6-OHDA has not been applied in mice before.
The in vivo salicylate trapping technique may  also be inter-

sting for the study of acute oxidative stress and its long term
onsequences by determination of hydroxyl radical formation after
-OHDA perfusion. However, exploration of the susceptibility of
triatal dopaminergic nerve terminals for neurotoxins such as 6-
HDA may  be hampered in the traditional set-up since combined
erfusion of 6-OHDA and the trapping agent via the microdialysis
robe in the brain (Di Giovanni et al., 2009) may  not be challenging
nough for the neuronal microenvironment, due to the fact that the
ydroxyl radicals are quickly captured by the trapping agent.

In this study, the in vivo salicylate trapping microdialysis tech-
ique as described by us (Yuan et al., 2004) was miniaturized for
pplication in the mouse striatum in order to screen the possi-
le radical scavenging properties of potential neuroprotectants.
-OHDA was used to induce hydroxyl radical formation, and GSH
s radical scavenger (Soto-Otero et al., 2000).

Furthermore, the method was slightly modified to allow the
creening for differences in acute oxidative stress in vivo. In this
Please cite this article in press as: Varcin M, et al. Acute versus long-ter
depletion in the striatum of mice. J Neurosci Methods (2011), doi:10.1016/

ew approach, 6-OHDA was perfused in the same concentration
sed to generate a striatal 6-OHDA lesion in mice. By doing so,

nsights into the acute, primary as well as long-term effects of the
-OHDA neurotoxicity in the mouse striatum can be obtained.
nd the hydroxylation products 2,3-DHBA and 2,5-DHBA of salicylic acid (Teismann
ic acid; •OH: hydroxyl radical.

In order to establish whether the modified method allows
us to determine differences in susceptibility to oxidative stress,
besides the use of GSH, mouse brain glutathione was depleted
by 2-cyclohexene-1-one (CHO). CHO is an electrophilic agent that
reduces GSH levels by conjugation through the GSH S-transferases
(Choy et al., 2010; Masukawa et al., 1989; Pileblad and Magnusson,
1990). Depletion of GSH should enhance 6-OHDA-induced genera-
tion of oxidative stress.

By modulating the levels of endogenous GSH, either by supple-
mentation, or by depletion, we  show that our method is sensitive
to variations in endogenous antioxidant mechanisms, and as a con-
sequence can detect changes in 6-OHDA-induced hydroxyl radical
production in different in vivo situations.

2. Materials and methods

All the chemical compounds where no supplier is mentioned,
are supplied by Sigma–Aldrich, Brussels, Belgium.

2.1. Animals

In all experiments, C57BL/6J female mice (Charles River, France)
of about 3 months old and weighing 20–25 g were used. Animals
were kept under standardized conditions (25 ◦C, 12 h light–dark-
cycle) with free access to food and tap water. At the end of the
experiments, mice were killed with an overdose of pentobarbi-
tal (Nembutal®, Ceva Sante Animale, Brussels, Belgium). Animal
experiments were carried out according to the national guide-
lines on animal experimentation and were approved by the Ethical
Committee for Animal Experiments of the Faculty of Medicine and
Pharmacy of the Vrije Universiteit Brussel. All efforts were made
to minimize animal suffering and the minimal number of animals
necessary to produce reliable scientific data was used.

2.2. Microdialysis: measurement of extracellular hydroxyl
radicals
m effects of 6-hydroxydopamine on oxidative stress and dopamine
j.jneumeth.2011.07.004

2.2.1. Stereotactic implantation of the microdialysis probe
Mice were first anaesthetized with a mixture of ketamine

(100 mg/kg i.p.; Ketamine 1000 Ceva®, Ceva Sante Animale, Brus-
sels, Belgium) and xylazine (10 mg/kg i.p.; Rompun® 2%, Bayer N.V.,

dx.doi.org/10.1016/j.jneumeth.2011.07.004
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russels, Belgium) and placed on a Kopf stereotaxic frame. After
ositioning, an incision was made in the scalp and a section of
he skull was exposed. The fascia and pericranial connective tissue
ere removed and a small hole was drilled through the dura mater

nd the skull. Next, the microdialysis guide (CMA/7 guide cannulas,
MA Microdialysis AB, Solna, Sweden) was implanted into the left
triatum at the following coordinates relative to bregma L: −1.8,
: +0.6 and V: +2.0, according to the atlas of Franklin and Paxinos

Franklin and Paxinos, 1997). The guide was fixed to the skull with
ental cement (Durelon® Carboxylate cement powder, 3M Espe AG,
eefeld, Germany). After the surgery, a probe (CMA/7, CMA  Micro-
ialysis AB, Solna, Sweden) with a membrane of 2 mm length and
000 Da molecular weight cut-off was introduced via the cannula.

After probe insertion, mice were fitted with a plastic col-
ar, placed in individual microdialysis cages allowing unrestricted

ovement (Raturn Cage System, BASi, USA) and allowed to
ecover overnight while they were perfused with modified Ringer’s
olution (147 mM NaCl, 4 mM KCl, 1.1 mM CaCl2·6H2O). The per-
usate was delivered at a constant flow rate of 2 �l/min using
.5 ml  calibrated microsyringe gastight (Hamilton CO, Reno, USA)
ttached to a CMA/100 Microdialysis Pump (CMA Microdialysis AB,
olna, Sweden). Approximately 16–20 h (∼equilibration time) after
mplantation of the probes, microdialysis studies were conducted
n freely moving mice.

To reduce exogenous hydroxyl radical formation, the tips of the
amilton syringes were replaced by polyetheretherketone (PEEK)

ips and PEEK tubings (MAB Microbiotech, Stockholm, Sweden).
he perfusion fluid was always freshly prepared. Samples were
tored at −20 ◦C until further analysis.

.2.2. In vivo microdialysis experiments
Samples (40 �l) were collected every 20 min  at a flow rate of

 �l/min into vials containing 10 �l antioxidant solution (3.3 mM
-cystein, 0.3 mM Na2–EDTA and 0.1 M acetic acid). Before the start
f the experiment, Ringer’s solution was perfused during 40 min
n order to exclude contamination of the microdialysis system. As
,3-DHBA is not endogenously present in the brain, no 2,3-DHBA
as detected in the dialysates. Afterwards, the perfusion fluid was

witched to sodium salicylate (1 mM,  dissolved in Ringer’s solution)
nd 5 dialysate samples were collected before any pharmacolog-
cal manipulation was performed. The mean of these 2,3-DHBA
ialysate concentrations was taken as baseline value.

For the determination of radical scavenging properties, after
ollecting the baseline samples, 6-OHDA (dissolved in Ringer’s
olution containing salicylate) was perfused for three collection
eriods (1 h) after which the perfusion fluid was  switched back
o one containing salicylate until the end of the experiment. Two
ifferent 6-OHDA concentrations were tested (5 �M and 50 �M).

The radical scavenging properties of GSH (1.5 mM)  (Soto-Otero
t al., 2000) were tested in this model by co-perfusion with sodium
alicylate throughout the experiment.

For the determination of radical formation after acute 6-OHDA
nduced oxidative stress, baseline samples were first collected
uring salicylate perfusion. Then, Ringer’s solution was  perfused
uring 1 h to wash out salicylate ions. After this wash-out period,
-OHDA (1 mM,  dissolved in Ringer’s solution) was perfused for
5 min, after which the perfusion fluid was switched back to one
ontaining salicylate until the end of the experiment (control
roup). The choice of 1 mM 6-OHDA for reverse-microdialysis is
ased on the following reasoning. When 1 mM 6-OHDA is per-
used for 20 min  at 2 �l/min, a total dose of about 5 �g/mouse is
dministered (when considering a relative recovery of 100%). The
Please cite this article in press as: Varcin M, et al. Acute versus long-ter
depletion in the striatum of mice. J Neurosci Methods (2011), doi:10.1016/

elative recovery of 6-OHDA was estimated from literature findings
f the relative recovery of DA for a similar microdialysis set-up.
he rationale for this was that 6-OHDA differs from DA only by an
ydroxyl group, and therefore should have similar recovery val-
 PRESS
ce Methods xxx (2011) xxx– xxx 3

ues. Based on this logic, we  estimated that the relative recovery
of 6-OHDA during our microdialysis experiments was  about 20%
(Goldberg et al., 2003), leading to an actual administered amount
by reverse-microdialysis of 1 �g/mouse.

To validate this method, GSH (1.5 mM)  perfusion during the
whole experiment was used to test whether the effects of 6-OHDA
could be blocked. Alternatively, in another experiment, CHO (0.44%
in Ringer’s solution) was administered via the microdialysis probe
during 40 min  (corresponding to a total CHO dose of 350 �g/mouse,
similar with the one used by Masukawa et al., 1989) before starting
the perfusion with the salicylate in order to investigate whether
GSH depletion resulted in enhanced hydroxyl radical formation
after 6-OHDA.

2.2.3. Chromatographic assay
Determination of 2,3-DHBA concentrations in dialysates was

performed using the liquid chromatography (LC) method described
by (Yuan et al., 2004), with slight modifications. Twenty �l of the
sample were injected and analyzed directly for 2,3-DHBA content
on a narrowbore (C18 column: 15 �m,  150 mm × 2.1 mm;  Altima;
Grace; Lokeren; Belgium) LC system. The mobile phase consisted of
0.1 M sodium acetate trihydrate, 20 mM citric acid monohydrate,
1 mM 1-octane sulfonic acid, 0.1 mM Na2EDTA and 1 mM dibuty-
lamine, adjusted to pH 3.0. No organic modifier was added. The flow
rate was  set at 0.3 ml/min. The electrochemical detection (Antec,
The Netherlands) potential was  +700 mV  versus the reference elec-
trode (Ag/AgCl). Sensitivity was  set at 0.1 nA full scale. All samples
were injected via a high precision auto-injector equipped with a
cooling system (Kontron, San Diego, CA, USA). The integration of
the chromatograms was  done with the Data Apex Clarity software
program (Antec).

2.3. Local administration of 6-OHDA by striatal stereotaxic
microinjection

Mice were anesthetized as described above. The skull was
exposed and a burr hole was drilled to introduce a 10 �l calibrated
microsyringe (Hamilton CO, Reno, USA) for injection of the 6-OHDA
solution (containing 1 �g 6-OHDA·HBr per �l in Ringer’s solution).
To minimize variability due to degradation of the toxin, the 6-OHDA
solutions were freshly prepared, kept on ice, and protected from
exposure to light. The solution was  injected in the left striatum at
the following coordinates relative to the bregma L: −1.8, A: +0.6 and
V: +2.0, according to the atlas of Franklin and Paxinos (Franklin and
Paxinos, 1997). A total volume of 1.5 �l 6-OHDA·HBr was injected
at a flow rate of 0.5 �l/min, leading to a total administered dose of
6-OHDA of 1 �g. The syringe was left in place for 5 min  and then
slowly removed over a 1–2 min  time period. The skin was sutured,
and the mice were allowed to recover before returning to the ani-
mal  housing facilities. Three weeks later, the mice were killed with
an overdose of pentobarbital (1 ml  Nembutal®, Ceva Sante Animale,
Brussels, Belgium), and evaluated in terms of the integrity of the
nigrostriatal dopaminergic system.

2.4. Neurochemical determination of the striatal dopamine (DA)
and dihydroxyphenylacetic acid (DOPAC) content

To establish the extent of DA depletion in the mouse striatum
after 6-OHDA perfusion, the method described by Yuan et al. (2004)
was used.

2.4.1. Sacrifice and brain prelevation
m effects of 6-hydroxydopamine on oxidative stress and dopamine
j.jneumeth.2011.07.004

The mice from the control group for determining radical for-
mation after acute 6-OHDA induced oxidative stress were kept
during 3 weeks after the microdialysis experiment. After 3 weeks,
the mice were killed by cervical dislocation and the brains were

dx.doi.org/10.1016/j.jneumeth.2011.07.004
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uickly removed without perfusion. From the rostral part of the
rain the left and right striatum were dissected out on an ice cold
hilled petri-dish, immediately snapfrozen and stored separately
t −80 ◦C for homogenisation.

.4.2. Homogenisation and HPLC analysis
DA and DOPAC content were determined in the striatal

omogenates. The tissue was wet weighed and a volume of
80 �l antioxidant (0.05 M HCl, 0.5% Na2S2O5 and 0.05% Na2EDTA)
nd 20 �l internal standard dihydroxybenzylamine (dissolved in
ntioxidant mixture) (100 ng/100 �l) was added. The tissue was
omogenized and centrifuged at 10,000 × g for 20 min  at 4 ◦C. The
upernatants were diluted (1/5) with acetic acid (0.5 M) and 20 �l
f sample were injected and analyzed directly for DA and DOPAC
ontent on a similar HPLC system as described in Section 2.2.3. The
nly difference is that the buffer of the mobile phase was adjusted
o pH 3.7 and that methanol (3%) was used as organic modifier.

The tissue DA and DOPAC content were calculated and
xpressed as �g/g wet weight of tissue.

.5. Visualization of striatal tyrosine hydroxylase (TH)
mmunoreactive (ir) nerve terminals

Three weeks after lesioning, mice were killed with an overdose
f pentobarbital (1 ml  Nembutal®, Ceva Sante Animale, Brussels,
elgium), and perfused transcardially with saline for 5 min, fol-

owed by 4% formaldehyde for 10 min. The formaldehyde solution
as prepared from paraformaldehyde on the day of the experi-
ent. During perfusion, 0.1 ml  heparin 5000 I.U./ml (LEO Pharma,

elgium) was injected in the spleen of the mice. The brains were
emoved, placed in vials containing 4% formaldehyde for 3 days
nd then cut using a vibratome (Leica Microsystems, Germany), in
rder to obtain 50 �m coronal sections. The immunohistochemical
ethod used was based on the ABC peroxidase technique. Briefly,

elected striatal sections were washed three times, each for 5 min,
n Tris–saline (0.01 M Tris–HCl, 0.1% Triton X-100, pH 7.4), and
nderwent a permeabilizing treatment consisting of incubation in
.1% trypsin (Fluka, Buchs, Switzerland) for 1 h at 37 ◦C. The sections
ere then washed twice, each for 5 min, in Tris–saline, followed by

uenching of endogenous peroxidase with 3% H2O2 for 30 min. The
ections were again washed twice, each for 5 min, in Tris–saline,
fter which non-specific binding was blocked with normal goat
erum (diluted 1:5; Millipore, Temecula, CA, USA) for 45 min. This
as followed by incubation with rabbit polyclonal anti-TH anti-

ody (AB152; Chemicon, Temecula, CA, USA) at room temperature
vernight. After washing twice, each for 5 min, in Tris–saline, the
ections were incubated with the biotinylated secondary antibody
Vectastain rabbit IgG ABC kit) for 30 min, followed by two 5 min
ashes in Tris–saline. The horseradish peroxidase conjugate (Vec-

astain rabbit IgG ABC kit) was applied for 30 min, followed by
wo rinses in Tris–saline, each for 5 min. After a final 5 min  rinsing
tep with acetate buffer, 3,3′-diaminobenzidine (Sigma–Aldrich,
russels, Belgium) was applied until staining was optimal as deter-
ined by light microscopy. The sections were then washed with

ris–saline, dehydrated through a series of ethanol (5 min  each
n 70%, 98%, 100%, and 100% ethanol), cleared with xylene (5 min
n xylene, two times), and coverslipped using DPX mountant for
istology (Sigma–Aldrich, Brussels, Belgium). After TH staining,

mages of the sections were digitized with a camera (Sony DXC,
ony Belgium) connected to the light microscope (Yuan et al., 2004).

.6. Data analysis
Please cite this article in press as: Varcin M, et al. Acute versus long-ter
depletion in the striatum of mice. J Neurosci Methods (2011), doi:10.1016/

For the microdialysis data, the striatal extracellular 2,3-DHBA
evels were expressed in nM.  No corrections were made for probe
ecovery across the dialysis membrane. The reported extracellular
 PRESS
ce Methods xxx (2011) xxx– xxx

concentrations are actually dialysate concentrations. For statisti-
cal analysis, each group was analyzed with one-way analysis of
variance (ANOVA) for repeated measures followed by the Dunns
post hoc test for comparing the baseline value at time point zero
(dialysate fraction 1) and the values during and after the adminis-
tration of the neurotoxin.

An unpaired Student’s t-test was  applied to compare the means
of 2,3-DHBA during the perfusion with 6-OHDA between the exper-
imental groups.

To compare the striatal DA content and the DOPAC:DA ratio
the values for intact and lesioned striatum were compared using
a two-tailed Student’s t-test for paired samples. The degrees of
lesion of the different experimental groups were compared using
a one-way ANOVA followed by a Dunnett post hoc test comparing
the microdialysis sham group with the other groups. All statistical
analysis was performed with GraphPad Instat 3.0 (GraphPad Prism
Software, Inc., San Diego, USA) at the 5% level of significance.

3. Results

3.1. In vivo salicylate trapping to study the radical scavenging
properties of compounds during 6-OHDA perfusion in the mouse
striatum (Fig. 2)

The perfusion with salicylate (1 mM,  during 2 h) produced
stable baseline levels of 2,3-DHBA in all the groups and aver-
aged 16.9 ± 1.1 nM [mean ± SEM (n = 12)]. No significant differences
were observed in baseline values of 2,3-DHBA between the groups.
After local perfusion with 6-OHDA (5 �M)  in the mouse stria-
tum for 1 h, the 2,3-DHBA concentration significantly increased by
approximately 70% above the baseline value. Twenty minutes after
switching back to salicylate perfusion, the 2,3-DHBA concentration
had returned to the baseline level. On the other hand, perfusion
with the higher concentration of 6-OHDA (50 �M)  produced a 7-
fold increase in 2,3-DHBA concentrations (data not shown).

Perfusion with the radical scavenger GSH (1.5 mM)  did not
affect the basal levels of 2,3-DHBA but significantly prevented the
increase in the 2,3-DHBA dialysate concentrations during the perfu-
sion with 6-OHDA. These data show that GSH prevents the 6-OHDA
induced hydroxyl radical formation.

3.2. In vivo salicylate trapping to determine hydroxyl radical
formation and susceptibility of dopaminergic nerve terminals
after striatal 6-OHDA perfusion (Figs. 3 and 4)

The perfusion with salicylate (1 mM,  during 2 h) produced a sta-
ble baseline level of 2,3-DHBA [14.0 ± 0.4 nM (mean ± SEM), n = 7].
After local perfusion with 6-OHDA (1 mM,  in Ringer’s solution
without salicylate) in the striatum of the freely moving mice for
15 min, the 2,3-DHBA concentration in the first collected sample
under salicylate significantly increased by approximately 5-fold
and remained significantly elevated for an additional 40 min before
returning back to baseline values.

Intrastriatal perfusion of 6-OHDA (1 mM)  significantly reduced
striatal DA and DOPAC levels by 30.0 ± 8.5% [(mean ± SEM),
n = 6] (Fig. 4A) and 28.3 ± 10.3% [(mean ± SEM), n = 6] (Fig. 4B),
respectively, 3 weeks post-microdialysis when compared to the
contralateral intact striatum. No significant differences were
observed in DA turnover, which is reflected by the DOPAC:DA ratio,
between the intact and denervated side [denervated striatum:
0.055 ± 0.003; intact striatum: 0.054 ± 0.001, mean ± SEM (n = 6)].
m effects of 6-hydroxydopamine on oxidative stress and dopamine
j.jneumeth.2011.07.004

In order to determine the effect of the stereotaxic surgery and
the implantation of the microdialysis probe on the long-term DA
and DOPAC levels, we also included a sham group where we  per-
fused Ringer’s solution instead of 6-OHDA. Intrastriatal perfusion

dx.doi.org/10.1016/j.jneumeth.2011.07.004
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Fig. 2. In vivo effects of 6-hydroxydopamine (6-OHDA) (5 �M)  on the extracellular concentration of 2,3-dihydroxybenzoic acid (2,3-DHBA) in striatal dialysates and the radical
scavenging activity of glutathione (GSH) (1.5 mM).  The dialysate fraction 1 represents the mean of the basal values of 2,3-DHBA before the 6-OHDA perfusion. Fractions 2–4
show  the values during perfusion with 6-OHDA (5 �M).  From fraction 5 onwards the perfusion liquid was  switched back to one containing salicylate (1 mM). Data are
represented as mean values ± SEM (control group: n = 7, GSH treated group: n = 5). Data for each group were analyzed by ANOVA for repeated measures followed by a Dunns
post  hoc test and compared to the baseline value represented as dialysate fraction 1. An unpaired Student’s t-test was applied to compare the means of 2,3-DHBA during
the  perfusion with 6-OHDA between the experimental groups. p < 0.05 compared to baseline values of the control group ($), p < 0.05 comparing the 6-OHDA induced free
hydroxyl radical formation in control and GSH treated group (*).

Fig. 3. In vivo effects of the local perfusion of 6-hydroxydopamine (6-OHDA) (1 mM)  (time of perfusion shown by arrow) on the extracellular formation of 2,3-dihydroxybenzoic
acid  (2,3-DHBA) in the striatal dialysates of mice and the effect of glutathione (GSH) (1.5 mM)  supplementation (A) or depletion by 2-cyclohexene-1-one (CHO) (0.44%) (B)
on  the 6-OHDA-induced increase in ROS formation. The dialysate fraction 1 represents the mean of the basal values of 2,3-DHBA. Fractions 2–9 show the values directly after
switching from 6-OHDA (1 mM)  to salicylate (1 mM)  as perfusate. The fractions where 6-OHDA in Ringer’s solution was  perfused are not shown. Data are presented as mean
values  ± SEM (control group, n = 7; GSH treated group, n = 5, CHO treated group, n = 5). Data for each group were analyzed by ANOVA for repeated measures followed by a
Dunns post hoc test and compared to the baseline value represented as dialysate fraction 1. An unpaired Student’s t-test was applied to compare the means of 2,3-DHBA during
the  perfusion with 6-OHDA between the experimental groups. p < 0.05 compared to baseline values of the control group ($) or the baseline values of the CHO treated group
($$),  p < 0.05 comparing the 6-OHDA induced free hydroxyl radical formation in control and GSH treated group (*), p < 0.05 comparing the 6-OHDA induced free hydroxyl
radical formation in control and CHO treated group (**).
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Fig. 4. Effect of Ringer’s solution perfusion (microdialysis sham group, n = 5), 6-hydroxydopamine (6-OHDA) perfusion (1 mM)  (microdialysis lesion group, n = 6), 6-OHDA
perfusion (1 mM)  and glutathione (GSH) (1.5 mM)  supplementation (GSH group, n = 5), and 6-OHDA perfusion (1 mM)  and GSH depletion by 2-cyclohexene-1-one (CHO)
(0.44%)  (CHO group, n = 5) on the dopamine (DA) (A) and 3,4-dihydroxyphenylacetic acid (DOPAC) (B) content of the intact and denervated striata of mice. DA and DOPAC
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ontent were determined 3 weeks after the 6-OHDA perfusion and expressed as �
-test  (*p < 0.05 compared to the intact striatum of microdialysis lesioned mice, $p <
ntact  striatum of CHO treated mice).

f Ringer’s solution did not significantly reduce the striatal DA and
OPAC levels 3 weeks post-microdialysis when compared to the
ontralateral intact striatum (Fig. 4A and B). No significant dif-
erences were observed in DA turnover between the intact and
enervated side [denervated striatum: 0.050 ± 0.008; intact stria-
um: 0.052 ± 0.011, mean ± SEM (n = 5)].

Furthermore, the DA and DOPAC levels of the intact stria-
um of the sham group were not significantly different from
hose of the group lesioned by reverse-microdialysis (data not
hown). In addition, the degree of lesion in the mice lesioned by
everse-microdialysis of 6-OHDA was significantly higher than that
bserved in the microdialysis sham group (Table 1).

Perfusion with the radical scavenger GSH did not affect the basal
evels of 2,3-DHBA before 6-OHDA perfusion, but significantly pre-
ented the 6-OHDA induced hydroxyl radical formation as reflected
y the unaltered 2,3-DHBA concentration of the first dialysate sam-
le after the 6-OHDA administration. The values after 6-OHDA
erfusion were significantly different from the control group for
n additional 80 min, as shown in Fig. 3A.

Intrastriatal 6-OHDA perfusion (1 mM)  and GSH (1.5 mM)
upplementation significantly reduced striatal DA and DOPAC
evels by 21.7 ± 13.1% [(mean ± SEM), n = 5] (Fig. 4A) and
8.6 ± 5% [(mean ± SEM), n = 5] (Fig. 4B), respectively, 3 weeks
Please cite this article in press as: Varcin M, et al. Acute versus long-ter
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ost-microdialysis when compared to the contralateral intact stria-
um. No significant differences were observed in DA turnover,
etween the intact and denervated side [denervated striatum:
.058 ± 0.005; intact striatum: 0.053 ± 0.002, mean ± SEM (n = 5)].

able 1
verview of the degrees of lesion in the experimental groups. Degree of dopamine

DA) depletion in the denervated striatum of mice was  calculated as a percentage of
he  DA content in the intact striatum. Data are expressed as mean ± SEM. Data were
ompared using one-way ANOVA followed by a Dunnett post hoc test.

Group Degree of lesion (%)

Microdialysis sham (n = 5) 0.7 ± 6.5
Microdialysis lesion (n = 6) 35.4 ± 8.2a

GSH (n = 5) 34.0 ± 5.6a

CHO (n = 5) 27.5 ± 7.8a

Classical lesion (n = 4) 29.5 ± 9.2a

a p < 0.05, compared to microdialysis sham mice.
et tissue (mean ± SEM). Data were compared using a two-tailed Student’s paired
ompared to the intact striatum of GSH treated mice, and $$p  < 0.1 compared to the

The positive effects of GSH (1.5 mM)  supplementation on the
acute intrastriatal perfusion of 6-OHDA (1 mM)  as observed during
salicylate trapping microdialysis were not maintained on long-
term, as the degree of lesion of the GSH supplemented mice was not
significantly different from untreated mice (microdialysis lesion)
(Table 1).

CHO treatment had no effect on the baseline values of 2,3-DHBA.
However, after local perfusion with 6-OHDA (1 mM)  during 15 min
into the striatum of mice, the 2,3-DHBA concentration significantly
increased above baseline values by 16 fold and took longer to reach
baseline values when compared to the control group, as shown in
Fig. 3B.

Intrastriatal 6-OHDA perfusion (1 mM)  and GSH depletion by
CHO (0.44%) reduced striatal DA and DOPAC levels by 27.5 ± 10.1%
[(mean ± SEM), n = 5] (Fig. 4A) and 11.4 ± 14.5% [(mean ± SEM),
n = 5] (Fig. 4B), respectively, although not to a significant degree
(p value for DA = 0.1216). No significant differences were observed
in DA turnover, between the intact and denervated side [den-
ervated striatum: 0.056 ± 0.006; intact striatum: 0.046 ± 0.003,
mean ± SEM (n = 5)].

The negative effects of GSH depletion on the acute intrastriatal
perfusion of 6-OHDA (1 mM)  as observed during salicylate trapping
microdialysis were not maintained on long-term, as the degree of
lesion of the GSH depleted mice was  not significantly different from
untreated mice (microdialysis lesion) (Table 1).

3.3. Effect of striatal micro-injection of 6-OHDA on the DA and
DOPAC content of the intact and denervated striatum of mice
(Fig. 5)

In order to validate the lesioning by reverse-microdialysis, we
performed a classical 6-OHDA lesion by stereotaxically injecting
the same amount of the neurotoxin in the striatum, as that admin-
istered during in vivo salicylate trapping microdialysis.

Intrastriatal micro-injection of 6-OHDA (1 �g free base) signif-
icantly reduced striatal DA levels by 29.5 ± 9.2% [(mean ± SEM),
m effects of 6-hydroxydopamine on oxidative stress and dopamine
j.jneumeth.2011.07.004

n = 4] and reduced DOPAC levels by 9.9 ± 7.1% [(mean ± SEM), n = 4]
although not significantly, 3 weeks post-microdialysis when com-
pared to the contralateral intact striatum (Fig. 5). No significant
differences were observed in DA turnover, between the intact and

dx.doi.org/10.1016/j.jneumeth.2011.07.004
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Fig. 5. Effect of striatal micro-injection of 6-hydroxydopamine (6-OHDA) (1 �g free base) on the dopamine (DA) and 3,4-dihydroxyphenylacetic acid (DOPAC) content of the
intact  and denervated striatum of mice (n = 4). DA and DOPAC content were determined 3 weeks after the 6-OHDA perfusion and expressed as �g/g wet tissue (mean ± SEM).
Data  were compared using a two-tailed Student’s paired t-test (*p < 0.05 compared to intact striatum).
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ig. 6. Tyrosine hydroxylase-immunoreactive (TH-ir) nerve terminals in the striatu
1  mM)  (n = 4) (B), or striatally micro-injected with 6-OHDA (1 �g free base) (n = 3)
nsertion (original magnification 10× × 1.25).

enervated side [denervated striatum: 0.056 ± 0.010; intact stria-
um: 0.040 ± 0.001, mean ± SEM (n = 4)].

The degree of lesion observed in the classically lesioned mice
as not significantly different when compared to that of mice

esioned by reverse-microdialysis (Table 1).

.4. Effect of striatal perfusion with Ringer’s solution or 6-OHDA,
nd of striatal micro-injection of 6-OHDA on TH-ir nerve
erminalsin the striatum of mice (Fig. 6)

Intrastriatal perfusion of Ringer’s solution did not affect the TH-
r striatal nerve terminals 3 weeks post-microdialysis (Fig. 6A). On
he other hand, intrastriatal perfusion with 6-OHDA (1 mM)  led to
bservable loss of TH staining at the level of the perfusion location
Fig. 6B), which was comparable to that observed after stereotaxic

icro-injection with 6-OHDA (1 �g free base) (Fig. 6C). The loss
f TH staining was slightly more diffuse in the classically lesioned
ice, and more localized around the perfusion area in the micro-

ialysis lesioned mice.

. Discussion

Hydroxyl radicals are the most reactive and damaging free radi-
als and may  be part of Parkinson’s disease pathogenesis (Teismann
nd Ferger, 2000). In the present study, the in vivo salicylate trap-
ing microdialysis technique was miniaturized for two different
pplications in mice. First, a method was validated to detect the
adical scavenging properties of compounds on hydroxyl radical
ormation provoked by 6-OHDA perfusion in the mouse striatum.
econd, the method was modified so it could be used to determine
-OHDA induced hydroxyl radical formation in the striatum and the
Please cite this article in press as: Varcin M, et al. Acute versus long-ter
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ensitivity of the dopaminergic nerve terminals to this acute oxida-
ive stress. By avoiding simultaneous administration of 6-OHDA
ogether with the trapping agent, salicylate, the neurotoxin was
ble to maximally challenge the neuronal microenvironment. This
mice perfused with Ringer’s solution (n = 2) (A), or 6-hydroxydopamine (6-OHDA)
hotomicrographs were taken at equivalent levels of probe implantation or needle

allows for an unbiased study on the primary effects of acute 6-
OHDA induced oxidative stress mediated by the hydroxyl radical
formation. This second method can be considered as a new applica-
tion of the in vivo salicylate trapping microdialysis, as it also allows
the investigation of the long-term effects of 6-OHDA administered
through the microdialysis probe.

Cheng et al. (2002) reviewed all the methods that are used
for the detection of in vivo hydroxyl radical generation. Radical
scavenging activity in mice has already been applied in several
studies using an intraperitoneal (i.p.) administration of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Ferger et al., 1999; Lu
et al., 2008; Thomas et al., 2000). Generally, the in vivo hydroxyl
radical generation in the striatum of mice was  analyzed by admin-
istrating salicylate i.p. just before sacrificing the mice or performing
microdialysis and determining in real-time the hydroxyl radi-
cal generation by striatal perfusion with salicylate (Ferger et al.,
1999; Lu et al., 2008; Thomas et al., 2000). In another study, the
systemic administration of 3,4-methylendioxymetamphetamine
induced free radical formation in mouse striatum was  studied with
the in vivo salicylate trapping microdialysis (Camarero et al., 2002).

The choice for salicylate as trapping agent was motivated by the
fact that we specifically wanted to capture the hydroxyl radicals.
Four-hydroxybenzoic acid for instance also captures other reactive
oxygen species, e.g. peroxynitrite. Furthermore, the salicylate trap-
ping microdialysis technique is the most widely used technique for
determining hydroxyl radicals in vivo, and it has previously been
employed numerous time in animal models of PD (Di Giovanni et al.,
2009).

No study was found using 6-OHDA in combination with the
in vivo salicylate trapping microdialysis in the mouse striatum. Nev-
ertheless, the use of 6-OHDA in this set-up is of general interest
m effects of 6-hydroxydopamine on oxidative stress and dopamine
j.jneumeth.2011.07.004

as it is becoming the preferred neurotoxin to create mice models
of Parkinson’s disease compared to the widely used MPTP. Sev-
eral reasons to avoid the use of MPTP are proposed, including its
strain-, age- and gender-dependency in mice (Alvarez-Fischer et al.,

dx.doi.org/10.1016/j.jneumeth.2011.07.004
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008; Grealish et al., 2010; Iancu et al., 2005). For this reason,
he in vivo salicylate trapping technique was adapted to investi-
ate compounds for their scavenging activity on 6-OHDA-induced
OS formation in the mouse striatum. Previously, we used 50 �M
-OHDA (Yuan et al., 2004) to induce hydroxyl radical formation

n rats. However, in mice, 50 �M caused extremely high increases
n 2,3-DHBA levels in the dialysates. This was accompanied by
he appearance of interfering peaks and the reduced resolution of
he 2,3-DHBA peak in the LC chromatograms, hampering its cor-
ect determination. Hydroxyl radical formation with 5 �M 6-OHDA
ncreased by about 70% from baseline and was therefore chosen in
he experiments assaying possible radical scavenging properties of
ompounds. As expected (Soto-Otero et al., 2000), GSH adminis-
ration (1.5 mM)  was able to prevent hydroxyl radical formation
nduced by 6-OHDA.

Secondly, we wanted to use the method to determine the effect
f 6-OHDA itself on hydroxyl radical formation in the mouse stria-
um, However, an important disadvantage of the radical scavenging

ethod is that the administered amount of 6-OHDA is too small to
nduce a significant striatal lesion. Indeed, the delivered amount
f 6-OHDA is approximately 3.2 pg within 1 h, while for the striatal
esioning of mice up to 6 �g in total are usually administered locally

ithin 5–6 min  (Alvarez-Fischer et al., 2008).
Furthermore, the use of a trapping agent such as sodium

alicylate may  reduce the capacity of the neurotoxin to induce
eurodegeneration in the striatum of the mice. Therefore, we
dministered the same amount of 6-OHDA as the one used for stri-
tal lesioning of mice, in the absence of salicylate. This approach
llowed to make a correlation between the acute effects of 6-OHDA
nd its long-term effects previously described (Alvarez-Fischer
t al., 2008; Grealish et al., 2010; Iancu et al., 2005), such as nigral
egeneration and reduced striatal DA content.

Indeed, a reproducible 5-fold increase in 2,3-DHBA levels was
bserved after perfusion with 6-OHDA. This was associated with a
ignificant reduction of approximately 30% in both DA and DOPAC
ontent in the striatum of these mice, 3 weeks post-microdialysis,
hile no changes were observed in DA turnover. Importantly,

tereotaxic surgery and the implantation of the microdialysis probe
ad no effect on these parameters, as no lesion was  observed in the
icrodialysis sham group after 3 weeks.
The administration of GSH prevented the 6-OHDA induced

xidative stress and the depletion of GSH after CHO perfusion ren-
ered the mice more susceptible to oxidative stress. These data
onfirm GSH to be an important mediator in the prevention of the
rimary, acute effects of the neurotoxin. This approach can there-
ore detect differences in the degree of hydroxyl radical formation
ithin the striatum of mice.

Our results show that GSH depletion or supplementation has
o effect on the basal production of hydroxyl radicals before 6-
HDA stimulation. However, GSH depletion leads to an enhanced
-OHDA induced hydroxyl radical production that returns slower
o basal levels, while GSH supplementation is able to prevent the 6-
HDA induced hydroxyl radical production. However, modulation
f endogenous GSH levels did not influence the long-term suscep-
ibility to the toxic effects of the neurotoxin. This is in contrast
ith previous studies, where modulation of GSH levels did affect

he long-term effects of 6-OHDA (Garcia et al., 2000; Soto-Otero
t al., 2000). Indeed, GSH has previously been shown to protect
gainst neuronal degeneration. In vitro and in vivo data suggest
hat GSH may  protect against DA induced toxicity. GSH treated 6-
HDA lesioned rats showed only a decrease of 35% in dopaminergic

erminals 3 weeks after striatal 6-OHDA administration, whereas
Please cite this article in press as: Varcin M, et al. Acute versus long-ter
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-OHDA alone caused a striatal degeneration of 85% (Soto-Otero
t al., 2000). The neuroprotective actions of GSH are attributed to
ts central role in the defense against ROS. Since DA metabolism is

 source of free radicals, GSH can counter its toxicity by forming
 PRESS
ce Methods xxx (2011) xxx– xxx

conjugates with DA (Jacobsen et al., 2005). GSH may also act as a
substrate in the GSH peroxidase mediated destruction of hydroper-
oxides (Shimizu et al., 2002).

This discrepancy can be due to the fact that during our protocol
the GSH levels might have normalized soon after the microdialysis
experiment. Therefore, in the described method, the administration
of compounds that modulate endogenous antioxidant mecha-
nisms by reverse-microdialysis is not able to change the long-term
susceptibility for the toxic effects of 6-OHDA. Nevertheless, the sit-
uation is bound to be different when this method is to be applied
in genetic animal models of Parkinson’s disease. Indeed, as the
genetic background of the experimental animals will be maintained
during the entire post-lesion period, any observed changes in the
acute response to 6-OHDA will be bound to translate into observed
changes in the long-term response to the neurotoxin. In line with
this hypothesis, our preliminary results obtained from application
of the method on PINK-1 knock-out mice, reveal both acute and
long-term significant differences when compared to wild-type lit-
termates (unpublished results).

Our results show that lesioning by reverse-microdialysis with
1 �g 6-OHDA leads to a similar loss of DA content (30%) after 3
weeks compared to stereotaxic microinjection of 1 �g 6-OHDA in
the striatum. Furthermore, striatal TH staining revealed a similar
extent of TH-ir fiber loss following both lesion protocols suggest-
ing reverse-microdialysis can be used as an alternative for the
classic lesioning protocol. The advantages of lesioning by reverse-
microdialysis are that a single animal can be used to detect both
short-term and long-term responses (thereby eliminating inter-
animal variability) and that it halves the number of experimental
animals that have to be used.

No changes were observed in DOPAC:DA ratio for any of our
experimental groups. This might be due to the fact that the degree
of lesion (which was less than 30% for all experimental groups)
was too low to induce long-term compensatory increases in DA
turnover.

Until now, the neurotoxicity of 6-OHDA has been linked to
(auto-) oxidation and the formation of quinones, hydrogen per-
oxide and oxygen radicals, intra- and extracellularly (Blum et al.,
2001; Rodriguez-Pallares et al., 2007; Soto-Otero et al., 2000), and
to inhibition of complex I and complex IV of the respiratory chain
(Themann et al., 2001). Next to this, 6-OHDA has been reported
to induce a massive release of DA in the extracellular space of the
striatum, which in turn may  contribute to hydroxyl radical forma-
tion (Ferger et al., 2001). In a recent microdialysis study in mice,
enhanced extracellular levels of DA, serotonin and norepinephrine
were found after striatal 6-OHDA infusion. An increased level of DA
may  be correlated with an increased DA metabolism, which in turn
may  lead to enhance basal production of hydrogen peroxide and
cause depleted levels of GSH (Tobon-Velasco et al., 2010). It has
also been demonstrated that nigrostriatal infusion of 6-OHDA is
associated with an increased inflammatory response, due to acti-
vated microglia which produce and release a broad spectrum of
free radicals and inflammatory cytokines (Rodriguez-Pallares et al.,
2008). The increased oxidative stress within the extracellular space
of the mice striatum after 6-OHDA perfusion may  be a combi-
nation of intra- and extraneuronal derived ROS. Despite all the
evidence for a role of oxidative stress in Parkinson’s disease, there
have been relatively few studies that have extensively character-
ized oxidative stress in animal models of Parkinson’s disease (Smith
and Cass, 2007). The currently described methodology might help
to distinguish between the several parameters contributing to the
hydroxyl radical formation and to further investigate for example
m effects of 6-hydroxydopamine on oxidative stress and dopamine
j.jneumeth.2011.07.004

the role of microglial activation and the intraneuronal uptake by
the DA transporter in oxidative stress. Furthermore, next to toxin-
induced animal models of Parkinsonism, recent advances in genetic
approaches significantly extended the variety of animal models

dx.doi.org/10.1016/j.jneumeth.2011.07.004
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y introducing mouse strains carrying specific genetic alterations
Meredith et al., 2008; Sotnikova and Gainetdinov, 2007).

The proposed techniques offer the advantage of a broad applica-
ion and may  contribute to a better characterization of the several
vailable mice models of Parkinson’s disease for their susceptibil-
ty to oxidative stress. Additionally, it can be of great value as an
n vivo tool for screening of possible therapeutic radical scavenging
gents. Therefore, this dual approach may  be complementary and
elevant to other studies.

. Conclusion

In conclusion, the in vivo salicylate trapping microdialysis can
e a valuable tool to investigate the importance of oxidative stress
s a possible pathogenic factor in Parkinson’s disease and other
egenerative disorders. The proposed techniques may  contribute
o a better characterization of the several available mice models of
arkinson’s disease, either by providing new opportunities to test
otential therapeutic agents, or by characterizing the acute as well
s the long-term effects of 6-OHDA in the mouse striatum.
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