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Protective role of hydrogen peroxide in oxygen-deprived
dopaminergic neurones of the rat substantia nigra
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Hydrogen peroxide (H,0,) is a reactive oxygen species, responsible for cytotoxic damage through
the formation of hydroxyl radicals. Dopamine (DA) neurones of the substantia nigra pars
compacta (SNc) are highly sensitive to metabolic stress, and they typically respond to energy
deprivation with membrane hyperpolarization, mainly through opening of ATP-dependent
K" channels. Accordingly, H,O, (3 mm) induced a tolbutamide-sensitive outward current in
DA neurones. Conversely, in a hypoxic medium, H,0, reverted membrane hyperpolarization,
whichisassociated with oxygen deprivationin DA neurones, restored their action potential firing,
and reduced the hypoxia-mediated outward current in a concentration-dependent manner,
between 0.1 and 3mMm (ICsy 0.6 £ 0.1 mm). Notably, H,O, did not counteract membrane
hyperpolarization associated with hypoglycaemia, moreover, when catalase was inhibited
with 3-amino-1,2,4-triazole (3-AT; 30 mm), H,0, did not reduce hypoxia-mediated outward
current. The counteracting action of H,O, on hypoxia-mediated effects was further confirmed
by single-unit extracellular recordings of presumed DA neurones in acute midbrain slices
preparations, using a planar multi-electrode array device. Whilst a prolonged period of hypoxia
(40 min) caused firing suppression, which did not recover after perfusion in normoxic conditions,
the presence of H,0, (3 mMm) during this prolonged hypoxic period rescued most of the neurones
from irreversible firing inhibition. Accordingly, morphological studies showed that H,O,
counteracts the cytochrome c release provoked by prolonged hypoxic treatment. Taken together,
our data suggest that H,O, prevents the metabolic stress of DA neurones induced by hypoxia by
serving as a supplementary source of molecular oxygen, through its degradation by catalase.
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Dopamine (DA) neurones of the substantia nigra pars
compacta (SNc) are highly sensitive to metabolic stress.
When exposed to a hypoxic medium, they respond
with a slow hyperpolarization, mainly due to opening
of ATP-dependent potassium channels (Ksrp), which
probably represents a safety mechanism to preserve energy
consumption (Mercuri et al. 1994a). If the hypoxic insult
is prolonged, this early hyperpolarization is replaced by a
profound and irreversible depolarization, due to opening
of cationic conductances, precluding cell death (Mercuri
et al. 1994a).

The production of reactive oxygen species (ROS) is an
additional harmful side-effect of hypoxia/reoxygenation
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(Traystman et al. 1991; Zhang et al. 2002), such that
oxidants like the superoxide anion (O,~), peroxynitrite
(ONOO™) and hydrogen peroxide (H,0,) are synthesized
by cells during ischaemia-reperfusion, and are thought
to be prime mediators of neuronal destruction. Indeed,
also in the dopaminergic system, reactive oxygen
radicals associated with cellular respiration can cause
neurodegeneration (Ebadi et al. 1996; Cohen et al. 1997;
Farooqui & Horrocks, 1998; Olanow & Tatton, 1999).
However, it should be noted that free radicals have
been associated with cellular protection in other systems
(Duranteau et al. 1998; Das et al. 1999). Moreover, there
is emerging evidence that under normal physiological
conditions, ROS can serve as cellular messengers (Topper
et al. 1996; Wung et al. 1999), regulate signalling pathways
(Klann & Thiels, 1999), modulate synaptic transmission
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(Pellmar, 1987; Chen et al. 2001) and synaptic plasticity
(Auerbach & Segal, 1997; Klann & Thiels, 1999). With
regard to H,O,, it appears that it is not only a damaging
factor for neurones (Topper et al. 1996; Auerbach & Segal,
1997; Klann & Thiels, 1999; Wung et al. 1999), but mediates
Ca’*-dependent plastic changes (Yermolaieva et al. 2000)
and modulates DA release (Chen et al. 2002).

H,0, is one of the ROS generated in conditions of
metabolic stress (Russell & Jackson, 1994; Zulueta &
Sawhney, 1997; Jovanovic et al. 2001; Wilhelm et al.
2003). It is mainly produced in the mitochondria, where
partial reduction of molecular oxygen in the electron
transport chain results in formation of the superoxide
anion (Boveris & Chance, 1973). In addition, there are
a number of H,O,-producing enzymes, such as mono-
amine oxidase and amino acid oxidase (Graham et al.
1978; Chen et al. 2001). On the other hand, two forms of
superoxide dismutase (SOD; cytosolic copper/zinc-
containing SOD, and mitochondrial manganese-
containing SOD) catalyse the dismutation of the
superoxide radical to H,O, (Fridovich, 1989). H,0,, in
turn, can lead to the formation of hydroxyl radicals via the
Fenton reaction (Halliwell, 1999), and thus to cytotoxic
damage.

The intracellular concentration of H,O, is determined
by a balance of formation and conversion into H,O
by catalase and glutathione peroxidase (GPx) (Halliwell
B, 1999), and cellular metabolism may be impaired
when H,0, is not neutralized by these downstream
enzymatic pathways. For instance, free H,O, can affect
glucose metabolism and alter Kurp channel function
(Krippeit-Drews et al. 1999; Maechler et al. 1999).
However, H,O, elimination through catalase results in
production of H,O and O,, thus H,O, provides an
alternative source for O, that may supposedly be protective
in hypoxic conditions (Topper et al. 1996; Auerbach &
Segal, 1997; Klann & Thiels, 1999; Wung et al. 1999).
Indeed, previous electrophysiological observations in the
hippocampus have shown a recovery of the synaptic
function in hypoxia by H,O, (Fowler, 1997). Moreover, in
slices of the spinal cord, H,O, may act as a supplementary
source of O, (Walton & Fulton, 1983).

The goal of the present report was to assess a
possible protective role of H,O, in DA neurones of
the rat SNc exposed to a hypoxic insult. To this aim,
in slice preparations, we used electrophysiological and
morphological techniques to investigate DA neurone
responses to short or prolonged exposure to an O,-
deprived medium.

Methods
Brain slices preparation and electrophysiology

Wistar rats (21-24 days old) were anaesthetized with
halothane and killed by decapitation. All experiments

J Physiol 568.1

followed international guidelines on the ethical use
of animals from the European Communities Council
Directive of 24 November 1986 (86/609/EEC). The brain
was rapidly removed from the skull, and horizontal
midbrain slices (240-300 ;um) were cut in cold artificial
cerebrospinal fluid (ACSF) using a vibratome, and left to
recover at 33°C for at least 20-30 min. Slices were placed
in a recording chamber and submerged in a continuously
flowing (3.5 ml min~*, 33.5°C) ACSE. ACSF composition
was (mm): NaCl 126, KCI 2.5, MgCl, 1.2, CaCl, 2.4,
NaH,PO, 1.2, NaHCO; 19, glucose 10 (Mercuri et al.
1995).

Hypoxic or hypoglycaemic solutions were obtained by
saturating the standard ACSF with a gas mixture of 95%
N, and 5% CO,, or by omitting glucose from standard
ACSE, respectively.

Intracellular and patch-clamp recordings were obtained
from neurones of the SNc. DA neurones were identified
on the basis of their electrophysiological properties, thus
by the presence of regular spontaneous firing activity,
prominent time-dependent hyperpolarization-activated
current (I,) in response to hyperpolarizing voltage steps
and hyperpolarization by DA (10-30 um) (Grace & Onn,
1989; Mercuri et al. 1995). Only neurones meeting these
criteria were studied.

Intracellular recordings

The recording electrodes prepared from 1.5mm
borosilicate capillaries (Clark Electromedical Instruments,
UK) were pulled with a P-97 Flaming/Brown puller
(Sutter Instruments Co., CA, USA) and filled with
a 2M KCl-containing solution. The electrodes had a
tip resistance of 50-80 M2. Membrane voltage and
current signals were recorded using an Axoclamp-2 A
amplifier (Axon Instruments, Union City, CA USA).
Under single-electrode voltage clamp (—60 mV holding
potential, Vyoq), the switching frequency was 3-4 Hz,
and a duty cycle of 30% was used. The headstage voltage
was continuously monitored on a separate oscilloscope
to ensure sufficient decay of the electrode transient.
The signals were digitized by use of an A/D converter
(Digidata 1200; Axon Instruments) and saved in a
computer with Axotape software (Axon Instruments) for
off-line analysis.

Patch-clamp recordings

Slices were transferred to a submerged recording chamber
on the stage of an upright microscope (Axioscop FS;
Zeiss, Gottingen, Germany), equipped for infrared video
microscopy (Hamamatsu, Tokyo, Japan), allowing a
direct visualization of the recorded neurones. Whole-cell
voltage-clamp recordings (Vy,0q —60 mV) were obtained
using an amplifier (Axopatch 200B, Axon Instruments)
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from visually and electrophysiologically identified DA
neurones using patch pipettes (3—4 M£2) made from
1.5 mm borosilicate glass (WPI, Sarasota, FL, USA) and
pulled with a PP 83 Narishige puller (Tokyo, Japan).
Membrane currents were digitized at 5kHz through a
Digidata 1200B A/D converter, acquired and analysed
using pClamp software (Axon Instruments). Pipettes were
filled with a standard internal solution containing (mm):
potassium gluconate 145, CaCl, 0.1, MgCl, 2, Hepes
10, EGTA 0.75, MgATP 2, Na;GTP 0.3; or potassium
methylsulphate 145, KC1 8, Hepes 10, MgATP 2, Na;GTP,
0.3 (pH 7.35 with KOH). Access resistance was monitored
at regular intervals.

Multielectrode recordings

Extracellular signals were acquired on a planar
multi-electrode array using the Panasonic MED64
System (Multi Electrode Systems, Whitestone, NY, USA).
Horizontal midbrain slices (300 um) of the ventral
midbrain were placed over an 8 x 8 array of planar micro-
electrodes, each 20 um x 20 pum in size, with an interpolar
distance of 100 um (MED-P2105; Matsushita Electric
Industrial Co., Ltd, Osaka, Japan). Slices were positioned
over the multi-electrode array under visual control
through a stereomicroscope (Wild M650, Switzerland) in
such a way that the area closed to the medial terminal
nucleus of the accessory optic tract covered most of
the electrodes (see Fig. 5A). Signals were low-cut filtered
at 100 Hz and digitized at 100 kHz with a 6071E Data
Acquisition Card (National Instruments, Austin, TX, USA)
using Performer 2.0 software (Tensor Biosciences, Irvine,
CA, USA).

The frequency of the fast transients corresponding to
spontaneous action potential firing was calculated off-line
with Performer 2.0 software (Tensor Biosciences) using an
amplitude threshold adjusted by visual inspection in each
individual active channel. The activity was measured over
a 15 s recording period repeated every 60 s. After a control
period of 15-20 min, slices were exposed for 40 min to
hypoxic ACSE Recovery from hypoxia was then followed
for a period of 40-50 min

Histology and confocal microscopy

Slice preparation was identical to that described for
electrophysiological recordings. After dissection, slices
were transferred in a holding chamber and left to recover
for 30 min (33°C) in standard ACSF medium saturated
with an O,/CO, gas mixture. They were then divided
into three groups: the first group (control) consisted of
slices maintained for 30 min in standard ACFS saturated
with O,/CO, mixture; the second group (hypoxia) was
placed in a chamber containing the ACFS saturated
with a N,/CO, gas mixture for 30 min; the third group

© The Physiological Society 2005

Hydrogen peroxide protects from hypoxia 99

(hypoxia in H,O,) was placed in a chamber containing
H,0, (3 mm) in ACSF saturated with N,/CO, for 30 min.
After treatment, slices from all three groups were left to
recover for 30 min in standard oxygenated ACFS, and then
fixed in 4% paraformaldehyde/phosphate buffer (PB) for
5 h, and after three washings in PB, they were transferred
to 30% sucrose/PB at 4°C until they sank. Then, slices were
cut into 40-pum-thick horizontal sections using a freezing
microtome and directly mounted on slides. Three sections
from each slice were used for quantitative evaluation.

Since considerable data indicate that hypoxia-induced
ATP depletion provokes release of cytochrome ¢ from
mitochondria (Sims & Anderson, 2002), and cytochrome ¢
immunohistochemistry is often used to assess cell death
in experimental models (Fujimura et al. 2000; Galeffi
et al. 2000), we employed this technique to assess cell
damage in the three experimental groups. DA cells were
identified by tyrosine hydroxylase (TH) immunoreactivity.
Double cytochrome ¢ and TH immunofluorescence was
carried out on sections mounted on slides. Sections
were incubated overnight in a mixture of the following
primary antibodies: goat antityrosine hydroxylase (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
mouse anticytochrome ¢ (1:100; Promega, Madison, WI,
USA). Antibody solutions were prepared in PB and 0.3%
Triton X-100, and each incubation step was followed by
three washes in PB. After overnight incubation with the
cocktail of primary antibodies, sections were incubated
for 2h at room temperature in a mixture of secondary
antibodies including Cy3-conjugated donkey antigoat
IgG, and Cy2-conjugated donkey antimouse IgG (1:100;
Jackson Immunoresearch Laboratories, West Grove, PA,
USA). Sections were then air-dried and coverslipped with
Gel/Mount (Biomeda, Foster City, CA, USA). Images were
acquired through a confocal laser scanning microscope
(CLSM; Zeiss, LSM 510) equipped with an argon laser
emitting at 488 nm, and a helium—neon laser emitting at
543 nm. Plates were generated adjusting the contrast and
brightness of digital images (Corel Draw, 9).

Qualitative and quantitative observations were limited
to the SN¢, which was identified by its shape, cellular
density and proximity to the medial terminal nucleus
of the accessory optic tract. Observations were carried
out on five sections for each slice. All labelled neurones
with the nucleus clearly identifiable were counted within
the confines of a squared frame box (500 um per side)
placed in close proximity of the medial terminal nucleus
of the accessory optic tract. Cell counting was performed
on digital images acquired through the confocal micro-
scope using a x 10 objective at a 0.7 zoom factor. Two
digital images of the same optical section (one for each
laser channel, green and red) were acquired and digitally
merged in a third image, which was used for cell counting.
Cellular labelling was analysed off-line through the CLSM
proprietary image analysis program (Zeiss, LSM software
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2.3) by zooming in on the cells and by serially excluding
each channel (green and red) to positively identify each
labelled cell as TH positive, cytochrome-c¢ positive or
cytochrome ¢/TH double labelled. All labelled neurones
were then differently marked electronically according to
the labelling characteristics to allow recording and storing
of the quantitative data. Data were then pooled across
section and averaged across slices.

Drugs

H,0,, 3-amino-1,2,4-triazole (3-AT) and dopamine (DA)
hydrochloride were from Sigma-Aldrich (Milan, Italy).
H,0, was diluted daily from a 30% stock solution. The
concentration of the stock solution was 8.8 m.

Data analysis

For intracellular and patch-clamp recordings, numerical
data were expressed as means £ s.e.M. Student’s ¢ test for
paired and independent observations was used to compare
data. P < 0.05 was considered significant. To estimate the
ICsy and maximal response, the concentration—response
curve was fitted with a least-squares regression using
a logistic equation: y = ax/(x + b), where a is maximal
effect, x is drug concentration, and b is the concentration
attaining half-maximal effect.

For multi-electrode recordings, the cumulative plots of
the post-hypoxic firing frequency shown in Fig. 5D were
obtained by normalizing the firing rate in each channel
to its own control level, measured before the hypoxic
challenge. The normalized firing frequencies at 40 min
after reoxygenation in all active channels of each slice were
then expressed in a cumulative probability form (bin size
0.05). Such cumulative distributions were then averaged
across slices exposed to hypoxic ACSF alone or in the
presence of H,0,.

For histological experiments, the following data were
considered for each condition: total number of TH-
positive neurones, total number of cytochrome-c-positive
neurones, and percentage of TH-positive neurones that
were also cytochrome-c-positive. Means =+ s.p. for each
experimental condition were calculated, and group
differences were statistically analysed by two-way ANOVA.
Post hoc comparison was carried out by Tukey’s post hoc
test (StatView 5.0 SAS, Cary, NC, USA). Significance was
setat P < 0.001.

Results

H,0; counteracts hypoxia-induced hyperpolarization
of DA neurones

As previously observed (Mercuri et al. 1994a,b), a brief
period (5-10min) of hypoxia produced a reversible
hyperpolarization (20 2 mV) in DA neurones of the
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SNc (Fig. 1A, upper trace; n=11). Under voltage-clamp
conditions (Vi,a —60 mV), hypoxia caused an outward
current (hypoe,) that started after ~1 min of N,/CO,
superfusion, and reached a plateau within 2-3 min
(161.2 £ 13.9pA; n=38; Fig. 1A, lower trace). Upon
reoxygenation, a further post-hypoxic hyperpolarization
(7.3 £ 2.8 mV)/outward current (47.0 £ 12.0 pA) was
observed, followed by recovery of action potential firing
or holding current (Fig. 1A). We then conducted similar
experiments by applying H,O, (3 mm) while neurones
were exposed to hypoxic ACSF (Fig. 1B). Hypoxic ACSF
abolished action potential firing of DA cells. However,
when H,0, (3 mm) was added to the hypoxic medium,
an initial transient hyperpolarization was observed
(8.0+3.0mV), followed by a rapid (3.0=£ 1.0 min)
recovery of action potential firing (Fig. 1B, upper trace;
n=26). Likewise, in experiments performed in voltage
clamp (Vo4 —60 mV), H,O, (3 mm) abolished hypooy
(Fig. 1B, lower trace; n=6) and this effect was preceded
by a transient outward current (50.0 &= 10.0 pA).

H,0; does not oppose the effects of hypoglycaemia

Metabolic stress associated with perfusion in a glucose-free
ACSF has been reported to reversibly hyperpolarize DA
neurones through mechanisms of action similar to those
of hypoxia (Roeper et al. 1990; Marinelli et al. 2001).
Therefore, we tested whether H,O, may also counteract
the effects of hypoglycaemia. As shown in Fig. 2, perfusion
in hypoglycaemic medium blocked the firing activity of
DA neurones and hyperpolarized the membrane potential
(8.2 £+ 1.3 mV; n=3). However, in contrast to what we
found during hypoxia, no recovery was observed following
perfusion of H,O, (3 mm, 5-10 min) in hypoglycaemic
ACSF (n=3), while a full recovery was observed after
washout in normoglycaemic conditions.

Opposing effects of H,0, in normoxic
and hypoxic conditions

The action of H,O, on the DA neurones was further
explored in normoxic conditions. Unexpectedly, while
H,0, (3mmMm) counteracted an outward current, when
applied in a hypoxic medium (Fig.1), it caused an
outward current (176 £ 31 pA; n=4) when applied in
normoxic ACSF. This current was reversible at H,O,
washout, and was largely dependent on the opening of
Karp conductances since it was sensitive to tolbutamide
(1 mm; Fig. 3).

This opposite effect of H,O, was further confirmed
in experiments showing a reduced hypo,, when
DA neurones were exposed to the H,0O,-containing
hypoxic ACSE. The experimental protocol consisted
of a control hypoxic challenge (5-10min), followed
by a second exposure to hypoxic ACSF containing
increasing concentrations (0.1-10mm) of H,0,. By
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comparing the maximal amplitude of hypo,, in control
hypoxic ACSF and in H,0,-containing hypoxic ACSF,
we found a dose-dependent reversible reduction of
hypooy at concentrations of H,O, ranging from 0.1 to
3mMm (P <0.05 n=5, for each tested concentration;
ICsp = 0.6 + 0.1 mm; Fig. 4A and B).

Interestingly, maximal effects were obtained at 3 mm
H,0,, but higher concentrations of H,O, (10 mm) did
not reduce hypoy,s (136.8 & 12.1 versus 122.6 £ 17.1 pA
in control and 10 mm H,0,, respectively; n=3; P> 0.3
Student’s paired ¢ test; Fig. 4A).

Catalase is involved in H,0,-mediated reduction
of hypoout

We then investigated whether the effects of H,O, were
secondary to intracellular O, generation, through the
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catalase pathway (Llinas & Sugimori, 1980; Walton &
Fulton, 1983; Halliwell, 1992; Fowler, 1997). To this aim,
we evaluated the effects of H,O, on hypog, in the
continuous presence of the irreversible catalase inhibitor
3-AT (30 mm).

Slices were preincubated with 3-AT (30 mm) for
~50 min, and were continuously perfused with this
inhibitor during recordings. Under these conditions,
exposure to hypoxic ACSF still resulted in a sustained
outward current (Fig.5A). No difference was found
between hypo,,, in presence of 3-AT compared with that
observed in control conditions (136.2 £ 8.7 pA, n==6,
versus 118.3 £ 10.0 pA, n=3_, in controls and in 3-AT,
respectively; P> 0.2 Student’s unpaired f test; Fig.5B).
However, when slices pretreated in 3-AT (30 mm) were
exposed to the hypoxic medium containing H,O, (3 mm),
hypoo,: was not reduced, but rather it increased to

Hypoxia

H.O. 3 mM

i ﬁ) |2nmv

2s 2 min 2s
Hypoxia
H,O,3 mM

\

f \ | 100 pA

V, -60 mV ———wm

2 min

Figure 1. H,0; opposes hypoxia-induced inhibition in dopamine neurones

Traces were obtained from separate dopamine (DA) neurones recorded with sharp electrodes in current-clamp
(upper traces) or voltage clamp (lower traces) mode. A, in control conditions, hypoxia caused firing discharge
inhibition (upper trace), associated with membrane hyperpolarization. When normoxic conditions were restored, a
further transient hyperpolarization was observed, followed by a slow recovery of the membrane potential and the
firing activity. Accordingly, the outward current induced by hypoxia (lower trace) was reverted upon reoxygenation
and preceded by a transient post-hypoxic outward current. B, similar experiments were conducted with H,O;
(3 mm) while DA neurones were exposed to the hypoxic medium. Shortly after perfusion with H,0;, a transient
hyperpolarization was observed, followed by complete recovery of action potential firing (upper trace). Similarly,
the outward current induced by hypoxia (lower trace) was reverted by H,O;, (3 mm) and preceded by a transient

outward current.
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Hypoglycaemia

H.0, 3 mM
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1959 £22.4pA (n=38; P <0.05 Student’s paired f test;
Fig. 4A and B). Thus, hypo,, induced in H,O, alone was
significantly smaller than that observed in H,O, and 3-AT
(17.9 £ 5.0 versus 195.9 £22.4 pA; P < 0.001, Student’s
unpaired ¢ test; Fig. 5B).

H,0; prevents hypoxia-induced irreversible inhibition
of DA neurone firing

The reduction by H,O, of DA neurone hyperpolarization
in hypoxic medium could be indicative of a positive effect
of this peroxide, such that the presence of H,0, alleviates
the metabolic stress associated with O, deprivation.
However, if we consider membrane hyperpolarization
as a safety mechanism to preserve energy consumption,
H,0,-mediated reduction of hypo,, could, in fact, be
harmful for DA neurones exposed to a hypoxic medium.

H,0, 3 mM

V, - 60 mV-- 100 pA
2 min
Tolbutamide 1mM
H,0, 3 mM
A e, |00 PP
V, - 60 mV -
2 min

Figure 3. H,0; opens Karp conductance in normoxic conditions
Sharp-electrode voltage-clamp recording from a DA cell recorded in
standard oxygenated artificial cerebrospinal fluid (ACSF). H0; (3 mm)
induced a reversible outward current (upper trace). In the same cell,
the Kartp channel antagonist tolbutamide (1 mwm) strongly inhibited the
outward current produced by H,O; (lower trace).

MM 120
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Figure 2. H,0; does not oppose hypoglycaemia-induced
inhibition in DA neurones

Trace record from a DA neurone recorded with a sharp
electrode in current-clamp mode. Perfusion in a medium
lacking glucose caused membrane hyperpolarization and firing
inhibition. This effect was insensitive to H,0, (3 mm), while a
complete recovery was observed following washout in
normoglycaemic conditions.

In order to discriminate whether H,O, may effectively
be beneficial for DA neurones during early phases of
metabolic stress, we evaluated the effects of prolonged
perfusion with hypoxic ACSE It is known that when
DA neurones are exposed to a hypoxic medium for
more than 25-30 min, the membrane hyperpolarization
is replaced by an irreversible depolarization, probably
reflecting neuronal death (Mercuri etal. 1994a). Therefore,
we addressed the possibility that H,O, may prevent this
irreversible loss of electrical activity by O, deprivation. To
this aim, we recorded the spontaneous action potential
firing of DA neurones in acute slice preparations using a
multi-electrode device.

Midbrain slices were placed over a planar 8 x 8
multi-electrode array, so that most of the electrodes
covered an area corresponding to the SNc. This area
could be identified as a crescent-shaped region around
the medial terminal nucleus of the accessory optic tract
(Fig. 6A). Fast transients corresponding to spontaneous
action potential firing were detected in 496 recording
channels and from a total of 16 slices (31.0 & 3.6 active
channels per slice). Spikes occurred at a mean frequency
of 5.4+ 0.3Hz (n=496), but were found to differ in
shape and amplitude, probably reflecting spontaneous
action potentials arising from more than one neurone
detected by a single planar electrode. We did not perform
any spike-sorting discrimination of single- and multi-unit
responses; however, we used a pharmacological tool to
discriminate the source of this activity. It is well known
that in the SNc¢, DA neurones are selectively inhibited
by DA. Therefore, we briefly exposed the slices to DA
(10 pm) prior to any experimental protocol. We observed
that in the vast majority of the active channels, the overall
spontaneous firing rate was reduced by DA (Fig. 6B and
(), henceindicating that the recorded activity could largely
be ascribed to spontaneous action potentials generated by
DA neurones.

In slices exposed to hypoxic ACSF, all the spontaneous
firing was abolished within 2—3 min of perfusion (Fig. 6 B).
After 40 min in hypoxic medium, we washed in normoxic
ACSE, but the large majority of neurones did not recover
their action potential firing, even after 40-50 min of
reoxygenation (Fig. 6B). The cumulative plot in Fig. 6D
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Figure 4. H,0; inhibition of the outward current induced by
hypoxia (hypooyt) is dose dependent
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(see Methods) was obtained from all slices exposed
to hypoxia in normal ACSF (n=7, total number of
active channels = 170). It shows that no recovery (relative
frequency =0.1) was observed in 55.3% of the active
channels, while in only 25.9% of the active channels a

A
3-AT30 mM treated slice
Hypoxia Hypoxia
H,O, 3 mM
A 100'pA
W, -60 mi-——
3 min
B
250 — |
* &

00 - I
-:é (8)
E 150 ~
£
=
0“5 100
& w0 (8)
j=8
el
=

EQ =

[+ = ﬁ
hypo,, 3-AT H.O. 3-AT-HD ,
hypo,,, hypo,, hypo,,

Figure 5. The block of catalase prevents H,0; inhibition of
hypoout

A, patch-clamp voltage-clamp recording of hypoeyt in the continuous
presence of the catalase inhibitor 3-amino-1,2,4-triazole (3-AT;

30 mm). When the hypoxic insult was repeated in the same DA
neurone in the presence of H,O; (3 mm), hypooyt was not reduced,
rather an increase of hypooy: amplitude was observed. B, bars indicate
the mean amplitude of hypogyt in control conditions (grey bars) and in
presence of 3-AT (30 mm; white bars). *P < 0.05 and **P < 0.001,
Student’s t test. The numbers of observations are in parentheses.

A, patch-clamp voltage-clamp recordings of hypooy:. Left traces,
control hypoeyt; middle traces, hypooy: obtained with concomitant
perfusion of rising concentrations of H, O, (0.1-10 mwm); right traces,
hypoout recorded 15 min after H O, washout. Note that H,0;
reversibly inhibited hypooyt in @ concentration-dependent manner,
from 0.1 to 3.0 mm, while at 10 mm no reduction of hypoeyt was
observed. B, dose-response curve of hypogyt inhibition by H,O;
(0.1-3.0 mm). Each point represents the mean + s.e.m. of n =5 cells.
Data points were fitted with a least-squares regression using a logistic
equation.
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A

Figure 7. Confocal images of SNc DA
cells

Double immunofluorescence for tyrosine
hydroxylase (TH; red) and cytochrome ¢
(green) in horizontal slices of the
substantia nigra pars compacta (SNc).

A, healthy DA cell with no indication of
cytochrome c release (from the hypoxia
plus H,0, group). Note the punctuate
cytosolic cytochrome ¢ immunostaining.
B, DA cell with cytochrome c release in
the cytosol (from the hypoxia group).
Note the clustered and fusion pattern of
cytochrome ¢ immunoreactivity in the
cytosol. Scale bar, 15 um.

recovery higher than 50% (i.e. relative frequency =0.5)
was obtained, with occasional cases of increased firing rate
following reoxygenation.

When slices (n=9, total number of active
channels = 326) were exposed to hypoxic ACSF with H,O,
(3mmM), the spontaneous firing was normally reduced,
but rarely was completely abolished (Fig.5C). More
importantly, in most cases, a recovery of action potentials
firing rate was observed after 40-50 min perfusion in
oxygenated ACSE As shown in the cumulative plot of
Fig. 6D, in only 2.3% of the active channels no recovery
(relative frequency =0.1) was observed, while in 86.4%
of the active channels the firing rate recovered by at least
50% (i.e. relative frequency = 0.5).

H,0; inhibits hypoxia-induced cytochrome c release

A more direct evaluation of the effects of H,O, on DA
neurones exposed to hypoxia was obtained by means
of immunohistochemical techniques. We analysed TH
and cytochrome ¢ immunoreactivity in midbrain slices
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subdivided into three experimental groups (n=>5 in each
group): control slices, slices exposed to hypoxic ACSF,
and slices exposed to hypoxic ACSF in 3mm H,0,
(see Methods). TH- and cytochrome-c-immunoreactive
cells were present in all cases of the three experimental
groups. In the control group, TH cell labelling was
intense with a good preservation of cell morphology, while
cytochrome ¢ cell labelling was scarce and characterized
by a distinct punctate cytosolic labelling. In contrast, in
the hypoxic group we observed a small decrement of
TH-positive cells and a pronounced clustered and fusion
pattern of cytochrome ¢ immunoreactivity, indicating
release of cytochrome ¢ in the cytosol (Fig.7B). In the
hypoxia and H,0, group, the decrease of TH cellular
density, as well as the release of cytochromec in the
cytosol was less evident (Fig.7A). Quantitative analysis
was carried out by counting all TH-positive cells, cells
releasing cytochrome ¢ and double-labelled cells (Fig. 8).
The mean number of TH-positive cells presented a slight
reduction in the two treated groups in comparison with
the controls (Fig.7A). Indeed, TH-positive cells were

Figure 6. Irreversible inhibition of DA neurones firing by long hypoxic exposure is prevented by H,0,
A, photograph of an horizontal midbrain slice containing the substantia nigra (top), with a schematic representation
(bottom) of the region comprising the pars reticulata (dotted area) and the pars compacta (grey area) of the
substantia nigra around the medial terminal nucleus of the accessory optic tract (black area). The slice was placed
over an array of 8 x 8 planar electrodes, covering most of the pars compacta. B and C, plots of the spontaneous
firing frequency against time, measured on a selected active channel (top) and of the mean (&s.e.m.) spike frequency
(bottom) of all active channels in the same 8 x 8 array (n =30 in B, and n = 44 in C). Perfusion with DA (10 um)
reversibly inhibited the spike frequency detected on the selected recording channel and on the averaged activity
in both B and C. Exposure to a hypoxic medium for 40 min completely abolished the activity in all active channels
in B.Conversely, when the hypoxic medium contained 3 mm H,O; (C), the spontaneous firing activity was largely
maintained and the averaged activity was reduced, but not abolished. Upon reoxygenation, the firing activity
remained depressed in the selected channel of B, although some recovery could be detected on the averaged
activity; in C, the spontaneous firing completely recovered in both the selected channel and the averaged activity.
On top are shown corresponding traces of the single selected channel in the plot, acquired at the times indicated
by the corresponding numbers. D, averaged cumulative plots of the relative firing frequency (bin size 0.05) from
each single active channel, recorded 40 min after reoxygenation following exposure to hypoxic ACSF (continuous
line; 7 slices) or hypoxic ACSF in 3 mm H,O; (dashed line; 9 slices). The firing rate was normalized in each active
channel to its own basal level measured before the hypoxic challenge.
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Figure 8. Hypoxia-induced cytochrome c release is inhibited by

H,0,

Histograms (means =+ s.0.) of TH-positive neurones (A), neurones
releasing cytochrome ¢ (B), and the percentage of TH-positive
neurones releasing cytochrome c (double-labelled) neurones (C) in the
three experimental groups. *P < 0.05, **P < 0.005; ANOVA.
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37.7 £ 4.5 in controls, 32.9 £ 4.6 in the hypoxic group,
and 36.2 £ 8.7 in hypoxic plus H,O, (3 mm). Conversely,
a marked difference was observed for cells releasing
cytochrome c in the cytosol. The mean number of released
cytochrome-c-positive cells was 4.2 £ 1.1 in control cases,
25.2 + 3.8 after hypoxic treatment, and 10.3 1.9 after
hypoxia plus H,O, treatment (Fig. 8B). Also, taking into
account the percentage of cells that presented both TH and
released cytochrome ¢ labelling (double-labelled cells),
clear differences were found among groups. In controls,
10.6 & 2.8% of TH cells presented cytochrome c labelling,
while a sixfold increase was present after hypoxia, with
72.1 £ 12.0% of TH cells presenting released cytochrome ¢
positivity. H,O, treatment during hypoxia significantly
reduced this increase. Indeed, in hypoxia and H,O,,
only 23.0 £ 7.5% of TH cells were double labelled with
cytochrome ¢ (Fig. 8C).

Two-way ANOVA with group and treatment as
main factors demonstrated highly significant effects of
group (F=97.65; P <0.0001), treatment (F=121.04;
P <0.0001) and interaction (F=71.99; P < 0.0001).
Post-hoc  analysis demonstrated highly significant
differences between the control and hypoxic groups in
the number of cells releasing cytochrome ¢ (P < 0.001)
and in the percentage of TH cells releasing cytochrome ¢
(P <0.001). Significant differences were also found
between the hypoxia and the hypoxia plus H,O, groups
in cytochrome-c-releasing cell number (P <0.01)
and in the percentage of TH cells expressing released
cytochrome ¢ (P < 0.001). Significant differences were
also found between hypoxia in the H,O, group and the
controls in the percentages of TH cells expressing released
cytochrome ¢ (P < 0.01), while no significant difference
was present between the same groups in the cell numbers
releasing cytochrome c. There was also no significant
difference in the number of TH-positive cells.

Discussion

The results of this study indicate that H,O, reduces the
effects of hypoxia on DA neurones of the SNc by counter-
acting both early and late electrophysiological responses
associated with O, deprivation. In addition, H,O, reduces
events that preclude cell death of the DA neurones in
hypoxic conditions, as revealed by cytochrome c release.

When DA neurones are exposed to hypoxic ACSF,
they typically undergo a profound membrane hyper-
polarization, mainly due to opening of Kurp channels
(Mercuri etal. 1994a; Guatteo et al. 1998). If H,O, isadded
to the hypoxic medium, a rapid recovery of the resting
membrane potential is observed and action potential
firing is restored. Likewise, the outward current induced
by hypoxia is rapidly suppressed by H,O,, although DA
neurones are still exposed to the anoxic insult.
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The most likely explanation for this effect is that H,O,
reduces the recruitment of Krp conductance by providing
an alternative source for O,. We propose this hypothesis on
the basis of three experimental observations. (1) Perfusion
of H,0, during exposure to hypoxia resulted in an early
transient hyperpolarization (or outward current) prior to
full recovery of the resting membrane potential (or holding
current; see Fig.1). This early response is reminiscent
of a similar transient hyperpolarization/outward current
observed upon reoxygenation after hypoxia, which is
due to reactivation of the Nat—K* electrogenic pump
(Mercuri et al. 1994a,b; Guatteo et al. 1998). (2)
Karp-channel-dependent hyperpolarization is an early
membrane response associated with exposure of DA
neurones to a hypoxic and hypoglycaemic medium.
However, H,O, counteracts hypoxia-mediated hyper-
polarization only; that due to hypoglycaemia was
insensitive to H,O,. This strongly suggests that H,O, does
not act on Kurp channels directly, but compensates for
their activation secondary to O, deprivation. (3) Finally,
and most importantly, the reduction of hypoxia-mediated
outward current by H,O, was prevented by the block of
catalase with 3-AT. This antagonist reacts with the inter-
mediate complex (CompoundI) that is formed during
catalase-dependent metabolism of H,O,, so that catalase
inhibition occurs only in the presence of H,O, (Walton &
Fulton, 1983). The activity of catalase occurs inside the cell
and is largely located in peroxisomes (Gaunt & de Duve,
1976; Brannan et al. 1981), where it participates to the
clearance of H,O, by generating H,O and O, (Halliwell,
1999). Hence, we suggest that H,O, compensates for
the lowered levels of O, during anoxia through this
intracellular metabolic pathway, leading to reduction of
Kurp channel recruitment.

In agreement with our results, it was previously reported
that H,0, provides a supplementary source of O, in slice
preparations of the spinal cord (Walton & Fulton, 1983).
Notably, catalase has been thought to play a marginal role
in H,0, elimination in the central nervous system, while
GPx, which reduces H,0, into H,O without generating
O,, is considered the main factor in brain H,O, catabolism
(Sinet et al. 1980; Choen, 1988; Jain et al. 1991). However,
in the SNc, higher activity of catalase has been reported
(Hung & Lee, 1998; Avshalumov et al. 2005), thus, H,O,
elimination through catalase in DA neurones may indeed
provide an alternative source of O, in hypoxic conditions
to overcome the metabolic stress.

H,0; protects DA neurones during hypoxia

A reduction of the hyperpolarizing response to O,
deprivation does not necessarily indicate that DA neurones
are protected. In fact, membrane hyperpolarization is
thought to be a safety mechanism to preserve energy
consumption. Therefore, H,O, may actually aggravate
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the effects of hypoxia on the DA neurones by restoring
their firing activity. We can exclude this hypothesis
and affirm a clear protective role exerted by H,O,
during an anoxic insult on the basis of both functional
and anatomical results. First of all we found that even
after a prolonged exposure to a hypoxic medium, if
H,0, was present in the bathing medium during the
hypoxic insult, the large majority of the DA neurones
rapidly recovered their firing activity upon reoxygenation.
Conversely, in the absence of H,O,, little or no recovery was
found, in agreement with previous observations showing
an irreversible depolarization induced in DA neurones
following prolonged perfusion in an O,-deprived medium
(Mercuri et al. 1994a). Secondly, we provided anatomical
evidence of reduced release of cytochromec in DA
cells exposed to hypoxia if H,O, was dissolved in the
hypoxic medium. Different lines of evidence indicate that
cytochrome c release is a good indicator of the activation
of irreversible cell death pathways which are mostly related
to apoptosis pathways (Fujimura et al. 2000; Galefti et al.
2000; Sims & Anderson, 2002). The strategy employed
allowed a precise quantification of the cell population
under observation thanks to the TH immunolabelling.
The use of a double-labelling technique permitted us
to limit the observation to TH-positive neurones, thus
providing a good match with the physiological data on
DA neurones. The efficacy of the technique is further
emphasized by the low s.p. values, and by the lack of
effects of the different treatments on the total number of
TH neurones. The highly significant differences observed
between the hypoxia and the hypoxia plus H,O, groups
in the two death index analyses, namely total number
of cells releasing cytochrome ¢ and percentage of TH
cells also releasing cytochrome ¢, provide strong support
to the physiological evidence of the protective action of
HzOz.

H,0+ 0O,

closure

Kp opening

H.0, channels

Hypoxia

Yo o

mitochonc_irial &]opening
dysfunction

Figure 9. Scheme of H,0; and hypoxia effects on Karp channels
in DA neurones of the SNc

H, O, produces a harmful effect (1), mainly through dysfunction of the
mitochondrial respiratory chain. This leads to opening of Karp
channels. During hypoxia, Karp channels are similarly opened.
However, in hypoxia, H,O, provides an alternative source of O,
through conversion into H,O and O, by catalase (2). This pathway
counteracts the metabolic impairment due to O, deprivation, and
eventually protects DA neurones from the hypoxic insult.
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Harmful versus protective effects of H,0,

Interestingly, when added to a normoxic ACSEF, H,0,
induced an outward current that could be blocked by
the sulphonylurea agent tolbutamide, an antagonist of
Karp channels. Indeed, H,O, has been shown to reduce
intracellular ATP levels and activate Kurp channels in
renal epithelial cells (Filipovic & Reeves, 1997), smooth
muscle cells (Hattori et al. 2003) and pancreatic beta
cells, where it interferes with glucose metabolism by
targeting their mitochondria (Maechler et al. 1999), thus
reducing ATP intracellular levels (Krippeit-Drews et al.
1999). With regard to the central nervous system, H,O,
hasbeen reported to hyperpolarize hippocampal neurones
through activation of a Kt conductance (Seutin et al.
1995). Moreover, in the substantia nigra, voltammetric
experiments have demonstrated an H,0,-mediated
control of somatodrendritic DA release (Chen et al. 2002)
through opening of Karp channels (Avshalumov & Rice,
2003). In DA cells of the SNc in particular, it has recently
been shown that H,O, exerts a tonic modulation of Kapp
conductance, which may be regulated by its enzymatic
degradation (Avshalumov et al. 2005).

This effect seems to somehow contradict the inhibitory
effect of H,O, on the Kyrp-dependent hyperpolarization
induced by hypoxia. In Fig. 9, we show a theoretical scheme
to explain these opposing results, in which we propose a
harmful (1) and a protective (2) effect of H,O, on DA cells.
H,0, impairs mitochondrial function and activates Kurp
channels (1); however, at the same time, it also undergoes
an enzymatic degradation. When this degradation occurs
through the catalase pathway (2), it leads to production of
H,0 and O,. In normoxic conditions the prevailing effect
of H,0, is harmful, causing mitochondrial impairment
and membrane hyperpolarization in a manner similar
to hypoxia. Conversely, in hypoxic conditions, H,0O,
added to the medium is rapidly metabolized into free
0O,, and counteracts the opening of Kurp channels,
and eventually protects DA neurones from the hypoxic
insult.

In agreement with this hypothetical scheme, we found
that when the catalase pathway was blocked by 3-AT, not
only was hypo,, reduction by H,O, abolished, but hypoy
was increased when the hypoxic insult occurred in the
presence of H,O, (Fig. 4). Indeed, if the catalase pathway
is blocked, the protective effects of H,O, are prevented
and the harmful effects of H,O, exacerbate the metabolic
impairment occurring through hypoxia. In addition, we
found that the reduction of hypo,,: by H,O, was dose
dependent within a range of concentrations between 0.1
and 3 mm, while at higher concentrations this effect did
not occur (Fig.3B). Indeed, if high doses of H,0O, are
added to the hypoxic medium, the protective effects due to
H,0, degradation by catalase may be masked by the direct
harmful effects on mitochondrial function by H,0,.
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Concluding remarks

H,0, is a potentially toxic compound responsible for
free-radical-dependent neuronal damage; however, in
conditions of reduced O, supply, it may exert a protective
role through its metabolic degradation into O,. At
present, direct clinical use of H,O, during acute stroke
may be premature and open to uncontrolled side-effects.
However, endogenous H,0O, is indeed produced during
anoxia (Russell & Jackson, 1994; Zulueta et al. 1997;
Jovanovic et al. 2001; Wilhelm et al. 2003). Therefore,
new therapeutical approaches targeting the enzymatic
pathways involved in H,O, degradation may possibly be
clinically relevant.
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