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A B S T R A C T

Mitochondrial dysfunction has been demonstrated to have a central role in Parkinson Disease (PD) pathophy-
siology. Some studies have indicated that PD causes an impairment in mitochondrial bioenergetics; however, the
effects of PD on brain-region specific bioenergetics was never investigated before. This study aimed to evaluate
mitochondrial bioenergetics in different rat brain structures in an in vitro model of PD using 6-OHDA. Rat brain
slices of hippocampus, striatum, and cortex were exposed to 6-OHDA (100 μM) for 1 h and mitochondrial
bioenergetic parameters, peroxide production, lactate dehydrogenase (LDH) and citrate synthase (CS) activities
were analyzed. Hippocampus slices exposed to 6-OHDA presented increased peroxide production but, no mi-
tochondrial adaptive response against 6-OHDA damage. Cortex slices exposed to 6-OHDA presented increased
oxygen flux related to oxidative phosphorylation and energetic pathways exchange demonstrated by the increase
in LDH activity, suggesting a mitochondrial compensatory response. Striatum slices exposed to 6-OHDA pre-
sented a decrease of oxidative phosphorylation and decrease of oxygen flux related to ATP-synthase indicating
an impairment in the respiratory chain. The co-incubation of 6-OHDA with n-acetylcysteine (NAC) abolished the
effects of 6-OHDA on mitochondrial function in all brain regions tested, indicating that the increased reactive
oxygen species (ROS) production is responsible for the alterations observed in mitochondrial bioenergetics. The
present results indicate a brain-region specific response against 6-OHDA, providing new insights into brain
mitochondrial bioenergetic function in PD. These findings may contribute to the development of future therapies
with a target on energy metabolism.

1. Introduction

Parkinson disease (PD) is considered the second most common
neurodegenerative disorder in the world (Simuni et al., 2018). PD is
characterized by loss of dopaminergic neurons and formation of protein
aggregates, such as α-synuclein (Requejo-Aguilar et al., 2014), leading
to motor dysfunction, and impairment of cognitive and memory func-
tions (Goetz, 2011; Riederer et al., 2018). The pathology and symptoms
of PD are well described, although its mechanisms and causes remain
unclear (Goetz, 2011). One mechanism involved in PD is mitochondrial
dysfunction (Ammal Kaidery and Thomas, 2018; Teves et al., 2018; Wu
et al., 2018). Mutation in genes involved in mitochondrial quality
control, such as PARK2 and PINK1, produce PD symptoms (Wang et al.,
2011). These genes code for proteins such as PINK1 (PTEN induced
kinase 1) that is a serine/threonine kinase involved in mitochondrial

network quality control (Gautier et al., 2008).
Mitochondrial quality control and normal mitochondrial function-

ality are crucial to maintaining the cell energy balance (Lisowski et al.,
2018). Investigations demonstrated that besides the impairment of
mitochondrial function, PD has consequences over the energetic routes
(Requejo-Aguilar et al., 2014). Observations from genetic models of the
disease indicate that PD may drive an energy generation (Requejo-
Aguilar and Bolaños, 2016) shift from aerobic to glycolytic route
(Requejo-Aguilar et al., 2014) similar to what is observed in cancer cells
(Devine et al., 2011).

Dopaminergic neurons from striatum are usually described to be
affected by PD (Massari et al., 2016; Riederer et al., 2018; Zheng et al.,
2018). However, the brain is constituted by different regions that are
responsible for distinct functions, therefore, bioenergetics and mi-
tochondrial response against chemical exposure, aging or
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neurodegenerative disease may differ (Pandya et al., 2016) depending
on the brain region.

In vitro models of PD are valuable tools for the investigation of
mechanisms involved in the disease (Feitosa et al., 2018; Morroni et al.,
2018). Analogs of dopamine, such as 6-hydroxydopamine (6-OHDA),
are used both as in vitro and in vivo models of PD (Hao et al., 2017;
Massari et al., 2016). Exposure to 6-OHDA mimics the PD effects like
dopaminergic neurons death and increased ROS production
(Lehmensiek et al., 2006). 6-OHDA was the first neurotoxin employed
to cause damage specifically in neurons that use catecholamines as
neurotransmitter (UNGERSTEDT, 1968) being the most used toxin in
experimental PD models (Blandini et al., 2008). 6-OHDA accumulates
inside neurons, promoting ROS formation (Blandini et al., 2008) and
selective damage of dopaminergic/catecholaminergic neurons.

6-OHDA was also demonstrated to cause brain mitochondrial dys-
function in an in vitro study (Massari et al., 2016). However, there is a
lack of studies focusing on 6-OHDA effects on mitochondrial bioener-
getics of different brain structures. Studies about the metabolic status of
individual brain regions are important for the evaluation of drugs or
therapies that may target energy metabolism. Therefore, this study
aimed to investigate different responses against 6-OHDA damage on
mitochondrial bioenergetics function. In this way, we chose three dif-
ferent brain structures, cortex, hippocampus and striatum of rats, to
study 6-OHDA effects. These brain regions have different concentration
of dopaminergic neurons, so it is possible to predict different responses
to 6-OHDA mainly in mitochondria, which play a main role in cellular
response against damage.

2. Materials and methods

2.1. Chemicals

2,4,5-Trihydroxyphenethylamine hydrochloride (6-OHDA), adeno-
sine 5′-diphosphate sodium salt (ADP), pyruvic acid, antimycin A, ro-
tenone, malonic acid and carbonyl cyanide 4-(trifluoromethoxy)phe-
nylhydrazone (FCCP) were purchased from Sigma-Aldrich (St. Louis,
MO). Lactate dehydrogenase (LDH) commercial kit (LDH liquiform)
was purchased from Labtest® Diagnostica S.A. (Minas Gerais, Brazil).
Other chemicals used in this work were purchased from local suppliers.

2.2. Animals

Male adult Wistar rats (8 weeks old, 200–250 g) from our own
breeding colony were maintained in a separate animal room, with
light/dark cycles of 12 h each, at a temperature of 22 ± 2 °C, with free
access to food and water. This study was approved by the Ethical and
Animal Welfare Committee of the Federal University of Santa Maria,
Brazil, under the process number 1908310517/2017.

2.3. Preparation of cerebrocortical, hippocampal and striatal slices

Animals were killed by decapitation, the brain was removed, and
the cerebral cortex, hippocampus, and striatum were dissected in ice-
cold Krebs–Ringer bicarbonate buffer (KRB), this buffer is compound by
136mM NaCl, 5 mM KCl, 1.2mM MgSO4, 2.5mM CaCl2, 1.2 mM
KH2PO4, 23.8 mM NaHCO3, and 11mM D-glucose. The buffer was
bubbled with 95% O2 – 5% CO2 and established pH 7.4. Slices (0.4 mm)
were prepared using a McIlwain Tissue Chopper (The Mickle
Laboratory Engineering Co. ltd., England) and transferred to KRB buffer
for 30min at 37 °C to metabolic recover, before starting the experi-
ments.

2.4. Slices exposure to 6-OHDA

In order to evaluate 6-OHDA toxic effects, slices were exposed for
1 h at 37 °C to 6-OHDA at a concentration of 100 μM diluted in KRB as

described by a previous study (Massari et al., 2016).

2.5. Slices co-exposure to 6-OHDA and n-acetylcysteine (NAC)

To evaluate the effects of the concomitant exposure to NAC and 6-
OHDA on high-resolution respirometry (HRR), brain slices were in-
cubated for 1 h at 37 °C with 6-OHDA at a concentration of 100 μM
diluted in KRB plus NAC at a concentration of 1mM also diluted in KRB.
The NAC concentration used in this assay was based on a previous study
(Qian and Yang, 2009).

2.6. High-resolution respirometry (HRR)

The analyses were performed on O2k-system high-resolution oxy-
graph (Oroboros Instruments, Innsbruck, Austria). Cerebral structure
slices were added to the chamber containing the respiration medium -
MIR05 (0.5mM EGTA, 3mM MgCl2, 60mM lactobionic acid, 20mM
taurine, 10mM KH2PO4, 20mM HEPES, 110mM sucrose, 0.1mg/mL
fatty acid free BSA) at 37 °C. The protocol consisted of a sequential
titration of multiple substrates, uncouplers and inhibitors (SUIT pro-
tocol) as described by Figs. 1A, 2A and 3A (Pesta and Gnaiger, 2011).
After signal stabilization, the experimental SUIT protocol was per-
formed by sequential addition of pyruvate (5 mM), malate (2 mM) and
glutamate (10mM); ADP (5mM); succinate (10mM); oligomycin
(2.5 μM); carbonyl cyanide-4-(tri-fluoromethoxy) phenylhydrazone
(FCCP - titrations of 0.25 μM until reaching the maximum oxygen
consumption); rotenone (0.5 μM); malonate (5 mM) and antimycin (2.5
μM) (Pesta and Gnaiger, 2011; Schöpf et al., 2016). All data related to
SUIT protocol were normalized by the citrate synthase activity of each
sample.

2.7. Oxygen consumption related to cytochrome c oxidase

Oxygen consumption driven by cytochrome c oxidase (mitochon-
drial complex IV) was evaluated based on previous protocol with some
adaptations (Lemieux et al., 2017). To evaluate the effects of 6-OHDA
related to complex IV driven respiration, slices of hippocampus, cortex,
and striatum were placed in the oroboros chambers and substrates and
inhibitor were sequentially added. Glutamate (10mM), malate (2 mM)
and succinate (10mM), and ADP (5mM) were added to drive a coupled
state, after, potassium cyanide (KCN) was used as an inhibitor in ti-
trations of 10 μM until reaching the concentration of 100 μM. Oxygen
consumption was monitored after each KCN addition.

2.8. Hydrogen peroxide (H2O2) production

H2O2 production was measured in the Oxygraph-2k (O2k, OROB-
OROS Instruments, Innsbruck, Austria) using the Sensor Green of the
O2k-Fluo LED2-Module for fluorescence while respiration was ana-
lyzed. The H2O2-sensitive probe Amplex®Red was used to measure the
peroxide flux (Krumschnabel et al., 2015). Around 20mg of the cere-
bral structure slices (cerebrocortical, hippocampal and striatal) were
placed inside oroboros chamber containing MiR05, 10 μM Amplex® Red
(AmR) and 1 U/mL horseradish peroxidase (HRP). The product of the
reaction between AmR and H2O2, catalyzed by HRP, is fluorescent, and
O2k-Fluo LED2-Module is sensitive to this fluorescence difference.
Through this protocol was possible to evaluate peroxide production in
different steps of the HRR with the addiction of substrates and in-
hibitors. Experiments were performed with sequential additions of the
following substrates and inhibitors: pyruvate (5 mM), malate (2.5 mM)
and glutamate (10mM); succinate (10mM); rotenone (0.5 μM), to
evaluate reverse flow in complex I, Olygomicin (2.5 μM), FCCP (0,25
μM) and malonate (5 mM), to evaluate reverse flow in complex II. All
data related to peroxide production were normalized by citrate syn-
thase activity of samples.
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2.9. Enzyme activity assays and protein determination

For determination of enzyme activities and protein content, 2 mL
suspension was removed from the Oxygraph-2k chamber at the end of
each experiment and stored at −80 °C until further analysis. Enzyme
activities were assayed at 37 °C.

Citrate synthase activity was measured at 412 nm, recording the
linear reduction of 0.1mM 5,5’dithiobis-2-nitrobenzoic acid (ε 412:
13.6 ml·cm−1 μmol−1) in the presence of 0.10mM acetyl-CoA, 10mM
oxalacetic acid and 0.1M Tris/HCl, (pH 8.1) (Lemieux et al., 2017).

Lactate dehydrogenase (LDH) activity was measured at 340 nm
using the commercial kit LDH liquiform (Labtest®, Diagnostica S.A.,
Minas Gerais, Brazil).

Protein content was determined by Bradford’s test (Bradford, 1976)
using serum albumin as a standard.

2.10. Statistical analysis

Statistical analysis and figures were performed using GraphPad
Prism 6. Data are expressed as the Mean ± Standard Error of Mean
(S.E.M.). Data were analyzed with unpaired t-test, and p < 0.05 was
considered statistically significant.

3. Results

3.1. Effects of 6-OHDA treatment on HRR in brain slices

The effects of 6-OHDA on HRR were analyzed in different brain
regions, cortex, hippocampus, and striatum, to investigate how these
brain regions are affected by the neurotoxin. HRR data have five dif-
ferent states (Figs. 1A, 2A and 3A): pyruvate, glutamate, malate (PMG)
related to oxygen flux without ADP; oxidative phosphorylation (OX-
PHOS) state that is related to oxygen flux in saturated ADP con-
centrations; LEAK representing oxygen flux in presence of oligomycin;
electron transfer system (ETS) which is related to oxygen flux in pre-
sence of FCCP as uncoupler; and oxygen residual (ROX) which is related
to oxygen flux in presence of antimycin. In addition, the ratios between
oxygen flux, ETS CI/ETS CI&CII and ETS CII /ETS CI&CII, clarifies the
dependent oxygen flux linked to each complex (CI e CII) in ETS state.

It was observed that exposure to 6-OHDA has different effects de-
pending on the brain structure. In the striatum, 1 h-exposure to 6-OHDA
caused a significant decrease of 46% in OXPHOS CII-Linked oxygen
consumption, a decreased of around 35% in OXPHOS CI&CII-Linked
oxygen consumption and a decreased of 33% in oxygen consumption
linked to the LEAK state (Fig. 1A). Moreover, there was a significant
increase in ETS CI/ETS CI&CII ratio in striatum exposed to 6-OHDA
when compare to control group (Fig. 1B). Although, there was no sig-
nificant difference in striatum ETS CII /ETS CI&CII ratios between
control and 6-OHDA groups (Fig. 1C).

On the other hand, hippocampus slices exposed to 6-OHDA pre-
sented a significant increase of 98% in basal oxygen flux demonstrated
by PMG levels (Fig. 2A). In addition, there was a significant increase of
62,1% in oxygen consumption drive by OXPHOS CI-linked in hippo-
campus slices exposed to 6-OHDA. In the same way, it was possible to
verify an increase in oxygen flux (about 200%) in ROX state after 6-
OHDA exposure in hippocampus brain slices. The ROX state can be
associated with the ROS released by mitochondria. Concerning ETS CI/
ETS CI&CII and ETS CII /ETS CI&CII ratios, there was no significant
difference between control and 6-OHDA groups in the hippocampus
(Fig. 2B and C).

In cortex slices exposed to 6-OHDA, it was possible to verify a sig-
nificant increase of 60% in OXPHOS CII-Linked oxygen consumption. In
the same way, the oxygen flux increased about 87% in OXPHOS CI&CII
Linked (Fig. 3A), and an increase of 49% in ETS CII-Linked in slices
exposed to 6-OHDA (Fig. 3A). Besides, there was an increase in oxygen
flux of 100% in the ROX state, which is associated with increased ROS

production. ETS CI/ETS CI&CII and ETS CII /ETS CI&CII ratios were not
significantly affected by 6-OHDA in the cortex (Fig. 3B and C).

3.2. Effects of 6-OHDA on oxygen flux related to cytochrome c oxidase in
brain slices

There were no significant effects on oxygen consumption driven by
mitochondrial complex IV in brain slices in response to 6-OHDA ex-
posure. The titration with cyanide, until the final concentration of 100
μM, decreased oxygen consumption around 50%, both in control group
and 6-OHDA group in striatum (Fig. 4A), hippocampus (Fig. 4B) and
cortex (Fig. 4C) brain slices.

3.3. Effects of 6-OHDA on peroxide production in brain slices

Peroxide production was evaluated in brain slices using the fluor-
escent probe Amplex® Red. There was an increase of 280% in peroxide
production in striatum brain slices exposed to 6-OHDA when compared
with the control group (Fig. 5A). At the same time, striatum slices ex-
posed to 6-OHDA presented a decrease of 54,53% in peroxide produc-
tion induced by reverse flow related to CIeQ junction (Fig. 5B).

Hippocampus slice exposed to 6-OHDA presented a significant in-
crease of 292% in peroxide production compared to the control group
(Fig. 5C). However, there was no significant difference in peroxide
production related to reverse flow in CIeQ junction (Fig. 5D).

Cortex brain slices exposed to 6-OHDA presented a significant in-
crease of 227% in peroxide production (Fig. 5E). Nevertheless, 6-OHDA
exposure did not induce any significant alteration in cortex slices per-
oxide production related to reverse flow in CI-Q junction (Fig. 5F).

The peroxide production linked to reverse flow is associated with
mitochondrial peroxide release after rotenone inhibition. We aimed to
demonstrate the complex I capacity of electron transfer through the Q-
junction. The amount of peroxide formed after inhibition is strongly
associated with the complex I capacity to carry electrons through mi-
tochondrial respiratory chain before inhibition. For example, a decrease
in peroxide formation after rotenone inhibition in slices treated with 6-
OHDA indicates an impairment in CI.

3.4. Effects of 6-OHDA on citrate synthase and lactate dehydrogenase
activities in brain slices

Exposure to 6-OHDA significantly increased lactate dehydrogenase
activity in cortex brain slices (Fig. 6F) but, had no effect on citrate
synthase activity (Fig. 6E). On the other hand, there were no significant
alterations on citrate synthase and lactate dehydrogenase activities in
hippocampus and striatum brain slices after 6-OHDA exposure (Fig. 6C
and D and Fig. 6A and B).

3.5. Effects of co-exposure to 6-OHDA and NAC on HRR

In order to test if the increase in ROX respiration observed in HRR
experiments was a result of 6-OHDA exposure, we performed an assay
using NAC as an antioxidant. Brain slices were co-incubated with 6-
OHDA and NAC and the HRR parameters were evaluated. Co-exposure
to 6-OHDA and NAC did not cause any significant alteration in HRR
parameters in striatum (Fig. 7A), hippocampus (Fig. 7B) and cortex
(Fig. 7C) when compared to the control. These results support the hy-
pothesis that the alterations caused by 6-OHDA on mitochondrial
function are related to ROS production.

4. Discussion

The different regions of the brain are responsible for distinct be-
haviors and actions. For instance, frontal cortex is responsible to deci-
sion, planning and judgment, hippocampus is responsible to memory,
emotion and learning, and striatum is responsible to movement and
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cognition (Pandya et al., 2016; Zheng et al., 2018). These different
functional roles played by the brain regions require appropriated en-
ergetic demands. In this way, mitochondrial metabolism and bioener-
getics, may not be equal among brain regions, especially when brain is

subject to impairment by drugs, aging, metabolic syndrome or neuro-
degenerative diseases (da Silva et al., 2012; Etchegoyen et al., 2018;
Pandya et al., 2016).

Mitochondria are central regulators of energy and cell homeostasis

Fig. 1. Effects of 6-OHDA exposure in striatal brain
slices HRR. (A) Oxygen consumption of high re-
solution respirometry (HRR) protocol by oroboros.
Blue line represents oxygen concentration inside to
oroboros chambers and red line represents electron
transfer related to oxygen flux response to different
substrates addition. (B) SUIT protocol result: Basal
is the state without any substrates. Pyruvate, glu-
tamate and malate were used to evaluate oxygen
flux without phosphorylation (PMG). OXPHOS re-
presents coupled states dependent on different mi-
tochondrial substrates, pyruvate, glutamate, malate
(OXPHOS CI-Linked) and succinate (OXPHOS CII-
Linked and OXPHOS CI&CII-Linked) in presence of
saturated ADP concentrations. LEAK is the state
related to ATP-synthase inhibition by olygomicin.
ETS represents maximum oxygen consumption by
addition of the uncoupler FCCP (ETS CI&CII-
Linked), in sequence it is demonstrated the max-
imum oxygen consumption related to the complex I
inhibitor rotenone (ETS CI-Linked) and maximum
oxygen consumption related to complex II inhibi-
tion by malonate (ETS CII-Linked), lastly, anti-
mycin was used to inhibit complex III obtaining
oxygen residual flux (ROX). (C) Ratio of values
obtained in ETS CI divided by values obtained in
ETS CI&CII. (D) Ratio of values obtained in ETS CII
divided by values obtained in ETS CI&CII. Data are
reported as mean ± S.E.M., n= 4–5. *Indicates
p < 0.05 as compared to the control group (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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and evidences support the critical role of mitochondrial dysfunction in
neurodegenerative diseases, such as PD (Féger et al., 2002; Gautier
et al., 2008; Requejo-Aguilar and Bolaños, 2016). Some studies com-
pared PD effects in different brain regions (Massari et al., 2016; Romuk

et al., 2017), although, the effects of PD on mitochondrial bioenergetics
in brain regions was never investigated before. The stressors and dis-
eases may target mitochondria energy metabolism in distinct ways with
respect to different structures of the brain. Therefore, the understanding

Fig. 2. Effects of 6-OHDA exposure in hippocampus brain
slices HRR. (A) Oxygen consumption of high resolution re-
spirometry (HRR) protocol by oroboros. Blue line represents
oxygen concentration inside to oroboros chambers and red
line represents electron transfer related to oxygen flux re-
sponse to different substrates addition. (B) SUIT protocol
result: Basal is the state without any substrates. Pyruvate,
glutamate and malate were used to evaluate oxygen flux
without phosphorylation (PMG). OXPHOS represents cou-
pled states dependent on different mitochondrial substrates,
pyruvate, glutamate, malate (OXPHOS CI-Linked) and suc-
cinate (OXPHOS CII-Linked and OXPHOS CI&CII-Linked) in
presence of saturated ADP concentrations. LEAK is the state
related to ATP-synthase inhibition by olygomicin. ETS re-
presents maximum oxygen consumption by addition of the
uncoupler FCCP (ETS CI&CII-Linked), in sequence it is de-
monstrated the maximum oxygen consumption related to
the complex I inhibitor rotenone (ETS CI-Linked) and
maximum oxygen consumption related to complex II in-
hibition by malonate (ETS CII-Linked), lastly, antimycin
was used to inhibit complex III obtaining oxygen residual
flux (ROX). (C) Ratio of values obtained in ETS CI divided
by values obtained in ETS CI&CII. (D) Ratio of values ob-
tained in ETS CII divided by values obtained in ETS CI&CII.
Data are reported as mean ± S.E.M., n= 4–5. *Indicates
p < 0.05 as compared to the control group (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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of the mitochondrial role in neurodegenerative diseases and how it
modifies metabolic brain conditions in the different brain regions are
important issues to be addressed (Bulteau et al., 2017; Karbowski,
2007).

In this work, we used an in vitro PD model with 6-OHDA to study the
mitochondrial bioenergetics function in brain slices of cortex, hippo-
campus, and striatum. 6-OHDA is a neurotoxic compound molecularly
similar to the neurotransmitter dopamine, which means that 6-OHDA

Fig. 3. Effects of 6-OHDA exposure in
cortical brain slices HRR. (A) Oxygen
consumption of high resolution re-
spirometry (HRR) protocol by oroboros.
Blue line represents oxygen concentration
inside to oroboros chambers and red line
represents electron transfer related to
oxygen flux response to different sub-
strates addition. (B) SUIT protocol result:
Basal is the state without any substrates.
Pyruvate, glutamate and malate were
used to evaluate oxygen flux without
phosphorylation (PMG). OXPHOS re-
presents coupled states dependent on dif-
ferent mitochondrial substrates, pyruvate,
glutamate, malate (OXPHOS CI-Linked)
and succinate (OXPHOS CII-Linked and
OXPHOS CI&CII-Linked) in presence of
saturated ADP concentrations. LEAK is
the state related to ATP-synthase inhibi-
tion by olygomicin. ETS represents max-
imum oxygen consumption by addition of
the uncoupler FCCP (ETS CI&CII-Linked),
in sequence it is demonstrated the max-
imum oxygen consumption related to the
complex I inhibitor rotenone (ETS CI-
Linked) and maximum oxygen consump-
tion related to complex II inhibition by
malonate (ETS CII-Linked), lastly, anti-
mycin was used to inhibit complex III
obtaining oxygen residual flux (ROX). (C)
Ratio of values obtained in ETS CI divided
by values obtained in ETS CI&CII. (D)
Ratio of values obtained in ETS CII di-
vided by values obtained in ETS CI&CII.
Data are reported as mean ± S.E.M.,
n=4–5. *Indicates p < 0.05 as com-
pared to the control group. (For inter-
pretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article).
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manly affects dopaminergic neurons mimicking some PD symptoms
(Massari et al., 2016). Our results indicate distinct mitochondrial re-
sponses among the different brain regions due to 6-OHDA insult.

In the hippocampus it was not observed significant changes in mi-
tochondrial functionality after 1 h of exposure to 6DA since oxygen flux
in the OXPHOS CI&CII-Linked was not altered. However, 6-OHDA in-
duced an increase in oxygen consumption related to mitochondrial
proton leak, observed after PMG addition (Fig. 2A), and ROX state
(Fig. 2A) which is associated with increased ROS levels. Indeed, as
evidenced by the assay with Amplex® Red, hippocampus exposed to 6-
OHDA presented increased peroxide production (Fig. 5C). The fact that
exposure to 6-OHDA did not affect enzymatic activities of CS and LDH
(Fig. 6C and D) in hippocampus slices suggest that 6-OHDA effects on
hippocampus do not generate compensatory or adaptive mitochondrial
response due to augmented ROS generation. When we exposed hippo-
campus slices to 6-OHDA associated with NAC there were no differ-
ences in mitochondrial parameters evaluated by HRR (Fig. 7B). This
result indicates that 6-OHDA effects on hippocampus brain slices are
mainly related to increased ROS production

Previous study demonstrated that the hippocampus is the brain
structure in rats most impaired during aging (Pandya et al., 2016).
Moreover, the hippocampus is important in memory formation and
learning (Teixeira et al., 2018; Velazquez et al., 2018), which are
abilities early affected in PD (GOETZ, 2011; Kalia and Lang, 2015). Our
results corroborate these observations since the reduced mitochondrial
adaptability would render the hippocampus more susceptible to ROS
production and damage resulting in impaired function when treated
with 6-OHDA.

On the other side, cortex slices exposed to 6-OHDA presented mi-
tochondrial compensatory effects or adaptation perhaps as an attempt
to generate energy. This hypothesis is sustained by results of oxygen
flux related to oxidative phosphorylation since, after 1 hour of exposure
to 6-OHDA, brain cortex slices presented an increase in oxygen flux
through OXPHOS CI&CII-Linked and ETS CII-Linked (Fig. 3A). Ad-
ditionally, there was a significant increase in cortical LDH activity after
exposure to of 6-OHDA (Fig. 6F), reinforcing the idea of mitochondrial
adaptation to increase energy generation. Lactate is an important

energy source during ischemia and has been considered necessary for
neuronal signaling and plasticity (Magistretti and Allaman, 2018).

The association of 6-OHDA and NAC in cortex brain slices prevented
6-OHDA effects on HRR parameters (Fig. 7C), supporting the idea that
in cortex, ROS production is capable to initiate a survival signaling
pathway. An increase in ROS production can lead to activation of
several survival pathways, one of them is related to activation of the
hypoxia-inducible factor (HIF) which is an important transcription
factor that regulates cellular metabolism and cell survival under hy-
poxic stress (Trachootham et al., 2008). HIF plays a major role in me-
tabolic energy source by exchanging glucose metabolites from mi-
tochondrial respiration to cytosolic glycolysis. This metabolic exchange
to the glycolytic pathway increases lactate levels (Lu et al., 2002). It is
possible that in the cortex, after 1 h of 6-OHDA exposure, ROS levels
increase could activate HIF explaining, in this way, the increase in LDH
levels.

Based on our evidences and other studies (Devine et al., 2011;
Requejo-Aguilar et al., 2014; Requejo-Aguilar and Bolaños, 2016), we
believed that cortex slices exposed to 6-OHDA activates a mitochondrial
compensatory effect to generate energy which is demonstrated by the
increase in oxygen flux and by the exchange to other energy sources,
such as lactate, demonstrated by increased LDH activity.

Moreover, the exchange of metabolic pathways to generate energy
has been demonstrated in diseases such as PD (Requejo-Aguilar and
Bolaños, 2016; Wang et al., 2011). The energetic pathway exchange of
mitochondrial oxidative phosphorylation to a glycolytic energy source
(Requejo-Aguilar et al., 2014) was previously described in PD and in
cancer cells (Devine et al., 2011). Previous study indicated that in a
normal situation there is a minimal mitochondrial energetic response
difference among different brain regions isolated from rat brain
(Sauerbeck et al., 2011). Contrariwise, other study demonstrated dif-
ferences in regional brain metabolism, with evidence that the cortex
seems to spend more energy than others brain regions (Karbowski,
2007). Moreover, the highest levels of aerobic glycolysis in the normal
human brain reside in cortical systems. The explanation for this dif-
ferent metabolism has been associated with the cortex role of organi-
zation of the brain functions (Vaishnavi et al., 2010).

Fig. 4. Effects of 6-OHDA exposure in
cytochrome c oxidase. Oxygen flux
drive by cytochrome c oxidase activity
in brain slices of striatum (A), hippo-
campus (B) and cortex (C). Potassium
cyanide (KCN) was used as inhibitor of
cytochrome c oxidase. We used KCN
titrations of 10 μM, each value of ti-
tration in X axis corresponds to oxygen
flux in Y axis. Data are reported as
mean ± S.E.M of 4 different assays.
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Furthermore, cortical slices exposed to 6-OHDA presented an in-
crease in peroxide production (Fig. 5E) when compared to the control
group. This increase in peroxide production in cortex after exposure to
6-OHDA was less pronounced than other brain regions tested in this
work. According to other studies, ROS may promote cellular adapta-
tions to stress conditions, by the regulation of oxidative metabolism
supporting cell survival (Gutteridge and Halliwell, 2018; Makrecka-
Kuka et al., 2015; Radak et al., 2016).

Even though 6-OHDA exposure increased the peroxide production
in the striatum (Fig. 5A), which is in accordance with other studies
(Ammal Kaidery and Thomas, 2018; Li et al., 2014; Massari et al.,
2016), striatum showed a different response when compared to cortex.
Different from cortex, it seems that striatum does not present any mi-
tochondrial adaptation response against 6-OHDA damage. The increase
of peroxide production in striatum slices treated with 6-OHDA was

280% higher than control (Fig. 5A). We believe that this high peroxide
production in striatum was able to cause mitochondrial damage instead
to mitochondrial adaptation.

Moreover, 6-OHDA exposure in striatum also induced a significant
decrease in reverse flow linked to CI-Q junction after rotenone addition
(Fig. 5B). This decrease in peroxide levels related to reverse flow may
indicate that the general increase in peroxide production (Fig. 5A) was
not caused by reverse electron flow in CI-Q junction. We believe that
the amount of peroxide production in the striatum after 6-OHDA ex-
posure could be linked to extramitochondrial cellular compartments. It
was demonstrated previously that mitochondrial and cytosolic ROS
formation have opposing effects on lifespan, the mitochondrial ROS
formation was able to increase lifespan in Caenorhabditis elegans
probably by activating cellular survival pathways, on the other hand,
cytosolic ROS formation did not present the same effect in lifespan,

Fig. 5. Effects of 6-OHDA in brain slices peroxide production. Endogenous peroxide production, without substrates addition in striatum (A), hippocampus (C) and
cortex (E) brain slices. Peroxide production by reverse flow related to CIeQ junction in striatum (B), hippocampus (D) and cortex (F) brain slices, determined by
addition of substrates related to complex I (pyruvate, glutamate and malate) and complex II (succinate) and CI inhibitor rotenone. Data are reported as
mean ± S.E.M., n=4. *Indicates p < 0.05 as compared to the control group.
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(Schaar et al., 2015).
The striatum is normally the brain region more affected by 6-OHDA

due to the higher number of dopaminergic neurons which are the main
targets of this neurotoxin. The same occurs in PD, with striatum being
the brain region most affected by the loss of dopaminergic neurons
(Féger et al., 2002; Hawlitschka and Wree, 2018). In agreement with
this, our results showed that striatum slices exposed to 6-OHDA pre-
sented a decrease in oxygen flux related OXPHOS CI&CII-Linked (Fig. 1)
and oxygen flux related to ATP-synthase represented by the LEAK state
(Fig. 1) indicating a decrease in mitochondrial functionality. Ad-
ditionally, the ETS ratio evidenced an increase in CI participation on
ETS state in the striatum after 6-OHDA exposure. We believe that this
result is related to a decrease in mitochondrial excess capacity. Co-ex-
posure with NAC abolished 6-OHDA effects in striatal slices most
probably due to NAC antioxidant properties (Fig. 7A). At the same time,
6-OHDA exposure did not cause alterations in CS and LDH activities
(Fig. 6A and B) in striatum, suggesting that this brain region cannot
adapt to 6-OHDA damage.

Similarly, another work (Singh et al., 2010) demonstrated that
striatal neurons exposed to 3-nitropropionic acid showed a higher mi-
tochondrial vulnerability than cortical neurons, indicating a different
energetic response against injury. Additionally, it was suggested that in
neurodegenerative disease, specific nervous system components or
brain regions appear to be more susceptible to the pathological process
triggering. Such specific susceptibility of the brain regions to different
kinds of injury is related to cell metabolism and differences in mi-
tochondrial capacity to produce energy (Dubinsky, 2009)

5. Conclusion

In conclusion, our study demonstrated the different response related
to mitochondrial bioenergetics in distinct brain regions after exposure
to 6-OHDA in vitro. Brain regions have different metabolism and re-
spond in different ways to 6-OHDA toxicity. The findings of this work
are important to understand how mitochondrial function in the dif-
ferent brain regions is affected in a model of PD induced by 6-OHDA,

Fig. 6. Effects of 6-hydroxydopamine (6-OHDA) exposure in citrate synthase activity of striatal (A), hippocampus (C) and cortex (E) brain slices and, in lactate
dehydrogenase activity of striatum (B), hippocampus (D) and cortex (F). Data are reported as mean ± S.E.M., n= 7.
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expanding the knowledge about the involvement of mitochondrial
brain metabolism in experimental PD models.
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