Neurologia. 2017;32(8):533—539

NEUROLOGIA

Volume 32
Nombers
Apri 3017

g NEUROLOGIA

SOCIEDAD ESPANOLA www.elsevier.es/neurologia
DE NEUROLOGIA

REVIEW ARTICLE

p—

The 6-hydroxydopamine model and parkinsonian @CmssMark
pathophysiology: Novel findings in an older model™ "

D. Hernandez-Baltazar®"*, L.M. Zavala-Flores©, A. Villanueva-Olivo

a Cdtedra CONACyT, Direccion Adjunta de Desarrollo Cientifico CONACyT, México, D. F., Mexico

b Instituto de Neuroetologia, Universidad Veracruzana, Xalapa, Veracruz, Mexico

¢ Centro de Investigacion Biomédica del Noreste, IMSS, Monterrey, Nuevo Ledn, Mexico

4 Departamento de Histologia, Facultad de Medicina, Universidad Auténoma de Nuevo Ledn, Monterrey, Nuevo Ledn, Mexico

Received 27 November 2014; accepted 15 June 2015
Available online 23 August 2017

KEYWORDS Abstract The neurotoxin 6-hydroxydopamine (6-OHDA) is widely used to induce models of
Apoptosis; Parkinson’s disease (PD). We now know that the model induced by 6-OHDA does not include
Nigrostriatal all PD symptoms, although it does reproduce the main cellular processes involved in PD, such
pathway; as oxidative stress, neurodegeneration, neuroinflammation, and neuronal death by apoptosis.
Neurodegeneration; In this review we analyse the factors affecting the vulnerability of dopaminergic neurons as
Substantia nigra; well as the close relationships between neuroinflammation, neurodegeneration, and apoptosis
Neuroinflammation; in the 6-OHDA model. Knowledge of the mechanisms involved in neurodegeneration and cell
Oxidative stress death in this model is the key to identifying potential therapeutic targets for PD.
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PALABRAS CLAVE El modelo de 6-hidroxidopamina y la fisiopatologia parkinsoniana: nuevos hallazgos
Apoptosis; en un viejo modelo

Via nigroestriatal;
Neurodegeneracion;
Substantia nigra;
Neuroinflamacion;
Estrés oxidativo

Resumen El neurotoxico 6-hidroxidopamina (6-OHDA) ha sido utilizado para generar modelos
de la enfermedad de Parkinson (EP). A la fecha se ha establecido que si bien el modelo neurode-
generativo inducido por la 6-OHDA no reproduce la totalidad de sintomas de la enfermedad,
si replica procesos celulares tales como el estrés oxidativo, la neurodegeneracion, la neuroin-
flamacion y la muerte neuronal por apoptosis. En esta revision se contempla el analisis de los
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factores que influyen en la vulnerabilidad de las neuronas dopaminérgicas, asi como la estrecha
relacion entre el proceso neurodegenerativo, el neuroinflamatorio y la apoptosis ocasionada
por la 6-OHDA. El conocimiento de los mecanismos involucrados en la neurodegeneracion y la
muerte celular en este modelo es relevante para definir posibles blancos terapéuticos para EP.
© 2014 Sociedad Espafiola de Neurologia. Publicado por Elsevier Espana, S.L.U. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Background

Parkinson’s disease (PD) is a chronic degenerative dis-
ease causing motor and non-motor symptoms.! This
condition affects multiple nuclei of the central nervous
system, including the dorsal motor nucleus of the vagus,
raphe nuclei, locus coeruleus, pedunculopontine nucleus,
retrorubral nucleus, parabrachial nucleus, ventral tegmen-
tal area (VTA), and the substantia nigra pars compacta
(SNpc).2 PD may be caused by a wide range of factors.
Undeniable signs of PD include progressive degeneration of
dopaminergic neurons in the nigrostriatal pathway, presence
of Lewy bodies,* and generalised damage to the neuronal
circuits that control movement.'

Animal models reproducing the main cellular pro-
cesses of PD, such as oxidative stress, neurodegeneration,
neuroinflammation, and cell death, have been used to
assess neurodegeneration in PD. Some of the most widely
used neurotoxic compounds are: 1) 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), which is converted into
1-methyl-4-phenylpyridinium (MPP*) by monoamine oxidase
B (MAO-B)*>; and 2) 6-hydroxydopamine (6-OHDA).%” MPTP
crosses the blood-brain barrier (BBB),® causing not only dam-
age to the nigrostriatal pathway, but also loss of striatal
GABAergic neurons® and neurons in the VTA and retrorubral
nucleus, as well as reactive gliosis.'®"" 6-OHDA is the drug
most frequently used to induce neurodegeneration of the
nigrostriatal system, due to its inability to cross the BBB
and its selectivity for dopaminergic neurons of the SNpc.

6-OHDA is a highly oxidisable dopamine analogue that
may be uptaken by the dopamine transporter, which allows
selective damage to catecholaminergic neurons, such as
dopaminergic neurons of the SNpc.'? To date, 3 mechanisms
have been proposed to explain the cytotoxic effect of 6-
OHDA: 1) intra- or extracellular auto-oxidation of 6-OHDA,
which favours the production of hydrogen peroxide and
superoxide and hydroxyl radicals®; 2) formation of hydro-
gen peroxide due to the action of monoamine oxidase, 3
and 3) direct inhibition of mitochondrial respiratory chain
complex 1."* These mechanisms may act independently or
in combination to generate reactive oxygen species (R0S)."
The resulting oxidative stress (0S) may be intensified by an
increase in cytoplasmic free calcium (as a result of either
glutamate excitotoxicity or loss of mitochondrial membrane
permeability), finally inducing cell death.'®

Ungerstedt® showed in 1968 that intracerebral stereo-
tactic injection with 6-OHDA causes degeneration of the

nigrostriatal pathway. To assess the degenerative effects and
mechanisms of 6-OHDA in vivo, 3 lesion models have been
developed: 1) lesions to the medial forebrain bundle'’-'%;
2) lesions to the substantia nigra’®?°, and 3) intrastri-
atal lesions.?’~?* Lesions to the medial forebrain bundle
and substantia nigra, though useful for demonstrating
the immediate effects of 6-OHDA, provoke rapid, gener-
alised degeneration of the damaged nucleus.” These lesion
models are therefore not suitable for studying the mech-
anisms underlying neurotoxicity (and death) due to OS
in the long term (21 days after the lesion). However,
unilateral”®~?¢ or bilateral?®*° intrastriatal injections with
6-OHDA do cause progressive loss of dopaminergic neurons
of the SNpc, simulating the nigrostriatal damage observed in
PD.

By convention, the rat striatum has been subdivided in
2 regions, the dorsomedial and the ventrolateral regions,
which are innervated by specific nuclei. The ventrolateral
region receives afferences from the motor and sensiromotor
areas of the cortex and is innervated exclusively by neurons
originating from the SNpc.?>3" The dorsomedial region of
the striatum is innervated by neurons originating from the
SNpc, VTA, frontal cortical area, and limbic system.?® This
explains why 6-OHDA lesions to the dorsomedial striatum
have a general effect on locomotion and drug-induced spin-
ning behaviour (amphetamine and apomorphine), whereas
lesions to the ventrolateral striatum have marked effects on
movement onset, sensorimotor orientation, and fine motor
behaviour, all of which are typical signs of PD.'>?3

In 1998, Kirik et al.?* established the optimal parameters
for inducing unilateral lesions to the ventrolateral striatum
with a single dose of 20 ug, or 6 ng doses of 6-OHDA injected
at 3 different sites in the striatum. These researchers con-
cluded that the effect of intrastriatal injections depends on
the dose and site of the lesion. They observed that a dose
administered at a single site of the striatum causes an 80%
decrease in striatal innervation and an almost 90% loss of
nigral dopaminergic neurons, whereas a dose administered
at several sites causes damages to extrastriatal nuclei such
as the globus pallidus.?

Although intrastriatal lesions mainly affect dopaminer-
gic neurons of the SNpc, they also lead to a decrease in
VTA dopaminergic neurons, which constitute the mesolim-
bic pathway and innervate the nucleus accumbens.?>* Loss
of VTA dopaminergic neurons does not exceed 20% and dam-
age does not increase with time, as has been observed in
the SNpc. Therefore, the intrastriatal lesion model is the
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most frequently used model for demonstrating neurodegen-
eration and cell death mechanisms over a long period of
time; we should not forget, however, that the percentage of
dopaminergic neuronal loss in the SNpc and collateral dam-
ages in the VTA will depend on the site of the lesion and the
dose administered.??

In view of the fact that the 6-OHDA model does not repro-
duce presence of Lewy bodies,* several alpha-synuclein
mouse models have been established, including knockdown
models,> gene expression models,*® and models involving
intracerebral injections with alpha-synuclein.?” Given that
this protein is a crucial component of Lewy bodies, these
models may be key to understanding nigrostriatal pathway
degeneration and its impact on other brain nuclei; further
research is needed on this topic.

The 6-OHDA model has been used to demonstrate the
proof of principle of neurotrophic factor therapy (NFT). This
treatment consists of the targeted delivery of genes cod-
ing for neurotrophic factors (for example the brain-derived
neurotrophic factor [BDNF],*® the glial cell-derived neu-
rotrophic factor [GDNF],**~*? and the cerebral dopamine
neurotrophic factor [CDNF]***) through nanoparticles*#
or viral and non-viral vectors.>® The aim of NFT in the
6-OHDA model is to halt neurodegeneration and stimulate
functional regeneration of the nigrostriatal system.* 48 We
should therefore continue identifying the mechanisms of 6-
OHDA-induced OS, neurodegeneration, and neuronal death;
knowledge on this topic is key to determine the molecular
mechanisms underlying the new therapies for PD.

Development
Vulnerability of dopaminergic neurons to 6-OHDA

Dopaminergic neurons in the SNpc are vulnerable to 6-
OHDA-induced OS, since they present high baseline ROS
levels and low levels of glutathione peroxidase, an enzyme
that converts hydrogen peroxide to water to prevent ROS
damage.”’ Dopamine, in turn, is highly susceptible to auto-
oxidation and conversion to neuromelanin, which promotes
the formation of hydroxyl radicals (OH—). When neurome-
lanin combines with iron, which normally accumulates at
high concentrations in dopaminergic neurons,’®°" it affects
their ability to remove OH. However, not all dopaminer-
gic neurons in the SNpc are vulnerable to 6-OHDA toxicity;
the SNpc contains subpopulations of dopaminergic neurons
that express such calcium-binding proteins as calretinin
(CR) and calbindin (CB), both of which reduce the accu-
mulation of intracellular calcium, preventing glutamate
excitotoxicity and ultimately inhibiting the cytotoxic effects
of 6-OHDA.?2%3 The precise number of neurons constitut-
ing these dopaminergic subpopulations within the SNpc is
as yet unknown; presence of these subpopulations has been
suggested to explain the presence of 10%> dopaminergic
neurons in the SNpc after treatment with 6-OHDA, regard-
less of the dose and site of injection of the neurotoxic
compound.??

According to several in vivo studies, OS mediates the
cytotoxic effects of 6-OHDA. Microdialysis and HPLC studies
of the caudate nucleus of adult rats show that perfusion of

100 uM 6-OHDA through a microdialysis probe for 60 min-
utes increases production of free radicals. Under these
conditions, the DNA of SNpc dopaminergic neurons is also
damaged.’® Recent studies have shown that intrastriatal
injection with 6 ug 6-OHDA in rats causes a time-dependent
increase in the indices of protein oxidation and lipid
peroxidation.® It has therefore been suggested that these
biochemical processes originated by mitochondrial OS lead
to both neuroinflammation and cell death by apoptosis.’

Neuroinflammation

Neuroinflammation has been evaluated using such glial
cell markers as GFAP for astrocytes®®®’ and 0X-42 for
microglia.’®*° 6-OHDA-induced activation of these glial
populations has been found to occur from the third day
after the lesion?? up to the third week postlesion.>” Neu-
roinflammation has been shown to precede death of nigral
dopaminergic neurons (2 weeks after the lesion),’” prob-
ably to minimise cell damage. Other studies suggest that
increased activation of glial cells and subsequent release of
proinflammatory and anti-inflammatory cytokines at the site
of the lesion may increase 6-OHDA cytotoxicity.®® Studying
neuroinflammation in 6-OHDA models is essential to deter-
mine alternative therapeutic targets in PD.

Apoptosis in the SNpc

Tyrosine hydroxylase (TH), the rate-limiting enzyme
of dopamine synthesis, is a marker for dopaminergic
phenotypes.? The hypothesis that 6-OHDA injection causes
death of dopaminergic neurons in the SNpc is based on
the decrease in the number of TH+ neurons.”®¢" Most
researchers using 6-OHDA in vivo assert that this neuro-
toxic compound causes cell death??°27%%; a smaller number
of researchers, in contrast, have detected no markers of cell
death,?% which may suggest loss of phenotype. However,
this depends on the dose and the lesion model used.

Cell death is the final result of 6-OHDA-induced cytotoxic-
ity. Some studies try to demonstrate activation of apoptosis
in the SNpc using silver staining or terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling (TUNEL)
staining after intrastriatal administration of 6-OHDA, %4768
However, these studies do not use other markers of apoptosis
in addition to TUNEL staining to support the hypothesis that
6-OHDA induces apoptosis. Furthermore, TUNEL staining
also identifies necrotic cells; therefore, we cannot conclude
that 6-OHDA causes apoptosis based on the results of this
technique, especially in the light of in vitro studies show-
ing that the dose of 6-OHDA frequently used in vivo causes
necrosis.®>’% According to a recent study with rats, in addi-
tion to TH loss, 6-OHDA injections to the striatum cause
also loss of cytoskeleton integrity in dopaminergic neurons
of the SNpc,?? which demonstrates cell death by apoptosis.
Although many authors agree that apoptosis is the main type
of cell death in 6-OHDA models, necrosis and autophagy’' 73
have also been analysed in the context of in vivo 6-OHDA cell
death. Given the variety of experimental models, it is not
possible to determine the percentage of dopaminergic neu-
rons in the SNpc affected by one or another type of death.
However, convergence of several types of death may explain
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activation of the neuroinflammatory process, a topic that
merits further study.

Apoptosis: caspase-3 and glycogen synthase kinase

3p

Apoptosis is a process of programmed cell death triggered
by 2 signalling pathways: the intrinsic and the extrinsic
pathways.”* The intrinsic pathway involves mitochondrial
damage and subsequent cytochrome C release, which pro-
motes the activation of proapoptotic proteins. The extrinsic
pathway requires the activation of death receptors in the
cell membrane and the subsequent activation of a complex
signalling cascade.'"”’# Though independent, these 2 path-
ways converge in the activation of effector caspases-3, -6,
or _7.75,76

Caspase-3 is the main effector caspase in neurons and its
activation has been demonstrated by the in vitro and in vivo
administration of neurotoxic compounds.”>’”78 In vivo stud-
ies have detected caspase-3 activation one week after
instrastriatal administration of 6-OHDA to rats.>>> Most
in vivo studies demonstrate caspase-3 expression in dif-
ferent models of cell death, suggesting that caspase- 3
activation is involved in programmed cell death in neurons of
the SNpc.”8-8% However, recent studies have failed to con-
firm activation of caspase-3 or caspase-9, concluding that
these caspases are not involved in apoptosis of dopaminergic
neurons in the SNpc.®"82 There is even greater controversy
in the light of recent evidence that caspase-3 is involved in
non-apoptotic functions, such as microglial activation.®
Although most authors agree that caspase-3 participates in
6-OHDA-induced neurodegeneration, the question remains
whether its expression leads to neuronal death only. Other
markers of apoptosis are therefore necessary; in this con-
text, we should mention the study of glycogen synthase
kinase 3B (GSK-3pB).

GSK-3B is involved in the signalling pathway of neu-
ronal apoptosis triggered by 0S,% a pivotal factor in the
pathogenesis of PD.% GSK-3p is activated by phosphoryla-
tion of tyrosine 216 residue (Y216), located in the kinase
domain, and inactivated by phosphorylation of serine 9
(59).% A recent study showed that caspase-3 and GSK-38
are involved in the apoptotic process induced by 6-OHDA
in vivo.?? A single 20 ug dose administered to a rat’s stri-
atum was observed to cause loss of cytoskeleton integrity,
decreased TH immunoreactivity, and a progressive decrease
in immunoreactivity to NeuN (a marker of neuronal lineage)
in dopaminergic neurons in the SNpc.??

Furthermore, Kim et al.®? observed atrophy and progres-
sive death of dopaminergic neurons which was dependent
on nuclear translocation of apoptosis-inducing factor (AIF),
but found no signs of apoptosis in the form of caspase-
3 activation or cytoplasmic release of cytochrome C.
These researchers also showed that death induced by
6-OHDA in dopaminergic neurons is mediated by Bax-
dependent AIF activation.®? In their study, AIF activation
suggested the involvement of regulated necrosis. The
controversy on whether death is dependent on or inde-
pendent from caspase-3 may be explained by the different
doses, experimental models, and lesion sites used in the
literature.

Although most evidence suggests that caspase-3 is
involved in 6-OHDA-induced apoptosis, other studies suggest
that 6-OHDA may also cause neuronal death by apoptosis
(independent from caspase-3) or other cell death processes
(necrosis and autophagy) in vivo.

Conclusion

The 6-OHDA model reproduces several cell processes iden-
tified in PD and therefore constitutes a key model for
exploring the molecular basis of cytotoxicity and study-
ing the cell processes activated by OS (neuroinflammation
and neuronal death). In conclusion, this model is useful for
understanding the mechanisms underlying novel therapies
for PD.
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