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Cognitive Impairment Associated with Parkinson’s Disease: Role of
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Abstract: Parkinson’s disease (PD) is a movement disorder and is associated with some of the
intellectual disabilities like cognitive dysfunctions. PD associated cognitive dysfunctions have been
proved well in both preclinical and clinical set ups. Like other neurodegenerative diseases, insults to
mitochondria have a significant role in the pathobiology of PD associated dementia (PDD).
Neurotoxins like MPTP, mutations of the mitochondrial genes, oxidative stress, imbalanced redox
mechanisms and dysregulated mitochondrial dynamics have been implicated in mitochondrial
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dysfunctions and have paramount importance in the pathobiology of PDD. However, the extent of contribution of
mitochondrial dysfunctions towards cognitive deficits in PD has not been characterized completely. In this review we
highlight on the contribution of mitochondrial dysfunction to PDD. We also highlight different behavioural tests used in
nonhuman primate and rodent models for assessing cognitive deficits and some common techniques for evaluation of

mitochondrial dysfunction in PDD.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common
neurodegenerative disease reported mainly in sporadic form
though few cases are reported as familial form of the disease
[1, 2]. A recent meta-analysis of the world-wide data
indicated rising trend of occurrence of PD with age with an
estimation of 41 subjects in the age groups of 40-49 to 1903
subjects with age more than 80 per 1,00,000 subjects [3].
Apart from intercontinental variations, there exists difference
in the prevalence of PD- being more frequent in males than
in females in age group of 50-59 years [3]. Among PD
patients without dementia, mild cognitive impairment is
common and is reported to be in about 20-50% of the cases
[4]. On the other hand occurrence of PD associated dementia
(PDD) is reported to increase proportionately with age, thus
significantly increases morbidity and mortality and touches a
cumulative incidence of 80-90% by the age of 90 [5-7].

PD involves progressive degeneration of dopaminergic
neurons in the substantia nigra pars compacta and affects
movement, emotion, learning and cognitive processes [8, 9].
Out of the two forms of the disease i.e. sporadic and familial
forms the former one occurs in about 95% of the cases
where as only 5% of the cases have genetic linkage [10].
Mitochondrial complex I inhibition and alpha-synuclein
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aggregation cause loss of dopaminergic nerves and are the
leading cause of sporadic form of the disease [11].

Mutations in genes like a-synuclein, LRRK2, Ubiquitin
hydrolase and ligase 1, Parkin, DJ-1 (Parkinson’s Disease
protein 7) and Phosphatase and tensin homologue-induced
kinase (PINK 1) may present PD in autosomal dominant or
autosomal recessive forms [12-14]. In PDD impairment in
executive functions, visuospatial dysfunction, impaired
verbal fluency, sleep disturbances and delay in retrieving
stored information have been noticed [15-17]. PDD also
involves cholinergic, noradrenergic and serotonergic deficits
during the course of the disease [10, 18]. Underlying causes
for selective neurodegeneration in SNpc is always a great
area of research and over few decades there is huge
unfolding of underlying molecular mechanisms for the
same.

There is emerging evidence for link among energy
metabolism, bioenergetics and cognitive processes in the
brain [19]. Normal functioning of mitochondria is highly
essential for energy balance and processing of cognitive
processes in the neurons. At the same time there are ample
evidences on the involvement of mitochondrial dysfunctions,
dysregulated mitochondrial dynamics and mitophagy in PD
[20-24]. Many underlying aetiopathological factors aggravate
the neurodegenerative processes and influence PDD. Insults
by toxic metabolites generated by the dopaminergic neurons
[25], genetic mutations, increased susceptibility of neurons
to reactive oxygen species (ROS) in PD [26] and defect in
oxidative phosphorylation mechanisms [27] aggravates neuro-
degeneration. In this context, importance of mitochondria in
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the neurodegeneration and cognitive processes seems
paramount. In this review, we have tried to shed light on
involvement of mitochondria in the pathogenesis of PD and
associated cognitive impairments.

AETIOPATHOLOGY OF PD
COGNITIVE IMPAIRMENTS

ASSOCIATED

Mitochondrial Dysfunction in PDD

Imaging techniques like positron emission tomography
and single photon emission computed tomography have
made it easy to understand the distribution and processes that
occur during neurodegeneration in PD [28-30]. As mentioned
earlier, PDD involves neurological changes in both
dopaminergic and cholinergic neurons. There is a plethora of
literature on involvement of dopaminergic system in PD. It is
a well-known fact that neurotoxins like MPTP, paraquat,
rotenone cause dopaminergic neurodegeneration in substantia
nigra. Apart from dopaminergic neurodegeneration in PD,
cholinergic projections at basal forebrain, striatal cholinergic
interneurons among other cholinergic innervations get
affected [29]. Report of deposition of a-synuclein in the
cholinergic neurons of basal forebrain, Lewy body formation
in the substantia nigra [31] and loss of cholinergic neurons in
nucleus basalis of Meynert in PD indicate involvement of
cholinergic system in this disease [32, 33]. Cortical cholinergic
deficits [34] and improvement of cognitive functions in PD
subjects treated with cholinesterase inhibitors [35] confirm
definitive role of cholinergic system in PDD.

Inside the neuron, mitochondrion is one of the organelles
that is possibly worst affected in PD. These are referred to as
“powerhouse” of the cell as they are the main source of
chemical energy generated in the form of ATP through
aerobic respiration. In addition to their well-known role in
oxidative phosphorylation and metabolism, they play central
role in various physiological functions like apoptosis, cell
differentiation, innate immunity, oxygen sensing and
detoxification of reactive-oxygen species, regulation of
cytoplasmic and mitochondrial matrix calcium and maintenance
of cell quality [36, 37]. Certain mitochondrial proteins and
transcription factors play crucial role in proper functioning of
mitochondria. To mention few are mitochondrial transcription
factor A (mtTFA/TFAM), peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PGC-la), nuclear
respiratory factory factor (NRF) 1 and NRF-2, uncoupling
proteins (UCPs), members of respiratory chain NADH
dehydrogenase [ubiquinone] iron-sulfur protein 4 (NDUFS4),
succinate dehydrogenase complex, subunit A, flavoprotein
(Fp) (SDHA), cytochrome b among others. mtTFA/TFAM
play crucial role in mitochondrial transcription and biogenesis
[38, 39]. PGC-1a plays a significant role in mitochondrial
biogenesis, respiration and imparting protection against the
ROS [40, 41]. NRF-1 and NRF-2 are important transcription
factors in the biogenesis of mitochondria [42].

Certain UCPs regulate free radical flux from
mitochondria by physiologically modulating mitochondrial
membrane potential in the brain [43]. Members of
respiratory chain NDUFS4, SDHA, Cytochrome b have role
in oxidative phosphorylation [44]. Abnormality in any of
these processes can have dire consequences and results in
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diverse human pathologies among which neurodegeneration
is of primary concern.

Mitochondrial dysfunction may happen due to certain
neurotoxins or mutations in the nuclear as well as
mitochondrial DNA (Fig. 1). For example, 1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) inhibition of
complex I in mitochondria leads to depletion of ATP and
excitotoxicity. Decreased intracellular ATP by Complex I
inhibition causes partial neuronal depolarisation, due to a
reduction in the activity of Na+/K+-ATPase that acts to
maintain the resting membrane potential of the cell. With a
decreased ATP level in PD, this could impact depolarisation
which succeeds with NMDA receptor mediated excitotoxicity
that could lead to neuronal death [45]. Increased oxidative
stress and generation of free radicals intoxicate the neurons
and cause neuronal death. Aggregation of toxic a-synuclein
and failure of ubiquitin-proteasomal system may also
contribute for the demise of the neurons.

PD complications are broadly classified into motor and
nonmotor symptoms (NMS) during the course of the disease
progression. While motor symptoms in PD arise mainly due
dopaminergic neurodegeneration, other systems and
symptoms and processes in the brain are involved for
cognitive impairments [46]. PDD comes in the domain of
NMS which may often arise earlier to the motor dysfunctions
[47, 48]. Dopaminergic neuronal death in SNPc mainly causes
motor symptoms. Cognitive impairment in PD mainly affects
the executive functions like attention, planning, working
memory, visual perception, object recognition and learning
[46, 49]. Neurons of hippocampus, amygdala, prefrontal cortex,
locus coeruleus, the raphe nuclei, cholinergic complex in
basal forebrain are involved in cognition decline and were
observed in different studies [6, 49].

PRECLINICAL AND CLINICAL EVIDENCES FOR
MITOCHONDRIAL DYSFUNCTIONS IN PDD

With all the evidences converging into a point that there
is involvement of mitochondrial dysfunction in PD; it would
now be interesting to find a relationship between mitochondrial
dysfunction and PD-associated cognitive imparments. During
our literature search we found some useful preclinical and
clinical information on the involvement of mitochondria in
PDD which we have summarized in Table 1.

PRECLINICAL ASSESSMENT OF COGNITIVE
IMPAIRMENTS

PDD is well demonstrated in nonhuman primates and
rodent models of PD. A variety of these animal models
help us to understand the cellular mechanisms underlying
associated cognitive impairments in PD. Nonhuman primates
like cyanomologus monkey, rhesus monkey and rodents like
rats and mice are most commonly used animals for assessment
of behavioural parameters in PDD. Some common behavioural
tests and their principles are described in Table 2.

ASSESSMENT OF MITOCHONDRIAL DYSFUNCTIONS

Beyond doubt, mitochondria take center stage in the
pathology of PDD. Hence assessing the mitochondrial
dysfunction has its own importance unraveling molecular
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Fig. (1). Neurotoxins like MPTP and mutation in mitochondrial genes cause mitochondrial dysfunction. Multiple intermediate events like
decrease in ATP production, neuronal depolarization and excitotoxicity, oxidative stress and failure of ubiquitin-proteasomal system all
converge to apoptosis. Aggregation of toxic a-synuclein may cause mitochondrial dysfunction and vice versa. Further, aggregated o-
synuclein may activate microglia which can lead to neuroinflammation and subsequently demise of the neurons. Neuronal death may

ultimately lead to motor and non-motor deficits in PD.

Table 1. Mitochondrial dysfunctions: preclinical and clinical implications in PD.

Sl no Preclinical/clinical set up Observation Refs.
1 Transmitochondrial mice (Mito-mice) with The group having >50% of pathogenically deleted mtDNA showed severe [50]

heteroplasmy for wild-type and pathogenically impairment in retention and consolidation of memory along with mitochondrial

deleted mtDNA. respiration deficiencies in the visual cortex and dentate gyrus.

2 Analysis of nucleotide sequences of mitochondrial Several point mutations observed in the brain samples. It was speculated that [51]

DNA in the brains of patients with idiopathic PD these mutations could lead to increased production of oxygen radicals or could

increase susceptibility of the respiratory chain components to oxidative damage.
3 Immunohistochemical analysis of complex I-IV of Reduced staining against the complex I antibody was observed in the fair [52]

electron transport system in PD patients proportion of the nigral neurons.
4 Substantia nigra neurons from both aged controls and High levels of deleted mtDNA were observed in both groups and were [53]
individuals with PD. associated with respiratory chain deficiency.
5 Prospective evaluation of low frequency, amino acid Heteroplasmic mutations in a specific region of ND5 largely segregated [54]
changing, heteroplasmic mutations in a narrow region PD from controls.
of ND5 (mitochondrial gene encoding a complex I
subunit) in brain tissue from PD and controls.

aspects of the disease. It may further help in digging out the
underpinning pathological events and for designing newer
therapeutic targets for PD as well as other neurodegenerative
diseases. Usually mitochondria produce ATP in response to
the physiological demands. Mitochondrial dysfunction occurs
with disrupted energy metabolism which includes damage to
electron transport chain, decreased oxygen consumption rate,
defective ATP synthesis, dysregulated calcium homeostasis
and exaggerated free radical production due to loss of

antioxidant defenses all of which may culminate to apoptosis
[55]. Therefore to know about the mitochondrial dysfunction;
assessment need to be done to evaluate the disruption of
energy metabolism, free radical production and apoptosis
induction. Assessment can be done with various techniques
which involve intact cells or isolated mitochondria- both
methods possessing certain advantages and disadvantages
as well [37]. In subsequent section various screening and
mechanistic assays have been described.
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Table2. Preclinical assessment of cognitive impairments-Behavioural tests.
SI no Animal Model Test Basic Principle and End Point Refs.
1 Nonhuman Variable Delayed = Choosing ability of the monkey to uncover the food in the hidden well. [56]
primates response (VDR) = Assessment of short-term spatial memory.
(Monkey)
Modified delayed = A variant of VDR test with attentional cueing. [57]
response = Assessment of attention.
Object detour retrieval | = Test of detour ability of monkeys to get food in a transparent chamber open [49, 58]
through one random side.
= Measures perseverative responses and problem solving skills through reasoning.
2 Rodents Passive avoidance = Tests the latency to enter into the darker compartment. [59-61]
(Rat/Mice) = Emotional memory is evaluated based on fear conditioning learning.
Active avoidance = Tests the number of correct responses to the cue presentation. [49, 62]
= Assessment of associative and emotional learning.
Morris water maze = Based on latency and number of entries into the hidden platform zone. [63, 64]
= Assessment of spatial memory.
Operant task = Animals trained with an operant behavior perform assigned tasks to get reward [65, 66]
conditioning or avoid punishment.
= Assessment of incentive learning.
Novel object = Based on the calculation of percentage of time spent exploring the novel [67-70]
recognition and Spatial (NOR)/relocated object (SOR).
object recognition = Assessment of attention, recognition and spatial memory.
Y-maze/T-maze = Determination of spontaneous alterations. [71-73]
= Assessment of reference and working memory.
Attentional set-shifting | = Measures prefrontal cortex mediated cognitive flexibility. [74]

Screening assays may include measurement of oxidative
phosphorylation (OXPHOS) activity, ATP production,
oxygen consumption rate, mitochondrial membrane potential
and ROS production. Mechanistic assays may include
protein expression studies for mitochondrial biogenesis,
quality control, estimation of antioxidant levels and also
levels of apoptosis inducing markers. To assess the
mitochondrial dysfunction in tissues, mitochondria need to
be isolated and suspended in respiratory medium for assays
[75]. In common practice for isolation of mitochondria from
the tissue; it (tissue) has to be isolated, chopped and
homogenized with specific buffer followed by multiple
centrifugation and reconstitution steps (See protocol by
Wieckowski et al. for details) [76].

Measurement of OXPHOS Activity

All the assays to screen the activity of ETC complexes (I-IV)
can be performed by manual method using spectrophotometer
[77] or directly with commercial respirometers. Complex I
(NADH: Ubiquinone Oxidoreductase) activity can be
measured by following the decrease in absorbance due to the
oxidation of NADH at 340 nm [78, 79]. Complex II
(Succinate: Ubiquinone Oxidoreductase) activity is measured
by estimating decreased absorbance resulting from the
reduction of 2,6-dichlorophenolindophenol at 600 nm [80].
Similarly, complex III (Ubiquinol: ferricytochrome ¢

oxidoreductase) activities are measured by monitoring the
reduction of cytochrome ¢ (III) at 550 nm and complex IV
(cytochrome ¢ Oxidase) activity is measured by following
the oxidation of reduced cytochrome c at 550 nm [80].

Measurement of ATP Production

Mitochondrial fraction can be assayed for basal and
stimulated production of ATP using biochemiluminiscent
method following the principle shown below. The assay uses
luciferase to catalyze the reaction [81],

ATP + D-Luciferin + O, — Oxyluciferin + AMP + PPi +
Light.

When ATP is the limiting component in the luciferase
reaction, the intensity of the emitted luminescence light is
proportional to concentration of ATP. Measurement of the
light intensity using a luminometer gives direct quantitation
of ATP [81].

Measurement of Oxygen Consumption Rate (OCR)

OCR can be measured in cells using commercial oxygen
flux analyzers or respirometers directly. But in vivo the
isolated mitochondrial is used to measure the OCR by
phosphorescent oxygen-sensitive probe under basal and
stimulated conditions with substrate and ADP supplements
[82, 83]. Measurement of OCR complements assays of
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ATP production, extent of uncoupling, membrane potential
[84].

Measurement of Mitochondrial Membrane Potential

Mitochondrial dysfunction leads to loss of inner
membrane potential that indicates the susceptibility of cell to
apoptosis. The integrity of the inner mitochondrial
membrane may be measured by observing the potential
gradient over this membrane which can be achieved by
measuring the uptake of the cationic carbocyanine dye JC-1
(5,5°,6,6’-tetrachloro-1,1",3,3’-tetra  ethyl  benzimidazol
carbocyanine iodide) into the mitochondrial matrix [85]. It
can be determined in isolated mitochondria from the tissues
by measuring the uptake of JC-1 with formation of the J-
aggregates with time using a kinetic programme [86]. If
there is a loss in mitochondrial membrane potential, a drastic
decrease in the JC-1 fluorescence is observed [87]. Other
dyes like Tetramethylrhodamine, methyl ester (TMRM) is
also used to distinguish between apoptotic cells from non-
apoptotic cells (with polarized mitochondria). TMRM
fluoresces bright red (em max: 573 nm) in non-apoptotic
cells and shows diminished fluorescence or no signal in cells
having apoptosis [88-90].

Measurement of Free Radical Generation

The main source of cellular free radical generation is
mitochondrial electron transport chain which aggravates
when there is damage to the complexes [91]. An increased
free radical generation indicates mitochondrial dysfunction
and can be measured by dye based assays of superoxide
generation. Mitosox red is a mitochondrial superoxide
indicator, a novel fluorogenic dye used for highly selective
detection of superoxide in the mitochondria of live cells [92].
It is live-cell permeant and is rapidly and selectively targeted
to the mitochondria. Once in the mitochondria, reagent is
oxidized by superoxide and exhibits red fluorescence whose
intensity is directly proportional to the extent of superoxide
generation [92]. Amplex Red, a non-fluorescent substrate in
conjunction with horseradish peroxidase (HRP) is used to
estimate H202 efflux from mitochondria. The fluorescent
product, resorufin formed during the reaction is measured
[93, 94]. Similarly mitochondrial nitric oxide can be detected
by using 4,5-Diaminofluorescein diacetate [95, 96].

Measurement of Mitochondrial Lipid Peroxidation Levels

Cardiolipin is the primary lipid molecule of inner
mitochondrial membrane which helps in maintaining the
structural integrity of mitochondria [97]. Free radical-
induced damage can cause membrane peroxidation resulting
in formation or opening of the transition pore that initiates
apoptosis. 10-N-nonyl acridine orange (NAO) is a fluorescent
probe which binds to the cardiolipin selectively and produces
fluorescence [98]. Decrease in the fluorescence intensity is
directly proportional to the extent of mitochondrial lipid
peroxidation.

Estimation of Citrate Synthase Levels

Citrate synthase is a mitochondrial marker enzyme which
regulates the production of citric acid in citric acid cycle. Its
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level directly indicates the quantity of mitochondria. It is
measured spectrophotometrically based on absorption at 412
nm by its product thionitrobenzoic acid (TNB) [99]. TNB is
formed when a saturating concentration of acetyl CoA,
oxaloacetic acid and dithionitrobenzoic acid reacts in the
presence of the enzyme [99].

Estimation of Mitochondrial Antioxidant Levels

Levels of the mitochondrial non-enzymatic antioxidant,
reduced glutathione (GSH) and enzymatic antioxidants
glutathione reductase (GR), glutathione-s-transferase (GST),
catalase (CAT) and superoxide dismutase (SOD) in
mitochondrial fraction of tissue homogenates can be
analyzed to estimate the extent of loss of antioxidant defense
that indicate mitochondrial dysfunction. SOD activity can be
measured by biochemical method, in which xanthine—
xanthine oxidase (XO) is used to generate O, and reduction
of nitro blue tetrazolium (NBT) is used as an indicator of
0O, production [100]. SOD and NBT compete for O, and
the percentage inhibition of NBT reduction indicates of the
amount of SOD present in the sample [100]. Catalase can be
measured spectrophotometrically by measuring peroxide
removal. The rate of removal of peroxide by catalase is
exponential. A decrease in the absorbance of hydrogen
peroxide is directly proportional to the levels of catalase
[100]. Glutathione peroxidase activity is measured by Tert-
butyl and cumene hydroperoxides [100, 101]. Levels of GSH
can be estimated by measuring the reduction of the DTNB
reagent at 412 nm. Among these antioxidant enzymes SOD
and catalase can also be estimated by protein expression
studies like western blotting or immunohistochemistry [100].

Other Mechanistic Approaches

Mechanistic investigation mainly includes assessment of
mitochondrial biogenesis, quality control and apoptosis
levels through protein expression studies like western
blotting and immunohistochemistry. They can also be
estimated using PCR and RT-PCR techniques [102].
Estimation of the levels of mitochondrial proteins like PGC-
la, NRF-1, NRF-2 and mtTFA helps to assess mitochondrial
biogenesis under both physiological and pathological
conditions. Estimating the levels of proteins like dynamin-
related protein 1, Mfnl/2, Tim/Tom, PINK1, PARKIN, Beclin
etc. can also yield valuable information about mitochondrial
dynamics and mitophagy processes. Estimating the levels of
proteins like PARP, Caspases, Cyt ¢, Bcl-2, Bax efc. indicates
the levels of apoptosis induction at different stages of
neurodegeneration.

TREATMENT STRATEGIES

Main therapeutic targets for the symptomatic relief in PD
are mainly dopaminergic drugs like dopamine agonists,
dopamine precursors, dopa decaboxylase inhibitors,
catechol-O-methyl transferase inhibitors and MAO-B
inhibitors. However, anticholinergics like trihexyphenidyl
and antiglutamatergics like amantadine are also used [103].
Different formulations of ropinirole, pramipexole, rotigotine
are used during initial phase but can also be used along with
levodopa or carbidopa during later phase of the therapy.
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Selegiline and Rasagiline are used as MAO-B inhibitors for
symptomatic relief in PD. Combination of Levodopa, a
dopadecarboxylase inhibitor (e.g. carbidopa, benserazide
etc.) and a catechol-O-methyl transferase inhibitor like
entacapone, tolcapone are also used. The routes of
administration of these drugs vary. Most drugs are given
orally but certain other routes of administration like
transdermal (e.g. rotigotine), intraduodenal (e.g. infusion of
leveodopa) [104] are used for continuous delivery therapies
[103]. Adenosine receptor antagonists, Coenzyme Q10,
creatine, Isradipine, protein aggregation inhibitors, stem cell
therapy and gene therapy are under preclinical and clinical
investigations in PD [103].

None of the current PD therapies is found to significantly
improve cognitive symptoms without any adverse effects.
Antiparkinsonian drug levodopa is reported to benefit on
spatial working memory but in chronic use it is associated
with abnormal movements, visual hallucinations, psychosis
and fluctuation in motor performance [105-107]. Rivastigmine
is the only drug approved by US FDA for PDD treatment but
it is associated with side effects like nausea, vomiting, tremor,
diarrhea, anorexia, and dizziness [108-110]. Donepezil, a
cholinesterase inhibitor and Memantine, an NMDA receptor
antagonist used in AD but are yet to get recommendation for
PDD [109]. Thus treatment of PDD is an unmet medical
need and that should be addressed with newer and alternate
therapeutics.

CONCLUSION AND FUTURE PERSPECTIVES

Being a less addressed concept, treatment of PDD
remains an unmet medical need. The preclinical studies done
in different animal models for PDD have proven the
involvement of mitochondria in the disease pathology.
Beyond doubt, mithochondrial dysfunction is one of the
underlying causes in the cognitive impairment process in PD
and with a proper animal model one can assess the cognitive
impairment process. Further, evaluation of mitochondrial
dysfunction with different available molecular techniques
could give better insight in understanding the process
and could help develop new chemical entities targeting
mitochondria not only in PDD but also for other neuro-
degenerative diseases.
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