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Abstract

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder characterised by the selective degeneration
of dopaminergic neurons in the substantia nigra pars compacta. Despite extensive investigation into genetic
and environmental risk factors, the mechanisms underlying this selective neuronal vulnerability remain
incompletely understood. Increasing evidence suggests that calcium dysregulation represents a unifying
pathogenic mechanism linking molecular, cellular, and systems-level processes in PD. This review synthesises
evidence demonstrating how the intrinsic reliance of substantia nigra dopaminergic neurons on calcium-
dependent autonomous pacemaking imposes a sustained metabolic burden that predisposes these neurons to
degeneration. It examines how genetically diverse PD-associated mutations, including those affecting
PINK1/Parkin, LRRK2, and GBA, converge on disrupted calcium homeostasis through distinct cellular
pathways involving mitochondrial buffering, lysosomal calcium signalling, and organelle quality control. At
the cellular level, chronic calcium dysregulation drives oxidative stress, a-synuclein aggregation, and impaired
autophagy, forming a self-reinforcing cycle of neuronal dysfunction. These processes extend beyond
individual neurons, promoting neuroinflammation and basal ganglia circuit reorganisation that ultimately
underlie motor symptom expression. The review further discusses the therapeutic implications of this
multilevel framework, highlighting why broad calcium channel blockade has shown limited clinical efficacy.
It argues that future disease-modifying strategies will require greater molecular and temporal precision, as well
as integration with systems-level neuromodulation approaches that reduce activity-dependent calcium and
metabolic burden. Overall, calcium dysregulation emerges as a central integrator of vulnerability across
biological scales in Parkinson’s disease, offering a coherent framework for understanding pathogenesis and
guiding therapeutic innovation.
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1. Introduction
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Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterised by both motor
dysfunction and selective neuronal loss. Clinically, it presents with bradykinesia, rigidity, resting tremor, and
postural instability, while pathologically it is defined by degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNc) [1]. As one of the most prevalent neurodegenerative diseases worldwide,
PD represents a growing biomedical and societal challenge in ageing populations [2]. Despite extensive
research into genetic, molecular, and environmental contributors, the mechanisms underlying the selective
vulnerability of SNc dopaminergic neurons relative to neighbouring neuronal populations remain poorly
understood [3-5].

Recent advances suggest that this selective vulnerability cannot be explained by a single genetic mutation
or toxic insult [3, 5]. Instead, accumulating evidence points towards calcium dysregulation as a unifying
mechanistic framework linking genetic susceptibility, cellular stress, and systems-level dysfunction in PD [6-
8]. SNc dopaminergic neurons exhibit a distinctive form of autonomous pacemaking that is tightly coupled to
sustained calcium entry via L-type calcium channels, particularly those containing the Cav1.3 subunit [9, 10].
Although physiologically essential for tonic dopamine release, this calcium-dependent firing strategy places
these neurons under chronic metabolic stress, increasing their vulnerability to mitochondrial dysfunction,
oxidative stress, and protein aggregation [3, 11]. Importantly, this calcium burden coincides with the intrinsic
metabolic liability of dopamine itself: its cytosolic metabolism and oxidation generate reactive oxygen species
and quinone intermediates, thereby imposing an additional oxidative load [12, 13]. The convergence of
sustained calcium influx and dopamine-related oxidative stress therefore creates a uniquely hostile intracellular
environment in SNc neurons, helping to explain their disproportionate susceptibility to degeneration [11, 14,
15].

Under physiological conditions, intracellular calcium levels in dopaminergic neurons are tightly regulated
through coordinated buffering, active transport, and sequestration by intracellular organelles, particularly the
endoplasmic reticulum and mitochondria [16, 17]. Activity-dependent calcium entry couples neuronal firing
to neurotransmitter release and mitochondrial ATP production, aligning metabolic output with energetic
demand [10]. However, the reliance of SNc dopaminergic neurons on sustained calcium influx renders this
homeostatic balance especially fragile. Even modest perturbations in calcium handling, mitochondrial
efficiency, or buffering capacity can shift calcium signalling from a physiological regulator to a chronic source
of cellular stress, providing a critical baseline for understanding pathological calcium dysregulation in PD [11,
17].

Consistent with this framework, genetic, iPSC-based, and imaging studies have demonstrated how
disruptions in calcium homeostasis interact with PD-associated pathways, including those involving PINK1,
Parkin, LRRK2, and a-synuclein, to drive neurodegeneration [7, 18, 19]. These findings indicate that calcium
dysregulation does not act as an isolated molecular defect, but rather as a central integrator that amplifies
diverse genetic and cellular stressors.

Building on this perspective, this review argues that calcium dysregulation operates across genetic, cellular,
and systems levels to shape Parkinson’s disease pathogenesis, providing a coherent framework for selective
neuronal vulnerability. Unlike previous reviews that have primarily focused on intracellular calcium channels
or single-cell calcium signalling, this article adopts a multiscale approach to examine how calcium-dependent
stress propagates from subcellular organelles to neural circuits and ultimately contributes to motor dysfunction.
It further examines how insights into calcium-dependent mechanisms have both informed and constrained
therapeutic development, highlighting the limitations of calcium-targeted pharmacological interventions.
Finally, the review considers how, at later disease stages marked by substantial neuronal loss, therapeutic focus
increasingly shifts toward systems-level neuromodulation aimed at reducing activity-dependent calcium and
metabolic burden rather than correcting underlying cellular pathology.

2. Calcium Dysregulation as a Mechanism of Selective Neuronal Vulnerability

Increasing evidence suggests that calcium dysregulation represents a critical mechanistic convergence point
through which diverse genetic and cellular risk factors drive selective neuronal vulnerability in Parkinson’s
disease [3, 6, 7]. Rather than acting as isolated causes, mutations associated with both familial and sporadic
PD appear to compromise dopaminergic neurons’ capacity to maintain calcium homeostasis, thereby
amplifying metabolic stress and lowering the threshold for neurodegeneration.
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2.1 Genetic risk factors converging on calcium homeostasis

To illustrate how genetically diverse forms of Parkinson’s disease converge on calcium dysregulation, this
section focuses on three representative genetic risk factors: PINK1/Parkin, LRRK2, and GBA. Pathogenic
mutations in these genes can disrupt calcium homeostasis at distinct cellular control points, including
mitochondrial calcium buffering, lysosomal calcium signalling, and organelle quality control (Figure 1),
thereby linking genetic heterogeneity to selective neuronal vulnerability [20-22].

Mutations in PINK1 and Parkin, key regulators of mitochondrial quality control, provide direct genetic
evidence that impaired mitochondrial calcium handling can drive neurodegeneration [3]. Under physiological
conditions, mitochondria transiently sequester cytosolic calcium during neuronal activity to support ATP
production while limiting toxic calcium accumulation [17]. Calcium imaging studies demonstrate that PINK1-
deficient neurons exhibit defective mitochondrial calcium efflux, leading to sustained intramitochondrial
calcium accumulation and reduced buffering capacity (Figure 1) [18]. Notably, neuronal death can be triggered
by physiological calcium loads rather than excessive calcium entry, reflecting a reduced tolerance to activity-
dependent calcium stress. Parkin dysfunction further exacerbates this vulnerability by impairing mitophagy,
allowing calcium-intolerant mitochondria to persist [21].

In contrast, LRRK2 mutations disrupt calcium homeostasis primarily through lysosome-associated
mechanisms [23]. A recent study combining human neuronal models, in vivo Drosophila assays, and calcium
imaging demonstrates that pathogenic LRRK?2 exaggerates depolarisation-induced calcium entry via aberrant
activation of the lysosomal cation channel TPC2 [22]. This maladaptive coupling between lysosomal cation
release and plasma membrane calcium influx increases calcium load during neuronal firing, thereby lowering
the threshold for cellular stress (Figure 1) [23]. Importantly, pharmacological modulation of TPC2 ion
selectivity was sufficient to normalise calcium entry and rescue behavioural deficits, highlighting dysregulated
calcium signalling dynamics rather than acute cytotoxicity as the key pathogenic mechanism [24].

GBA mutations, which impair the lysosomal enzyme glucocerebrosidase and represent the most common
genetic risk factor for Parkinson’s disease, further reinforce this convergence on calcium stress [20]. Although
GBA does not directly regulate calcium flux, loss of glucocerebrosidase activity disrupts lysosomal function
and TFEB-mediated autophagy, secondarily reducing the cell’s capacity to cope with sustained calcium stress
(Figure 1) [25-27]. In dopaminergic neurons operating near the limits of calcium tolerance, such secondary
destabilisation may further lower the threshold for calcium-induced toxicity.

Figure 1. Genetically distinct Parkinson’s disease risk factors converge on activity-dependent calcium stress.
(Created with Biorender and Canvas)
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2.2 Cellular Pathways Linking Calcium Dysregulation to Neurodegeneration

At the cellular level, sustained calcium dysregulation initiates a cascade of pathological processes that
amplify neuronal vulnerability [28]. The endoplasmic reticulum (ER), the major intracellular calcium store,
normally ensures precise calcium release for physiological signalling. Under sustained calcium dysregulation,
chronic calcium overload drives excessive ER-to-mitochondria calcium transfer, leading to mitochondrial
calcium accumulation and metabolic overstimulation [29]. This metabolic strain increases the production of
reactive oxygen species (ROS), which progressively compromises mitochondrial function and reduces the
capacity of mitochondria to buffer subsequent calcium influx [28].

Apart from directly damaging mitochondria, excessive ROS production promotes the misfolding and
aggregation of a-synuclein, a presynaptic protein involved in synaptic vesicle dynamics and a central
pathological hallmark of Parkinson’s disease [28]. Aggregated a-synuclein, in turn, interferes with the recovery
of mitochondrial calcium dynamics following calcium release from the endoplasmic reticulum, prolonging
mitochondrial calcium burden and thereby increasing oxidative stress and mitochondrial dysfunction [30]. In
parallel, misfolded and aggregated a-synuclein is inefficiently degraded by lysosomes, placing a substantial
burden on the autophagic system and contributing to defective autophagic flux [31]. Because lysosomal
function is energetically demanding and depends on ATP supplied by mitochondria, mitochondrial dysfunction
further impairs lysosomal homeostasis [28]. Together, these processes establish a self-reinforcing vicious cycle
linking calcium stress, ER stress, mitochondrial dysfunction, lysosomal impairment, and a-synuclein
pathology, ultimately rendering dopaminergic neurons functionally compromised and progressively
vulnerable to degeneration (Figure 2).

Figure 2. Cellular network linking activity-dependent calcium stress to dopaminergic neuronal vulnerability.
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Although substantial progress has been made in describing these pathways, the precise causal relationships
among calcium dysregulation, mitochondrial failure, a-synuclein aggregation, and lysosomal dysfunction
remain incompletely resolved [32]. Whether calcium overload acts as an initiating trigger or a downstream
amplifier likely depends on disease stage, genetic background, and neuronal context, underscoring that
selective neuronal vulnerability in Parkinson’s disease emerges from the dynamic convergence of multiple
calcium-dependent stressors.
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3. From Cellular Pathology to Network Dysfunction: A Systems-Level Perspective

Although calcium-driven stress originates within individual substantia nigra dopaminergic neurons, it
propagates across tissue and circuit levels (Figure 3). Excessive calcium signalling also contributes to the
disruption of the blood—brain barrier (BBB) [33]. BBB impairment permits increased infiltration of peripheral
immune cells and facilitates sustained activation of resident microglia within the midbrain [34, 35]. Activated
microglia and infiltrating immune cells release pro-inflammatory cytokines and chemokines, thereby
promoting a chronic neuroinflammatory environment that accelerates dopaminergic neuronal dysfunction and
degeneration [33].

As dopaminergic neurons progressively lose function or degenerate, dopamine levels in their projection
targets, such as the striatum, decrease. This dopamine deficit has direct consequences for basal ganglia circuit
organisation. Dopamine normally maintains a balance between the direct pathway, which facilitates movement,
and the indirect pathway, which suppresses movement [36]. Dopamine depletion weakens direct pathway
activity while relatively enhancing indirect pathway influence [37]. The net effect is excessive inhibitory
output from basal ganglia output nuclei to thalamocortical motor circuits, leading to reduced cortical motor
drive and the emergence of cardinal motor features such as bradykinesia and rigidity [38].

Evidence for this multilevel transition from cellular pathology to circuit dysfunction comes from
complementary experimental approaches. In animal models, genetic or toxin-induced disruption of
dopaminergic neurons reproduces both dopamine loss and characteristic motor deficits [37].
Electrophysiological studies demonstrate widespread reorganisation of firing patterns across basal ganglia
circuits following dopamine depletion, indicating network-level adaptation rather than isolated neuronal failure
[39, 40]. In humans, PET imaging consistently links reduced striatal dopaminergic signalling with motor
symptom severity [41]. Together, these findings illustrate how calcium-driven cellular stress is amplified
through neuroinflammatory and circuit-level mechanisms, ultimately transforming local neuronal vulnerability
into systems-level dysfunction in Parkinson’s disease [37].

Figure 3. System-level amplification of calcium-driven dopaminergic vulnerability in Parkinson’s disease. (Created
with Biorender and Canvas)
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4. Therapeutic Implications: Calcium-Targeted Interventions and Neuromodulation

Given growing evidence that calcium dysregulation contributes to selective dopaminergic vulnerability in
Parkinson’s disease, targeting calcium signalling has been considered a logical therapeutic approach [42].
Cavl.3-containing L-type calcium channels were therefore targeted as a major source of calcium entry in
substantia nigra dopaminergic neurons. Epidemiological and preclinical studies suggested that blocking these
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channels could reduce cumulative calcium stress, leading to clinical testing of the calcium channel blocker
isradipine [43, 44]

Despite encouraging epidemiological and preclinical data, the phase III STEADY-PD trial failed to
demonstrate disease-modifying efficacy [45]. Rather than refuting the role of calcium dysregulation, this
outcome can be hypothesised to reflect key limitations of current pharmacological strategies. First, isradipine
lacks cell-type and subcellular specificity, resulting in broad suppression of calcium influx across neuronal
populations [46]. Given the indispensable role of calcium signalling in neuronal metabolism, synaptic
transmission, and gene regulation, such global inhibition likely disrupts physiological function and severely
constrains the therapeutic window. Second, although intervention occurred at an early clinical stage [42], key
pathological processes, such as dopaminergic axonal loss and organellar dysfunction, may already have been
established, limiting the capacity of calcium modulation to meaningfully alter disease progression.

These clinical and mechanistic outcomes highlight the need for therapeutic precision rather than broad
calcium suppression. Future strategies aim to preserve physiological signalling while mitigating pathogenic
overload through Cavl.3-selective inhibitors, mitochondria-targeted antioxidants, and enhancement of
PINK1/Parkin-mediated mitochondrial quality control [19, 45]. Although still at early translational stages,
these approaches represent a shift toward mechanism-informed interventions that balance calcium homeostasis
without compromising neuronal function [46].

As Parkinson’s disease progresses, the therapeutic impact of pharmacological calcium modulation becomes
increasingly limited, as substantial dopaminergic neuronal loss and circuit reorganisation have already
occurred [47]. Under these conditions, restoring function requires strategies that address established network-
level dysfunction rather than solely correcting cellular calcium dysregulation [48]. Deep brain stimulation
(DBS) exemplifies this systems-level approach by modulating pathological basal ganglia output and alleviating
motor symptoms independently of ongoing neurodegeneration [49]. Clinically, DBS has demonstrated
significant improvements in motor symptoms, with meta-analyses reporting reductions in UPDRS-III motor
scores comparable to medical therapy [S0]. Studies show an average improvement of 60.7% to 66% in
UPDRS-motor scores after DBS implantation, sustained for several years [51]. This includes substantial
decreases in tremor and rigidity, with some patients experiencing as high as 85% improvement in tremor and
66% improvement in rigidity at 5 years post-DBS [52]. However, conventional DBS relies on continuous
open-loop stimulation, which can impose additional metabolic demand and activity-dependent calcium influx,
potentially aggravating calcium and energy stress in vulnerable neural circuits [47, 48].

These limitations have driven the development of adaptive DBS and brain—computer interface (BCI)-based
neuromodulation. By adjusting stimulation in real time and delivering it only when pathological activity
emerges, adaptive systems reduce unnecessary neural activation, lower cumulative energy expenditure, and
minimise stimulation-induced calcium influx [53]. Adaptive DBS (aDBS), also known as closed-loop DBS,
has been shown to be equally or even more effective than conventional continuous DBS in alleviating motor
symptoms such as rigidity, while significantly reducing stimulation time and energy consumption by up to 56%
[54, 55]. Some reports indicate that aDBS can lead to motor score improvements that are 27% to 29% higher
than open-loop DBS and provides better control of symptoms and dyskinesias, particularly improving
bradykinesia without additional side effects [55, 56]. Rather than directly suppressing calcium signalling, this
approach limits activity-driven calcium and metabolic burden, representing a mechanism-informed evolution
of system-level intervention for Parkinson’s disease [49].

5. Conclusion

Parkinson’s disease is best understood not as the consequence of a single genetic defect or isolated
molecular pathway, but as the outcome of multilevel processes converging on calcium dysregulation. The
intrinsic reliance of substantia nigra dopaminergic neurons on sustained calcium-dependent pacemaking
creates a physiological vulnerability that, when combined with genetic and cellular stressors, predisposes these
neurons to degeneration.

Genetically diverse risk factors, including PINK1/Parkin, LRRK2, and GBA, disrupt calcium handling at
distinct cellular sites yet converge functionally to impair mitochondrial buffering, lysosomal clearance, and
organelle quality control. These disturbances reinforce one another through calcium-driven oxidative stress,
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a-synuclein aggregation, and defective autophagy, forming a self-sustaining cycle of neuronal dysfunction.
Importantly, calcium-associated pathology extends beyond individual neurons, promoting neuroinflammation
and network-level reorganisation that ultimately manifests as basal ganglia circuit dysfunction and motor
impairment.

This integrated framework helps explain the limited clinical success of calcium-targeted pharmacological
interventions, as global calcium inhibition risks disrupting essential physiological signalling and is unlikely to
reverse established pathology. Future disease-modifying strategies will therefore require greater molecular and
temporal precision and will likely need to be integrated with systems-level approaches. In this context, adaptive
neuromodulation strategies that reduce activity-dependent calcium and metabolic burden offer a promising,
mechanism-informed direction for therapeutic development.
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