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ABSTRACT

Synaptic dysfunction is increasingly recognized as one of the earliest detectable pathophysiological events
in many neurodegenerative disorders, often preceding overt neuronal loss. Separately, mitochondrial
impairment—deficits in bioenergetics, dynamics, and quality control—is a recurring early feature across
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s
disease (HD). Accumulating evidence suggests that mitochondrial-synaptic crosstalk is causally relevant
to early synaptic failure rather than merely correlative. Exploiting this axis may therefore enable sensitive,
disease-agnostic biomarkers for preclinical or prodromal detection. In this Perspective, we synthesize
mechanistic links between mitochondria and synapses, review emerging in vivo and fluid biomarkers that
capture this interface, and propose an integrated translational roadmap combining synaptic imaging,
mitochondrial molecular signatures, and functional assays for earlier and more specific detection of
neurodegenerative disease.

KEYWORDS: Neurodegenrative, Synapse, Mitochondria

WHY MITOCHONDRIA AND SYNAPSES plausible sentinel of early neurodegenerative disease
TOGETHER MATTER FOR  EARLY (1)(2).
DETECTION:

MECHANISTIC EVIDENCE LINKING
Neurons are energetically demanding cells, and MITOCHONDRIAL PERTURBATIONS TO
synapses represent focal hotspots of ATP SYNAPTIC FAILURE:
consumption, Ca** buffering, and localized reactive
oxygen species (ROS) signaling. Mitochondria Multiple convergent mechanisms link mitochondrial
supply ATP, regulate Ca** transients, and shape dysfunction to early synaptic vulnerability:
redox environments essential for neurotransmission
and synaptic plasticity (1). Disruption of e Impaired mitochondrial transport reduces ATP

mitochondrial trafficking, mitophagy, or respiratory availability and disrupts Ca?>* handling at
chain function preferentially impairs synaptic presynaptic terminals, impairing vesicle cycling
performance long before neuronal cell body and plasticity (1)(3).

degeneration becomes apparent, positioning the e Defective mitophagy allows the accumulation of
mitochondria—synapse interface as a biologically dysfunctional mitochondria, increasing local
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oxidative stress and lipid peroxidation, which
selectively damage synapses (4)(5).

o Disease-specific protein—mitochondria
interactions, such as a-synuclein—mitochondrial
coupling in PD, directly compromise both
mitochondrial integrity and synaptic function

(2)(6).

Collectively, these data support a model in which
mitochondrial dysfunction is an upstream or parallel
driver of synaptic decline rather than a secondary
consequence of neuronal loss.

SYNAPTIC DYSFUNCTION AND
DETECTABILITY IN VIVO:

ITS

Synaptic pathology is now measurable in living
humans. PET tracers targeting synaptic vesicle
protein 2A (SV2A), such as '"C-UCB-J, demonstrate
synaptic density reductions in early AD and in
individuals at risk, correlating with cognitive
impairment (7)(8). Postmortem validation confirms
disease- and region-specific SV2A loss across
neurodegenerative disorders, including reductions
exceeding 50% in some early disease states (9).
Complementary fluid biomarkers, including CSF
neurogranin, SNAP-25, and synaptotagmin, track
synaptic damage and predict progression in
prodromal disease (10)(11). However, synaptic
biomarkers alone do not elucidate upstream
mitochondrial contributors to synaptic failure.

MITOCHONDRIAL SIGNATURES
ACCESSIBLE BIOMARKERS

AS

Mitochondrial dysfunction can be interrogated using
several emerging biomarker modalities:

o Cell-free Mitochondrial DNA (ccf-mtDNA):
Altered CSF and plasma ccf-mtDNA levels have
been associated with neurodegenerative
diseases, though findings are inconsistent and
highly sensitive to preanalytical and biological
confounders (12)(13).

o Mitochondrial Proteins in
Vesicles: Neuron-enriched

Extracellular
exosomal

mitochondrial proteins and RNAs may reflect
CNS mitochondrial stress, though marker
specificity and methodological heterogeneity
limit reproducibility (14)(15).

o Peripheral Mitochondrial Functional Assays:
Such as respirometry of fibroblasts or blood
cells, may capture systemic mitochondrial
phenotypes that parallel CNS vulnerability in
selected disease subtypes (16).

Individually, these biomarkers exhibit variability,
but their combined interpretation with synaptic
measures may enhance interpretability and
predictive value.

IN VIVO MITOCHONDRIAL PET IMAGING:
COMPLETING THE MULTIMODAL
FRAMEWORK:

Mitochondrial PET imaging provides a critical
imaging complement to synaptic PET. The tracer
*F-BCPP-EF enables in vivo quantification of
mitochondrial complex I (MC-I) activity:

e Reduced MC-I activity has been demonstrated
in the parahippocampal region in early AD,
preceding or occurring independently of
glucose hypometabolism (17).

e MC-I activity correlates negatively with tau
deposition but not amyloid burden, suggesting
mitochondrial dysfunction reflects neuronal
injury rather than amyloid accumulation (18).

e MC-I density correlates with cognitive
performance even in healthy adults, supporting
functional relevance (19).

Notably, comparative imaging studies show that
mitochondrial PET markers may demonstrate
greater longitudinal sensitivity than SV2A PET in
early disease stages, reinforcing the rationale for
integrated mitochondrial-synaptic imaging
strategies (20).
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THE VALUE AND LIMITS OF MULTIMODAL
INTEGRATION:

Concurrent assessment of synaptic integrity and
mitochondrial function may outperform either
modality alone:

e SV2A PET or CSF neurogranin localizes
synaptic loss (the “where”).

o BF-BCPP-EF PET, ccf-mtDNA, and
mitochondrial exosomal markers inform
upstream mitochondrial stress (the “why”)

(MH(A2)(A7).

Although early cohort studies suggest feasibility, the
superiority of combined biomarkers remains
hypothesis-generating and requires prospective
validation.

BIOLOGICAL AND TECHNICAL CAVEATS:
Important limitations must be acknowledged:

e Mitochondrial dysfunction is heterogeneous
across diseases and individuals (14)(21).

e ccf-mtDNA levels are influenced by
inflammation, comorbidities, and treatment
effects, limiting specificity (12)(13).

o Exosome-based biomarkers exhibit limited CNS
specificity and lack standardized isolation
protocols (15).

e No cfDNA-based biomarker is
approved for neurodegenerative
underscoring the translational gap.

currently
disease,

ROADMAP FOR CLINICAL TRANSLATION:

e Short-term (1-3 years): Pilot multimodal
observational studies combining SV2A PET or
CSF synaptic markers with mitochondrial PET
and fluid mitochondrial biomarkers (7)(12)(17).

e Medium-term (3—7  years):  Multicenter
validation, harmonization of assays, predictive

modeling, and cost-effectiveness analyses
(14)(20).
e Long-term (>7 years): Biomarker-guided

stratification for trials targeting mitochondrial
resilience or synaptic preservation, with
biomarker modulation as a surrogate endpoint.

CONCLUSION:

Mitochondrial-synaptic crosstalk constitutes a
biologically coherent and measurable axis linking
upstream cellular stress to downstream functional
decline. Integrating synaptic and mitochondrial
biomarkers, particularly through combined PET
imaging and fluid assays, offers a promising path
toward earlier, mechanism-informed detection and
stratification of neurodegenerative disease.
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