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Abstract

The dynamic relationship between neuronal activity and mitochondrial function plays a crucial role in cognitive
health, with disruptions linked to age-related cognitive decline. In this mini review, we highlight the significant
findings of Li et al., who discovered an age-dependent coupling mechanism between neuronal/synaptic excitation
and excitation-dependent mitochondrial gene transcription coupling (E-TC_,.). Their research revealed that
enhancing brain E-TC . in aged animals effectively mitigated age-related cognitive decline.
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INTRODUCTION

Aging is a primary risk factor for cognitive decline, yet the underlying cellular mechanisms are not yet fully
understood. Mitochondrial dysfunction has been implicated, but further research is required to elucidate
the mechanisms by which neuronal activity dynamically regulates mitochondrial gene expression to meet
energy demands, and how this process changes with age. The prevailing concept of excitation-transcription
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coupling (E-TC), which establishes a link between neuronal activity and nuclear gene expression, had not
been examined in the context of the mitochondrial genome. The seminal work by Li et al. addresses this gap

by proposing and validating the existence of mitochondrial E-TC (E-TC,,)"". Their research reveals that an

mito
age-related failure in activity-dependent calcium signaling within mitochondria impairs this process,
leading to synaptic and memory deficits. This introduction provides the necessary context for the discovery
of a fundamental regulatory mechanism for neuronal energy homeostasis, and its profound implications for

understanding cognitive aging.

MAIN TEXT

Aging inevitably contributes to cognitive decline, though the underlying mechanisms remain under
extensive investigation. At the biological level, the aging brain is subject to progressive oxidative stress and
neuroinflammation. These age-related pathological processes may interfere with calcium homeostasis,
thereby damaging the efficiency of mitochondrial gene expression, indicating a close relationship with
mitochondrial dysfunction". While mitochondrial dysfunction is linked to cognitive decline, the age-
dependent mechanisms of mitochondrial gene expression remain underexplored. How mitochondria adapt
their gene expression to meet neurons’ dynamic energy demands remains not fully understood. A sharper
focus on this gap would contextualize the study’s novelty. E-TC describes how neurons modify their
transcriptional programs in response to external stimuli®*. In consideration of the distinctive attributes of
the mitochondrion - a specialized extranuclear organelle that is endowed with its own genetic system - Li
et al. advanced a hypothesis positing that synaptic and neuronal excitation may exert an influence on
mitochondrial DNA (mtDNA) transcription (E-TC,,,) such as excitation-dependent nuclear gene
transcription coupling (E-TC,,.
significant role in the processes of learning and memory within the hippocampus. This study, conducted on

). Their investigation into mitochondrial transcription revealed its

both young and aged mice, further identified a robust link between the level of neuronal excitation and the
activity of mitochondrial transcription® [Figure 1].

Strikingly, Li et al. discovered that mitochondrial calcium influx becomes less efficient at encoding neuronal
activity changes with age. Recognizing calcium-dependent signaling’s pivotal role in regulating DNA
transcription and the connection between the excitation state of neurons and fluctuations in mitochondrial

calcium ([Ca*],;,) that occur in response to activity, they investigated whether the diminished increase in

mito
mtDNA transcription following stimulation in aged mice might relate to alterations in activity-dependent
[Ca*] - To investigate this link directly, the researchers created a novel sensor by fusing the green calcium
indicator GCaMPes to a mitochondrial targeting sequence (MTS). This design specifically localizes the
sensor, termed Mt-GCaMPes, to the mitochondrial matrix. Using the mitochondrial-targeted calcium
sensor, the researchers measured calcium influx into mitochondria within the primary somatosensory
cortex while administering whisker stimulation to both young and aged mice. The researchers observed that
this influx was significantly attenuated in older mice, suggesting a mismatch between mitochondrial

energetics and neuronal activity during the aging process.

Subsequently, the researchers sought to determine whether calcium signaling is essential for E-TC,,, and if
impaired calcium signaling affects synaptic plasticity. Their investigation centered on [Ca*],,,,’s role in E-
TC,,r using primary neocortical neurons as a model system. Treatment of these neurons with bicuculline, a
y-aminobutyric acid type A (GABA,) receptor antagonist, resulted in an enhancement in both synaptic
excitatory transmission and the firing activity of neurons. This treatment increased [Ca*],,,, and elevated
mtDNA transcription. Importantly, blocking calcium influx using various reagents inhibited E-TC,,,,
confirming its dependence on activity-related [Ca*] .. In conclusion, Li et al. demonstrated the crucial role
of calcium-triggered E-TC,,,, in regulating mitochondrial gene expression in response to neuronal, synaptic,
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Figure 1. Model of excitation-dependent mitochondrial gene expression (E-TC_,,) in aging and young neurons. During periods of
neuronal or synaptic excitation, calcium is taken up by mitochondria in neurons. This process activates CaMKII in the mitochondrial
membrane and CREB in the mitochondrial matrix (E-TC_,,.), triggering transcription of mitochondrial DNA for ATP production. The
resulting ATP supports surface expression of GluAT1 at the synapse. This mechanism is distinct from conventional excitation-dependent
nuclear gene transcription (E-TC_ ). Research has demonstrated that aging significantly reduces the efficiency of E-TC_ ., engagement
during mitochondrial calcium uptake, consequently impairing mtDNA transcription, diminishing ATP production, and reducing receptor
surface expression [Created in BioRender. Xiaoxing, L. (2025) https://BioRender.com/yz6uzzm]. E-TC_,: Excitation and excitation-
dependent mitochondrial gene transcription coupling; CaMKII: calcium—CaM-dependent protein kinase Il; CaM: calmodulin; CREB: Ca**
/cAMP response element-binding protein; ATP: adenosine triphosphate; GIuAT: glutamate receptor 1; E-TC,,: excitation-dependent
nuclear gene transcription coupling; mtDNA: mitochondrial DNA; VDACT: voltage-dependent anion channel 1, MCU: mitochondrial
calcium uniporter; BDNF: brain-derived neurotrophic factor; PSD-95: postsynaptic density protein 95; CRE: cAMP response element.

and cognitive activity. According to their findings, the age-dependent E-TC_,, process, which involves the
activity-driven regulation of mitochondria, is essential for the maintenance of neuronal energy reserves, the
preservation of synaptic resilience, and the support of memory function.

In addition to demonstrating that mitochondria possess activity-dependent calcium signaling mechanisms
for neuronal and synaptic activity, Li et al. also elucidated the primary signaling cascades that orchestrate
the transcription of mtDNA in an activity-dependent manner, providing a possible pathway for the
decoding of calcium signals within mitochondria.

In a crucial series of experiments, Li et al. demonstrated that neuronal and synaptic excitation initiated
calcium signaling, activating calcium-calmodulin (CaM)-dependent protein kinase II (CaMKII) in the
mitochondrial membrane and Ca**/cAMP response element-binding protein (CREB) in the mitochondrial
matrix. It was discovered that CREB, a mitochondrial transcription factor recruited by neuronal activity,
plays a critical role in enabling neurons to adapt during the processes of upscaling and downscaling. When
mitochondrial CREB (CREBmito) was inhibited in preparations of excitatory neuron cultures, it impaired
mitochondrial gene expression and reduced excitatory synaptic current strength, along with a reduction in
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the surface expression of the glutamate receptor glutamate receptor 1 (GluA1) subunit, which was observed
after drug-induced increases in network activity. Consequently, even though neurons exhibited a more
rapid response to sustained alterations in synaptic transmission, they took a longer time to revert to the
baseline state following the withdrawal of the stimulus. To further explore the importance of CREB,
researchers employed a genetic modification technique to inhibit CREB expression in excitatory neurons in
old mice. They revealed that the mice exhibited notable impairments in behavioral experiments, including
the contextual fear conditioning (CFC) task and the novel location recognition task. Additionally,
researchers observed reduced expression levels of mitochondria-related genes in these subjects. Importantly,
both the behavioral performance and gene expression levels were restored following CREB re-expression,
suggesting potential therapeutic interventions targeting CREB for related neurological conditions.

It is noteworthy that CaMKII, the most abundant protein in excitatory synapses and a crucial regulator of
synaptic plasticity, learning, and memory', has received limited attention in mitochondrial research. This
kinase’s activation begins with increased intracellular calcium levels, triggering molecular cascades essential
for synaptic plasticity”. CaMKII phosphorylates numerous synaptic proteins, modulating their structure
and function. These processes connect intimately with molecular events critical for synaptic plasticity,
including receptor trafficking, localization, and activity; actin cytoskeletal dynamics; translation; and even
transcription through synapse-nucleus shuttling'’. Li et al. have uncovered a significant mitochondrial role
for this element, providing novel insights into CaMKIT’s function in E-TC_,.

Furthermore, CREB, a calcium-activated protein in decoding calcium-induced changes in CaMKII to
influence synaptic plasticity, has been primarily studied in the nucleus. Mechanistically, CREB’s role in
memory is believed to stem from its involvement in long-term synaptic plasticity””. This process involves
transmitting events from cell membranes into gene expression alterations, with stronger validation in the
nucleus™. Li et al. have demonstrated that CREB, beyond its nuclear role, also modulates the intrinsic
excitability of the mitochondrial apparatus. This establishes novel and compelling connections between
neuronal and synaptic excitation and E-TC,,,, significantly advancing our understanding of CREB’s role in
E-TC,.. Undoubtedly, some issues persist that necessitate further in-depth investigation. Specifically, how
can the regulators of CREB/CaMKII be precisely targeted and effectively delivered to the mitochondria of
specific neurons? Additionally, given that E-TC_,, and certain cellular processes share some common
signaling pathways, could its long-term activation potentially result in elevated oxidative stress? The
opportunity to explore these questions, resting on the fundamental mechanisms elucidated by Li et al.,
suggests that a paradigm shift is imminent in the study of mitochondrial aging, opening up new avenues for
exploration.

In sum, Li et al. present a comprehensive analysis of mitochondrial biology in the aging mammalian brain.
Through innovative tools, sophisticated physiological mechanisms, and compelling behavioral experiments,
they provide fundamental insights into the complex processes underlying age-related cognitive changes.
Their findings suggest that the identified factors may serve as viable therapeutic targets for age-related
cognitive decline, including Alzheimer’s and Parkinson’s diseases"'. The researchers propose a hypothesis
illuminating potential mechanisms through which aging processes might be arrested, potentially preventing
age-related disease development.

The study’s discoveries regarding mtDNA transcription in neurons carry profound implications for future
research in mitochondrial metabolic disease*"”. The identification of CaMKII and CREB as responders to
calcium signaling changes in mitochondria represents a novel finding that opens new research avenues.
Furthermore, this work provides a foundation for investigating potential analogous mechanisms of
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mitochondrial excitatory transcription coupling in non-neuronal cells, which could influence metabolic
diseases in other systems. Overall, these novel findings and future directions establish a basis for advancing
our understanding of age-related cognitive decline and developing innovative therapeutic strategies to
enhance elderly individuals” quality of life.

CONCLUSION

In conclusion, the work by Li et al. fundamentally advances our understanding of brain aging by elucidating
a novel mechanism of E-TC,,,. The research demonstrates that the age-related breakdown of activity-
dependent calcium signalling to the mitochondrion, and the consequent failure to activate the intra-
mitochondrial CaMKII-CREB axis, is a critical factor in synaptic dysfunction and memory decline®. The
present study proposes a novel framework for understanding age-related cognitive deficits by bridging the
gap between neuronal activity, mitochondrial gene expression, and cognitive output. In addition, it
firmly establishes mitochondrial E-TC,,, and its key regulators as promising therapeutic targets for
combating neurodegenerative diseases.
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