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of high energy demand, particularly synapses. When these vital organelles 

are dysfunctional and unable to reach their designated synaptic destina- 

tions or adequately repair damaged regions, it inevitably leads to critical 

energy deficits within the neuron. This cellular energy crisis, coupled with 

an increase in harmful oxidative stress, collectively exacerbates existing 

  neuronal damage and hastens the process of neurodegeneration. This spe- 
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cific focus on mitochondrial dynamics and the consequences of transport 

failures underscores their central and detrimental role in the pathogenesis 

of a wide array of neurodegenerative conditions. 

  The motor proteins, kinesin and dynein, function as the primary molecu- 
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Introduction 

Axonal transport, a fundamental cellular process essential for neuronal 

health and function, involves the directed movement of vital components 

along the lengthy extensions of neurons, known as axons. This intricate 

system is responsible for delivering organelles, proteins, and other essential 

molecules from the neuronal cell body to distant synaptic terminals and for 

returning materials back to the soma. The efficient and accurate operation 

of axonal transport is paramount for maintaining synaptic plasticity, neu- 

ronal signaling, and overall neuronal survival. Given the highly polarized 

and elongated nature of neurons, this transport mechanism is indispensable 

for the proper functioning of the nervous system, enabling communication 

between nerve cells and facilitating responses to environmental stimuli. 

The integrity of axonal transport is profoundly compromised in a spectrum 

of neurodegenerative diseases, a critical observation that has spurred ex- 

tensive research into its pathogenesis. Disruptions within this complex 

machinery, encompassing issues such as the dysfunction of motor proteins 

responsible for cargo movement, the aberrant accumulation of cellular com- 

ponents that should have been transported, and damage to the cytoskeletal 

tracks that guide this movement, are directly implicated in the cascade of 

neuronal dysfunction and eventual cell death characteristic of these dev- 

astating conditions. A deep and nuanced understanding of these under- 

lying mechanisms offers invaluable insights into how neurodegenerative 

diseases develop and progress, simultaneously illuminating potential av- 

enues for targeted therapeutic interventions for debilitating conditions like 

Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclero- 

sis. 

Mitochondrial transport, a highly specialized and absolutely critical facet 

of the broader axonal transport network, is frequently identified as being 

significantly impaired in the context of neurodegenerative disorders. Mito- 

chondria, the powerhouses of the cell, must be precisely distributed to areas 

lar engines that power axonal transport, facilitating the movement of di- 

verse cargos along neuronal axons. Malfunctions in these essential pro- 

teins, which can manifest as aggregation within the neuron, a reduction 

in their processivity (the distance they can travel without detaching), or 

alterations in their ability to bind to their intended cargos, are strongly im- 

plicated in the relentless progression of neurodegenerative diseases. This 

comprehensive review aims to delve deeply into the multifaceted ways in 

which deficits in these crucial motor proteins contribute to the insidious ac- 

cumulation of toxic protein aggregates and the progressive loss of essential 

neuronal components, ultimately leading to neuronal demise. 

The microtubule cytoskeleton serves as the fundamental infrastructure, the 

intricate track system, upon which the entire process of axonal transport 

relies. Disruption of this delicate cytoskeletal network is a pervasive and 

common pathological feature observed across numerous neurodegenerative 

diseases. This article meticulously discusses how alterations in the sta- 

bility and organizational integrity of microtubules directly impair the effi- 

cient movement of vesicles, organelles, and other essential cargos along the 

axon. Such impairment inevitably leads to synaptic dysfunction, a critical 

early event in neurodegeneration, and ultimately contributes significantly 

to the widespread neuronal death observed in these conditions. 

In the specific context of Alzheimer’s disease, the pathological hallmarks 

of the condition, namely the accumulation of amyloid-beta plaques and tau 

tangles, exert a direct and detrimental interference with the normal func- 

tioning of axonal transport. This interference manifests as a severe block- 

age in the movement of essential cargos, leading to synaptic dysfunction, a 

critical impairment of neuronal communication, and ultimately to profound 

neuronal loss. These findings strongly suggest that therapeutic strategies 

aimed at restoring the integrity and efficiency of axonal transport could 

represent a promising and novel approach for treating Alzheimer’s disease. 

Parkinson’s disease, a debilitating neurodegenerative disorder, is patholog- 

ically characterized by the progressive loss of dopaminergic neurons in the 

substantia nigra. This neuronal demise is significantly exacerbated by pro- 

found defects in axonal transport. The aggregation of alpha-synuclein, a 

protein that serves as a key pathological hallmark of Parkinson’s disease, 
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is directly implicated in disrupting the function of motor proteins and the 

delivery of essential cargos. This disruption contributes significantly to 

mitochondrial dysfunction and a heightened vulnerability of dopaminergic 

neurons to cellular stress and death. 

Amyotrophic lateral sclerosis (ALS), a devastating motor neuron disease, 

involves the progressive degeneration of motor neurons, a process criti- 

cally influenced by deficits in axonal transport. The accumulation of mis- 

folded proteins, such as the transactive response DNA-binding protein 43 

(TDP-43), within motor neurons impedes the crucial transport of essential 

molecules and organelles necessary for neuronal health and function. This 

impairment leads to synaptic loss and ultimately to the demise of motor 

neurons, highlighting the central role of transport defects in ALS patho- 

genesis. 

Novel therapeutic strategies are continuously emerging that are specifi- 

cally designed to target and restore the compromised mechanisms of axonal 

transport in neurodegenerative diseases. These innovative interventions en- 

compass a range of approaches, including strategies aimed at enhancing 

the activity of impaired motor proteins, developing methods to effectively 

clear aggregated proteins that obstruct transport pathways, and implement- 

ing treatments to stabilize the crucial microtubule cytoskeletal tracks. The 

development of these targeted therapies offers significant hope for more 

effective treatment and management of neurodegenerative conditions. 

The broader cellular environment, importantly including the supportive 

roles of glial cells, plays a critical role in both supporting and regulating the 

complex process of axonal transport. This article undertakes an exploration 

of how the dysfunction of these glial cells, which are integral components 

of the neural tissue, can indirectly but significantly impact axonal transport 

dynamics. Such indirect impacts can further contribute to the insidious de- 

velopment and progression of neurodegenerative processes, underscoring 

the interconnectedness of cellular functions in maintaining neuronal health. 

Advanced imaging techniques have revolutionized our capacity to visu- 

alize, monitor, and quantitatively assess axonal transport defects in liv- 

ing organisms (in vivo). This comprehensive review critically discusses 

how these sophisticated and advanced imaging modalities are proving to 

be instrumental in unraveling the intricate molecular mechanisms underly- 

ing neurodegenerative diseases. Furthermore, these techniques are invalu- 

able for evaluating the efficacy of emerging therapeutic interventions in 

real-time, offering a powerful tool for accelerating the development of new 

treatments for these challenging conditions. 

Description 

Axonal transport is an essential process for neuronal survival, involving 

the movement of cellular components along axons. This vital system is 

significantly disrupted in neurodegenerative diseases, where motor protein 

dysfunction, cargo accumulation, and cytoskeletal damage directly lead 

to neuronal dysfunction and death. Understanding these mechanisms is 

crucial for developing therapeutic strategies for diseases like Alzheimer’s, 

Parkinson’s, and ALS [1]. 

Mitochondrial transport, a specific component of axonal transport, is fre- 

quently compromised in neurodegeneration. Defective mitochondria un- 

able to reach synapses or damaged areas cause energy deficits and oxidative 

stress, worsening neuronal damage. Failures in mitochondrial transport and 

dynamics are central to various neurodegenerative disorders [2]. 

Kinesin and dynein motor proteins are the primary drivers of axonal trans- 

port. Their malfunctions, such as aggregation or reduced processivity, con- 

tribute to neurodegenerative disease progression. Deficits in these motor 

proteins lead to the accumulation of toxic proteins and the loss of essential 

neuronal elements [3]. 

The microtubule cytoskeleton, forming the tracks for axonal transport, is 

often disrupted in neurodegenerative pathology. Alterations in microtubule 

stability and organization impede the movement of vesicles and organelles, 

resulting in synaptic dysfunction and neuronal death [4]. 

In Alzheimer’s disease, amyloid-beta and tau pathologies directly interfere 

with axonal transport, blocking cargo movement. This leads to synaptic 

dysfunction and neuronal loss, suggesting that restoring axonal transport 

could be a therapeutic target [5]. 

Parkinson’s disease is marked by dopaminergic neuron loss, exacerbated 

by axonal transport defects. Alpha-synuclein aggregation disrupts motor 

proteins and cargo delivery, contributing to mitochondrial dysfunction and 

neuronal vulnerability [6]. 

Amyotrophic lateral sclerosis (ALS) involves motor neuron degeneration, 

significantly influenced by axonal transport impairment. Misfolded pro- 

teins like TDP-43 block essential molecule transport, causing synaptic loss 

and motor neuron demise [7]. 

Emerging therapeutic strategies focus on restoring axonal transport by en- 

hancing motor protein activity, clearing obstructions, and stabilizing mi- 

crotubules. These interventions offer hope for treating neurodegenerative 

diseases [8]. 

The cellular environment, including glial cells, critically supports axonal 

transport. Glial dysfunction can indirectly affect axonal transport and con- 

tribute to neurodegenerative processes [9]. 

Advanced imaging techniques allow for in vivo visualization of axonal 

transport defects, aiding in understanding disease mechanisms and eval- 

uating therapeutic efficacy in neurodegenerative conditions [10]. 

Conclusion 

Axonal transport, the movement of cellular components along neuronal 

axons, is severely impaired in neurodegenerative diseases. This disrup- 

tion, caused by issues with motor proteins, cargo accumulation, cytoskele- 

tal damage, and mitochondrial dysfunction, leads to neuronal death. Spe- 

cific conditions like Alzheimer’s, Parkinson’s, and ALS are characterized 

by unique axonal transport deficits, such as amyloid-beta/tau pathology in 

Alzheimer’s, alpha-synuclein aggregation in Parkinson’s, and TDP-43 ac- 

cumulation in ALS. The microtubule network, essential for this transport, 

is also often compromised. Emerging therapies aim to restore axonal trans- 

port by targeting motor proteins, clearing toxic aggregates, and stabilizing 

microtubules. The role of glial cells in supporting axonal transport and 

the advancements in imaging technologies for studying these defects are 

also critical areas of research. Restoring axonal transport holds promise 
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for treating these devastating neurological disorders. 
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