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Abstract

Lysosomes perform degradative functions that are important for all cells. However, neurons are 

particularly dependent on optimal lysosome function due to their extremes of longevity, size and 

polarity. Axons in particular exemplify the major spatial challenges faced by neurons in the 

maintenance of lysosome biogenesis and function. What impact does this have on the regulation 

and functions of lysosomes in axons? This review focuses on the mechanisms whereby axonal 

lysosome biogenesis, transport and function are adapted to meet neuronal demand. Important 

features include the dynamic relationship between endosomes, autophagosomes and lysosomes as 

well as the transport mechanisms that support the movement of lysosome precursors in axons. A 

picture is emerging wherein intermediates in the lysosome maturation processes that would only 

exist transiently within the crowded confines of a neuronal cell body are spatially and temporally 

separated over the extreme distances encountered in axons. Axons may thus offer significant 

opportunities for the analysis of the mechanisms that control lysosome biogenesis. Insights from 

the genetics and pathology of human neurodegenerative diseases furthermore emphasize the 

importance of efficient axonal transport of lysosomes and their precursors.

Introduction

Due to their extremes in size, metabolism and longevity, there are many reasons to expect 

that neurons would be particularly dependent on the degradative housekeeping functions of 

lysosomes for the clearance of misfolded proteins and damaged organelles. The first 

characterizations of lysosome abundance and subcellular localization in neurons were 

performed in the early 1960s by histochemical methods based on the detection of lysosomal 

acid phosphatase activity [1]. These efforts detected lysosomes in all neurons and found 

them to be most prominently concentrated within neuronal cell bodies and proximal regions 

of dendrites but relatively rare in axons [1]. Shortly thereafter the first clues began to emerge 

that neuronal lysosome abundance and subcellular localization could be altered in response 

to neurological disease. More specifically, organelles with lysosome-like morphology were 

observed to accumulate within swollen neurites surrounding Alzheimer’s disease amyloid 
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plaques in the first electron microscopy study of Alzheimer’s disease brain tissue [2]. The 

degradative lysosomal nature of such organelles was supported shortly thereafter by the 

confirmation that the organelles that ultrastructurally resembled lysosomes at amyloid 

plaques also contained acid phosphatase activity [3]. Other lysosomal enzymes such as 

cathepsins were also later identified at such sites [4]. Thus, while it has long been known 

that lysosomes are most abundant within the somatodendritic region of neurons [1,5,6], for 

nearly as long there have been indications that the subcellular distribution of neuronal 

lysosomes can change in response to disease states. Nonetheless, the modest steady state 

abundance of lysosomes in axons of healthy neurons long deterred major investigation of 

mechanisms controlling axonal lysosome abundance. However, this situation has been 

changing in recent years as new evidence has emerged concerning axonal lysosomes in 

health and disease.

Origins of Axonal Lysosomes

The low steady state abundance of lysosomes in axons could in principal arise from: 1) 

mechanisms that prevent the delivery of lysosomes into axons; and/or 2) the existence of 

efficient mechanisms that support their rapid transport out of axons. An early observation 

that pointed to the existence of an efficient clearance mechanism based on retrograde axonal 

transport came from ultrastructural characterization of the pattern of organelle accumulation 

following an acute local blockade of axonal transport [7]. While small (50–80 nm diameter) 

clear vesicles were the major cargo that accumulated on the proximal side of the blockade 

(reflecting material undergoing anterograde transport), the retrogradely transported material 

on the distal side of the blockade contained numerous organelles with a multivesicular and 

multilamellar morphology that is typical of late endosomes and/or lysosomes [7]. 

Collectively, these observations indicate that while there is not a strong axonal delivery of 

lysosomes from the cell body, there is a significant retrograde flux of lysosomes and/or 

closely related late endocytic and autophagosomal organelles that exceeds the minimal 

expectations drawn from steady state measurements.

Insightful dynamic imaging studies performed during the 1990s provided evidence for a 

process whereby endosomes and autophagosomes that form in the distal region of axons 

fuse with one another and become acidified by as much as 100 fold as they make their 

retrograde journey back towards the neuronal cell body [8,9]. This concept was later brought 

into sharper focus by the live imaging of autophagy proteins tagged with fluorescent 

proteins which allowed for the direct visualization of the ordered recruitment of specific 

proteins to growing autophagosomes in distal axons [8,10–13]. In contrast to other cellular 

contexts where regulation of autophagosome formation is tightly coupled to nutrient 

availability, autophagosomes form constitutively in axons, a property that appears to be 

conserved across diverse neuron subtypes and in multiple species [8,11–14]. Cargoes of 

these axonal autophagosomes included ubiquitinated proteins as well as mitochondrial 

fragments, thus supporting the idea that their physiological purpose is to clear aging and 

damaged proteins and organelles from the distal axon [10]. In addition to constitutive 

autophagy, acutely damaged axonal mitochondria can also trigger their own local 

engulfment into autophagosomes [15]. While the formation of an autophagosome serves to 

sequester material destined for degradation, the ultimate disposal of these autophagic cargos 

Ferguson Page 2

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is dependent on the ability of autophagosomes to deliver their contents to lysosomes for 

degradation (Figure 1). Interestingly, rather than achieving such delivery to lysosomes in a 

single fusion step, axonal autophagosomes first fuse with endosomes to yield a hybrid 

organelle that is sometime referred to as an amphisome [8,10,16]. Autophagosome-

endosome fusion triggers a series of changes. While axonal autophagosomes exhibit limited 

mobility, following fusion with endosomes, the hybrid organelle undergoes efficient 

retrograde movement, their lumen becomes progressively more acidified and lysosome 

markers such as LAMP1 begin to accumulate [8,10,16]. However, in contrast to lysosomes 

of neuronal cell bodies where levels of cathepsins (major lysosomal proteases) are high, 

cathepsin levels are much lower within the maturing lysosomes found in axons [17]. This 

relative deficiency in lysosomal proteases suggests that maximally efficient degradation of 

axonal lysosome cargos may not occur until arrival into the cell body region.

Key Questions

The concept that endosomes and autophagosomes fuse within the distal axon and mature 

towards a lysosomal identity as they make their retrograde journey back towards the 

neuronal cell body raises numerous important questions. These include:

1. What controls progressive axonal lysosome acidification in a distal to proximal 

direction along the length of axons?

2. To what extent does the process of axonal lysosome maturation resemble 

endosomal maturation processes that have been well characterized in non-

neuronal contexts?

3. How are lysosomes recognized by the adaptor proteins that couple them to the 

motors that support their long distance movement?

4. When in this maturation process does a lysosome become competent to mediate 

cargo degradation?

5. Why do neurons transport autophagic and endocytic cargos back the cell body 

for degradation instead of disposing of them locally?

6. How does defective axonal lysosome transport contribute to neurological 

diseases?

While many of these questions remain only incompletely answered, exciting progress has 

been made on some of these topics. The subsequent sections of this review seek to 

summarize such advances.

Axonal Lysosome Acidification

Several processes are known to contribute to the acidification of lysosomes in non-axonal 

contexts. The vacuolar ATPase (V-ATPase) is an enormous, multi-subunit molecular 

machine that uses energy liberated by ATP hydrolysis to transport protons into the lysosome 

lumen [18]. As the assembly state of the V-ATPase can be regulated to control lysosome 

acidification in some non-neuronal contexts [18–20], changes in V-ATPase assembly state or 

composition could potentially coordinate acidification with transport. Additionally, 
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regulation of the abundance and activity of CLCN7, a chloride-proton antiporter that 

supports lysosome acidification by providing counter ions that balance the positive charge 

arising from proton accumulation is also a candidate for controlling the efficiency of axonal 

lysosome acidification [18]. While the existence of lysosomal pH differences along the 

length of the axon appears to be a neuron-specific problem, it was recently reported that 

lysosomes found at the cell periphery are less acidic than those at the cell center even in 

HeLa cells [21]. This spatial pattern of lysosome acidification was elegantly proposed to 

arise from the fact that more peripheral lysosomes are further from the trans-Golgi network 

and thus have a lower probability to receive newly synthesized proteins from the 

biosynthetic pathway [21]. It remains to be determined whether the extent to which the 

gradient of axonal lysosome acidification reflects spatial constraints of biosynthetic delivery 

versus more acute regulatory mechanisms arising from control of V-ATPase assembly or 

regulation of lysosomal chloride channels.

Maturation of Endosomes into Lysosomes

The concept of endosomal maturation wherein endosomes undergo a stereotypic pattern of 

changes in protein and lipid content is well established from studies in non-neuronal systems 

[22–24]. It is likely that at least some similar mechanisms are at play in the process whereby 

endosome to lysosome maturation dynamically occurs in axons and there is a clear need for 

similarly detailed insights into the molecular mechanisms supporting axonal lysosome 

maturation. It is also possible that the extreme distances and narrow confines encountered 

within axons will provide opportunities for identifying intermediates in lysosome formation 

that are relevant to all cells but which would be difficult to recognize within the more 

spatially confined environment encountered in other cellular contexts.

Mechanisms Supporting Microtubule-based Transport of Axonal 

Lysosomes

The microtubule cytoskeleton of axons is polarized such that plus ends point towards the 

distal ends of axons and minus ends are arrayed towards the cell body [25]. As a result, 

anterograde axonal transport is kinesin-mediated while retrograde transport depends on the 

dynein motor [26,27]. In non-neuronal cells, two major mechanisms have been identified for 

coupling late endosomes and lysosomes to kinesin that depend on the Arl8 and Rab7 small 

GTPases respectively. Arl8 is recruited to the surface of lysosomes via interactions with the 

BLOC-one related complex (BORC)[28]. This octameric protein complex was recently 

reported to furthermore act as a guanine nucleotide exchange factor (GEF) for Arl8 and thus 

promote the ability of Arl8 to interact with downstream effectors [29]. One such Arl8 

effector is SKIP, a protein that in turn interacts directly with kinesin light chain to promote 

the movement of lysosomes towards the plus ends of microtubules [30]. While most of these 

Arl8 dependent mechanisms are not neuron specific, Arl8-dependent transport of lysosomes 

in mammalian axons was recently reported [31]. Interestingly, BORC and Arl8 also support 

the anterograde transport of presynaptic active zone proteins and synaptic vesicle precursors 

into axons in C. elegans while lysosomes are not readily detectable in these axons 

[29,32,33]. These observations suggest that lysosomes and synaptic vesicles share some 
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common machinery in support of their axonal transport. However, it remains unknown how 

specificity is achieved for the Arl8-mediated transport of lysosomes versus presynaptic 

proteins.

An alternative mechanism for coupling lysosomes to kinesin involves a series of interactions 

betweeen protrudin (also known as ZFYVE27), Rab7 and its effector FYCO1 [34]. 

Protrudin is an ER localized, kinesin 1-interacting protein whose FYVE domain reaches out 

at endoplasmic reticulum-endolysosome contact sites to interact with 

phosphatidylinositol-3-phosphate (PI3P) on late endosomes. At such membrane contact 

sites, kinesin 1 is transferred from protrudin to the endolysosomal Rab7-FYCO1 complex to 

support plus end directed movement on microtubules [34]. Only limited data is available 

concerning the physiological function of protrudin in neurons. However, as protrudin was 

originally identified for its ability to promote neurite outgrowth [35] it is reasonable to 

consider a similar role in actual axons but more data is required concerning functions in 

mature neurons. Addressing the question of protrudin functions in axons is of particular 

interest due to the fact that protrudin mutations cause a form of hereditary spastic paraplegia, 

a disease that predominantly affects the longest axons of the central nervous system [36].

With respect to retrograde axonal transport of lysosomes, several candidate mechanisms 

have been identified. A complex between Rab7 and Rab-interacting lysosomal protein 

(RILP) supports the dynein-mediated transport of late endosomes and lysosomes towards the 

perinuclear region of non-neuronal cells [37–39]. Rab7 has also been implicated in the 

retrograde axonal transport of endosomes containing activated neurotrophin receptors [40]. 

However, it remains to be determined to what extent such signaling endosomes are similar 

to, or distinct from, endosomes containing cargos destined for lysosome-mediated 

degradation. In addition to serving as a bridge between Rab7 and dynein, RILP also interacts 

with and stabilizes the assembly of the V-ATPase through interactions with the V1G1 

subunit [41]. Through interactions with V1G1, Rab7 and dynein, RILP could potentially 

provide a mechanistic link between lysosome retrograde axonal transport and acidification. 

Contributions of Rab7 to axonal transport of lysosomes are of additional interest due to the 

existence of human Rab7 mutations that cause Charcot-Marie-Tooth disease type 2B 

(CMT2B), a disease that most prominently impairs long axons of the peripheral nervous 

system [42].

Meanwhile, mutations in the JNK-interacting protein 3 (JIP3, known as UNC-16 in C. 
elegans) gene cause the ectopic accumulation of axonal lysosomes in diverse organisms 

including: C. elegans, zebrafish and mice [43–46]. The work from zebrafish and mice 

concluded that such axonal accumulations of lysosomes in JIP3 KO axons arise from a 

defect in lysosome retrograde transport [43,46]. In contrast, an alternative model involving a 

role for JIP3/UNC-16 in suppressing the export of lysosome proteins from the neuronal cell 

body was proposed based on experiments in C. elegans [44,45,47]. These studies 

collectively point strongly to an evolutionarily conserved role for JIP3 in regulating the 

axonal abundance of lysosomes, but further efforts are required to elucidate the underlying 

molecular mechanisms.
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A third candidate for supporting the retrograde transport of axonal lysosomes is the snapin 

protein that has been proposed to act as an adaptor between endolysosomes and dynein [48]. 

In support of a role for snapin in the regulation of neuronal lysosomes, snapin KO mice 

exhibit multiple lysosome defects in the neuronal cell body compartment [48]. However, 

since it’s role as an direct adaptor between lysosomes and dynein was originally proposed 

[48], snapin was independently identified as a component of the BORC complex that 

supports the Arl8-mediated anterograde axonal transport of lysosomes [28,31]. Furthermore, 

snapin also has the potential to impact lysosome function as a component of the biogenesis 

of lysosomes complex 1 (BLOC-1) [49]. It currently remains to be determined to what 

extent lysosome phenotypes in snapin KO neurons are mediated by BORC, BLOC-1 or 

dynein dependent mechanisms.

Impaired Retrograde Axonal Transport of Lysosomes in Alzheimer’s 

Disease

The mechanisms that support retrograde axonal transport and maturation of lysosomes have 

potentially important disease implications. The longstanding observation that lysosomes 

ectopically accumulate in swollen neurites surrounding Alzheimer’s disease amyloid 

plaques [2,50] has prompted studies of underlying mechanisms in mouse models of 

Alzheimer’s disease. This has led to the conclusion that rather than triggering the 

anterograde efflux of lysosomes from neuronal cell bodies to the plaque-associated axonal 

swellings, lysosomes build up at such sites due to a selective blockade in the normal process 

of retrograde axonal transport and maturation of lysosomes [17]. Evidence that such 

lysosomes are not innocent bystanders but rather function as important contributors to the 

amyloidogenic processing of the amyloid precursor protein (APP) comes from the recent 

discovery that axonal lysosome transport defects in mouse JIP3 KO neurons result in 

enhanced processing of APP into Aβ peptides [46]. Furthermore, JIP3 haploinsufficiency 

also results in a dramatic worsening of APP processing and amyloid plaque pathology in a 

mouse model of Alzheimer’s disease [46]. The concept that retrograde axonal transport of 

lysosomes is an important negative regulator of APP processing and Alzheimer’s disease 

pathology is further supported by recent reports that snapin deficiency also exacerbates 

pathology in a mouse Alzheimer’s disease model [51,52]. Data arising from the JIP3 and 

snapin studies converge on the role played by lysosomes as sites of degradation for BACE1, 

the protease that initiates amyloidogenic processing of APP [46,51,52]. It is thought that 

when the transport and maturation of axonal lysosomes is impaired, lysosome-mediated 

clearance of BACE1 is slowed and there is greater opportunity for encounters between 

BACE1 and APP within immature lysosomes. These observations raise questions about how 

lysosome axonal transport defects arise in human Alzheimer’s disease and whether 

preventing such disturbances could have therapeutic benefits.

In addition to the abovementioned examples pertaining to Alzheimer’s disease, axonal 

lysosomes were also observed in the developmental context of mouse motor neuron axon 

pruning [53]. This observation suggests the putative existence of novel signaling 

mechanisms that redistribute lysosomes into axons.
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A Model for the Coordinated Biogenesis and Transport of Axonal 

Lysosomes

In summary, evidence for the existence of distinct pools of lysosomes and/or their precursors 

in neuronal axons has raised questions about the origin and functions of such organelles. If 

fully functional lysosomes were freely exchanging between the neuronal cell body and 

axons then lysosomes in both compartments should be indistinguishable from one another. 

However, the immature nature of axonal lysosomes (as judged by their minimal hydrolase 

content) implies either a distinct mechanism for the de novo assembly of lysosomes in axons 

or that lysosomes are modified in axons following their delivery from the soma.

A model (Figure 1) that proposes a solution to this problem is that lysosome precursors 

including late endosomes and autophagosomes form and fuse with one another in the distal 

axon before beginning a process of maturation into lysosomes that is coupled with their 

retrograde transport toward the neuronal cell body. However, the extreme spatial separation 

imposed by axon length places these newly formed lysosome precursors in the distal axon at 

a significant disadvantage for the receipt of newly synthesized luminal hydrolases that must 

be delivered from the neuronal cell body. As axons do not contain rough ER or Golgi 

apparatus, they are completely dependent on the distant cell body for receipt of lysosomal 

hydrolases. The extreme length and small diameter of axons means that there is a much 

greater probability for vesicles containing newly synthesized lysosome proteins to fuse with 

late endosomes/lysosomes in the neuronal cell body or even proximal axon than to pass by 

such organelles in favor of lysosomes in the distal axon. However, as immature lysosomes 

are transported from the distal axon towards the cell body, opportunities for them to 

encounter Golgi-derived vesicles increase. In this model, robust retrograde transport of 

maturing lysosomes combined with competition for encounters with anterograde vesicles 

delivering of newly synthesized lysosomal proteins helps to explain the observed gradient of 

axonal lysosome maturation. Such a model is also consistent with a recent report from non-

neuronal cells that identified distance from the Golgi as a factor explaining a spatial gradient 

of both acidification and protease activity [21]. The model outlined above provides a 

foundation for future studies to elucidate the mechanisms that coordinate axonal lysosome 

transport and maturation. These are important problems to address for the understanding of 

neuronal cell biology and neurodegenerative disease mechanisms
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Text Box 1

The lysosome family tree

While lysosomes mediate the degradation of cargos delivered by the endocytic and 

autophagic pathways, they are in turn highly connected via membrane traffic with other 

cellular compartments. This can present challenges for the investigation of lysosome 

biogenesis and function as proteins that ultimately function in the lysosome must first be 

delivered via the secretory and endo-lysosomal pathways and are thus not absolutely 

limited to being present in just lysosomes. Likewise, lysosomes receive cargos for 

degradation via fusion with endosomes and autophagosomes. Such interconnectedness 

between lysosomes and upstream organelles of the secretory and endocytic pathways 

generates challenges for the identification of lysosomes and illustrates the importance of 

recognizing that lysosomes do not function in isolation but rather as part of a dynamic 

pathway where lysosome function is dependent on interactions with multiple upstream 

compartments [54].
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Text Box 2

A field guide for the identification of lysosomes

The catabolic functions of lysosomes are supported by >200 proteins that include ~60 

distinct enzymes that function optimally within the acidic environment of the lysosomal 

lumen, the V-ATPase that is responsible for lysosome acidification, ion channels and 

transporters within the limiting membrane of lysosomes that support the efflux from 

lysosomes of the cellular building blocks that are liberated by lysosome mediated 

degradation, small GTPases and their associated regulatory proteins and effectors that 

support endo-lysosomal membrane traffic as well as multiple proteins whose precise 

functions remain to be identified [55].

In light of this complexity, the identification of lysosomes and their relationship to other 

organelles in the autophagic, endocytic and secretory pathways should ideally be 

established by multiple assays. Key approaches that are commonly used in the 

identification of lysosomes include:

1. The use of fluorescent dyes (e.g. Lysotracker or cresyl violet [56]) that 

selectively accumulate in the acidic environment (pH<5) of the lysosome 

lumen.

2. The presence of lysosomal enzymes. While a relatively small number of 

cathepsins are commonly investigated, multiple types of lysosomal enzymes 

should be analyzed before making broad conclusions about lysosome 

function.

3. Assays for assessing the activity of specific lysosome enzymes in living cells 

based on fluorescent substrates that get trapped in lysosomes following their 

cleavage by specific enzymes (e.g. Cresyl violet conjugated cathepsin 

substrates) or which become fluorescent following proteolytic processing 

[e.g. dequenching of DQ-BSA fluorescence [54]].

4. Accumulation of endocytic cargos such as fluorescently labeled dextrans.

5. Presence of abundant highly glycosylated integral membrane proteins such as 

lysosome associated membrane protein 1 (LAMP1) that participate in 

cholesterol export from lysosomes and are also thought to protect lysosome 

membranes from damage by lysosome hydrolases [57].

6. Transmission electron microscopy analysis of ultrastructural morphology. Key 

features include: multi-vesicular and multi-lamellar appearance along with 

electron density arising from osmiophilic properties [58].

Note that while each of these assays has value in the identification of lysosomes in intact 

cells, many of these assays will also label earlier steps in the endo-lysosomal pathway to 

varying degrees. It is therefore always important to interpret observations in the context 

of a dynamic endo-lysosomal degradative pathway.
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Highlights

• Lysosomes degrade diverse cargos that are captured within endosomes and 

autophagosomes.

• Lysosome abundance in axons is limited by efficient retrograde transport 

mechanisms.

• Impaired retrograde transport of axonal lysosomes may confer Alzheimer’s 

disease risk.

• Hydrolase delivery to axonal lysosomes is likely to be limited by their 

distance from the Golgi.
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Figure 1. 
Schematic diagram summarizing key concepts related to the process of axonal lysosome 

maturation. Following the fusion of autophagosomes with endosomes in the distal axon, the 

hybrid organelle begins a coordinated process of retrograde transport and maturation 

towards a lysosomal identity. Due to the restricted localization of the Golgi apparatus to the 

somatodendritic compartment, lysosomes within the distal axon are last in line to receive 

Golgi-derived vesicles containing newly synthesized lysosomal proteins.
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