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Abstract

Lysosomes support diverse cellular functions by acting as sites of macromolecule degradation and 

nutrient recycling. The degradative abilities of lysosomes are conferred by a lumen that is 

characterized by an acidic pH and which contains numerous hydrolases that support the 

breakdown of major cellular macromolecules to yield cellular building blocks (amino acids, 

nucleic acids, sugars, lipids and metals) that are transported into the cytoplasm for their re-use. In 

addition to these important hydrolytic and recycling functions, lysosomes also serve as a signaling 

platform that integrates nutrient and metabolic cues to control signaling via the mTORC1 pathway. 

Due to their extreme longevity, polarity, demands of neurotransmission and metabolic activity, 

neurons are particularly sensitive to perturbations in lysosome function. The dependence of 

neurons on optimal lysosome function is highlighted by insights from human genetics that link 

lysosome dysfunction to a wide range of both rare and common neurological diseases. How then is 

lysosome function adapted to the unique demands of neurons? This review will focus on the roles 

played by lysosomes in distinct neuronal sub-compartments, the regulation of neuronal lysosome 

sub-cellular localization and the implications of such neuronal lysosome regulation for both 

physiology and disease.
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Lysosomes degrade a broad range of macromolecules including: DNA, RNA, proteins, lipid 

membranes and carbohydrates. This catabolic activity allows cells to both clear unwanted 

materials as well as to generate nutrients in times of stress. Central to supporting such 

functions, lysosomes serve as a final destination for the secretory, endocytic and autophagic 

pathways (Figure 1). Lysosome biogenesis and ongoing replenishment of lysosome proteins 

depends on the secretory pathway through the endoplasmic reticulum and Golgi for the 

delivery of newly synthesized ion channels, transporters and luminal proteins including the 
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diverse array of acid hydrolases that support lysosome-mediated degradative activity. 

Endosomes are critical for the delivery of both lysosomal proteins and substrates. To this 

end, endosomes act as an intermediate between the secretory pathway and lysosomes 

wherein trans-Golgi network derived vesicles containing newly synthesized proteins 

destined for lysosomes fuse with endosomes to support their subsequent delivery to 

lysosomes. Endocytosis and endosomal sorting also brings extracellular macromolecules to 

lysosomes. Furthermore, the late endosomal sorting of integral membrane proteins into 

intraluminal vesicles via the endosomal sorting complex required for transport (ESCRT) 

pathway is critical for the eventual lysosomal degradation of integral membrane proteins 

including receptors, ion channels and cell adhesion molecules (1). In parallel with the 

endocytic pathway, autophagy is a major source of lysosomal substrates wherein the 

membrane engulfment of cargoes such as protein aggregates and damaged organelles yields 

autophagosomes that must fuse with lysosomes in order for their contents to be degraded by 

lysosomal hydrolases (2). Thus, lysosomes do not function in isolation from other organelles 

but require ongoing delivery of both cargos and hydrolases from the endocytic and 

autophagic pathways. Lysosomes additionally make contacts with other organelles including 

the endoplasmic reticulum (ER) (3) and potentially mitochondria (4) that are thought to 

allow the non-vesicular transfer of lipids and calcium (5, 6).

Spatial Distribution of Neuronal Lysosomes

The interconnected relationships between lysosomes and other organelles pose particular 

challenges within the highly compartmentalized and spatially extended neuronal 

environment. Furthermore, the localized nature of distinct neuronal functions that depend on 

lysosomes require a precise distribution of lysosomes to specific sites within neurons and a 

potential need to redistribute lysosomes in response to ongoing changes in neuronal 

physiology.

Lysosomes have long been characterized as having a polarized distribution in neurons 

wherein they are most abundant in neuronal cell bodies, moderately present in dendrites and 

relatively rare in axons (7–9). This distribution pattern of neuronal lysosomes (Figure 2) 

raises questions about both the underlying mechanisms that control their movement and the 

possibility that distinct sub-populations of lysosomes might serve compartment specific 

functions. As for other organelles, microtubule-based motors play important roles in 

determining the transport of lysosomes into axons and dendrites (10). Interestingly, new data 

is beginning to emerge that further suggests compartment specific functions of neuronal 

lysosomes and underscores the importance of ensuring that lysosome position is matched to 

ongoing changes in neuronal demand.

Axonal Lysosome Biogenesis and Transport

Reports of the low steady state abundance of lysosomes in axons (7, 8) long resulted in 

limited research into functions of axonal lysosomes and the mechanisms controlling their 

abundance. However, more recent studies into autophagy in axons stimulated new interest on 

this topic. Time lapse imaging of autophagosome formation and transport revealed a 

tonically high rate of autophagy in distal regions of axons (11, 12) as well as the ability of 
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autophagosomes to form around acutely damaged axonal mitochondria (13). The formation 

of such autophagosomes likely represents an important step in preventing the accumulation 

of potentially deleterious old or damaged proteins and organelles in axons. However, 

autophagosomes must eventually fuse with lysosomes in order for their contents to be 

degraded. Rather than occurring in a single step by fusing with a nearby lysosome, the 

lysosome-mediated degradation of axonal autophagosome contents appears to happen via a 

maturation process whereby these axonal autophagosomes first fuse with endosomes and 

such fusion is a prerequisite for the initiation of dynein-mediated microtubule-dependent 

transport back towards the neuronal cell body (11, 14–16). These autophagosome-endosome 

hybrids (sometimes referred to as amphisomes) appear to mature into lysosomes as they 

make their retrograde journey (17). Indeed, they acquire proteins that typically define 

lysosomes such as LAMP1 and their retrograde transport is accompanied by their 

acidification (14, 16–18). However, these lysosomes may not mature to possess full 

degradative activity until they reach the neuronal cell body as they have only very low levels 

of multiple lysosomal proteases (19). Although mechanisms that limit luminal protease 

abundance and acidification in axonal lysosomes are not fully understood, some interesting 

clues have recently emerged. For example, neuronal lysosome acidification and function is 

dependent on presenilin 1 in a manner that may be independent from its γ-secretase 

proteolytic activity (20). Furthermore, it has been observed even in much smaller non-

neuronal cells in culture that lysosomes at the cell periphery are less acidic and possess less 

degradative activity (21). These spatially distinct lysosome sub-populations were proposed 

to arise due the reduced efficiency of delivering newly synthesized proteins to lysosomes 

that are furthest from the trans-Golgi network that is concentrated in the perinuclear region. 

Such challenges in the delivery of newly synthesized lysosomal proteins are expected to be 

particularly relevant over the long distances encountered in neurons (22).

The connection between maturity state and retrograde axonal lysosome transport raises 

questions about how these organelles interact with molecular motors. Due to the polarized 

orientation of microtubules in axons where plus ends are pointed towards the axon tips, 

kinesins mediate outward/anterograde transport of axonal cargoes while the retrograde 

journey depends on dynein (23, 24). While there is not currently a complete understanding 

of how these maturing lysosomes are coupled to dynein for retrograde axonal transport, 

several proteins have been implicated in this process including: Rab7, RILP, JIP1, JIP3 and 

snapin (16, 17, 25–27). The degree to which these proteins function in sequential versus 

parallel pathways remains to be firmly established. However, the overall process of 

lysosome maturation in conjunction with retrograde transport implies the existence of 

distinct lysosome sub-populations and routes of delivery for integral membrane proteins 

such as LAMP1 versus luminal hydrolases as has been described in non-neuronal cells (21, 

28). From a practical perspective, the maturation process whereby endosomes and 

autophagosomes acquire specific lysosome properties in a progressive manner raises 

challenges for the precise experimental distinction between these organelles. However, such 

concerns are largely mitigated by awareness that endosomes, autophagosomes and 

lysosomes are closely related components of a dynamic degradative pathway (Figure 1) and 

the use of multiple markers of these related organelles in experiments that investigate this 

pathway.
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Evidence for the de novo assembly of axonal lysosomes via a maturation process 

furthermore comes from electron microscopy analysis of the consequences of local axonal 

transport blockade that revealed a much more robust enrichment for organelles with 

lysosome-like morphology on the distal compared to proximal side of the blockade (29). 

This selectively high abundance of lysosomes distal to the block implies that 

morphologically distinct lysosome precursors are shipped into axons, assembled distally into 

lysosomes and then robustly transported in the retrograde direction.

The physiological significance of spatially restricting lysosome maturation and the 

degradation of cargoes captured within axonal endosomes and autophagosomes to the 

somatodendritic region of neurons is not yet clear but could help to recycle key nutrients 

such as amino acids close to the major site of protein translation in the neuronal cell body. 

Alternatively, the extreme lengths of axons could pose a challenge for the delivery of active 

lysosomal proteases as such journeys could take hours to days during which time such 

enzymes might digest themselves as well as any cargoes with which they were co-packaged. 

Answering such questions will require a better understanding of the mechanisms that control 

axonal lysosome transport and a careful analysis of the consequences of mislocalizing 

lysosomes on neuronal physiology.

Recent studies have begun to shed light onto new mechanisms that support the transport of 

lysosomes by kinesin motors. Building on observations from non-neuronal cells that 

established a critical role for the small GTPase Arl8 in the kinesin-mediated delivery of 

lysosomes towards the plus ends of microtubules at the cell periphery (30), Arl8 and its 

upstream regulator known as BORC were recently shown to play an important role for 

regulating anterograde axonal transport of lysosomes (31). BORC is an octomeric protein 

complex that is essential for the recruitment of Arl8 to lysosomes (32), possibly by 

functioning as a guanine nucleotide exchange factor for Arl8 (33). In C. elegans, BORC-

dependent regulation of Arl8 is also important for the axonal transport of synaptic vesicle 

precursors (33, 34). However, the precise relationship between transport of synaptic vesicle 

precursors and lysosomes as well as the evolutionary conservation of such mechanisms 

remains to be established.

Axonal Lysosomes and Alzheimer’s Disease

Questions concerning axonal lysosome biogenesis and transport have taken on new 

importance in light of data linking them to Alzheimer’s disease. From the earliest electron 

microscope observations of Alzheimer’s disease amyloid plaques, it was apparent that 

extracellular protein aggregates (later identified as amyloid fibrils) are surrounded by 

swollen neurites that are filled with organelles with lysosome-like morphology (35), a 

finding that has been solidified and elaborated on in a more recent study (36). Such 

lysosome filled neuritic swellings also arise at amyloid plaques in mouse models of 

Alzheimer’s disease where they have been shown to correspond predominantly to axons and 

the lysosomes within them are distinct from those found in neuronal cell bodies based on 

their relatively low content of multiple lysosomal hydrolases(19, 37, 38).
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The altered distribution of axonal lysosomes that arises in Alzheimer’s disease raise urgent 

questions about how axonal lysosome abundance is regulated. An important role for JIP3 

(also known as MAPK8IP3) in regulating axonal lysosome abundance comes from the 

discovery of loss-of-function mutations in the JIP3 gene in multiple organisms that result in 

the ectopic axonal accumulation of lysosomes (39–41). While different models have been 

proposed to account for this JIP3 KO phenotype, studies in vertebrates have supported a 

model wherein JIP3 plays a critical role in promoting the efficient retrograde transport and 

maturation of lysosomes (39, 41, 42). Interestingly, in primary cultures of mouse JIP3 KO 

neurons, lysosomes are strikingly abundant in axonal swellings that are very similar to those 

that occur around amyloid plaques in Alzheimer’s disease but which do not require amyloid 

plaques for their formation (41). In support of a disease relevance of axonal lysosomes, their 

accumulation in JIP3 KO neurons was accompanied by enhanced APP processing, elevated 

Aβ peptide levels and a worsening of amyloid plaque pathology when crossed to a mouse 

model of Alzheimer’s disease (41). JIP3 is a large (>1000 amino acids) protein that interacts 

with both dynein and kinesin motors as well as with multiple small GTPases (43, 44). JIP3 

may thus have a function that is similar to the RILP adaptor protein that supports dynein-

mediated transport of lysosomes by acting as a bridge between Rab7 on the surface of 

endolysosomes and the dynein motor. The severe axonal lysosome defects in JIP3 KO 

neurons along with the Alzheimer’s disease implications support the need for more studies 

to test this model and to define the specific mechanisms whereby JIP3 and other factors 

support lysosome transport in axons.

The importance of retrograde axonal transport of lysosomes in limiting opportunities for 

amyloidogenic APP processing in Alzheimer’s disease is also supported by studies of the 

snapin gene (45). Snapin has been proposed to directly connect late endosomes/lysosomes to 

dynein and thus support their retrograde movement along axonal microtubules (25). Studies 

of mouse snapin KO neurons strongly support a broad role for snapin in supporting neuronal 

lysosome homeostasis (25). However, subsequent to its characterization as a regulator of 

retrograde axonal endolysosome transport, snapin was identified as a component of BORC 

(32), the complex that is required for Arl8-mediated transport of lysosomes into axons (31). 

As snapin is now implicated in both anterograde and retrograde transport of axonal 

lysosomes, future studies are required to revisit the functions of snapin and to further define 

the specific contributions of each of these pathways to the phenotypes arising from snapin 

mutations.

Insights Into Neuronal Lysosomes From Human Genetics

A major factor that is likely to predispose neurons to be sensitive to perturbations in the 

transport of lysosomes is the exceptional distance over which neuronal lysosomes must be 

transported. The challenges of transporting organelles over great distances are particularly 

striking in the extremely long axons of upper and lower motor neurons and may contribute 

to risk for diseases that preferentially affect these neurons such as hereditary spastic 

paraplegia (HSP). HSPs represent a collection of human diseases that arise from mutations 

in more than 50 genes (referred to as SPG genes for their role in spastic paraplegia) that 

overwhelming affect the motor neurons that innervate distal extremities (46). Within the 

large constellation of SPG gene mutations that affect diverse aspects of cytoskeleton 
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organization and axonal transport of organelles are multiple genes that more narrowly 

highlight the importance of neuronal lysosome subcellular localization and function. These 

include SPG11 and SPG15 (also known as spatacsin and ZFYVE26/spastizin respectively) 

genes that encode clathrin coat-like proteins that interact with the lysosome-localized AP-5 

complex and are implicated in membrane tubule formation from lysosomes and the recovery 

of membrane proteins following autophagosome-lysosome fusion (47, 48). More recent 

studies further document a reduction in the abundance of neuronal lysosomes and 

autophagic defects in SPG11 mutant mice (49, 50). In addition to representing the most 

common cause of autosomal recessive HSP, SPG11 mutations can also cause amyotrophic 

lateral sclerosis (ALS, another motor neuron disease) as well as a form of Charcot-Marie-

Tooth disease (51, 52), a peripheral neuropathy that affects sensory neurons that also have 

very long axons.

In addition to SPG11 and SPG15, protrudin (SPG33) has connections to both HSP and 

lysosomes. Protrudin is an endoplasmic reticulum localized integral membrane protein that 

reaches out to make contact with late endosomes/lysosomes by binding to the PI3P lipid 

within their membranes via its FYVE domain (53). At such points of membrane contact 

between the endoplasmic reticulum and lysosomes, protrudin facilitates the formation of a 

protein complex between Rab7 (a small GTPase), FYCO1 (a Rab7 effector) and kinesin 1 

that supports the plus-end directed movement of lysosomes on microtubules and their 

delivery to the cell periphery (53). Although insights into the role for protrudin at ER-

lysosome contacts have largely been derived from studies of non-neuronal cells, high 

resolution reconstruction of axonal organelles and their contacts have recently documented 

contacts between late endosomes/lysosomes with the ER in neurons (54). The general 

importance of ER-endolysosome contacts in HSP is more broadly supported by the recent 

characterization of 3 additional SPG genes that include spastin (SPG4, a microtubule 

severing protein), strumpellin (SPG8, involved in recycling of proteins from endosomes) and 

REEP1 (SPG31, a protein that shapes ER tubules) to have roles at contacts between late 

endsosomes and the ER (3). In addition to promoting transport of late endosomes and 

lysosomes, such sites might also serve as sites of lipid transfer to and from the ER (6). 

Consistent with the importance of such functions, lysosomal lipid accumulation occurs in 

SPG11 mutant mice (55).

Distinct lysosome functions and regulation have been reported for other specific types of 

neurons. These include a role for lysosome exocytosis in the axon outgrowth of sympathetic 

neurons (56) that might be dependent on the protudin-dependent control of kinesin-mediated 

lysosome transport (53). Meanwhile, a role for axonal lysosomes as sites of TRPVA1-

mediated calcium release in dorsal root ganglia (DRG) neurons defines a novel function for 

axonal lysosomes in sensory neurons in the regulation of Ca2+ signaling (57). Collectively, 

all of the abovementioned insights into known mechanisms that control the transport, 

abundance and function of axonal lysosomes as well as the clues coming from hereditary 

spastic paraplegia genetics emphasize the importance of axonal lysosomes to neuronal 

health and physiology. This data furthermore points to complex interactions between 

lysosomes, cytoskeletal motors and the endoplasmic reticulum that requires further 

elucidation.
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In addition to contacts between lysosomes and the ER, emerging evidence from non-

neuronal cells has identified lysosome-mitochondria contacts containing the yeast Vps13 

protein (4, 58) that are also likely to be important for the maintenance of lysosome 

homeostasis in neurons. Indeed, neurodegeneration and protein degradation defects in were 

observed in a Drosophila Vps13 mutant (59). Furthermore, future discoveries of neuronal 

functions for contacts between lysosomes, mitochondria and potentially other organelles can 

be predicted based on human genetics studies that have linked human Vps13 homologues (of 

which there are 4) to neurological diseases. More specifically, Vps13a mutations cause a 

neurodegenerative disease known as acanthocytotic chorea (60). Vps13b mutations have 

been identified in Cohen syndrome, a disease with complex phenotypes affecting multiple 

organs and which also includes a cognitive component (61). Finally, Vps13c mutations 

cause a Parkinson’s-like disease (62) and further support the likely importance of membrane 

contact sites between lysosomes and other organelles in neurons. Elucidation of the specific 

functions conferred by Vps13 isoforms and their relevance to neuronal cell biology 

represents an exciting new field that is expected drive further research into contacts between 

lysosomes and other organelles. These specific examples of rare mutations in lysosome-

related genes that cause human neurodegenerative disease are part of a much larger spectrum 

of mutations and genetic variants that either cause, or increase risk for, a wide range of 

neurodegenerative diseases that include Alzheimer’s disease, Parkinson’s disease, 

frontotemporal dementia and amyotrophic lateral sclerosis (63–66). Such insights from 

human genetics strongly support the need for a better understanding of how lysosome 

function is adapted to meet the unique demands of the specific neuron subtypes that are 

affected by these diseases.

Presynaptic activity regulates axonal flux of cargos to lysosomes

As outlined above, axonal lysosomes are dynamically controlled and intimately connected to 

other organelles. These lysosomes must also adapt to meet axonal demands that are triggered 

by neuronal activity such as the ESCRT-dependent turnover of presynaptic proteins in 

response to neuronal stimulation (67, 68). This Rab35-dependent pathway helps to ensure 

the clearance of old or damaged synaptic vesicle proteins. The potential importance of such 

regulated turnover of synaptic vesicle proteins is illustrated by the neurological 

consequences of human mutations in TBC1D24, the Rab35 GAP (69, 70). In addition to 

endosomal sorting mechanisms for the selective clearance of synaptic vesicle proteins, 

presynaptic autophagy also promotes the clearance of synaptic vesicles in a manner that is 

depends on local dynamic interactions between synaptic vesicle proteins and autophagy 

regulators (71–73). The critical relationship between presynaptic protein turnover and 

lysosome function is further supported by the discovery that presynaptic defects arising in 

lysosome storage diseases are a major contributor to neurodegeneration (74). Likewise, 

mutations in Rab7, a GTPase with major roles in late endosome maturation and transport, 

cause Charcot-Marie-Tooth disease Type 2B, an axonal peripheral neuropathy (75). 

Important neuronal Rab7 functions are linked to synaptic activity by observations that 

neurodegeneration in Drosophila Rab7 mutants was suppressed by limiting neuronal activity 

(76). The accumulation of axonal lysosomes in response to epileptic activity in mice further 

suggests the existence of mechanisms to redistribute neuronal lysosomes in a stimulus-
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dependent manner that potentially matches their function to ongoing changes in demand 

(77).

Dendritic Lysosomes and Synaptic Plasticity

In contrast to axonal lysosomes, where much of the research has focused on mechanisms 

that support transport over long distances, much of our understanding for specialized 

functions of lysosomes in dendrites comes from studies of receptor down-regulation in 

support of synaptic plasticity but also converges on questions related to local delivery of 

lysosomes to sites of demand.

In a stimulus dependent manner, AMPA and kainate type glutamate receptors are 

endocytosed, ubiquitinated and subjected to endosomal sorting processes that either direct 

the internalized receptors towards recycling endosomes for plasma membrane reinsertion or 

to lysosomes for degradation (78–82). This endosomal trafficking leading to lysosomal 

destruction of AMPA receptors is physiologically important for AMPA receptor down 

regulation in the contexts of plasticity and pathology (83–85). In parallel, evidence has also 

been presented in support of a role for autophagy in the down-regulation of AMPA receptors 

in long term depression (86).

A central role for lysosomes in the degradation of integral membrane proteins such as 

glutamate receptors is not surprising due to the major role played by lysosomes in the 

turnover of signaling receptors and other integral membrane proteins that occurs across cell 

types. However, it has long been a mystery about where in neurons dendritic endosomal 

cargoes such as AMPA receptors eventually end up in lysosomes for degradation. Do they 

have to travel long distances back to the cell body? Or are lysosomes targeted to the 

dendritic sites where their activities are required. Interestingly, it was recently shown that 

stimulation of NMDA and AMPA receptors increases the abundance of lysosomes within 

dendritic spines and further evidence was presented that supports a role for local degradation 

of internalized AMPA receptors at such sites (87). In addition to supporting the local 

turnover of glutamate receptors, lysosome exocytosis and subsequent cathepsin B-dependent 

remodeling of the extracellular matrix was recently shown to regulate the plasticity of 

dendritic spine morphology (88). Collectively, these studies raise important new questions 

about the signal transduction and membrane trafficking mechanisms that link synaptic 

activity to the delivery and/or retention of lysosomes in dendritic spines.

In addition to the emerging ideas concerning spatial control of lysosomes responsible for 

ionotropic glutamate receptor down-regulation, the abundance of ionotropic receptors for 

other neurotransmitters such as GABA are also likely to be controlled by lysosome-mediated 

degradation (89). Likewise, it is well established from work in non-neuronal systems that 

lysosomes play an important role in controlling the abundance of receptors that are of great 

relevance to neurons such as G-protein coupled receptors (90). Beyond the acute topic of 

neurotransmission, lysosomes contribute to the overall architecture of dendrites as revealed 

by abnormal dendritic arborization in Drosophila mutants for an endolysosomal transporter 

(91). Dendritic lysosome abundance also undergoes striking changes during the development 

of specific mammalian neuron subtypes [for example during the second postnatal week in 
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rat Purkinje cells (92)]. Based on these intriguing observations, more investigation is 

required for the comprehensive understanding of the underlying mechanisms and 

physiological significance of the compartmentalization and regulation of lysosome functions 

in dendrites.

Neuronal Lysosomes and mTORC1 Signaling

Multiple studies in non-neuronal cells have identified the surface of lysosomes as the 

intracellular site where diverse signals converge to activate the kinase activity of mTORC1 

(93, 94). This activation critically depends on the nutrient-sensitive Rag GTPases that recruit 

mTORC1 to lysosomes (95). The mTORC1-Rag interaction is thought to bring mTOR into 

proximity of the Rheb GTPase that activates mTOR in response to growth factor and energy-

dependent signals (96). In non-neuronal cells, these coordinated actions of Rag and Rheb 

GTPases ensure that mTORC1 is selectively activated under conditions that are favorable for 

cell growth and proliferation. However, this mechanism also renders mTORC1 signaling 

dependent on local lysosome availability and raises questions about the regulation of 

mTORC1 in mature neurons where major growth is not a priority but where mTORC1 

signaling instead controls multiple aspect of neuronal physiology.

This leads to questions about whether neuron-specific signals converge on the Rag and Rheb 

proteins to control mTORC1 activation under physiological contexts where neuronal 

mTORC1 signaling is important, such as in the regulation of synaptic plasticity or axon 

growth (97–105)? If so, does such signaling require the local availability of the lysosomes 

on which such GTPases reside? These questions are important because even though 

mTORC1 signaling affects multiple compartments within neurons including both axons and 

dendrites (97–105), neuronal lysosomes are not uniformly distributed (Figure 2). In fact, as 

described above, lysosomes are most prominently found in neuronal cell bodies and 

proximal dendrites (Figure 2). This pattern has also been long documented in the intact brain 

(7–9). Thus, a role for lysosomes as platforms for the activation of mTORC1 raises 

lysosome subcellular localization challenges within the highly compartmentalized 

intracellular environment of neurons. This contrast between the restricted distribution of 

lysosomes and the many sites of mTORC1 signaling suggests that either distinct pools of 

lysosomes are dynamically targeted to sites of neuronal mTORC1 action or that alternative 

mechanisms to support localized mTORC1 activation might occur in neurons.

The genetics of several human neurological diseases strongly supports the importance of 

neuronal mTORC1 regulation. The Nprl2, Nprl3 and DEPDC5 proteins form the GATOR1 

complex which has GTPase activating protein (GAP) activity towards the lysosome-

localized RagA/B proteins and which thereby suppresses mTORC1 activity when amino 

acid levels are low (106). Human loss-of-function mutations in the genes encoding these 

GATOR1 subunits result in mTORC1 hyperactivation and cause familial focal epilepsies 

accompanied by brain malformations (107–109). Additional human mutations causing 

epilepsy and/or neurodevelopmental defects have been identified in SZT2, a gene that was 

originally identified in mice due to mutations that lowered seizure susceptibility, and which 

is now known to encode a component of the KICSTOR complex that plays a critical role in 

recruiting GATOR1 to lysosomes (110–114). While impaired developmental processes 
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likely contribute to the neurological consequences of GATOR1 and KICSTOR mutations, 

SZT2 is most highly expressed in the mature mouse brain and spinal cord, suggesting the 

existence of important neuronal functions that extend beyond a developmental context (110). 

Indeed, Rag GTPases are also robustly localized to lysosomes in neurons of the mature 

mouse brain (19).

Mutations in the human TSC1 and TSC2 genes result in mTORC1 hyperactivation and cause 

tuberous sclerosis, a disease that is characterized by a variable constellation of symptoms 

that commonly includes neurological problems including epilepsy, intellectual disabilities 

and autism (115–117). TSC1 and TSC2 proteins along with a third protein, TBC1D7, form a 

lysosome-localized protein complex that inhibits mTORC1 signaling by acting as a GTPase 

activating protein (GAP) for the Rheb GTPase (118–122). While considerable evidence 

supports neurodevelopmental roles for these proteins in the development of tuberous 

sclerosis (123), it is also well established that TSC-dependent control of mTORC1 signaling 

is an important regulator of protein translation in mature neurons and is involved in the 

ongoing regulation of post-synaptic density composition and dendritic spine dynamics (124, 

125). These critical neurological functions for TSC proteins in the regulation of mTORC1 

signaling coupled with the central role played by lysosomes as the subcellular site for 

scaffolding this signaling pathway emphasize the importance of elucidating how lysosome 

abundance and distribution is controlled within neurons.

Conclusions

Observations from both model organisms and humans have focused attention on neuronal 

lysosomes and the underlying molecular mechanisms that match their functions to the 

unique demands of neurons. Of particular interest is the accumulating evidence that 

lysosomes are dynamically distributed throughout neuronal sub-compartments and perform 

a broad range of hydrolytic and signaling functions that are of relevance to neuronal 

physiology and pathophysiology. Beyond questions related to specific genetic diseases, 

lysosome related genes have also recently been implicated in healthy aging of the brain 

(126). Moving forward, there is clearly an urgent need for efforts to discover and define new 

aspects of lysosome cell biology and to elucidate how the varied functions of lysosomes are 

dynamically adapted to meet neuronal demand.

Acknowledgments

Funding support for research in my lab into the lysosome homeostasis and the contributions of lysosome 
dysfunction to neurodegenerative disease come from grants from the NIH (GM105718, AG047270) as well as The 
Bluefield Project.

References

1. Christ L, Raiborg C, Wenzel EM, Campsteijn C, Stenmark H. Cellular Functions and Molecular 
Mechanisms of the ESCRT Membrane-Scission Machinery. Trends Biochem Sci. 2017; 42(1):42–
56. DOI: 10.1016/j.tibs.2016.08.016 [PubMed: 27669649] 

2. Yamamoto A, Yue Z. Autophagy and its normal and pathogenic states in the brain. Annu Rev 
Neurosci. 2014; 37:55–78. DOI: 10.1146/annurev-neuro-071013-014149 [PubMed: 24821313] 

3. Allison R, Edgar JR, Pearson G, Rizo T, Newton T, Gunther S, Berner F, Hague J, Connell JW, 
Winkler J, Lippincott-Schwartz J, Beetz C, Winner B, Reid E. Defects in ER-endosome contacts 

Ferguson Page 10

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impact lysosome function in hereditary spastic paraplegia. J Cell Biol. 2017; 216(5):1337–55. DOI: 
10.1083/jcb.201609033 [PubMed: 28389476] 

4. Lang AB, John Peter AT, Walter P, Kornmann B. ER-mitochondrial junctions can be bypassed by 
dominant mutations in the endosomal protein Vps13. J Cell Biol. 2015; 210(6):883–90. DOI: 
10.1083/jcb.201502105 [PubMed: 26370498] 

5. Garrity AG, Wang W, Collier CM, Levey SA, Gao Q, Xu H. The endoplasmic reticulum, not the pH 
gradient, drives calcium refilling of lysosomes. Elife. 2016; :5.doi: 10.7554/eLife.15887

6. Henne WM. Discovery and Roles of ER-Endolysosomal Contact Sites in Disease. Adv Exp Med 
Biol. 2017; 997:135–47. DOI: 10.1007/978-981-10-4567-7_10 [PubMed: 28815527] 

7. Becker NH, Goldfischer S, Shin WY, Novikoff AB. The localization of enzyme activities in the rat 
brain. J Biophys Biochem Cytol. 1960; 8:649–63. [PubMed: 13688468] 

8. Parton RG, Simons K, Dotti CG. Axonal and dendritic endocytic pathways in cultured neurons. J 
Cell Biol. 1992; 119(1):123–37. [PubMed: 1527164] 

9. Gorenstein C, Bundman MC, Lew PJ, Olds JL, Ribak CE. Dendritic transport. I. Colchicine 
stimulates the transport of lysosomal enzymes from cell bodies to dendrites. J Neurosci. 1985; 5(8):
2009–17. [PubMed: 2410578] 

10. Pu J, Guardia CM, Keren-Kaplan T, Bonifacino JS. Mechanisms and functions of lysosome 
positioning. J Cell Sci. 2016; 129(23):4329–39. DOI: 10.1242/jcs.196287 [PubMed: 27799357] 

11. Hollenbeck PJ. Products of endocytosis and autophagy are retrieved from axons by regulated 
retrograde organelle transport. J Cell Biol. 1993; 121(2):305–15. [PubMed: 7682217] 

12. Maday S, Holzbaur EL. Autophagosome biogenesis in primary neurons follows an ordered and 
spatially regulated pathway. Dev Cell. 2014; 30(1):71–85. DOI: 10.1016/j.devcel.2014.06.001 
[PubMed: 25026034] 

13. Ashrafi G, Schlehe JS, LaVoie MJ, Schwarz TL. Mitophagy of damaged mitochondria occurs 
locally in distal neuronal axons and requires PINK1 and Parkin. J Cell Biol. 2014; 206(5):655–70. 
DOI: 10.1083/jcb.201401070 [PubMed: 25154397] 

14. Maday S, Wallace KE, Holzbaur EL. Autophagosomes initiate distally and mature during transport 
toward the cell soma in primary neurons. J Cell Biol. 2012; 196(4):407–17. DOI: 10.1083/jcb.
201106120 [PubMed: 22331844] 

15. Fu MM, Nirschl JJ, Holzbaur EL. LC3 binding to the scaffolding protein JIP1 regulates processive 
dynein-driven transport of autophagosomes. Dev Cell. 2014; 29(5):577–90. DOI: 10.1016/j.devcel.
2014.04.015 [PubMed: 24914561] 

16. Cheng XT, Zhou B, Lin MY, Cai Q, Sheng ZH. Axonal autophagosomes recruit dynein for 
retrograde transport through fusion with late endosomes. J Cell Biol. 2015; 209(3):377–86. DOI: 
10.1083/jcb.201412046 [PubMed: 25940348] 

17. Lee S, Sato Y, Nixon RA. Lysosomal proteolysis inhibition selectively disrupts axonal transport of 
degradative organelles and causes an Alzheimer’s-like axonal dystrophy. J Neurosci. 2011; 31(21):
7817–30. DOI: 10.1523/JNEUROSCI.6412-10.2011 [PubMed: 21613495] 

18. Overly CC, Lee KD, Berthiaume E, Hollenbeck PJ. Quantitative measurement of intraorganelle pH 
in the endosomal-lysosomal pathway in neurons by using ratiometric imaging with pyranine. Proc 
Natl Acad Sci U S A. 1995; 92(8):3156–60. [PubMed: 7724533] 

19. Gowrishankar S, Yuan P, Wu Y, Schrag M, Paradise S, Grutzendler J, De Camilli P, Ferguson SM. 
Massive accumulation of luminal protease-deficient axonal lysosomes at Alzheimer’s disease 
amyloid plaques. Proc Natl Acad Sci U S A. 2015; 112(28):E3699–708. DOI: 10.1073/pnas.
1510329112 [PubMed: 26124111] 

20. Lee JH, McBrayer MK, Wolfe DM, Haslett LJ, Kumar A, Sato Y, Lie PP, Mohan P, Coffey EE, 
Kompella U, Mitchell CH, Lloyd-Evans E, Nixon RA. Presenilin 1 Maintains Lysosomal Ca(2+) 
Homeostasis via TRPML1 by Regulating vATPase-Mediated Lysosome Acidification. Cell Rep. 
2015; 12(9):1430–44. DOI: 10.1016/j.celrep.2015.07.050 [PubMed: 26299959] 

21. Johnson DE, Ostrowski P, Jaumouille V, Grinstein S. The position of lysosomes within the cell 
determines their luminal pH. J Cell Biol. 2016; 212(6):677–92. DOI: 10.1083/jcb.201507112 
[PubMed: 26975849] 

22. Ferguson SM. Axonal transport and maturation of lysosomes. Curr Opin Neurobiol. 2018; 51:45–
51. DOI: 10.1016/j.conb.2018.02.020 [PubMed: 29529416] 

Ferguson Page 11

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Baas PW, Deitch JS, Black MM, Banker GA. Polarity orientation of microtubules in hippocampal 
neurons: uniformity in the axon and nonuniformity in the dendrite. Proc Natl Acad Sci U S A. 
1988; 85(21):8335–9. [PubMed: 3054884] 

24. Kapitein LC, Hoogenraad CC. Building the Neuronal Microtubule Cytoskeleton. Neuron. 2015; 
87(3):492–506. DOI: 10.1016/j.neuron.2015.05.046 [PubMed: 26247859] 

25. Cai Q, Lu L, Tian JH, Zhu YB, Qiao H, Sheng ZH. Snapin-regulated late endosomal transport is 
critical for efficient autophagy-lysosomal function in neurons. Neuron. 2010; 68(1):73–86. DOI: 
10.1016/j.neuron.2010.09.022 [PubMed: 20920792] 

26. Fu MM, Holzbaur EL. MAPK8IP1/JIP1 regulates the trafficking of autophagosomes in neurons. 
Autophagy. 2014; 10(11):2079–81. DOI: 10.4161/auto.34451 [PubMed: 25483967] 

27. Deinhardt K, Salinas S, Verastegui C, Watson R, Worth D, Hanrahan S, Bucci C, Schiavo G. Rab5 
and Rab7 control endocytic sorting along the axonal retrograde transport pathway. Neuron. 2006; 
52(2):293–305. DOI: 10.1016/j.neuron.2006.08.018 [PubMed: 17046692] 

28. Pols MS, van Meel E, Oorschot V, ten Brink C, Fukuda M, Swetha MG, Mayor S, Klumperman J. 
hVps41 and VAMP7 function in direct TGN to late endosome transport of lysosomal membrane 
proteins. Nat Commun. 2013; 4:1361.doi: 10.1038/ncomms2360 [PubMed: 23322049] 

29. Tsukita S, Ishikawa H. The movement of membranous organelles in axons. Electron microscopic 
identification of anterogradely and retrogradely transported organelles. J Cell Biol. 1980; 84(3):
513–30. [PubMed: 6153657] 

30. Rosa-Ferreira C, Munro S. Arl8 and SKIP act together to link lysosomes to kinesin-1. Dev Cell. 
2011; 21(6):1171–8. DOI: 10.1016/j.devcel.2011.10.007 [PubMed: 22172677] 

31. Farias GG, Guardia CM, De Pace R, Britt DJ, Bonifacino JS. BORC/kinesin-1 ensemble drives 
polarized transport of lysosomes into the axon. Proc Natl Acad Sci U S A. 2017; 114(14):E2955–
E64. DOI: 10.1073/pnas.1616363114 [PubMed: 28320970] 

32. Pu J, Schindler C, Jia R, Jarnik M, Backlund P, Bonifacino JS. BORC, a multisubunit complex that 
regulates lysosome positioning. Dev Cell. 2015; 33(2):176–88. DOI: 10.1016/j.devcel.2015.02.011 
[PubMed: 25898167] 

33. Niwa S, Tao L, Lu SY, Liew GM, Feng W, Nachury MV, Shen K. BORC Regulates the Axonal 
Transport of Synaptic Vesicle Precursors by Activating ARL-8. Curr Biol. 2017; doi: 10.1016/
j.cub.2017.07.013

34. Wu YE, Huo L, Maeder CI, Feng W, Shen K. The balance between capture and dissociation of 
presynaptic proteins controls the spatial distribution of synapses. Neuron. 2013; 78(6):994–1011. 
DOI: 10.1016/j.neuron.2013.04.035 [PubMed: 23727120] 

35. Terry RD, Gonatas NK, Weiss M. Ultrastructural Studies in Alzheimer’s Presenile Dementia. Am J 
Pathol. 1964; 44:269–97. [PubMed: 14119171] 

36. Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, Cataldo A, Cuervo AM. Extensive 
involvement of autophagy in Alzheimer disease: an immuno-electron microscopy study. Journal of 
neuropathology and experimental neurology. 2005; 64(2):113–22. [PubMed: 15751225] 

37. Sadleir KR, Kandalepas PC, Buggia-Prevot V, Nicholson DA, Thinakaran G, Vassar R. Presynaptic 
dystrophic neurites surrounding amyloid plaques are sites of microtubule disruption, BACE1 
elevation, and increased Abeta generation in Alzheimer’s disease. Acta Neuropathol. 2016; 132(2):
235–56. DOI: 10.1007/s00401-016-1558-9 [PubMed: 26993139] 

38. Blazquez-Llorca L, Valero-Freitag S, Rodrigues EF, Merchan-Perez A, Rodriguez JR, Dorostkar 
MM, DeFelipe J, Herms J. High plasticity of axonal pathology in Alzheimer’s disease mouse 
models. Acta Neuropathol Commun. 2017; 5(1):14.doi: 10.1186/s40478-017-0415-y [PubMed: 
28173876] 

39. Drerup CM, Nechiporuk AV. JNK-interacting protein 3 mediates the retrograde transport of 
activated c-Jun N-terminal kinase and lysosomes. PLoS genetics. 2013; 9(2):e1003303.doi: 
10.1371/journal.pgen.1003303 [PubMed: 23468645] 

40. Edwards SL, Yu SC, Hoover CM, Phillips BC, Richmond JE, Miller KG. An Organelle Gatekeeper 
Function for Caenorhabditis elegans UNC-16 (JIP3) at the Axon Initial Segment. Genetics. 2013; 
194(1):143–61. DOI: 10.1534/genetics.112.147348 [PubMed: 23633144] 

Ferguson Page 12

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Gowrishankar S, Wu Y, Ferguson SM. Impaired JIP3-dependent axonal lysosome transport 
promotes amyloid plaque pathology. J Cell Biol. 2017; 216(10):3291–305. DOI: 10.1083/jcb.
201612148 [PubMed: 28784610] 

42. Edwards SL, Morrison LM, Yorks RM, Hoover CM, Boominathan S, Miller KG. UNC-16 (JIP3) 
Acts Through Synapse-Assembly Proteins to Inhibit the Active Transport of Cell Soma Organelles 
to Caenorhabditis elegans Motor Neuron Axons. Genetics. 2015; 201(1):117–41. DOI: 10.1534/
genetics.115.177345 [PubMed: 26354976] 

43. Fu MM, Holzbaur EL. Integrated regulation of motor-driven organelle transport by scaffolding 
proteins. Trends Cell Biol. 2014; 24(10):564–74. DOI: 10.1016/j.tcb.2014.05.002 [PubMed: 
24953741] 

44. Matsui T, Ohbayashi N, Fukuda M. The Rab interacting lysosomal protein (RILP) homology 
domain functions as a novel effector domain for small GTPase Rab36: Rab36 regulates retrograde 
melanosome transport in melanocytes. J Biol Chem. 2012; 287(34):28619–31. DOI: 10.1074/
jbc.M112.370544 [PubMed: 22740695] 

45. Ye X, Feng T, Tammineni P, Chang Q, Jeong YY, Margolis DJ, Cai H, Kusnecov A, Cai Q. 
Regulation of Synaptic Amyloid-beta Generation through BACE1 Retrograde Transport in a 
Mouse Model of Alzheimer’s Disease. J Neurosci. 2017; 37(10):2639–55. DOI: 10.1523/
JNEUROSCI.2851-16.2017 [PubMed: 28159908] 

46. Fink JK. Hereditary spastic paraplegia: clinico-pathologic features and emerging molecular 
mechanisms. Acta Neuropathol. 2013; 126(3):307–28. DOI: 10.1007/s00401-013-1115-8 
[PubMed: 23897027] 

47. Chang J, Lee S, Blackstone C. Spastic paraplegia proteins spastizin and spatacsin mediate 
autophagic lysosome reformation. J Clin Invest. 2014; 124(12):5249–62. DOI: 10.1172/JCI77598 
[PubMed: 25365221] 

48. Hirst J, Borner GH, Edgar J, Hein MY, Mann M, Buchholz F, Antrobus R, Robinson MS. 
Interaction between AP-5 and the hereditary spastic paraplegia proteins SPG11 and SPG15. Mol 
Biol Cell. 2013; 24(16):2558–69. DOI: 10.1091/mbc.E13-03-0170 [PubMed: 23825025] 

49. Varga RE, Khundadze M, Damme M, Nietzsche S, Hoffmann B, Stauber T, Koch N, Hennings JC, 
Franzka P, Huebner AK, Kessels MM, Biskup C, Jentsch TJ, Qualmann B, Braulke T, Kurth I, 
Beetz C, Hubner CA. In Vivo Evidence for Lysosome Depletion and Impaired Autophagic 
Clearance in Hereditary Spastic Paraplegia Type SPG11. PLoS genetics. 2015; 
11(8):e1005454.doi: 10.1371/journal.pgen.1005454 [PubMed: 26284655] 

50. Khundadze M, Kollmann K, Koch N, Biskup C, Nietzsche S, Zimmer G, Hennings JC, Huebner 
AK, Symmank J, Jahic A, Ilina EI, Karle K, Schols L, Kessels M, Braulke T, Qualmann B, Kurth 
I, Beetz C, Hubner CA. A hereditary spastic paraplegia mouse model supports a role of ZFYVE26/
SPASTIZIN for the endolysosomal system. PLoS genetics. 2013; 9(12):e1003988.doi: 10.1371/
journal.pgen.1003988 [PubMed: 24367272] 

51. Daoud H, Zhou S, Noreau A, Sabbagh M, Belzil V, Dionne-Laporte A, Tranchant C, Dion P, 
Rouleau GA. Exome sequencing reveals SPG11 mutations causing juvenile ALS. Neurobiol 
Aging. 2012; 33(4):839e5–9. DOI: 10.1016/j.neurobiolaging.2011.11.012

52. Montecchiani C, Pedace L, Lo Giudice T, Casella A, Mearini M, Gaudiello F, Pedroso JL, 
Terracciano C, Caltagirone C, Massa R, St George-Hyslop PH, Barsottini OG, Kawarai T, 
Orlacchio A. ALS5/SPG11/KIAA1840 mutations cause autosomal recessive axonal Charcot-
Marie-Tooth disease. Brain: a journal of neurology. 2016; 139(Pt 1):73–85. DOI: 10.1093/brain/
awv320 [PubMed: 26556829] 

53. Raiborg C, Wenzel EM, Pedersen NM, Olsvik H, Schink KO, Schultz SW, Vietri M, Nisi V, Bucci 
C, Brech A, Johansen T, Stenmark H. Repeated ER-endosome contacts promote endosome 
translocation and neurite outgrowth. Nature. 2015; 520(7546):234–8. DOI: 10.1038/nature14359 
[PubMed: 25855459] 

54. Wu Y, Whiteus C, Xu CS, Hayworth KJ, Weinberg RJ, Hess HF, De Camilli P. Contacts between 
the endoplasmic reticulum and other membranes in neurons. Proc Natl Acad Sci U S A. 2017; 
114(24):E4859–E67. DOI: 10.1073/pnas.1701078114 [PubMed: 28559323] 

55. Branchu J, Boutry M, Sourd L, Depp M, Leone C, Corriger A, Vallucci M, Esteves T, Matusiak R, 
Dumont M, Muriel MP, Santorelli FM, Brice A, El Hachimi KH, Stevanin G, Darios F. Loss of 
spatacsin function alters lysosomal lipid clearance leading to upper and lower motor neuron 

Ferguson Page 13

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



degeneration. Neurobiol Dis. 2017; 102:21–37. DOI: 10.1016/j.nbd.2017.02.007 [PubMed: 
28237315] 

56. Arantes RM, Andrews NW. A role for synaptotagmin VII-regulated exocytosis of lysosomes in 
neurite outgrowth from primary sympathetic neurons. J Neurosci. 2006; 26(17):4630–7. DOI: 
10.1523/JNEUROSCI.0009-06.2006 [PubMed: 16641243] 

57. Shang S, Zhu F, Liu B, Chai Z, Wu Q, Hu M, Wang Y, Huang R, Zhang X, Wu X, Sun L, Wang Y, 
Wang L, Xu H, Teng S, Liu B, Zheng L, Zhang C, Zhang F, Feng X, Zhu D, Wang C, Liu T, Zhu 
MX, Zhou Z. Intracellular TRPA1 mediates Ca2+ release from lysosomes in dorsal root ganglion 
neurons. J Cell Biol. 2016; 215(3):369–81. DOI: 10.1083/jcb.201603081 [PubMed: 27799370] 

58. John Peter AT, Herrmann B, Antunes D, Rapaport D, Dimmer KS, Kornmann B. Vps13-Mcp1 
interact at vacuole-mitochondria interfaces and bypass ER-mitochondria contact sites. J Cell Biol. 
2017; doi: 10.1083/jcb.201610055

59. Vonk JJ, Yeshaw WM, Pinto F, Faber AI, Lahaye LL, Kanon B, van der Zwaag M, Velayos-Baeza 
A, Freire R, van ISC, Grzeschik NA, Sibon OC. Drosophila Vps13 Is Required for Protein 
Homeostasis in the Brain. PLoS One. 2017; 12(1):e0170106.doi: 10.1371/journal.pone.0170106 
[PubMed: 28107480] 

60. Rampoldi L, Dobson-Stone C, Rubio JP, Danek A, Chalmers RM, Wood NW, Verellen C, Ferrer X, 
Malandrini A, Fabrizi GM, Brown R, Vance J, Pericak-Vance M, Rudolf G, Carre S, Alonso E, 
Manfredi M, Nemeth AH, Monaco AP. A conserved sorting-associated protein is mutant in 
chorea-acanthocytosis. Nat Genet. 2001; 28(2):119–20. DOI: 10.1038/88821 [PubMed: 11381253] 

61. Kolehmainen J, Black GC, Saarinen A, Chandler K, Clayton-Smith J, Traskelin AL, Perveen R, 
Kivitie-Kallio S, Norio R, Warburg M, Fryns JP, de la Chapelle A, Lehesjoki AE. Cohen syndrome 
is caused by mutations in a novel gene, COH1, encoding a transmembrane protein with a 
presumed role in vesicle-mediated sorting and intracellular protein transport. Am J Hum Genet. 
2003; 72(6):1359–69. [PubMed: 12730828] 

62. Lesage S, Drouet V, Majounie E, Deramecourt V, Jacoupy M, Nicolas A, Cormier-Dequaire F, 
Hassoun SM, Pujol C, Ciura S, Erpapazoglou Z, Usenko T, Maurage CA, Sahbatou M, Liebau S, 
Ding J, Bilgic B, Emre M, Erginel-Unaltuna N, Guven G, Tison F, Tranchant C, Vidailhet M, 
Corvol JC, Krack P, Leutenegger AL, Nalls MA, Hernandez DG, Heutink P, Gibbs JR, Hardy J, 
Wood NW, Gasser T, Durr A, Deleuze JF, Tazir M, Destee A, Lohmann E, Kabashi E, Singleton 
A, Corti O, Brice A. French Parkinson’s Disease Genetics S, International Parkinson’s Disease 
Genomics C. Loss of VPS13C Function in Autosomal-Recessive Parkinsonism Causes 
Mitochondrial Dysfunction and Increases PINK1/Parkin-Dependent Mitophagy. Am J Hum Genet. 
2016; 98(3):500–13. DOI: 10.1016/j.ajhg.2016.01.014 [PubMed: 26942284] 

63. Kao AW, McKay A, Singh PP, Brunet A, Huang EJ. Progranulin, lysosomal regulation and 
neurodegenerative disease. Nat Rev Neurosci. 2017; 18(6):325–33. DOI: 10.1038/nrn.2017.36 
[PubMed: 28435163] 

64. Nixon RA. Amyloid precursor protein and endosomal-lysosomal dysfunction in Alzheimer’s 
disease: inseparable partners in a multifactorial disease. FASEB J. 2017; 31(7):2729–43. DOI: 
10.1096/fj.201700359 [PubMed: 28663518] 

65. Schreij AM, Fon EA, McPherson PS. Endocytic membrane trafficking and neurodegenerative 
disease. Cell Mol Life Sci. 2016; 73(8):1529–45. DOI: 10.1007/s00018-015-2105-x [PubMed: 
26721251] 

66. Abeliovich A, Gitler AD. Defects in trafficking bridge Parkinson’s disease pathology and genetics. 
Nature. 2016; 539(7628):207–16. DOI: 10.1038/nature20414 [PubMed: 27830778] 

67. Sheehan P, Zhu M, Beskow A, Vollmer C, Waites CL. Activity-Dependent Degradation of Synaptic 
Vesicle Proteins Requires Rab35 and the ESCRT Pathway. J Neurosci. 2016; 36(33):8668–86. 
DOI: 10.1523/JNEUROSCI.0725-16.2016 [PubMed: 27535913] 

68. Uytterhoeven V, Kuenen S, Kasprowicz J, Miskiewicz K, Verstreken P. Loss of skywalker reveals 
synaptic endosomes as sorting stations for synaptic vesicle proteins. Cell. 2011; 145(1):117–32. 
DOI: 10.1016/j.cell.2011.02.039 [PubMed: 21458671] 

69. Falace A, Filipello F, La Padula V, Vanni N, Madia F, De Pietri Tonelli D, de Falco FA, Striano P, 
Dagna Bricarelli F, Minetti C, Benfenati F, Fassio A, Zara F. TBC1D24, an ARF6-interacting 
protein, is mutated in familial infantile myoclonic epilepsy. Am J Hum Genet. 2010; 87(3):365–70. 
DOI: 10.1016/j.ajhg.2010.07.020 [PubMed: 20727515] 

Ferguson Page 14

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



70. Corbett MA, Bahlo M, Jolly L, Afawi Z, Gardner AE, Oliver KL, Tan S, Coffey A, Mulley JC, 
Dibbens LM, Simri W, Shalata A, Kivity S, Jackson GD, Berkovic SF, Gecz J. A focal epilepsy 
and intellectual disability syndrome is due to a mutation in TBC1D24. Am J Hum Genet. 2010; 
87(3):371–5. DOI: 10.1016/j.ajhg.2010.08.001 [PubMed: 20797691] 

71. Okerlund ND, Schneider K, Leal-Ortiz S, Montenegro-Venegas C, Kim SA, Garner LC, 
Gundelfinger ED, Reimer RJ, Garner CC. Bassoon Controls Presynaptic Autophagy through Atg5. 
Neuron. 2017; 93(4):897–913e7. DOI: 10.1016/j.neuron.2017.01.026 [PubMed: 28231469] 

72. Murdoch JD, Rostosky CM, Gowrisankaran S, Arora AS, Soukup SF, Vidal R, Capece V, Freytag 
S, Fischer A, Verstreken P, Bonn S, Raimundo N, Milosevic I. Endophilin-A Deficiency Induces 
the Foxo3a-Fbxo32 Network in the Brain and Causes Dysregulation of Autophagy and the 
Ubiquitin-Proteasome System. Cell Rep. 2016; 17(4):1071–86. DOI: 10.1016/j.celrep.2016.09.058 
[PubMed: 27720640] 

73. Soukup SF, Kuenen S, Vanhauwaert R, Manetsberger J, Hernandez-Diaz S, Swerts J, Schoovaerts 
N, Vilain S, Gounko NV, Vints K, Geens A, De Strooper B, Verstreken P. A LRRK2-Dependent 
EndophilinA Phosphoswitch Is Critical for Macroautophagy at Presynaptic Terminals. Neuron. 
2016; 92(4):829–44. DOI: 10.1016/j.neuron.2016.09.037 [PubMed: 27720484] 

74. Sambri I, D’Alessio R, Ezhova Y, Giuliano T, Sorrentino NC, Cacace V, De Risi M, Cataldi M, 
Annunziato L, De Leonibus E, Fraldi A. Lysosomal dysfunction disrupts presynaptic maintenance 
and restoration of presynaptic function prevents neurodegeneration in lysosomal storage diseases. 
EMBO Mol Med. 2017; 9(1):112–32. DOI: 10.15252/emmm.201606965 [PubMed: 27881461] 

75. Verhoeven K, De Jonghe P, Coen K, Verpoorten N, Auer-Grumbach M, Kwon JM, FitzPatrick D, 
Schmedding E, De Vriendt E, Jacobs A, Van Gerwen V, Wagner K, Hartung HP, Timmerman V. 
Mutations in the small GTP-ase late endosomal protein RAB7 cause Charcot-Marie-Tooth type 2B 
neuropathy. Am J Hum Genet. 2003; 72(3):722–7. DOI: 10.1086/367847 [PubMed: 12545426] 

76. Cherry S, Jin EJ, Ozel MN, Lu Z, Agi E, Wang D, Jung WH, Epstein D, Meinertzhagen IA, Chan 
CC, Hiesinger PR. Charcot-Marie-Tooth 2B mutations in rab7 cause dosage-dependent 
neurodegeneration due to partial loss of function. Elife. 2013; 2:e01064.doi: 10.7554/eLife.01064 
[PubMed: 24327558] 

77. Rami A, Benz AP, Niquet J, Langhagen A. Axonal Accumulation of Lysosomal-Associated 
Membrane Protein 1 (LAMP1) Accompanying Alterations of Autophagy Dynamics in the Rat 
Hippocampus Upon Seizure-Induced Injury. Neurochem Res. 2016; 41(1–2):53–63. DOI: 
10.1007/s11064-015-1704-0 [PubMed: 26329516] 

78. Ehlers MD. Reinsertion or degradation of AMPA receptors determined by activity-dependent 
endocytic sorting. Neuron. 2000; 28(2):511–25. [PubMed: 11144360] 

79. Schwarz LA, Hall BJ, Patrick GN. Activity-dependent ubiquitination of GluA1 mediates a distinct 
AMPA receptor endocytosis and sorting pathway. J Neurosci. 2010; 30(49):16718–29. DOI: 
10.1523/JNEUROSCI.3686-10.2010 [PubMed: 21148011] 

80. Lussier MP, Nasu-Nishimura Y, Roche KW. Activity-dependent ubiquitination of the AMPA 
receptor subunit GluA2. J Neurosci. 2011; 31(8):3077–81. DOI: 10.1523/JNEUROSCI.
5944-10.2011 [PubMed: 21414928] 

81. Guntupalli S, Jang SE, Zhu T, Huganir RL, Widagdo J, Anggono V. GluA1 subunit ubiquitination 
mediates amyloid-beta-induced loss of surface alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors. J Biol Chem. 2017; 292(20):8186–94. DOI: 10.1074/
jbc.M116.774554 [PubMed: 28377502] 

82. Widagdo J, Chai YJ, Ridder MC, Chau YQ, Johnson RC, Sah P, Huganir RL, Anggono V. 
Activity-Dependent Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular 
Sorting and Degradation. Cell Rep. 2015; doi: 10.1016/j.celrep.2015.01.015

83. Rodrigues EM, Scudder SL, Goo MS, Patrick GN. Abeta-Induced Synaptic Alterations Require the 
E3 Ubiquitin Ligase Nedd4-1. J Neurosci. 2016; 36(5):1590–5. DOI: 10.1523/JNEUROSCI.
2964-15.2016 [PubMed: 26843640] 

84. Fernandez-Monreal M, Brown TC, Royo M, Esteban JA. The balance between receptor recycling 
and trafficking toward lysosomes determines synaptic strength during long-term depression. J 
Neurosci. 2012; 32(38):13200–5. DOI: 10.1523/JNEUROSCI.0061-12.2012 [PubMed: 22993436] 

Ferguson Page 15

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



85. Kim T, Yamamoto Y, Tanaka-Yamamoto K. Timely regulated sorting from early to late endosomes 
is required to maintain cerebellar long-term depression. Nat Commun. 2017; 8(1):401.doi: 
10.1038/s41467-017-00518-3 [PubMed: 28864821] 

86. Shehata M, Matsumura H, Okubo-Suzuki R, Ohkawa N, Inokuchi K. Neuronal stimulation induces 
autophagy in hippocampal neurons that is involved in AMPA receptor degradation after chemical 
long-term depression. J Neurosci. 2012; 32(30):10413–22. DOI: 10.1523/JNEUROSCI.
4533-11.2012 [PubMed: 22836274] 

87. Goo MS, Sancho L, Slepak N, Boassa D, Deerinck TJ, Ellisman MH, Bloodgood BL, Patrick GN. 
Activity-dependent trafficking of lysosomes in dendrites and dendritic spines. J Cell Biol. 2017; 
216(8):2499–513. DOI: 10.1083/jcb.201704068 [PubMed: 28630145] 

88. Padamsey Z, McGuinness L, Bardo SJ, Reinhart M, Tong R, Hedegaard A, Hart ML, Emptage NJ. 
Activity-Dependent Exocytosis of Lysosomes Regulates the Structural Plasticity of Dendritic 
Spines. Neuron. 2017; 93(1):132–46. DOI: 10.1016/j.neuron.2016.11.013 [PubMed: 27989455] 

89. Davis KM, Sturt BL, Friedmann AJ, Richmond JE, Bessereau JL, Grant BD, Bamber BA. 
Regulated lysosomal trafficking as a mechanism for regulating GABAA receptor abundance at 
synapses in Caenorhabditis elegans. Mol Cell Neurosci. 2010; 44(4):307–17. DOI: 10.1016/j.mcn.
2010.04.002 [PubMed: 20403442] 

90. Irannejad R, Tsvetanova NG, Lobingier BT, von Zastrow M. Effects of endocytosis on receptor-
mediated signaling. Curr Opin Cell Biol. 2015; 35:137–43. DOI: 10.1016/j.ceb.2015.05.005 
[PubMed: 26057614] 

91. Lin WY, Williams C, Yan C, Koledachkina T, Luedke K, Dalton J, Bloomsburg S, Morrison N, 
Duncan KE, Kim CC, Parrish JZ. The SLC36 transporter Pathetic is required for extreme dendrite 
growth in Drosophila sensory neurons. Genes Dev. 2015; 29(11):1120–35. DOI: 10.1101/gad.
259119.115 [PubMed: 26063572] 

92. Roberts VJ, Gorenstein C. Examination of the transient distribution of lysosomes in neurons of 
developing rat brains. Dev Neurosci. 1987; 9(4):255–64. [PubMed: 3428193] 

93. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell. 2017; 
168(6):960–76. DOI: 10.1016/j.cell.2017.02.004 [PubMed: 28283069] 

94. Ferguson SM. Beyond indigestion: emerging roles for lysosome-based signaling in human disease. 
Curr Opin Cell Biol. 2015; 35:59–68. DOI: 10.1016/j.ceb.2015.04.014 [PubMed: 25950843] 

95. Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-Peled L, Sabatini DM. The 
Rag GTPases bind raptor and mediate amino acid signaling to mTORC1. Science. 2008; 
320(5882):1496–501. DOI: 10.1126/science.1157535 [PubMed: 18497260] 

96. Inoki K, Li Y, Xu T, Guan KL. Rheb GTPase is a direct target of TSC2 GAP activity and regulates 
mTOR signaling. Genes Dev. 2003; 17(15):1829–34. DOI: 10.1101/gad.1110003 [PubMed: 
12869586] 

97. Choi YJ, Di Nardo A, Kramvis I, Meikle L, Kwiatkowski DJ, Sahin M, He X. Tuberous sclerosis 
complex proteins control axon formation. Genes Dev. 2008; 22(18):2485–95. DOI: 10.1101/gad.
1685008 [PubMed: 18794346] 

98. Nie D, Di Nardo A, Han JM, Baharanyi H, Kramvis I, Huynh T, Dabora S, Codeluppi S, Pandolfi 
PP, Pasquale EB, Sahin M. Tsc2-Rheb signaling regulates EphA-mediated axon guidance. Nat 
Neurosci. 2010; 13(2):163–72. DOI: 10.1038/nn.2477 [PubMed: 20062052] 

99. Tang SJ, Reis G, Kang H, Gingras AC, Sonenberg N, Schuman EM. A rapamycin-sensitive 
signaling pathway contributes to long-term synaptic plasticity in the hippocampus. Proc Natl Acad 
Sci U S A. 2002; 99(1):467–72. DOI: 10.1073/pnas.012605299 [PubMed: 11756682] 

100. Stoica L, Zhu PJ, Huang W, Zhou H, Kozma SC, Costa-Mattioli M. Selective pharmacogenetic 
inhibition of mammalian target of Rapamycin complex I (mTORC1) blocks long-term synaptic 
plasticity and memory storage. Proc Natl Acad Sci U S A. 2011; 108(9):3791–6. DOI: 10.1073/
pnas.1014715108 [PubMed: 21307309] 

101. Henry FE, McCartney AJ, Neely R, Perez AS, Carruthers CJ, Stuenkel EL, Inoki K, Sutton MA. 
Retrograde Changes in Presynaptic Function Driven by Dendritic mTORC1. J Neurosci. 2012; 
32(48):17128–42. DOI: 10.1523/JNEUROSCI.2149-12.2012 [PubMed: 23197706] 

Ferguson Page 16

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



102. Knight ZA, Tan K, Birsoy K, Schmidt S, Garrison JL, Wysocki RW, Emiliano A, Ekstrand MI, 
Friedman JM. Molecular profiling of activated neurons by phosphorylated ribosome capture. 
Cell. 2012; 151(5):1126–37. DOI: 10.1016/j.cell.2012.10.039 [PubMed: 23178128] 

103. Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian G, Duman RS. mTOR-
dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists. 
Science. 2010; 329(5994):959–64. DOI: 10.1126/science.1190287 [PubMed: 20724638] 

104. Sun F, Park KK, Belin S, Wang D, Lu T, Chen G, Zhang K, Yeung C, Feng G, Yankner BA, He Z. 
Sustained axon regeneration induced by co-deletion of PTEN and SOCS3. Nature. 2011; 
480(7377):372–5. DOI: 10.1038/nature10594 [PubMed: 22056987] 

105. Miao L, Yang L, Huang H, Liang F, Ling C, Hu Y. mTORC1 is necessary but mTORC2 and 
GSK3beta are inhibitory for AKT3-induced axon regeneration in the central nervous system. 
Elife. 2016; 5:e14908.doi: 10.7554/eLife.14908 [PubMed: 27026523] 

106. Bar-Peled L, Chantranupong L, Cherniack AD, Chen WW, Ottina KA, Grabiner BC, Spear ED, 
Carter SL, Meyerson M, Sabatini DM. A Tumor suppressor complex with GAP activity for the 
Rag GTPases that signal amino acid sufficiency to mTORC1. Science. 2013; 340(6136):1100–6. 
DOI: 10.1126/science.1232044 [PubMed: 23723238] 

107. Weckhuysen S, Marsan E, Lambrecq V, Marchal C, Morin-Brureau M, An-Gourfinkel I, Baulac 
M, Fohlen M, Kallay Zetchi C, Seeck M, de la Grange P, Dermaut B, Meurs A, Thomas P, 
Chassoux F, Leguern E, Picard F, Baulac S. Involvement of GATOR complex genes in familial 
focal epilepsies and focal cortical dysplasia. Epilepsia. 2016; 57(6):994–1003. DOI: 10.1111/epi.
13391 [PubMed: 27173016] 

108. Ricos MG, Hodgson BL, Pippucci T, Saidin A, Ong YS, Heron SE, Licchetta L, Bisulli F, Bayly 
MA, Hughes J, Baldassari S, Palombo F, Santucci M, Meletti S, Berkovic SF, Rubboli G, 
Thomas PQ, Scheffer IE, Tinuper P, Geoghegan J, Schreiber AW, Dibbens LM. Epilepsy 
Electroclinical Study G. Mutations in the mammalian target of rapamycin pathway regulators 
NPRL2 and NPRL3 cause focal epilepsy. Ann Neurol. 2016; 79(1):120–31. DOI: 10.1002/ana.
24547 [PubMed: 26505888] 

109. Scheffer IE, Heron SE, Regan BM, Mandelstam S, Crompton DE, Hodgson BL, Licchetta L, 
Provini F, Bisulli F, Vadlamudi L, Gecz J, Connelly A, Tinuper P, Ricos MG, Berkovic SF, 
Dibbens LM. Mutations in mammalian target of rapamycin regulator DEPDC5 cause focal 
epilepsy with brain malformations. Ann Neurol. 2014; 75(5):782–7. DOI: 10.1002/ana.24126 
[PubMed: 24585383] 

110. Frankel WN, Yang Y, Mahaffey CL, Beyer BJ, O’Brien TP. Szt2, a novel gene for seizure 
threshold in mice. Genes Brain Behav. 2009; 8(5):568–76. DOI: 10.1111/j.1601-183X.
2009.00509.x [PubMed: 19624305] 

111. Wolfson RL, Chantranupong L, Wyant GA, Gu X, Orozco JM, Shen K, Condon KJ, Petri S, Kedir 
J, Scaria SM, Abu-Remaileh M, Frankel WN, Sabatini DM. KICSTOR recruits GATOR1 to the 
lysosome and is necessary for nutrients to regulate mTORC1. Nature. 2017; 543(7645):438–42. 
DOI: 10.1038/nature21423 [PubMed: 28199306] 

112. Peng M, Yin N, Li MO. SZT2 dictates GATOR control of mTORC1 signalling. Nature. 2017; 
543(7645):433–7. DOI: 10.1038/nature21378 [PubMed: 28199315] 

113. Basel-Vanagaite L, Hershkovitz T, Heyman E, Raspall-Chaure M, Kakar N, Smirin-Yosef P, Vila-
Pueyo M, Kornreich L, Thiele H, Bode H, Lagovsky I, Dahary D, Haviv A, Hubshman MW, 
Pasmanik-Chor M, Nurnberg P, Gothelf D, Kubisch C, Shohat M, Macaya A, Borck G. Biallelic 
SZT2 mutations cause infantile encephalopathy with epilepsy and dysmorphic corpus callosum. 
Am J Hum Genet. 2013; 93(3):524–9. DOI: 10.1016/j.ajhg.2013.07.005 [PubMed: 23932106] 

114. Falcone M, Yariz KO, Ross DB, Foster J 2nd, Menendez I, Tekin M. An amino acid deletion 
inSZT2 in a family with non-syndromic intellectual disability. PLoS One. 2013; 
8(12):e82810.doi: 10.1371/journal.pone.0082810 [PubMed: 24324832] 

115. van Slegtenhorst M, de Hoogt R, Hermans C, Nellist M, Janssen B, Verhoef S, Lindhout D, van 
den Ouweland A, Halley D, Young J, Burley M, Jeremiah S, Woodward K, Nahmias J, Fox M, 
Ekong R, Osborne J, Wolfe J, Povey S, Snell RG, Cheadle JP, Jones AC, Tachataki M, Ravine D, 
Sampson JR, Reeve MP, Richardson P, Wilmer F, Munro C, Hawkins TL, Sepp T, Ali JB, Ward 
S, Green AJ, Yates JR, Kwiatkowska J, Henske EP, Short MP, Haines JH, Jozwiak S, 

Ferguson Page 17

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kwiatkowski DJ. Identification of the tuberous sclerosis gene TSC1 on chromosome 9q34. 
Science. 1997; 277(5327):805–8. [PubMed: 9242607] 

116. European Chromosome 16 Tuberous Sclerosis C. Identification and characterization of the 
tuberous sclerosis gene on chromosome 16. Cell. 1993; 75(7):1305–15. [PubMed: 8269512] 

117. Sahin M, Henske EP, Manning BD, Ess KC, Bissler JJ, Klann E, Kwiatkowski DJ, Roberds SL, 
Silva AJ, Hillaire-Clarke CS, Young LR, Zervas M, Mamounas LA. Tuberous Sclerosis Complex 
Working Group to Update the Research P. Advances and Future Directions for Tuberous 
Sclerosis Complex Research: Recommendations From the 2015 Strategic Planning Conference. 
Pediatr Neurol. 2016; 60:1–12. DOI: 10.1016/j.pediatrneurol.2016.03.015 [PubMed: 27267556] 

118. Inoki K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is phosphorylated and inhibited by Akt and 
suppresses mTOR signalling. Nat Cell Biol. 2002; 4(9):648–57. DOI: 10.1038/ncb839 [PubMed: 
12172553] 

119. Garami A, Zwartkruis FJ, Nobukuni T, Joaquin M, Roccio M, Stocker H, Kozma SC, Hafen E, 
Bos JL, Thomas G. Insulin activation of Rheb, a mediator of mTOR/S6K/4E-BP signaling, is 
inhibited by TSC1 and 2. Mol Cell. 2003; 11(6):1457–66. [PubMed: 12820960] 

120. Manning BD, Tee AR, Logsdon MN, Blenis J, Cantley LC. Identification of the tuberous sclerosis 
complex-2 tumor suppressor gene product tuberin as a target of the phosphoinositide 3-kinase/akt 
pathway. Mol Cell. 2002; 10(1):151–62. [PubMed: 12150915] 

121. Zhang Y, Gao X, Saucedo LJ, Ru B, Edgar BA, Pan D. Rheb is a direct target of the tuberous 
sclerosis tumour suppressor proteins. Nat Cell Biol. 2003; 5(6):578–81. DOI: 10.1038/ncb999 
[PubMed: 12771962] 

122. Demetriades C, Plescher M, Teleman AA. Lysosomal recruitment of TSC2 is a universal response 
to cellular stress. Nat Commun. 2016; 7:10662.doi: 10.1038/ncomms10662 [PubMed: 26868506] 

123. Feliciano DM, Su T, Lopez J, Platel JC, Bordey A. Single-cell Tsc1 knockout during 
corticogenesis generates tuber-like lesions and reduces seizure threshold in mice. J Clin Invest. 
2011; 121(4):1596–607. DOI: 10.1172/JCI44909 [PubMed: 21403402] 

124. Nie D, Chen Z, Ebrahimi-Fakhari D, Di Nardo A, Julich K, Robson VK, Cheng YC, Woolf CJ, 
Heiman M, Sahin M. The Stress-Induced Atf3-Gelsolin Cascade Underlies Dendritic Spine 
Deficits in Neuronal Models of Tuberous Sclerosis Complex. J Neurosci. 2015; 35(30):10762–
72. DOI: 10.1523/JNEUROSCI.4796-14.2015 [PubMed: 26224859] 

125. Tang G, Gudsnuk K, Kuo SH, Cotrina ML, Rosoklija G, Sosunov A, Sonders MS, Kanter E, 
Castagna C, Yamamoto A, Yue Z, Arancio O, Peterson BS, Champagne F, Dwork AJ, Goldman 
J, Sulzer D. Loss of mTOR-dependent macroautophagy causes autistic-like synaptic pruning 
deficits. Neuron. 2014; 83(5):1131–43. DOI: 10.1016/j.neuron.2014.07.040 [PubMed: 
25155956] 

126. Rhinn H, Abeliovich A. Differential Aging Analysis in Human Cerebral Cortex Identifies 
Variants in TMEM106B and GRN that Regulate Aging Phenotypes. Cell Syst. 2017; 4(4):404–
15e5. DOI: 10.1016/j.cels.2017.02.009 [PubMed: 28330615] 

Ferguson Page 18

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Lysosomes contribute to diverse aspects of neuronal physiology through both 

degradative and signaling functions.

• Due to their large size and highly polarized morphology, neurons are highly 

dependent on mechanisms that transport lysosomes to sites of demand.

• A wide range of human neurological diseases arise due to defects in lysosome 

function.
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Figure 1. 
Schematic representation of the dependence of lysosomes on membrane traffic from the 

secretory pathway (ER and Golgi) to endosomes for the delivery of proteins supporting 

lysosome biogenesis and maintenance. Meanwhile, the endocytic and autophagy pathways 

both deliver substrates for lysosomes to degrade. Although all of these organelles can be 

found in close proximity in neuronal cell bodies, the Golgi is not found in axons. Meanwhile 

autophagosomes form robustly in distal parts of neurons that can be separated from the cell 

body by more than a meter in the longest human neurons. This raises challenges for the 

ability of lysosomes to receive newly synthesized enzymes from the secretory pathway in 

order to mediate degradative functions at the most distal sites within neurons.
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Figure 2. 
Confocal image of lysosomes (LAMP1 signal, green) in mouse cortical neurons in culture 

along with MAP2B staining (red) which labels microtubules of neuronal dendrites. The 

asterisks indicate the position of non-neuronal lysosome signals arising from underlying 

glial cells. Although LAMP1 staining is commonly used to define lysosome distribution, due 

to the close relationship between lysosomes and other organelles of the secretory and 

endocytic pathways (Figure 1), the use of antibodies against multiple lysosomal proteins, 

including luminal hydrolases, is advisable for the definitive lysosome identification (Scale 

bar = 10 μm).
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