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Abstract 24 

Autophagy is a highly conserved intracellular clearance pathway in which cytoplasmic contents 25 

are trafficked to the lysosome for degradation. Within neurons, it helps to remove damaged 26 

organelles and misfolded or aggregated proteins and has therefore been the subject of intense 27 

research in relation to neurodegenerative disease.  However, far less is understood about the 28 

role of autophagy in other aspects of neuronal physiology.  Here we review the literature on 29 

the role of autophagy in maintaining neuronal stem cells and in neuronal plasticity in adult life, 30 

and we discuss how these contribute to structural and functional deficits observed in a range of 31 

human disorders.  32 

 33 

Main text 34 

Autophagy machinery 35 

Autophagy is a highly conserved catabolic process for clearance of cytoplasmic contents 36 

targeted for degradation.  In the initial steps of the process, a double-membraned cup-shaped 37 

precursor (the phagophore) forms within the cytoplasm. The phagophore expands, surrounding 38 

and engulfing substrates as it does so, until the edges fuse and a double-membraned vesicle, 39 

the autophagosome, is formed.  This is trafficked along microtubules to the part of the cells 40 

where lysosomes are concentrated (the microtubule organising centre) to facilitate 41 

autophagosome-lysosome fusion, ultimately resulting in the degradation of the autophagosome 42 

contents (Figure 1). Much of the core autophagic machinery is controlled by so-called ATG 43 

proteins (see Glossary and Box 1). However, many other proteins and processes impact 44 

autophagy. Autophagosome formation is induced by diverse signals, including nutrient 45 

depletion, and is mediated by many different signalling pathways, including mTORC1 46 

inhibition and AMPK activation [1]. Autophagosome formation involves inputs from other 47 

membrane trafficking machineries, including various SNAREs and ESCRT components, and 48 

maturation of neuronal autophagosomes may require prior fusion with endosomes [1]. Thus, 49 

altered biology of many different cellular systems can impact autophagy. 50 

In addition to bulk degradation of cytoplasmic contents, the recruitment of selective cargoes 51 

can be enhanced by so-called autophagy receptors, which typically bind cargoes via 52 

ubiquitinated residues and interact with autophagosomes via motifs that bind the core 53 

autophagy protein family LC3 (ATG8). Such selective autophagy facilitates degradation of 54 
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organelles like dysfunctional mitochondria (via mitophagy), peroxisomes, and ER, as well as 55 

aggregate-prone proteins [2].  56 

Here, we discuss the emerging literature on the role autophagy in the processes of neurogenesis 57 

and neuronal plasticity and how compromised autophagy may contribute to structural and 58 

functional deficits observed in a range of human disorders (Figure 2).  In general, most studies 59 

which have examined the roles of autophagy in various physiological settings (including 60 

neuronal functions) have used mice or other model organisms with whole body or 61 

conditional/selective knockouts of Atg genes. These approaches often need to be viewed with 62 

some caution, since some proteins encoded by autophagy genes may have non-autophagic 63 

functions [3, 4] (Box 2) or function in related degradation pathways requiring numerous ATG 64 

proteins [5, 6]. Thus, the interpretation of studies using single knockouts of Atg genes needs to 65 

be approached with care, unless corroborating evidence is provided to support the specific role 66 

for autophagy in the process being proposed. This is relevant in the CNS, as in many other 67 

systems, as autophagy-independent roles of ATG-related proteins impact endocytic and 68 

phagocytic processes [5, 6] and stress granule disassembly [7], and likely other pathways that 69 

are pertinent to neuronal physiology and pathologies.   70 

 71 

Autophagy in neurogenesis 72 

One area of growing interest is the role of autophagy in the maintenance of neuronal stem cells 73 

and the proliferation of neural progenitors.  Recent studies have shown that core autophagy 74 

genes are expressed in the developing CNS (reviewed in [8]) and knockout studies have 75 

demonstrated an essential role for autophagy in neurogenesis in the developing embryo [9].  76 

ATG5 is expressed in neural progenitor cells (NPCs) in the embryonic mouse cortex, and 77 

silencing of the gene using electroporation of shRNAs led to decreased neuronal proliferation 78 

and abnormal growth and branching of cortical neurons, with a concomitant increase in the 79 

cells within the subventricular (SVZ) and ventricular zones [10].  Similarly, in Atg16L1 80 

hypomorph mice, the SVZ was expanded and the cortical plate size was reduced [11]. Evidence 81 

suggests that these effects may be mediated by autophagic regulation of -catenin levels and 82 

Notch1.  83 

EVA1 (also known as transmembrane protein 166, TMEM166) is a lysosome- and ER- 84 

associated protein with an established role in autophagy and apoptosis based on in vitro studies 85 
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and is widely expressed in the brain during neurogenesis [12, 13].  In conditional knockout 86 

mice where EVA1 is absent from Nestin-expressing neuronal stem cells (NSCs), decreased 87 

self-renewal and differentiation was observed in the cortex without an increase in apoptosis. 88 

These effects were mediated via mTOR activation [13].  In apparent contradiction to these 89 

findings, Ambra1 knockout mice display exencephaly and spina bifida as a consequence of 90 

neuronal overgrowth, despite showing clear impairment of autophagy [14].  However, since 91 

Ambra1 also functions as a tumour suppressor gene and its deletion results in increased cell 92 

proliferation and increased tumorigenesis [15], it is likely that this accounts for the neuronal 93 

defects observed in knockout embryos.   94 

 95 

Autophagy and neurodevelopmental disorders 96 

In support of the role of autophagy in neurogenesis, mutations in two known autophagy genes 97 

have been identified that result in microcephaly.  A missense (R2637W) mutation in WD 98 

repeat and FYVE domain-containing 3 (WDFY3; also known as Autophagy-Linked FYVE or 99 

ALFY) has been identified as causing human autosomal dominant microcephaly [16].  This 100 

scaffolding protein is involved in the selective degradation of ubiquitinated aggregate-prone 101 

proteins by autophagy [17] and clearance of mitochondria via mitophagy [18].  In Drosophila, 102 

expression of the mutant protein resulted in a 40-60% reduction in brain volume [16].  In vitro 103 

studies have shown that expression of the mutant protein results in increased WNT signalling, 104 

likely via a failure to regulate levels of DVL3 (one of the three human dishevelled proteins) 105 

through an autophagy-dependent mechanism.  In addition, a further 13 mutations in WDFY3 106 

have been found to be associated with mild non-specific neurodevelopmental delay [19].  These 107 

result in protein truncating or missense heterozygous mutations. One novel mutation was 108 

identified in the PH domain, resulting in microcephaly, whereas the mutations occurring in 109 

other domains of the protein were associated with macrocephaly, autism spectrum disorder 110 

and attention deficit hyperactivity disorder.   In mice harbouring either a nonsense mutation 111 

(leading to a stop just before the WD40 domain) in Wdfy3 identified in a forward genetic 112 

screen, or those generated by targeted knockout (Wdfy3lacZ), homozygous mutants die at birth 113 

[20]. Analysis of embryonic and P0 stages showed cortical thinning and dysplasia but not 114 

alterations in autophagic flux, as measured by P62 and LC3II levels [20] (Box 3).  However, 115 

since Wdfy3 is an adaptor for selective autophagy, these assays may overlook a role for clearing 116 

specific target proteins. Indeed, an investigation into mitophagy in viable, heterozygous 117 
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Wdfy3+/lacZ mice revealed an accumulation of defective mitochondria, as well as deficits in 118 

mitochondrial transport [18].  These mice display mild cortical abnormalities and, in cultured 119 

Purkinje cells, alterations in network complexity and neurite branching were observed [18]. 120 

Vici syndrome is multisystem disorder caused by recessive mutations in EPG5.  The main 121 

neurological feature of the disorder is agenesis of the corpus callosum, and several clinical 122 

studies have noted microcephaly in affected individuals (reviewed in [21]).  EPG5 is a 123 

eukaryote-specific autophagy protein required for autophagosome-lysosome fusion [22].  124 

Absence of EPG5 in CRISPR knockout HeLa cells results in failure of autophagosome-125 

lysosome fusion and, as a consequence, blockage of autophagic flux [23].  Since most of the 126 

clinical mutations result in truncations, the pathology has been assumed to arise from a loss-127 

of-function (reviewed in [21]). Indeed, patient fibroblasts show increased levels of 128 

p62/SQSTM1 and LC3-positive puncta (Box 3) and a reduction in LC3-LAMP1 co-129 

localisation, indicative of a build-up of autophagosomes as a result of failure of autophagosome 130 

lysosome fusion, a finding supported by further accumulation of these proteins upon 131 

pharmacological autophagy induction [24].  However, EPG5-deficient (knockout) mice do not 132 

display defects in neurogenesis [25] but adults have reduced numbers of pyramidal cells in 133 

layer 5 of the cortex and in the cerebellum, and degenerative features in motor neurons 134 

reminiscent of amyotrophic lateral sclerosis [26]. It is possible that the human mutations result 135 

in aberrant protein function that is not phenocopied in null mutant model organisms.  Indeed, 136 

zebrafish epg5-deficient CRISPR/Cas9 models show no overt physical defects or neuronal 137 

deficits, despite showing accumulation of non-degradative autophagic vesicles [27].  138 

Interestingly, the clinical neurological features more commonly associated with genetic 139 

mutations in autophagy genes are developmental delay, cognitive decline and functional 140 

deficits, rather than structural defects in brain development (see Table 1).  It is possible that 141 

defects in early neurogenesis may underlie these childhood neurological deficits. However, an 142 

alternative (but not necessarily exclusive) hypothesis is that developmental delay and cognitive 143 

decline may be a consequence of the requirement for autophagy in maintaining neuronal 144 

plasticity, as discussed in subsequent sections.  In many cases, it remains unclear whether these 145 

phenotypes occur as a consequence of defective autophagy, or from non-autophagy functions 146 

of the proteins encoded by these genes (Box 2).  147 

 148 

Autophagy and adult neural stem cells 149 
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In addition to a role in embryonic neurogenesis, autophagy is also known to play an important 150 

role in the differentiation of adult neural stem cells (NSCs).  These cells reside within niches 151 

primarily at two locations, the sub-ventricular zone (SVZ) of the lateral ventricle wall and 152 

subgranular zone (SGZ) of the dentate gyrus.  Autophagic flux is low in NSCs in vitro prior to 153 

differentiation but increases during early differentiation [28]. Several conditional knockout 154 

studies have been performed where Cre is expressed under the control of the GFAP promoter 155 

(GFAP-Cre), where the effects on adult neurogenesis have been assessed (reviewed in [29]).  156 

Although GFAP is a widely accepted marker of adult NSCs [30], it is important to consider 157 

that this promoter has a wider expression pattern during development.  Tissue localisation of 158 

GFAP-Cre, assessed by crossing to a Cre-sensitive lacZ reporter has demonstrated that Cre is 159 

active throughout the CNS at birth [31]. Therefore, analysis of the role of autophagy genes on 160 

adult NSCs using GFAP-Cre may be confounded by the loss of gene expression during post-161 

natal development.  There are only a few studies where the role of autophagy in adult NSCs 162 

has been assessed with temporal control of the genetic ablation or pharmacological 163 

intervention.  Retroviral Cre injections into dividing NSCs in dentate gyrus of adult Atg5flox/flox 164 

mice reduced autophagic flux and the survival of the progeny of dividing progenitor cells.  165 

Surviving cells differentiate into neuronal cells but with delayed neuronal maturation [32].   166 

The Forkhead Box O family of transcription factors (FOXOs) are likely to be key in the 167 

regulation of autophagy in NSCs. In mice, embryonic deletion of FOXO1, 3, and 4 results in 168 

accelerated depletion of NSCs in adulthood [33-36].  FOXO3 directly binds to and regulates 169 

the induction of many autophagy genes in adult neural stem cells [37], and conditional deletion 170 

of FOXO 1,3 or 4 in adult NSCs (using GLAST::CreERT2) impairs autophagic flux in 171 

developing neurons and results in altered dendritic and spine morphology in adult-generated 172 

neurons [33].  Importantly, this study used GLAST-CreERT2 mice 173 

(https://www.jax.org/strain/012586) where, in addition to the tissue-specific driver, tamoxifen 174 

was used for the temporal activation of Cre, thereby ensuring restriction of the conditional 175 

knockout to adult glia and NSCs. 176 

Importantly, as well as their capacity to self-renew and differentiate into neurons, adult NSCs 177 

also differentiate into astrocytes and oligodendrocytes.  Suppression of autophagy in cultured 178 

rat hippocampal NSCs using lentiviral shRNA to knockdown ATG7 or LC3 resulted in fewer 179 

astrocytes, and those which formed had abnormal morphology [28]. Similarly, autophagy plays 180 

a role in oligodendrocyte and Schwann cell maturation, hence in initial myelination and in 181 

remyelination after injury.  In mice, oligodendrocyte-specific deletion of Atg5 results in 182 
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lethality at around post-natal day 12, prior to which, animals have fewer oligodendrocyte 183 

precursors and reduced myelination [38].  After neuronal injury, myelin debris is cleared by 184 

Schwann cells through a form of selective autophagy named myelinophagy [39] and this 185 

clearance is delayed in conditional knockout mice where Atg7 is deleted only in Schwann cells 186 

[40]. 187 

 188 

Autophagy in neuronal plasticity 189 

In addition to the aforementioned roles of autophagy in maintaining CNS cell populations, an 190 

emerging role for autophagy is in the function of the mature nervous system. In the mammalian 191 

brain, structural plasticity is essential for the acquisition of knowledge, consolidation of 192 

memory, adaptation of behaviour and for repair following injury.  There is growing evidence 193 

that autophagy plays a role in neuronal plasticity – the ongoing structural reorganisation of 194 

neuronal circuits that involves processes like axonal growth, synaptic assembly, and dendritic 195 

spine formation and pruning [41-43]. 196 

The clearest evidence for this comes from studies of knockouts of core autophagy genes.  197 

Pyramidal neurons in conditional knockout mice with neuronal Atg7 deletion have more 198 

dendritic spines than wildtype siblings, and siRNA knockdown of Atg7 in cultured 199 

hippocampal neurons demonstrated this to be a consequence of defective spine pruning rather 200 

than increased spine formation [44]. In addition, loss of Atg7 in mouse dopaminergic neurons 201 

leads to larger axonal profiles, enhanced stimulus-evoked dopamine release and more rapid 202 

presynaptic recovery compared to controls, suggesting that autophagy can provide a brake on 203 

presynaptic activity by regulating synaptic vesicle turnover [45]. Some of the effects of 204 

autophagy on synapses may also be mediated by glia, since loss of microglial autophagy due 205 

to conditional Atg7-knockout impairs synaptosome degradation, increases dendritic spines and 206 

synaptic markers and alters connectivity [46].  Autophagosomes form in the presynaptic 207 

terminal and there is evidence that this biogenesis is controlled locally within the presynaptic 208 

region.    Gain- or loss-of-function of the synaptic protein Bassoon is sufficient to suppress or 209 

enhance autophagy through a direct interaction with Atg5 [47, 48].  Similarly, deletion of the 210 

synaptic protein synaptojanin blocks autophagy at the presynaptic terminal [47, 48], a 211 

phenotype replicated by mutations in the SAC1 domain of this protein that occur in rare 212 

hereditary forms of Parkinson’s disease.   213 
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In animal models, these autophagy-associated changes in neuronal plasticity manifest in a 214 

range of behavioural phenotypes, such as cognitive deficits [49], anxiety-like behaviours [50], 215 

autism-like behaviours [44, 46, 51] and memory deficits [52].  Although there are limited 216 

examples of these behavioural consequences, the evidence for memory defects is more 217 

compelling.  In the mammalian brain, structural plasticity is essential for the consolidation of 218 

memory and, in addition to a role in synaptic and dentritic plasticity, there is growing evidence 219 

for a role of autophagy in neurotransmitter release and long-term potentiation and depression 220 

(LTP and LTD) [42, 43].  The hippocampus is one of the major neuroanatomical areas involved 221 

in learning and memory, and autophagy is upregulated in hippocampal neurons during learning 222 

and memory consolidation [52]. Knockdown of key autophagy genes (Beclin1, FIP200 and  223 

Atg12) in the hippocampus of young mice or exposure to pharmacological autophagy inhibitors 224 

reduces performance in novel object recognition and contextual fear conditioning behavioural 225 

tests, demonstrating a requirement of autophagy in the formation of novel memories [52].  In 226 

addition, the signalling pathways involved in the upstream regulation of autophagy have also 227 

been implicated as necessary for the maintenance of neuronal plasticity.  Indeed, in mouse 228 

models of fragile X syndrome, hyperactivation of mTORC1 leads to decreased autophagy and 229 

an associated increase in dendritic spine density, aberrant morphology and exaggerated LTD 230 

in hippocampal neurons. These deficits in plasticity contribute to (novel object recognition) 231 

memory deficits observed in mouse models of fragile X syndrome, and both morphological 232 

measures of plasticity and behavioural deficits can be rescued by activation of autophagy in 233 

such models [49].  234 

Hippocampal autophagy declines with age, and promoting autophagy is sufficient to partly 235 

rejuvenate memory in aged animals.  Strikingly,  injection of plasma from young animals into 236 

older mice ameliorates memory in an autophagy-dependent fashion, and these effects can be 237 

attributed to the actions of bone-derived osteocalcin, which acts as a hormonal regulator of 238 

hippocampal memory [52]. Similarly, in Drosophila, autophagy within the memory centre 239 

(mushroom body) protects against age-related expansion of the presynaptic active zones, which 240 

is associated with memory impairment [53]. Furthermore, these ageing effects can be 241 

ameliorated by inducing autophagy [54].  242 

However, it is important to highlight that upregulation of autophagy may not be a suitable and 243 

simple intervention for the treatment of memory deficits and behavioural disorders.  In 244 

mammalian cell culture experiments, hyperactivation of the positive autophagy regulator, 245 

AMPK, leads to an autophagy-dependent loss of pre-and postsynaptic markers and a decline 246 
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in neuronal network function, suggesting that too much autophagy may be deleterious [55]. 247 

These experiments tested autophagy dependence using an ULK1  inhibitors, and inhibition of 248 

this protein may have some autophagy-independent effects [3, 7].  Furthermore, it may not be 249 

autophagy per se that controls aspects of neuronal plasticity.  Recent work demonstrates that 250 

the autophagy proteins involved in LC3 lipidation have a non-canonical function in causing 251 

microtubule instability which is essential for synapse remodelling (Box 2) [4].   252 

 253 

Suggested links with psychiatric diseases 254 

Given the role of autophagy in neurogenesis and plasticity, as discussed above, it is perhaps 255 

not surprising that autophagy defects have been proposed to contribute to human disorders like 256 

depression, bipolar disorder and schizophrenia.  A number of studies have correlated 257 

antidepressant actions of drugs in mice with their abilities to induce autophagy. Diverse drugs 258 

that lower IP3 levels, such as valproate, lithium and carbamazepine, have mood-stabilising 259 

properties in humans [56], and induce autophagy  via the same IP3-lowering mechanism [57]. 260 

However, it is important to consider that these drugs also have other activities. Other 261 

antidepressants, like fluoxetine and amitriptyline, also induce autophagy via a mechanism that 262 

appears to be dependent on the accumulation of sphingomyelin in lysosomes and Golgi 263 

membranes and ceramide in the endoplasmic reticulum. Interestingly, inhibition of autophagy 264 

using the Beclin 1 (ATG6 protein) inhibitor, spautin, inhibited the benefits of amitryptiline and 265 

fluoxetine on neurogenesis, neuronal maturation and behaviour in stressed mice [58]. Other 266 

drugs that induce autophagy, like trehalose [59] and rapamycin [60], also have antidepressant-267 

like properties in mice. These studies suggest that the antidepressant effects of some 268 

compounds may be, at least in part, autophagy-dependent.  269 

Autophagy appears to be inhibited in an unpredictable chronic mild stress-induced depressive 270 

mouse model, and both autophagy and depressive-like behaviour are rescued by rosiglitazone 271 

[61]. Interestingly, the antidepressant fluoxetine induces autophagic flux and mitophagy in 272 

primary astrocytes from a chronic mild stress-induced mouse model [62]. Autophagy in 273 

microglia may also be important, since knockout of the autophagy protein Atg5 in these cells 274 

increased inflammation, reduced BDNF expression and contributed to chronic unpredicted 275 

mild stress depression-like behaviour in mice [63]. Andrographolide, a natural product, also 276 

induces autophagy along with anti-inflammatory effects and improves a range of behavioural 277 

performances in a chronic unpredictable mild stress mouse model of depression [64].  278 
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In many of these studies it is difficult to know whether the effects are directly due to altered 279 

autophagy or whether the changes in autophagy are correlational. While serum levels of the 280 

autophagy mediator Beclin 1 appear to be higher in responders to selective serotonin reuptake 281 

inhibitors, the study was small and needs replication in a larger cohort [65].  Furthermore, while 282 

many studies show correlations supporting the idea that autophagy induction may have 283 

antidepressant effects, the lysosomal inhibitor bafilomcyin A1, which blocks autophagic flux,  284 

also has such properties in rats exposed to chronic unpredictable mild stress [66].  285 

While there are a number of studies that make links between autophagy and depression, the 286 

literature related to schizophrenia is smaller. The expression of various autophagy genes has 287 

been reported to be decreased in cortical brain areas affected in schizophrenia [67, 68] and in 288 

hippocampi of schizophrenic patients post-mortem [69]. In addition, the Disrupted-in-289 

Schizophrenia 1 (DISC1) protein, which is implicated in psychiatric disorders, appears to act 290 

as a mitophagy receptor [70]. Sequence variants in ULK1 have been associated with 291 

schizophrenia [71] as well, and mice hemizygous for the Ulk1 homologue, Ulk2, have 292 

decreased cell surface GABA receptor levels, which may be relevant to increased neuronal 293 

excitability seen in schizophrenia [72].  294 

 295 

Concluding Remarks 296 

Experimental and clinical data suggest that defects in autophagy cause both structural and 297 

functional abnormalities in the brain.  There is growing evidence that these may contribute to 298 

neurobehavioural changes, memory deficits and various psychiatric conditions, although 299 

further studies are required before one can make a conclusive case (see Outstanding Questions).  300 

One limitation of many experimental studies is that the contribution of autophagy is typically 301 

studied by knockout/knockdown of core autophagy genes and is therefore likely to cause a 302 

severe block in the pathway, which is not representative of physiological conditions where age- 303 

and disease-related changes result in smaller deficits.  Another common limitation is that most 304 

studies tend to focus on a narrow range of biological features (e.g. dendrite pruning) and often 305 

fail to take into account that these changes in plasticity occur in the context of alterations in 306 

proteostasis.  For example, to examine the role of autophagy in dendrite pruning, one might 307 

study this phenomenon in models where core autophagy genes are knocked out.  However, in 308 

this scenario, one cannot determine whether the effects seen in the distal dendrite are the result 309 
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of a direct role for autophagy in pruning or the consequence of accumulation of autophagy 310 

substrates elsewhere in the neuron and/or non-specific toxicity caused by autophagy blockade. 311 

A further limitation of studying human mutations in cell or animal models is that gene function 312 

is typically studied by knockout/knockdown or by over-expression of the mutant form of the 313 

protein.  However, human clinical mutations are more commonly point mutations and may 314 

result in truncations with reduced or altered function rather than complete loss-of-function.  In 315 

addition, one must consider that the presence of a mutant allele may result in gain-of-function 316 

or aberrant function of the mutated protein in addition to loss of the wild-type protein.  317 

Furthermore, the multiple variants contributing to complex diseases like depression or 318 

schizophrenia in any one individual may often be non-coding, and their biological effects in 319 

isolation and in combination are generally poorly understood. The growing use of 320 

CRISPR/Cas9 editing technologies offers the opportunity to develop more clinically-relevant 321 

models.  In addition, patient fibroblasts and patient-derived iPSCs offer the potential to directly 322 

study the consequences of clinical mutations in patient cells, with their complex genetic 323 

makeup, in vitro. Another possible route may be to transplant human iPSC-derived neurons or 324 

glia into rodent models.  325 

A major challenge will be to find ways to bridge the gaps between mouse models and human 326 

diseases and to dissect apart the role of autophagy in distinct processes such as dendritic 327 

pruning in the context of a neuron where autophagy is globally perturbed. The further 328 

development of tools to manipulate autophagy at the subcellular level will be essential to 329 

address these challenges. 330 

 331 

332 
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Table 1: Neurodevelopmental defects associated with mutations in genes regulating autophagy  

Disease name 
(OMIM identifier) 

Gene 
symbol 

Clinical features Role in autophagy Phenotype in animal models 

Autosomal recessive 
spinocerebellar ataxia 
25; SCAR25  
(# 617584) 

ATG5 Delayed psychomotor development, truncal ataxia, 
dysmetria, nystagmus, low IQ, cerebellar hypoplasia 

Core autophagy gene.  As part of the ATG5-12 
conjugate, it is essential in the processing to 
form LC3II during autophagosome formation 

Atg5 null mice die within 1 day of birth [73] 
whereas conditional knockout in neural 
tissue results in progressive 
neurodegeneration with motor deficits [74] 

Vici syndrome; VICIS 
(# 242840) 

EPG5  Multisystem disorder - agenesis of the corpus callosum, 
oculocutaneous hypopigmentation, bilateral cataract, 
cleft lip and palate, repeated infections suggestive of an 
immunodeficiency, cardiomyopathy, postnatal growth 
retardation, microcephaly, and profound developmental 
delay   

Eukaryote-specific autophagy gene required for 
autophagosome-lysosome fusion 

EPG5-deficient adult mice have fewer  
pyramidal neurons in layer 5 cortex and 
cerebellum and develop progressive ALS 
phenotype [26]. Zebrafish epg5 CRISPR/Cas9 
models show no overt morphological defects 
or neuronal deficits [27] 

Autosomal dominant 
primary microcephaly 
18, MCPH18  
(# 617520) 

WDFY3 Microcephaly with mild to moderate intellectual 
disability 
 

Scaffolding protein involved in the selective 
degradation of ubiquitinated protein aggregates 
by autophagy 

Homozygous mice with null mutations die at 
birth; embryos and P0 stages show cortical 
thinning and dysplasia [20] 

Hypomyelinating 
leukodystrophy, 12; 
HLD12 (# 616683) 

VPS11 Severely delayed or lack of psychomotor development, 
acquired microcephaly, lack of speech, and often lack of 
spontaneous movement due to hypotonia and spasticity 

Required for the fusion of endosomes and 
autophagosomes with lysosomes  

zebrafish vps11 mutants have apoptotic cell 
death in the midbrain and hindbrain and 
reduced myelination throughout CNS [75] 

Neurodegeneration 
with brain iron 
accumulation 5; 
NBIA5* (# 300894) 

WDR45/
WIPI4 

Biphasic: global developmental delay in early childhood 
that is essentially static. Progressive dystonia, 
parkinsonism and extrapyramidal signs and dementia 
develop in young adulthood  

Involved in autophagosome biogenesis 
downstream of WIPI2 and regulating the size of 
autophagosomes 

Wdr45 knockout mice have poor motor 
coordination and learning and memory 
deficits [76] 

Neurodevelopmental 
disorder with spastic 
quadriplegia and 
brain abnormalities 
with or without 
seizures; NEDSBAS  
(# 617977) 

WDR45B/
WIPI3 

Global developmental delay, intellectual disability and 
microcephaly  

Involved in the control of autophagy upstream of 
PtdIns3P and with WDR45 in regulating 
autophagosome size. Also associates with TSC 
complex at lysosomes, regulating mTOR  

Mice deficient in Wdr45b exhibit motor 
deficits and learning and memory defects 
[77] 

NARDILYSIN; NRD1  
(* 602651) 

NRD1 Developmental delay, progressive cortical and cerebellar 
atrophy, motor impairment, hypotonia, ataxia, absent 
speech, seizures, optic atrophy, dysphagia, and 
microcephaly  
 

Nrd1 is a mitochondrial co-chaperone for alpha-
ketoglutarate dehydrogenase.  Loss of function 
results in activation of mTORC1 and a 
subsequent reduction in autophagy  
 

Nrd1-null mice have prenatal growth defects 
and neonatal lethality. Surviving animals 
display slowly progressive 
neurodegeneration with impaired motor 
activities and cognitive deficits. Mutant mice 
have small brains and a thin cerebral cortex 
with reduced myelination in CNS and PNS 
[78] 
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Autosomal recessive 
spastic paraplegia 49; 
SPG49 (# 615031) 

TECPR2 Delayed psychomotor development, mental retardation 
and spastic paraplegia (onset in the first decade), 
dysmorphic features, thin corpus callosum  

An LC3 binding protein which associates with 
trafficking proteins (e.g.SEC24D) and is required 
ER export efficiency and in autophagosome 
formation.  

None reported 

Autosomal recessive 
pinocerebellar ataxia; 
SCAR20 (# 616354) 

SNX14 Severely delayed psychomotor development and 
intellectual disability, hypotonia, ataxia, absent speech, 
relative macrocephaly, dysmorphic features  

Loss of SNX14 did not impact autophagosome-
lysosome fusion but results in increased 
accumulation of autophagic organelles and 
disruption of intracellular cholesterol 
homeostasis. Functions in ER-lipid droplet 
crosstalk and neutral lipid homeostasis between 
these organelles  

Morpholino knockdown of snx14 in zebrafish 
results in loss of neural tissue volume, 
increased apoptosis and impaired autophagic 
degradation [79] 

Autosomal recessive 
spastic paraplegia; 
SPG11 (# 604360) 

SPG11 Hereditary spastic paraplegia, mental impairment, and 
thin corpus callosum 
 
Biallelic mutation in the SPG11 gene can also cause 
autosomal recessive juvenile-onset amyotrophic lateral 
sclerosis-5 (ALS5; 602099) and autosomal recessive 
Charcot-Marie-Tooth disease type 2X (CMT2X; 616668), 
different neurodegenerative disorders with overlapping 
features 

SPG11 and SPG15 are essential for 
autophagosome-lysosome reformation after 
fusion and are required for lysosome biogenesis  

The Spg11 knockout mouse develop motor 
impairment and cognitive deficits associated 
with progressive brain atrophy with the loss 
of neurons in the primary motor cortex, 
cerebellum and hippocampus [80] 

Autosomal recessive 
spastic paraplegia 15; 
SPG15# (# 270700) 

SPG15/ 
ZFYVE26 

Spastic paraplegia with other neurologic dysfunction, 
including variable mental retardation, hearing and visual 
defects, and thin corpus callosum  

SPG11 and SPG15 are essential for 
autophagosome-lysosome reformation after 
fusion and are required for lysosome biogenesis  

Zfyve26 knockout mice develop late-onset 
spastic paraplegia with cerebellar ataxia [81] 

Frontotemporal 
dementia and/or 
amyotrophic lateral 
sclerosis 3; FTDALS3 
(# 616437) 

SQSTM1 Heterozygous mutations cause adult/late onset of 
cognitive impairment, behavioural abnormalities, and 
speech apraxia and/or upper and lower motor neuron 
signs. Highly variable phenotype. Heterozygous mutation 
in the SQSTM1 gene can also cause Paget disease of 
bone and some patients may also develop this 

SQSTM1 is an autophagy adaptor protein that 
can bind ubiquitinated substrates for selective 
autophagy 

No neurological or bone phenotypes were 
reported in sqstm1 knockout mice [82].  
These mice become obese as a result of 
hyperphagia [83].  Phenotypes of 
heterozygous mice were not reported 

Infantile hypotonia 
with psychomotor 
retardation and 
characteristic facies 
3; IHPRF3 (# 616900) 

TBCK Early onset neurodevelopmental disorder with poor 
psychomotor development, poor speech, and inability to 
walk independently  

Protein kinase that associates with the mitotic 
apparatus and regulates cell size, cell 
proliferation, and MTOR signalling.  

None reported 

Core/classical autophagy genes are shown in bold (although this definition is arbitrary to some extent). Defects in all of the genes affect autophagic flux. Main clinical 

features taken from OMIM summaries (https://omim.org).   

*Also known as beta-propeller protein-associated neurodegeneration; BPAN or static encephalopathy of childhood with neurodegeneration in adulthood; SENDA 

# also known as spastic paraplegia and retinal degeneration or Kjellin syndrome 

https://omim.org/


19 
 

Glossary Terms  

AMP-activated protein kinase (AMPK): AMPK phosphorylates and therefore regulates 

multiple components of the autophagy initiation pathway.  It inhibits MTORC1 and activates 

ULK1. 

ATG proteins:  proteins encoded by the AuTophaGy-related (ATG) gene family. 

Endosomal Sorting Complexes Required for Transport (ESCRT): Protein complexes 

involved in membrane remodelling during phagophore closure.  When ESCRT machinery is 

disrupted, unclosed autophagosomes accumulate.   

Lysosomal-Associated Membrane Protein 1 (LAMP1): a transmembrane protein found on 

lysosomes. 

Macrocephaly: Macrocephaly is clinically described as an abnormally enlarged head. It may 

be caused by an enlarged brain or by accumulation of cerebrospinal fluid (hydrocephalus). 

Microcephaly: A disorder where the brain fails to develop properly and can be identified by 

reduced head size.  This may be evident at birth or within early childhood. 

Mitophagy: The selective degradation of mitochondria by autophagy machinery. 

Mammalian (or mechanistic) Target of Rapamycin (mTOR): A serine/threonine protein 

kinase that is a component of two different protein complexes, MTORC1 and MTORC2.  In 

addition to regulating autophagy, MTORC1 regulates transcription and protein synthesis. 

MTORC2 is involved in the maintenance of the actin cytoskeleton and also activates insulin 

and insulin-like growth factor receptors.  Rapamycin is a naturally occurring bacterial 

macrolide which inhibits MTOR and is commonly used experimentally to upregulate 

autophagy.  

SNAREs: SNAp REceptor proteins are complexes involved in vesicle fusion. 

ULK1: A kinase which phosphorylates several proteins required for the initiation of autophagy.  

ULK1 phosphorylates itself and can also be inhibited my MTORC1 and this reduces its 

activity. 
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Text boxes  

Box 1: ATG proteins  

The core autophagic machinery and many of the regulatory complexes controlling autophagy 

initiation are encoded by a conserved family of approximately 30 genes, termed the 

AuTophaGy-related (ATG) gene family. The ATG genes were originally discovered in yeast 

where their mutation resulted in an inability to survive nutrient deprivation conditions. Hence 

these genes are functionally rather than structurally related.  Many of the yeast genes have more 

than one vertebrate homolog, which may contribute to either redundancy or to additional 

functional diversity.  For example, mammalian cells have six ATG8 orthologues; the MAP1-

LC3 (LC3) and GABARAP subfamilies (microtubule-associated protein 1 light chain 3 and 

GABA(A) receptor-associated protein families respectively).  

Box 2: Non-canonical roles for ATG proteins 

There is growing evidence that some autophagy proteins have functions in pathways that are 

independent from autophagy.  Two examples of these are LC3-associated phagocytosis (LAP) 

and LC3-associated endocytosis (LANDO).  In LAP, the canonical autophagy machinery is 

employed to conjugate LC3 to phagosomes, which have engulfed extracellular pathogens.  

Unlike in autophagy, LC3 lipidation occurs after the phagosome is sealed and it is proposed 

that the presence of LC3-II aids fusion with the lysosome [6]. LANDO describes the process 

whereby LC3 is conjugated to Rab5-positive, clathrin-positive endosomes and has been shown 

to function in microglia to regulate amyloid-beta clearance [5]. The roles of these processes 

may have widespread relevance to neuroimmunology.  Autophagy machinery has also been 

described to play a role in the unconventional secretion pathways.  The two inflammatory 

cytokines IL-1β and 1L-18, cytosolic proteins that lack conventional secretory signal sequences 

and therefore do not enter the ER-to-Golgi secretory pathway, have been shown to be excreted 

via autophagic machinery docking with the plasma membrane rather than being trafficked to 

the lysosome [84, 85].  In addition, this may be a route for cytoplasmic organelles and large 

aggregates of proteins, common cargoes for conventional autophagy, to be extruded from cells.  

This route may also account for the egress and dissemination of intracellular microbes via 

autophagosome-like vesicles termed ejectosomes [86]. The autophagy proteins involved in 

LC3 lipidation have also recently been shown to play an important role in microtubule stability 

in an autophagy-independent fashion.  The non-canonical role for these autophagy proteins is 

highly relevant in the context of neuronal plasticity [4]. 
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Box 3: Using LC3 to measure autophagic flux 

Quantifying autophagic flux is challenging, as there are no proteins (to our knowledge) that are 

degraded solely by autophagy and not by other additional routes.  During autophagosome 

formation, ATG8-family proteins are conjugated to the lipid phosphatidylethanolamine (PE) 

in autophagosomal membranes.  Since lipidated ATG8 proteins (such as LC3-II) are the only 

proteins which associate with pre-autophagosomal structures, autophagosomes and 

autolysosomes, they are widely accepted as being the best marker to distinguish autophagic 

vesicles from other cellular membranes.  Measuring LC3 lipidation (LC3-II levels) by western 

blotting is one of the most common methods for measuring the number of autophagic vesicle 

and hence can be used to determine the rate of autophagic flux.  Fluorescent or endogenous 

LC3 puncta can also be measured either by using fluorescently tagged reporters or antibody 

staining to recognise the endogenous protein, respectively.  Unlipidated forms of LC3 often 

remains diffuse in the cytosol whereas LC3-II bound to vesicle membranes appear as bright 

puncta.   However, increases in LC3-II or LC3 puncta may occur as a result of an increase in 

autophagosome formation (upregulation) or a blockage in clearance, therefore additional 

techniques are required to differentiate these two scenarios. For example, the use of lysosomal 

inhibitors clamps LC3-II degradation, and thus changes in LC3-II levels or LC3 vesicle 

numbers under such conditions can be inferred to be caused by altered autophagosome 

formation.  
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Figure Legends 

Figure 1: Autophagosome formation and degradation 

A) The first morphologically recognizable autophagic precursors are called phagophores.  

These form within the cytoplasm as double-membraned, sac-like structures and can be 

recognised by the proteins that associate with their membranes, namely a complex of ATG12–

ATG5–ATG16L1 proteins and LC3-II. The edges of the phagophore elongate and fuse, and in 

doing so, engulf a portion of the cytoplasm. Just before the phagophore closes to form a vesicle, 

the ATG5–ATG12–ATG16L1 complex dissociates from the outer membrane, whereas LC3-II 

remains associated.  The closed, double-membrane vesicle is called the autophagosome. 

Autophagosomes are trafficked along microtubules to the perinuclear region where they fuse 

with the lysosomes and their contents are degraded.  

B) Lipidation of LC3-II: During autophagosome formation, LC3 (and other ATG8 family 

proteins) are conjugated to the lipid phosphatidylethanolamine (PE) in autophagosome 

membranes - this conjugated form is called  LC3-II. This lipidation requires a protease and two 

ubiquitin-like conjugation systems (explained in [1]). ATG4 (a cysteine protease) cleaves the 

C-terminus of LC3 exposing a glycine residue.  This first cleaved form of LC3 is called LC3-

I. A further reaction then occurs where ATG7 activates the C-terminal glycine residue.  Next, 

the E2-like enzyme ATG3 and the ATG5–ATG12–ATG16L1 complex act together as an E3-

like ligase. This determines the site of LC3 lipidation and assists the transfer of LC3-I to PE in 

membranes to form LC3-II. The lipidated ATG8/LC3 proteins play a role in the expansion and 

closure of phagophore, in autophagosome-lysosome fusion and in degradation of the inner 

autolysosome membrane.  

 

Figure 2: Overview of experimental evidence for the role of autophagy in neurogenesis and 

neuronal plasticity 

Core autophagy genes are expressed in neuronal stem cells which give rise to neurons and 

astrocytes.  Disruption of autophagy during developmental neurogenesis is associated with 

structural deficits; blocking autophagy in adult neural stem cells (NSCs) results in defects in 

adult neurogenesis and astrogenesis.  Neuronal plasticity is the term used to describe the 

structural changes that occur within the brain throughout life, such as synaptic remodelling and 

dendritic pruning.  Functional autophagy is required for these processes and blocking 

autophagy in vitro and in animal models results in reduced plasticity and consequently, 

problems with learning and memory.  



Highlights 

• Growing evidence suggests that autophagy is essential for both developmental and 

adult neural stem cell maintenance, proliferation and differentiation. 

• In the mature CNS, autophagy plays a role in plasticity through actions within the 

axon, dendritic spine, and during synaptic assembly. 

• Defects in autophagy and its role in neurogenesis and neuronal plasticity may 

contribute to developmental disorders such as autism spectrum disorder and attention 

deficit hyperactivity disorder, memory deficits and psychiatric disorders such as 

depression. 

 

 



Outstanding Questions Box  

• Since autophagy plays an essential role in neurogenesis, does altered autophagy in 

pregnancy have implications for lifelong health of the offspring? 

• What are the functions of adult neural stem cells in CNS health and disease, and in 

view of autophagy’s role in adult neural stem cell differentiation, how does autophagy 

contribute to these processes? 

• To what extent does altered autophagy and its effects on neural plasticity contribute to 

psychiatric disease and neurobehavioural disorders? Is it possible to influence these 

by altering autophagy? 

 



Atg5, Atg12, Atg16L1
LC3-II
LAMP1

Autophagic cargo

Phagophore Autophagosome Autolysosome

LysosomeA

B

LC3-I LC3-IIGly

LC3-II

LC3-II

Atg4

Atg7 Atg3

Figure One

Atg5 Atg12
Atg16L1

LC3



Neurogenesis

Stem cells produce neurons and astrocytes
during development and during adult life

Deficits in neurogenesis result in reduced
cortical thickness and structural deficits

Neuronal plasticity

Defects in neuronal plasticity result in deficits
in learning, memory and altered behaviours

Structural changes including dendrite pruning
and synaptic turnover

X X

Figure Two

Functional autophagy

Silencing of Atg5
or Atg16L1

Silencing of Atg7
or LC3 in adult

NSCsConditional
knockout of Atg5

in adult NSCs

X

X

mTORC
hyperactivation or

Atg7 deletion

X

X

Silencing of Beclin1,
FIP200 or Atg12


	Main text final
	TINS review Highlights final
	TINS review Outstanding Questions Box final
	Figure One
	Figure Two

