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Abstract “Autophagy” is a highly conserved pathway for

degradation, by which wasted intracellular macromolecules

are delivered to lysosomes, where they are degraded into

biologically active monomers such as amino acids that are

subsequently re-used to maintain cellular metabolic turn-

over and homeostasis. Recent genetic studies have shown

that mice lacking an autophagy-related gene (Atg5 or Atg7)

cannot survive longer than 12 h after birth because of nutri-

ent shortage. Moreover, tissue-speciWc impairment of

autophagy in central nervous system tissue causes massive

loss of neurons, resulting in neurodegeneration, while

impaired autophagy in liver tissue causes accumulation of

wasted organelles, leading to hepatomegaly. Although

autophagy generally prevents cell death, our recent study

using conditional Atg7-deWcient mice in CNS tissue has

demonstrated the presence of autophagic neuron death in

the hippocampus after neonatal hypoxic/ischemic brain

injury. Thus, recent genetic studies have shown that

autophagy is involved in various cellular functions. In this

review, we introduce physiological and pathophysiological

roles of autophagy.
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Abbreviations

AP-Atg proteins Autophagosome formation-Atg protein;

AV Autophagic vacuoles

CNS Central nervous system

Cvt Cytoplasm-to-vacuole targeting

ER Endoplasmic reticulum

GERL Golgi apparatus endoplasmic reticulum

lysosomes

GFP Green Xuorescent protein

LC3 Microtubule associated protein 1 light

chain 3

Macroautophagy Autophagy

3-MA 3-Methyladenine

PE Phosphatidylethanolamine

SDS-FRL Sodium dodecyl sulphate-digested

freeze-fracture replica labeling

TGN trans-Golgi network

Z-VAD-fmk Benzyloxycarbonylvalyl-alanyl-aspartic

acid (O-methyl)-Xuoro-methylketone

Introduction

Lysosomes are multifunctional membrane-bound organelles

that are present in all mammalian cells. Their internal

environment is acidic, with pH ranging from 5.0 to 5.5 and

contains various acid hydrolases, while they degrade

excess, old, and unneeded intracellular substances and

organelles, as well as extracellular materials, into biologi-

cally active monomers that are recycled intracellularly.

Intracellular traYcking of such macromolecules to

lysosomes are mediated by the following processes: endo-

cytosis of cell-surface-receptor proteins with bound

ligands, produces early endosomes; heterophagocytosis of

large extracellular materials, such as dead cells and bacte-

ria, produces heterophagosomes; and, autophagy of old and

unneeded intracellular materials produces autophagosomes.

Early endosomes, heterophagosomes, and autophagosomes

then receive lysosomal enzymes by fusing with lysosomes
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or transporting vesicles from the trans-Golgi network

(TGN). Degradation begins in these compartments that

become subsequently late endosomes/lysosomes, hetero-

phagolysosomes, and autolysosomes, respectively (Fig. 1).

A membrane tissue fraction containing acid hydrolases

was Wrst discovered in 1955 by de Duve who called the

membrane compartment as a “lysosome” (de Duve et al.

1955). Moreover, the Wrst morphologic description of auto-

phagic processes using electron microscopy was performed

by Clark (1957), who noted that the bodies and vacuoles in

the basal and apical regions of proximal tubular epithelial

cells in infant mouse kidneys were surrounded by dense

membranes and contained small canalicular structures,

dense lamellar inclusions, and altered mitochondria. Simi-

larly, Ashford and Porter observed the breakdown or hydro-

lytic process of mitochondria that are sequestered by

membrane structures was demonstrated in glucagon-treated

hepatocytes (Ashford and Porter 1962). The cellular pro-

cess by which cytoplasmic organelles such as mitochon-

dria, together with part of the cytoplasm, are sequestered by

membrane structures and was termed “autophagy” by de

Duve (1963) and de Duve and Wattiaux (1966). The con-

cept of autophagosomes was proposed as prelysosomes that

have not yet received acid hydrolases, while the structures

become mature as autolysosomes by fusion with primary

lysosomes and Wnally inert residual bodies as postlyso-

somes (de Duve and Wattiaux 1966).

The early concept of lysosomes and autophagy was

established by de Duve and his colleagues (de Duve 1963;

de Duve et al. 1955; de Duve and Wattiaux 1966). It was

modiWed by the concept of GERL (Golgi apparatus–endo-

plasmic reticulum (ER)–lysosomes) in which lysosomal

enzymes synthesized in the rough ER are packed in vesicles

that are associated with the Golgi apparatus and are trans-

ferred to pre-existing lysosomes (NovikoV et al. 1971).

Then, the concept of GERL has been improved by under-

standing the role of the Golgi apparatus and TGN (GriYths

and Simons 1986; Traub and Kornfeld 1997). In particular,

the lysosomal system has been developed in relation to

endocytosis and the endosomal pathway (Mellman 1996;

Mukherjee et al. 1997; van Meel and Klumperman 2008;

Kurz et al. 2008; Sandvig et al. 2008).

Unlike studies of the endosomal pathway, most studies of

autophagy have examined the morphological aspects of

autophagy and experimental conditions that induce autophagy

(Arstila and Trump 1968; de Duve and Wattiaux 1966;

Dunn 1990a, b; Ericsson 1969a, b; Schworer and Mortimore

1979; Schworer et al. 1981; Yamamoto et al. 1990; Yokota

1993). The origins of isolation membranes, as well as vari-

ous experimental conditions that induce autophagy, have

been areas of intensive research; the isolation membrane of

autophagosomes has been suggested to be derived from ER,

although isolation and characterization of these compart-

ments would provide evidence about the origin of autophag-

osomal membranes, which has been a controversial subject

(Bolender and Weibel 1973; Dunn 1990a, b; Fengsrud et al.

1995; Kovacs et al. 2000; Mizushima 2005; Ueno et al.

1991; Yokota 1993). Ohsumi and his colleagues have

cloned autophagy-related genes from yeast mutants that

cannot execute autophagy (Tsukada and Ohsumi 1993) and

found a protein conjugation system essential for autophagy

and the Wrst mammalian homologues of yeast Atgs

(Mizushima et al. 1998a, b). This discovery was the begin-

ning of an era of molecular research in the Weld of autophagy.

It is well known that autophagy is composed of macro-

autophagy, microautophagy (Klionsky et al. 2007) and

chaperone-mediated autophagy (Massey et al. 2006) that

diVer in physiological function and the delivery mode to

lysosomes. This review is primarily concerned with macro-

autophagy (hereafter referred to as autophagy). Autophagy

is a highly regulated process involving the bulk degradation

of cytoplasmic macromolecules and organelles in mamma-

lian cells via the lysosomal system, while it is induced dur-

ing starvation, diVerentiation, and normal growth control to

maintain homeostasis and survival (Komatsu et al. 2005;

Kuma et al. 2004; Shintani and Klionsky 2004). To under-

stand the various roles of autophagy, Mizushima (2005,

2007) proposed the subclassiWcation of autophagy into

“induced” and “basal” autophagy; the former produces

amino acids in response to starvation, and the latter is

important for constitutive turnover of cytoplasmic compo-

nents. The concept of basal autophagy is based on the fact

that the defect of autophagy results in accumulation of

Fig. 1 Biogenesis of lysosomes: cells execute receptor-mediated

endocytosis, heterophagocytosis, and autophagy, forming early

endosomes, heterophagosomes, and autophagosomes, respectively. To

degrade ingested materials, each structure receives lysosomal enzymes

by fusing with transporting vesicles from TGN or lysosomes and be-

comes late endosomes, heterophagolysosomes, and auto(phago)lyso-

somes. Before receiving lysosomal enzymes, autophagosomes fuse

with endosomes and become amphisomes (Gordon and Seglen 1988)

that are not drawn in this diagram
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cytoplasmic components that are destined to be cleared, cell

death, or death of the organism (Hara et al. 2006; Komatsu

et al. 2005, 2006, 2007a; Kuma et al. 2004). Induced

autophagy is essential for the maintenance of cellular

homeostasis and cell survival. However, highly accelerated

autophagy may also be involved in pathogenesis of neuro-

degeneration, such as loss of lysosomal proteinases and of

myopathy, such as Pompe disease (Koike et al. 2005;

Raben et al. 2007). Moreover, ischemia-induced autophagy

contributes to neuron death in mouse brain (Koike et al.

2008). Thus, it is important to further understand how this

dual role of autophagy is regulated. In this review, we intro-

duce the physiology and pathophysiology of autophagy

based primarily on our recent studies.

What is autophagy?

Morphological aspects of autophagy

As stated above, autophagy is an evolutionarily conserved

pathway to lysosomes (Fig. 1). In the process of autophagy,

excess, old and unneeded cytoplasmic macromolecules

including long-lived proteins and organelles are seques-

tered by ER-like cisternal structures called the isolation

membrane, forming autophagosomes (Reggiori and Klion-

sky 2005). Autophagosomes further receive lysosomal

enzymes by fusing with transporting vesicles from TGN or

lysosomes and degradation starts for the turnover and recy-

cling of the cellular constituents (Fig. 2). As evidenced by

electron microscopy, autophagosomes are induced to occur

in hepatocytes of adult mice after starvation for 24 and

48 h, although it is rather diYcult to observe nascent auto-

phagosomes in hepatocytes under physiological conditions

(Fig. 3). Typically, autophagosomes detected by electron

microscopy in hepatocytes after starvation for 24 h are rela-

tively small (<0.5 mm in diameter) and frequently appear

near the bile canaliculi. Nascent autophagosomes that are

enwrapped by the ER-like isolation membrane possess part

of the cytoplasm, although organelles such as mitochondria

and peroxisomes are rarely found within autophagosomes

24 h after the beginning of starvation (Fig. 3). However,

relatively larger autophagosomes (approximately 1 to

1.5 mm in diameter) that contain mitochondria and rough

ER appear in hepatocytes obtained 48 h later (Fig. 4). It is

generally believed that such nascent autophagosomes fuse

with lysosomes, although we have never obtained images

showing fusion between lysosomes and nascent autophago-

somes. Instead of the fusion process of autophagosomes

with lysosomes, various types of autophagosomes/auto-

lysosomes can be detected in hepatocytes under starvation

conditions; the cisternal space of double membranes shows

increased electron density, one part of the double mem-

brane space with a high electron density becomes signiW-

cantly enlarged, vacuolar structures with single membranes

possess membranous structures, and commonly detected

lysosomal structures have heterogeneously dense materials

(Fig. 4). Thus, maturation of autophagosomes to lysosomes

is detectable in hepatocytes of mice starved for 24 and 48 h.

Yokota (1993) has shown that the degradation process of

excess peroxisomes in rat hepatocytes treated with dioctyl

phthalate is rapid and carried out by the autophagic system.

In that study he further demonstrated that the isolation

membranes enclosing the target organelles are derived from

ER. Clearance of mitochondria and peroxisomes has also

been observed in isolated hepatocytes (Eskelinen 2005).

Visualization of autophagosomes and autolysosomes has

been intensely investigated, using microtubule-associated

protein 1 light chain 3 (LC3), a mammalian homologue of

yeast Atg8, as a marker protein of autophagosomes

(Kabeya et al. 2000). LC3 that is cleaved near the C-termi-

nal glycine residue by Atg4B soon after being synthesized

becomes cytosolic LC3-I (Yoshimura et al. 2006). It is fur-

ther converted to membrane-bound LC3-II by addition of

phosphatidylethanolamine to the C-terminal glycine resi-

due upon induction of autophagy (Kabeya et al. 2000). This

modiWcation of LC3 is conducted by the ubiquitin-like con-

jugation system in which Atg7 and Atg3 act as E1 and E2

enzymes, respectively (Tanida et al. 2001). As evidenced

by western blotting, LC3-I is converted to LC3-II in PC12

cells, a rat pheochromocytoma cell line, when they are

incubated in the absence of serum (Ohsawa et al. 1998;

Uchiyama 2001). This tendency is clearly detected when

Fig. 2 Diagram showing an autophagic pathway. Excess, old, and un-

needed macromolecules, including long-lived proteins and organelles

happen to be sequestered and enwrapped completely by the ER-like

isolation membrane, the origin of which is unknown, and become auto-

phagosomes that receive lysosomal enzymes by fusing with transport-

ing vesicles from trans-Golgi network or lysosomes. Then degradation

starts and autophagosomes become auto(phago)lysosomes. Lyso-

somes contain acid hydrolases such as cathepsins
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the cells are cultured in the presence of cysteine and/or

aspartic proteinase inhibitors, such as E-64-d and/or pepsta-

tin A (Fig. 5). Positive immunostaining for LC3 becomes

punctated in the cytoplasm (Fig. 6). However, it is diYcult

to show membrane-bound LC3-II on the autophagosomal

membrane using ordinary immunoelectron microscopy. We

have clearly demonstrated that LC3 is localized on the

membrane of autophagic structures in neurons of cathepsin

D-deWcient mouse brains by immunoelectron microscopy

using the sodium dodecyl sulphate-digested freeze-fracture

replica labeling (SDS-FRL) technique (Koike et al. 2005)

(Fig. 7).

GFP-LC3 transgenic mice, engineered to monitor auto-

phagosome formation, have been used in many studies of

autophagy (Mizushima et al. 2003). Using the mice under

starvation conditions, Mizushima et al. (2003) have shown

by Xuorescence microscopy that cup-shaped, ring-shaped,

and punctated structures appear in various tissue cells

including hepatocytes, cardiac myocytes, and skeletal

myocytes. Similar to the results of electron microscopy,

autophagosomes with ring-shaped structures were larger

than 1 �m (Mizushima et al. 2003). More recently, methods

for monitoring autophagic processes have been introduced

by Klionsky et al. (2008).

Fig. 3 Electron micrographs of 

hepatocytes obtained from a 

mouse housed under starvation 

conditions for 24 h. Numerous 

vacuolar structures (arrow-

heads) are detectable near bile 

canaliculi (a). Some of these 

vacuoles are enwrapped by 

double membranes with 

morphologically intact 

cytoplasm (b), and double- or 

single-membranes with 

degraded, but morphologically 

identiWable cytoplasmic 

materials and structures (c–e). 

Some vacuoles are encircled by 

double membranes and a part or 

whole portion of the 

intermembrane space is 

occupied with a dense material 

(d, e). A lysosome has 

heterogeneously electron dense 

materials (f). Bars indicate 

1 mm in a and 0.5 �m in b–f
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Molecular aspects of autophagy

The Wrst genetic screen for autophagy mutants in yeast

was performed by Ohsumi and his colleagues (1993), who

identiWed the Wrst (Atg1) (Matsuura et al. 1997) and,

recently, the 31st autophagy-related gene (Atg31)

(Kabeya et al. 2007). In yeast autophagy, many of these

31 Atgs participate in initiation of autophagosome forma-

tion and gather one spot near the vacuolar membrane—

the preautophagosomal structure (PAS) (Kim et al. 2002;

Suzuki et al. 2001). Among 31 Atg proteins, the 18 that

are involved in autophagosome formation are called AP-

Atg proteins (Kabeya et al. 2007; Klionsky et al. 2003;

Suzuki et al. 2007): Atg1 to 10, Atg12 to 14, Atg16 to 18,

Atg29, and Atg31. The roles of these gene products,

together with their mammalian homologues, are summa-

rized in Table 1. Until recently, structures corresponding

to PAS have not yet been found in mammals; however,

considering the fact that membrane dynamics during auto-

phagic process are conserved from yeast to mammals,

mammalian homologous proteins of yeast Atg proteins

that are localized to PAS must be essential for initiation of

Fig. 4 Electron micrographs of 

hepatocytes obtained from a 

mouse housed under starvation 

conditions for 48 h. Numerous 

vacuolar structures (arrow-

heads) are detectable near bile 

canaliculi. Vacuolar structures 

are clearly larger in hepatocytes 

from mice starved for 48 h (a) 

than from mice starved for 24 h 

(see Fig. 3a). Some of these 

vacuoles are enwrapped by 

double membranes with 

morphologically intact 

cytoplasm (b, c), and single 

membranes with degraded but 

morphologically identiWable 

cytoplasmic materials and 

structures (d–f). Bars indicate 

1 �m in a and 0.5 �m in b–f
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autophagosome formation. Further studies are required to

resolve these questions.

Autophagy in disease

Defects in autophagy machinery

According to Kuma et al. (2004), the mice lacking Atg5

cannot survive more than 12 h after birth, during which

time they encounter the Wrst, and probably most severe,

period of starvation during their lifespan. Kuma et al.

(2004) concluded that the nutrient supply derived from neo-

natal autophagy is essential for survival, although the pres-

ence of potential suckling defects may partially account for

the natural death of mice deWcient in Atg5. Similar pheno-

types have been conWrmed in mice deWcient in Atg7, which

is essential for ATG conjugation systems and autophago-

some formation in mice (Komatsu et al. 2005). Conditional

knockout mice of Atg7 in the liver or central nervous sys-

tem (CNS) tissue have also been produced by Tanaka and

his colleagues (Komatsu et al. 2005, 2006). As for pheno-

types of these mice, it has been shown that ubiquitin aggre-

gates accumulate in the cytoplasm of hepatocytes or

neurons (Figs. 8, 9). Various abnormalities were observed

in the livers of conditionally Atg7-deWcient (Atg7Flox/Flox:

Mx1-Cre) animals: concentric membrane structures that are

continuous to rough ER; accumulation of peroxisomes;

and, deformed mitochondria in the cytoplasm of hepato-

cytes, resulting in hepatomegaly 90 days after injection of

pIpC (Komatsu et al. 2005). In Atg7-deWcient mice speciW-

cally in CNS tissue, loss of cerebral and cerebellar cortical

neurons occurs and ubiquitin aggregates accumulate in

neuronal perikarya and axons (Figs. 8, 9), leading to neuro-

degeneration, abnormal neurological signs, and death

(Komatsu et al. 2005, 2006). Ubiquitin aggregates were

Fig. 5 Western blotting for LC3. PC12 cells were incubated in the ab-

sence of serum and in the presence of a cysteine proteinase inhibitor,

E-64-d, or an aspartic proteinase inhibitor, pepstatin A, for 3, 6 or 12 h

(h). Lysates from E-64-d-treated, pepstatin A-treated, and control un-

treated (before serum-free culturing) PC12 cells at each time point

were subjected to western blotting. Protein bands immunoreactive for

LC3 are detected at molecular weights of 18 and 16 kDa, which corre-

spond to membrane-bound LC3-II and cytosolic LC3-I, respectively.

The LC3-II form increases with time after the start of serum-free cul-

turing, indicative of progression of the autophagic process

Fig. 6 Immunostaining for LC3 

in PC12 cells. Cells were cul-

tured in the absence of serum 

and in the presence of E-64-d, a 

cysteine proteinase inhibitor, 

and/or pepstatin A, an aspartic 

proteinase inhibitor, for 3 or 6 h 

(h). Cells that were cultured in 

the presence of serum and in the 

absence of serum without inhib-

itors were used as control. Punc-

tate signals for LC3 are distinct 

in cells treated with inhibitors. 

Bar indicates 10 �m

Fig. 7 Immunoelectron microscopy for LC3 using the SDS-FRL

method. Immunogold particles indicating LC3 are speciWcally present

on the granule membranes. Bar indicates 0.5 �m
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detected in Atg7-deWcient brains in which proteasomal

function was normal. Until these studies, it has been

believed that autophagy is a non-selective degradation

pathway upon nutrient deprivation. However, as stated

above, accumulation of ubiquitin aggregates occurs in

Atg7- or Atg5-deWcient CNS neurons, in which nutrient

must be supplied constantly from other organs even under

starvation conditions. These Wndings indicate that the

constitutive/basal autophagy plays an essential role in the

elimination of unfavorable proteins. At present, it remains

largely unknown why ubiquitin aggregates occur in Atg7-

or Atg5-deWcient neurons (see the next session). It is clear

that the ubiquitin-proteasomal pathway is responsible for

selective clearance of structurally aberrant proteins. Simul-

taneously, it is also worthy to note that ubiquitination may

function as a signal for selective clearance of some kinds of

proteins in CNS neurons. There are many neurodegenera-

tive diseases in which ubiquitin aggregates accumulate in

CNS neurons, but, to date, autophagy-related genes have

not been implicated in the etiology of these neurodegenera-

tive diseases. However, mice whose CNS neurons are

unable to execute autophagy may be useful for studying the

pathogenesis of neurodegenerative diseases such as Hun-

tington’s disease, Parkinson’s disease, amyotrophic lateral

sclerosis (ALS), and peripheral neuropathies, although hun-

tingtin, �-synuclein, superoxide dismutase, and peripheral

Table 1 AP-Atg proteins

ATG Characteristics

1 Protein kinase

2 Interact with Atg9

3 Phosphatidylethanolamine (PE) conjugation enzyme to Atg8 like E2

4 Cysteine protease processing C-terminal end of Atg8 and phosphatidylethanolamine 

(PE) deconjugation enzyme from Atg8-II

5 E3 like activity for Atg8 conjugation system in corporation with Atg12

6 (Beclin) Bcl-2 binding protein and a component of PI3 kinase complexes

7 Atg8 or atg12 activating enzyme like E1

8 (LC3, GABARAP, GATE-16) Ubiquitin-like protein conjugated to PE and marker for autophagosome

9 Only membrane protein among atg genes

10 Atg5 conjugation enzyme to Atg12 like E2

12 Ubiquitin-like protein conjugated to Atg5

13 Activation of Atg1

14 Associate with PI3-Kinase complex I

16 Interact with Atg12-Atg5 complex

17 Activation of Atg1, dispensable for Cvt vesicle formation

18 Interact with Atg9

29 PAS organization via interaction with Atg17, dispensable for Cvt vesicle formation

31 PAS organization via interaction with Atg17

Fig. 8 Immunostaining for 

ubiquitin (Ubi) in the liver of 

control (Atg7Xox/Xox) (a) and 

Atg7Xox/Xox; Mx1-Cre (b) mice. 

Mice were injected with pIpg 

once a week and killed 16 days 

after the Wrst injection. Positive 

staining for ubiquitin is intensely 

detected in coarse granules in 

Atg7-deWcient hepatocytes but 

not in the control ones. Bar indi-

cates 20 �m
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myelin protein 22, respectively, are believed to be involved

in the pathogenesis of these diseases (Ciechanover and

Brundin 2003).

It has also been shown that speciWc ablation of an essen-

tial autophagy gene, Atg7, in Purkinje cells initially causes

cell-autonomous, progressive dystrophy (manifested by

axonal swellings) and degeneration of axon terminals

(Komatsu et al. 2007b). Moreover, Komatsu et al. (2007b)

have suggested that the autophagy protein, Atg7, is

required for membrane traYcking and turnover in the

axons, while impairment of axonal autophagy, a possible

mechanism of axonopathy, is associated with neurode-

generation. On the other hand, loss of Atg5, speciWcally in

Purkinje cells plays an important role in the maintenance of

axonal morphology and membrane structures, and its loss

of function leads to axonal swelling, followed by progres-

sive neurodegeneration in mammalian neurons (Nishiyama

et al. 2007). We have also noted the importance of basal

autophagy in axons of CNS tissue, since the accumulation

of nascent autophagosomes is detected in axons of the cor-

pus callosum in mice deWcient in lysosomal cathepsin D or

doubly deWcient in cathepsins B and L (Koike et al. 2005).

Autophagy in lysosome storage disorders due to cathepsin 

deWciency

Lysosomal cathepsins B, L, and D (CB, CL, and CD) are

representative cysteine and aspartic proteinases in

lysosomes and major proteinases in CNS neurons. The

most common inherited neurodegenerative disease in

childhood is neuronal ceroid-lipofuscinosis (NCL), which

is categorized as a lysosomal storage disorder and patho-

logically characterized by the accumulation of proteolipids,

such as subunit c of mitochondrial ATP synthase and sphin-

golipid activator proteins in the lysosomes of neurons

(Fearnley et al. 1990; Hall et al. 1991; Kominami et al.

1992; Palmer et al. 1989). We have shown that the CNS

neurons in CD-deWcient and CB/CL-double deWcient mice

show a new form of lysosomal accumulation disease with a

phenotype resembling NCLs and subunit c accumulates in

lysosomes of the aVected neurons (Koike et al. 2000, 2003,

2005; Nakanishi et al. 2001). Morphological hallmarks of

NCL neurons are granular osmiophilic deposits (GRODs)

and Wngerprint proWles that can be seen in these mutant

mouse neurons. CB and subunit c are detected in GRODs

of CD-deWcient neurons (Koike et al. 2000), indicating that

the GRODs and Wngerprint proWles are lysosomes. We have

demonstrated that immunosignals for subunit c are granular

in the neuronal perikarya of CD-deWcient and CB/CL-dou-

ble deWcient mouse brains, while the localization pattern of

LC3 is similar to that of subunit c in the neuronal perikarya

and Wbrous in dendrites of cerebral and cerebellar cortical

neurons (Fig. 10) (Koike et al. 2005). Electron microscopy

of these mutant mouse brains showed that double mem-

brane-bound vacuoles (AV) containing part of the cyto-

plasm are frequently detected in CNS neurons of CD-

deWcient and CB/CL-double deWcient mice that are near

their terminal stages of the disease (Fig. 11). According to

Dunn (1994), autophagosomes undergo stepwise matura-

tion by fusing with endosomes and/or lysosomes, while two

types of AVs in this maturation process are distinguishable

by electron microscopy (Dunn 1990b; Liou et al. 1997):

nascent or immature AVs encircled by endoplasmic reticu-

lum (ER)-like membrane saccules contain part of the mor-

phologically-intact cytoplasm (AVi); and, mature AVs

encircled by a single membrane possess degraded but mor-

phologically identiWable cytoplasmic materials and struc-

tures (AVd) (Fig. 4). It is interesting that lysosome-like

structures such as dense bodies, GROD-like inclusions

and autophagosome-like structures themselves are often

surrounded, along with part of the cytoplasm, by membrane

saccules in CD-deWcient and CB/CL-deWcient neurons

(Fig. 11). This observation indicates that autophagosome

formation occurs frequently in these mutant neurons.

Fig. 9 Immunostaining for 

ubiquitin (Ubi) in the cerebral 

cortex of control (Atg7Xox/Xox) 

(a) and Atg7Xox/Xox; Nestin-Cre 

(b) mice at 4 weeks of age. Pos-

itive signals for ubiquitin are in-

tensely detected in cortical 

neurons of an Atg7-deWcient 

brain, but not in the control cor-

tical neurons. Bar indicates 

10 �m
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Morphometric analysis of these lysosomal structures in

CD-deWcient neurons demonstrates that the volume densi-

ties of GRODs and AVs (AVi and AVd) increase with days

after birth. More interestingly, half of the AVi counted pos-

sess GRODs, and 20% of GRODs are detected in AVi.

These data suggest that the presence of GROD-like inclu-

sions and AVs with undigested materials such as GROD-

like inclusions may be a potent inducer of autophagy in

neuronal cells.

Although diVerent from loss of lysosomal cathepsins,

increased autophagosome formation has also been found in

various tissue cells of LAMP2-deWcient mice (Tanaka et al.

2000). In such mice, autophagic degradation of long-lived

proteins is severely impaired in hepatocytes, while cardiac

myocytes are ultrastructurally abnormal and heart contrac-

tility is severely reduced, indicating that LAMP2 is critical

for autophagy. The deWciency of LAMP2 in humans has

been shown to cause Danon’s disease that is associated

with the accumulation of autophagic material in striated

myocytes (Tanaka et al. 2000). Moreover, since subunit c

of mitochondrial ATP synthase accumulates in the lyso-

somes of NCL neurons, Cao et al. (2006) hypothesized that

autophagy, a pathway that regulates mitochondrial turn-

over, might be impaired in CLN neurons (Cao et al. 2006).

Therefore, they produced knock-in mice of Cln3, and found

that, in homozygous knock-in mice, the autophagy marker

LC3-II is increased, and mammalian target of rapamycin is

down-regulated. Moreover, they detected immature isolated

autophagic vacuoles and lysosomes from homozygous

knock-in mice. Thus, impairment of lysosomal functions

due to loss of lysosomal cathepsins and LAMP2, and

knock-in of CLN3 facilitates autophagosome formation,

resulting in lysosomal storage disorder.

Until recently, however, it remains largely unknown

what signaling is essential for autophagosome formation.

As stated above, in conditional Atg7-knock-out mice spe-

ciWcally in liver or CNS tissue, numerous ubiquitinated

aggregates are detected in the cytosol of hepatocytes or

CNS neurons with the presence of functional proteasomes

(Hara et al. 2006; Komatsu et al. 2005, 2006), indicating

that protein ubiquitination may serve as a signal to the auto-

phagic process in addition to the proteasomal pathway. The

presence of ubiquitin aggregates is one of the common

pathological characteristics of neurodegenerative diseases,

including lysosomal storage disorders (Ardley et al. 2005;

Settembre et al. 2008; Zhan et al. 1992). Moreover, LC3, a

marker of autophagosomes that is localized on both outer

and inner membranes of autophagosomes (Kabeya et al.

Fig. 10 Immunostaining for LC3 in cathepsin D-deWcient (CD¡/¡)

(b) and littermate control (CD+/¡) (a) mouse cerebral cortexes at P23.

Positive signals for LC3 are intensely detected in granules of cortical

neurons deWcient in CD, while they are Wbrilar in dendrites of both

control and mutant neurons. Bar indicates 20 �m

Fig. 11 Electron micrographs 

of cerebral cortical neurons in 

mouse brains deWcient in 

cathepsin D (CD¡/¡) at 3,523 

and doubly deWcient in 

cathepsins B and L (CB¡/

¡CL¡/¡) at P13. Granular 

osmiophilic deposits (GRODs) 

abundantly accumulate in 

neuronal perikarya of both 

mutant mouse brains. GRODs in 

the neurons are frequently 

enwrapped together with part of 

the cytoplasm by double-

membrane structures. 

Bars indicate 1 �m
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2000), has been proposed to function as a receptor for

selective substrate, a multifunctional protein, p62/A170/

SQSTM1 (p62) (Bjørkøy et al. 2005) that mediates diverse

signaling pathways including cell stress, survival, and

inXammation (Moscat et al. 2006; Wooten et al. 2006).

Since the p62 protein can bind a large number of proteins

through its multiple protein–protein interaction motifs

(Moscat et al. 2006), including both LC3 and ubiquitin

(Komatsu et al. 2007a), the ubiquitin- and LC3-binding

protein “p62” regulates the formation of protein aggregates

and is removed by autophagy (Komatsu et al. 2007a). In

fact, p62 is degraded in lysosomes through autophagy, and

accumulates in autophagy-deWcient cells (Komatsu et al.

2007a; Nakai et al. 2007; Wang et al. 2006). Moreover,

according to Komatsu et al. (2007), genetic ablation of p62

suppresses the appearance of ubiquitin-positive protein

aggregates in hepatocytes and neurons, indicating that p62

plays an important role in inclusion body formation,

although the pathologic process associated with autophagic

deWciency is cell type-speciWc.

Cell death and autophagy

Based on observations of ultrastructural changes in meta-

morphosis-related degeneration of insect intersegmental

muscles, Beaulaton and Lockshin have shown that

autophagy is responsible for selective degradation of

mitochondria, glycogen particles, ribosomes, and other

organized sarcoplasmic structures, but not for dissolution of

myoWlaments that appear to be independent of lysosomal

activity (Beaulaton and Lockshin 1977). Therefore, they

suggested that lysosomal hydrolases are liberated into the

sarcoplasm, leading to destruction of myoWbrils and cell

death. Recent understanding concerning the degradation of

myoWlaments is that it is conducted by the ubiquitin protea-

somes system in cooperation with calpain (Goll et al.

2007). As Beaulation and Lockshin (1977) observed the

degradation of intersegmental muscular components

shortly after ecdysis to the moth by electron microscopy,

the proteolysis by the autophagy/lysosomal system in coop-

eration with the ubiquitin–proteasome system and calpain

serves the adaptive function of providing amino acids for

the non-feeding adult insect. Therefore, it may be diYcult

to speculate that excess autophagy induces metamorphosis-

related cell death of intersegmental muscles.

Since Peter Clarke (1990) categorized physiological

neuron death into three types that can be detected in CNS

tissue during development—apoptotic, autophagic, and

non-lysosomal vesiculate—numerous studies have shown

the presence of autophagy-related cell death in various

CNS tissues, peripheral tissues, and cultured cells (Bursch

2001; Canu et al. 2005; Isahara et al. 1999; Ohsawa et al.

1998; Shibata et al. 1998; Telbisz et al. 2002; Uchiyama

2001; Yu et al. 2004). Since 3-methyladenin (3-MA) was

identiWed as an inhibitor of autophagy (Gordon and Seglen

1982; Seglen and Gordon 1982), cell death that is accompa-

nied by autophagy and inhibited by 3-MA is suggested to

be autophagic cell death (Bursch et al. 1996; Uchiyama

2001). L298 Wbroblastic cells are known to die by apoptosis

when treated with tumor necrosis factor, ceramide, oxi-

dants, or irradiation. Such apoptotic cell death is mediated

by activation of the caspase cascade. However, Z-VAD-

fmk (benzyloxycarbonylvalyl-alanyl-aspartic acid (O-methyl)-

Xuoro-methylketone), a pan-caspase inhibitor, does not

prevent this apoptosis of L298 cells (Fiers et al. 1999). The

treatment with Z-VAD-fmk also induces death in various

cell lines, such as U937 monocytoid cells, RAW 264.7

macrophage cells, and primary mouse macrophages. Yu

et al. (2004) have shown that Z-VAD-fmk-induced cell

death is prevented by 3-MA or wortmannin. Subsequently,

they tried to Wnd ways to directly inhibit autophagy,

because 3-MA and wortmannin are general inhibitors of

phosphatidylinositol-3 (PI3) kinase, which may aVect both

autophagy and non-apoptotic cell death. Thus, they found

that mRNA knockdown of Atg7 or Beclin-1, which are

essential for autophagy, prevent Z-VAD-fmk-induced

cell death. Therefore, potent inhibitors of apoptosis, like

Z-VAD-fmk, may have the unanticipated eVects on auto-

phagic cell death (Yu et al. 2004).

As discussed above, autophagy is induced during starva-

tion, diVerentiation, and normal growth control to maintain

homeostasis and survival (Komatsu et al. 2005; Kuma et al.

2004; Shintani and Klionsky 2004). However, it is also

involved in neurodegenerative disorders (Chu 2006; Koike

et al. 2005; Nixon 2006; Zhu et al. 2007). In fact, autophagy

is highly induced in CA1 pyramidal neurons of gerbil hippo-

campus after brief forebrain ischemia and such damaged

pyramidal neurons undergo delayed neuronal death (Nitatori

et al. 1995). Induction of autophagy assessed using LC3 as

an autophagic marker has also been shown in neonatal and

adult mouse cortex, hippocampus, and striatum after hyp-

oxic/ischemic (H/I) brain injury (Adhami et al. 2006, 2007;

Koike et al. 2008; Uchiyama et al. 2008; Zhu et al. 2005,

2006). To answer the question of whether autophagy is

neuroprotective or anti-neuroprotective in the execution of

neuron death after H/I injury, we analyzed this H/I injury-

induced neuron death using autophagy-deWcient neonatal

mice, caspase-3-deWcient and caspase activated DNase

(CAD)-deWcient mice (Koike et al. 2008). Our data can be

summarized into three primary conclusions. First, H/I

injury-induced pyramidal neuron death in the neonatal hip-

pocampus occurs in both caspase 3-dependent and caspase

3-independent manners. In this model, the caspase 3-inde-

pendent neuron death is accompanied by DNA ladder for-

mation that is mediated by an unknown DNase other than
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CAD. Second, H/I injury induces autophagy in neonatal hip-

pocampal pyramidal neurons, while this pyramidal neuron

death is prevented by Atg7 deWciency. Finally, pyramidal

neuron death in the adult hippocampus after H/I injury is

caspase-independent and accompanied by autophagosome

formation. In particular, morphological features of these

degenerating adult neurons resemble the features of type 2

neuron death, as deWned by Clarke (1990). Our data provide

direct evidence for autophagy-induced neuron death follow-

ing neonatal mouse H/I brain injury in animals that cannot

execute autophagy, speciWcally in CNS tissue (Koike et al.

2008). Even though we obtained these results, using mice

deWcient in Atg7 speciWcally in CNS tissue, it remains

largely unknown how loss of Atg7 prevents H/I injury-

induced pyramidal neuron death in the neonatal hippocam-

pus (Koike et al. 2008; Uchiyama et al. 2008). It is therefore

very important to understand the mechanism of how pyra-

midal neurons regulate the two opposite downstream eVects

of autophagy, survival and death, after H/I insult.

Concluding remarks

This review summarized the physiological and pathophysio-

logical aspects of autophagy. Both “constitutive or basic”

and “induced” types of autophagy are very important for the

maintenance of cellular metabolism. In particular, genetic

studies have contributed to the understanding of multifunc-

tional aspects of autophagy. Although, we have described

our recent study of autophagic neuron death after H/I brain

injury, it remains largely unexplained why autophagy-deW-

cient neurons are resistant to H/I insult. Selective and non-

selective enwrapping mechanisms during autophagosome

formation and the origin of isolation membranes are also

largely unknown. Further studies are required to resolve

these physiological and pathological problems.
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