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In cathepsin D-deficient (CD�/�) and cathepsins B
and L double-deficient (CB�/�CL�/�) mice, abnor-
mal vacuolar structures accumulate in neurons of the
brains. Many of these structures resemble autophago-
somes in which part of the cytoplasm is retained but
their precise nature and biogenesis remain unknown.
We show here how autophagy contributes to the ac-
cumulation of these vacuolar structures in neurons
deficient in cathepsin D or both cathepsins B and L by
demonstrating an increased conversion of the molec-
ular form of MAP1-LC3 for autophagosome formation
from the cytosolic form (LC3-I) to the membrane-
bound form (LC3-II). In both CD�/� and CB�/�

CL�/� mouse brains, the membrane-bound LC3-II
form predominated whereas MAP1-LC3 signals accu-
mulated in granular structures located in neuronal
perikarya and axons of these mutant brains and were
localized to the membranes of autophagosomes, evi-
denced by immunofluorescence microscopy and
freeze-fracture-replica immunoelectron microscopy.
Moreover, as in CD�/� neurons, autofluorescence
and subunit c of mitochondrial ATP synthase accumu-
lated in CB�/�CL�/� neurons. This suggests that not

only CD�/� but also CB�/�CL�/� mice could be

useful animal models for neuronal ceroid-lipofusci-

nosis/Batten disease. These data strongly argue for a

major involvement of autophagy in the pathogenesis

of Batten disease/lysosomal storage disorders. (Am J

Pathol 2005, 167:1713–1728)

Autophagy is a highly regulated process involving the

bulk degradation of cytoplasmic macromolecules and

organelles in eukaryotic cells via the lysosomal/vacuolar

system.1 Although it is induced under starvation, differ-

entiation, and normal growth control,2 the participation of

autophagy has also been demonstrated in various neu-

rodegenerative disorders.3 Moreover, it has been shown

that autophagy can trigger a form of cell death distinct

from apoptosis in neurons.4–6 Thus autophagy appears

to be involved in neurodegenerative disorders.

The most common inherited neurodegenerative dis-

ease in childhood is neuronal ceroid-lipofuscinosis (NCL,

or Batten disease), which is categorized as a lysosomal

storage disorder and pathologically characterized by the

accumulation of proteolipids, such as subunit c of mito-

chondrial ATP synthase and sphingolipid activator pro-

teins in the lysosomes of neurons.7–10 We have previously

demonstrated that the central nervous system (CNS) neu-

rons in cathepsin D-deficient (CD�/�) mice show a new

form of lysosomal accumulation disease with a pheno-

type resembling NCLs and subunit c of mitochondrial
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ATP synthase accumulates in the lysosomes of the af-

fected neurons.11,12 Double membrane-bound vacuoles

containing part of the cytoplasm are frequently detected

in CNS neurons of CD�/� mouse brains near the termi-

nal stage.

It has also been demonstrated that the phenotypes of

mice deficient in both cathepsins B and L (CB�/�CL�/�

mice) resemble NCLs, but the accumulated substances

show no autofluorescence and are immunonegative for

subunit c and saposins.13 However, in neurons of these

CD�/� and CB�/�CL�/� mouse brains, the exact na-

ture and biogenesis of the accumulated lysosomal struc-

tures remain unknown.

It has recently been found that LC3, light chain 3 of

neuronal microtubule-associated protein 1A/B, is a mam-

malian homolog of yeast Atg8p that is required for auto-

phagosome formation.14 Immediately after the synthesis

of LC3, the protein is converted to the cytoplasmic form,

LC3-I, by cleavage at the C-terminal region,14 which is

further converted into a membrane-bound form, LC3-II,

by Atg7p and Atg3p, respectively, when autophagy is

induced.15–17 Moreover, LC3-II is localized mainly in the

membranes of autophagosomes and, to a lesser extent,

within autophagolysosomes.14 We therefore investigated

whether autophagy participates in the accumulation of

lysosomal structures in the brain and peripheral tissues of

mice deficient in cathepsin D and those doubly deficient

in cathepsins B and L by characterizing molecular forms

of LC3. Our data showing that the conversion of LC3-I to

LC3-II in CD�/� and CB�/�CL�/� mouse brains coin-

cides with the accumulation of lysosomal structures or

LC3-positive granules in the neurons, suggest that auto-

phagy is involved in the abnormal storage accumulation

in CNS neurons of NCL/lysosomal storage disorders.

Materials and Methods

Animals

The experiments described here were performed in com-

pliance with the regulations of Osaka University Medical

School Guideline for the Care and Use of Laboratory

Animals. For cathepsin D-, B-, or L-deficient mice,18–20

heterozygous (�/�) mice were transferred to the Institute

of Experimental Animal Sciences, Osaka University Grad-

uate School of Medicine, and kept in conventional or

specific pathogen-free facilities on a 12-hour light/dark

cycle. To obtain homozygous mice (CD�/�, CB�/�, and

CL�/�) mice, heterozygous mice (CD�/�, CB�/�, and

CL�/�, respectively) were intercrossed. Selection of ho-

mozygous mice from littermates obtained by heterozy-

gous coupling was performed by genomic polymerase

chain reaction (PCR) as described previously.21,22

Briefly, for the selection of CD�/� mice, the template

genomic DNA isolated from tail biopsies was examined

by CD-exon 4-specific PCR with primers having the fol-

lowing sequences: MCD14 (5�-AGACTAACAGGCCTGT-

TCCC-3�) and MCD15 (5�-TCAGCTGTAGTTGCTCA-

CATG-3�). The selection of CB�/� mice from littermates

obtained by heterozygous coupling was performed by

examining the template genomic DNA isolated from tail

biopsies, using CB-exon 4-specific PCR with primers of

MCB11 (5�-GGTTGCGTTCGGTGAGG-3�) and MCBGT

(5�-AACAAGAGCCGCAGGAGC-3�). The selection of

CL�/� mice from littermates obtained by heterozygous

coupling was performed by the triple PCR method; the

template genomic DNA isolated from tail biopsies was

examined using primers of MCL5 (5�-GGAGGAGAGC-

GATATGGG-3�), MCL9 (5�-AGCCATTCACCACCTGC-

C-3�), and neo756-777 (5�-CGCAGAACCTGCGTGCA-

ATCC-3�).

For the generation of CB and CL double-knockout

(CB�/�CL�/�) mice, CB�/� mice were bred to CL�/�

mice to create progeny that were heterozygous for both

cathepsins B and L deletions (CB�/�CL�/� mice).

These double heterozygotes were intercrossed to pro-

duce mice doubly deficient in both cathepsins B and L

(CB�/�CL�/� mice). Most died at approximately P14,

as previously reported.13 The heterozygous mice

(CD�/� and CB�/�CL�/� mice) were used as control

animals in the present study and showed no pathological

phenotypes when examined by histological, immunocy-

tochemical, and biochemical methods.

For the generation of CD�/� mice expressing GFP-

LC3 (GFP-LC3/CD�/� mice), six GFP-LC3 transgenic

mice (line no. 53)23 were obtained from Riken BioRe-

source Center (Tsukaba, Japan), crossed with C57BL/6

mice, and maintained as heterozygotes for the GFP-LC3

transgene in the Institute of Experimental Animal Sci-

ences. As mentioned above, the incorporation of the

transgene was confirmed by PCR using primers GFP1

(5�-TCCTGCTGGAGTTCGTGACCG-3�) and LC3* (5�-TT-

GCGAATTCTCAGCCGTCTTCATCTCTCTCGC-3�). An-

other primer set mLC3ex3GT (5�-TGAGCGAGCTCAT-

CAAGATAATCAGGT-3�) and mLC3ex4AG (5�-GTTA-

GCATTGAGCTGCAAGCGCCGTCT-3�) amplifying the

third intron of the LC3 genome as an internal control was

used. The positive mice were also crossed with CD�/�

mice and CD�/� mice heterozygous for the GFP-LC3

transgene (GFP-LC3/CD�/� mice) were generated.

GFP-LC3/CD�/� mice were further crossed with CD�/�

mice and CD�/� mice heterozygous for the GFP-LC3

transgene (GFP-LC3/CD�/� mice) were obtained.

Antisera

Rabbit antibodies against rat LC3 and rat subunit c of

mitochondrial F1F0ATPase were produced and purified

by affinity chromatography, as reported previously.8,24

Monoclonal antibodies against mouse lamp1 (the Devel-

opmental Studies Hybridoma Bank, Iowa City, IA) and

mouse microglial cells (F4/80) (Serotec, Oxford, UK),

respectively, and rabbit polyclonal antibodies against

GFP (Abcam, Cambridge, UK) were commercially

obtained.

Sampling

CD�/� and CD�/� littermates obtained at postnatal day

8 (P8) to P24 (n � 3 for each stage and each genotype),
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CB�/�CL�/� and their littermates at P13 (n � 3 each),

and GFP-LC3/CD�/� and GFP-LC3/CD�/� mice at P20

(n � 3 each) were deeply anesthetized with pentobarbital

(25 mg/kg i.p.) and fixed by cardiac perfusion with 4%

paraformaldehyde buffered with 0.1 mol/L phosphate

buffer (pH 7.2), containing 4% sucrose for immunohisto-

chemistry, detection of autofluorescence, and periodic

acid-Schiff staining, with 1% paraformaldehyde buffered

with 0.1 mol/L phosphate buffer (pH 7.2), containing 4%

sucrose for freeze-fracture replica immunogold label-

ing,25 and with 2% paraformaldehyde-2% glutaraldehyde

buffered with 0.1 mol/L phosphate buffer for ordinary

electron microscopy.11 Immediately after perfusion fixa-

tion, brains and peripheral tissues were excised from the

mice and processed for immunohistochemistry/cyto-

chemistry and ordinary electron microscopy.11,26

For light and electron microscopy, brain tissues were

quickly removed from the mice and further immersed in

the same fixatives for 2 hours. Samples processed for

paraffin embedding were cut at 5 �m with a microtome,

and those for cryosections were cut at 10 �m with a

cryostat (CM3050; Leika, Nussloch, Germany). These

sections were placed on silane-coated glass slides and

stored at �80°C until used. Samples for electron micros-

copy were postfixed with 2% OsO4, dehydrated with a

graded series of alcohol, and embedded in Epon 812.

Ultrathin sections were cut with an ultramicrotome (Ul-

tracut N; Reichert-Nissei, Toyko, Japan), stained with

uranyl acetate and lead citrate, and observed with a

Hitachi H7100 electron microscope (Hitachi, Tokyo, Ja-

pan). For freeze-fracture replica immunogold labeling,

the brain tissue was quickly excised from the mice, while

cerebral cortical and cerebellar regions were separated

from each brain and cut at 100 �m with a vibratome

(VT1000S; Leica) at 4°C. Tissue slices were infiltrated

with 30% glycerol buffered with 0.1 mol/L phosphate

buffer (pH 7.2) until used.

Morphometry

Morphometric analyses were performed according to the

method of Uchiyama and Watanabe.27 In samples ob-

tained from CD�/� and CD�/� littermates (n � 4 each)

at P8, P15, and P23 and CB�/�CL�/� and CB�/�

CL�/� littermates (n � 4 each) at P13, electron micro-

graphs (40 per sample) of the cerebral cortex (layer 5)

were taken with systematic random sampling at each

corner of 100-mesh grids with a primary magnification of

�7000. Three to five Epon blocks from each mouse were

used. After printing at 2.6� the original magnification on

projection papers, we estimated the cytoplasmic

(perikaryal) volume fraction of lysosomal structures in-

cluding various types of autophagic vacuoles (AVs),

dense bodies, granular osmiophilic deposit (GROD)-like

inclusions, and fingerprint profiles by point counting, us-

ing a double-lattice test system of 1.5-cm spacing. AVs

were classified as early AVs (AVi), which contain the

morphologically intact cytoplasm (see Figure 2A), and

late AVs (AVd), which contain partially degraded but

identifiable cytoplasmic materials (see Figure 2B).28–30 In

CD�/� and CB�/�CL�/� brains, inclusions that, by

electron microscopy, were dense granular and amor-

phous in neurons were quite similar to the so-called

GRODs, a typical hallmark in infantile NCL;31 these gran-

ules were defined as GROD-like inclusions. In CD�/�

neurons, distinct points falling on GROD-like inclusions or

those surrounded by double-layered membranes resem-

bling AVi were counted (see Figure 2D). Moreover, the

multilayered lamellar structures that were counted as AVi

always contained morphologically intact cytoplasm, and

were different from fingerprint profiles that did not contain

part of the cytoplasm and possessed tightly and concen-

trically arrayed membranes as in the structures observed

in juvenile NCL.31 The volume density (Vv) of each lyso-

somal structure was expressed as the percent volume:

Vv � (Pi/Pt) � 100 (%), where Pi is the number of points

falling on each lysosomal structure and Pt is the number

of points falling on the perikarya of large pyramidal neu-

rons located in the layer V of the cerebral cortex.

Immunohistochemical Analyses for Light

Microscopy

For the detection of LC3 and subunit c, deparaffinized or

frozen sections were used and immunostained according

to the method described previously.32 The samples were

incubated at 4°C with anti-LC3 (20 �g/ml), anti-subunit c

(5 �g/ml), or anti-GFP (4 �g/ml) for 1 to 3 days and further

processed for visualization. For double-immunofluores-

cent staining, deparaffinized or frozen sections of brain

tissues from CD�/� and CB�/�CL�/� mice and those

from GFP-LC3/CD�/� and GFP-LC3/CD�/� mice were

incubated with anti-LC3 and monoclonal anti-lamp1 or

F4/80 for 24 hours at 4°C and further with goat anti-rabbit

IgG coupled with Alexa 594 (Molecular Probes, Eugene,

OR) and goat anti-rat IgG coupled with fluorescein iso-

thiocyanate (Cappel, Durham, NC), or coupled with Alexa

594 for 1 hour at room temperature. The stained tissues

were viewed with a confocal laser-scanning microscope

(LSM510; Carl Zeiss, Jena, Germany).

Freeze-Fracture Replica Immunogold Labeling

To determine the subcellular localization of LC3, the so-

dium dodecyl sulfate (SDS)-digested freeze-fracture rep-

lica labeling (FRL) technique33 was applied to chemically

fixed brain tissues.25 Samples were mounted between

two gold specimen disks in a specimen-mounting me-

dium, polyvinyl alcohol. The disks were quickly frozen

in Freon 22 cooled to its freezing point, mounted in a

Balzers complementary freeze-fracture apparatus (BAF

400D; Balzers, Furstentum, Lichtenstein) and immedi-

ately shadowed unidirectionally by evaporating platinum-

carbon at 45° to the vertical carbon support. The thick-

ness of platinum (2.5 nm) was controlled with a quartz

crystal monitor. To release the replicas from the speci-

men carrier, the carrier was immersed gently in phos-

phate-buffered saline (PBS). After floating off, the pieces

of the replicas were transferred to a detergent solution

(2.5% SDS, 10 mmol/L Tris-HCl, pH 9). SDS digestion
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was performed for 24 hours at room temperature with

vigorous constant stirring. The replicas were moved to

the same detergent solution, washed for at least one

additional 1 hour, rinsed four times in PBS (5 minutes

each), and placed on drops of 1 to 10% bovine serum

albumin (BSA) in PBS (BSA-PBS) for 30 minutes at room

temperature. For immunostaining, rabbit polyclonal anti-

LC3 antibody and 10-nm colloidal gold conjugated goat

anti-rabbit IgG were used. The replicas, picked up on

grids, were observed with a Hitachi H7100 electron

microscope.

Immunoblot Analysis

Anesthetized mice were killed by decapitation and each

excised tissue was independently homogenized in 2 ml

of 0.05 mol/L Tris-buffered 0.15 mol/L saline containing

1% Triton X-100 and a protease inhibitor cocktail (Boehr-

inger Mannheim, Mannheim, Germany) by a Polytron ho-

mogenizer (Kinematica, Littau, Switzerland) at 80% max-

imal speed. After centrifuging twice at 10,500 � g for 10

minutes at 4°C, the protein concentration in the superna-

tants were determined using the BCA protein assay sys-

tem (Pierce, Rockford, IL). The samples were analyzed

by immunoblotting according to the method of Towbin

and colleagues.34 After immunostaining with anti-LC3 (1

�m/ml) or polyclonal anti-GFP (0.4 �m/ml), immunode-

tection was performed with a chemiluminescent ECL kit

(Amersham, Arlington Heights, IL). The density of each

protein band in the blotting was measured using a den-

sitometer (Molecular Dynamics, Sunnyvale, CA) and the

ratio of LC3-I to LC3-II molecules was calculated for brain

tissues. In the case of peripheral tissues, the density of

LC3-II was measured and presented as a mean � SD

from three independent experiments.

Reverse Transcriptase (RT)-PCR Analysis

RT-PCR analysis of LC3 was performed according to the

method described previously.35 Total RNAs were ex-

tracted from neuronal tissues of CD �/� and �/� mice at

P8, P15, and P22 and CB�/�CL�/� and CB�/�CL�/�

mice at P13, using a Polytron homogenizer for 1 minute in

Isogen (Nippon Gene, Tokyo, Japan). To avoid contam-

ination with genomic DNA, 40 to 50 �g of total RNAs were

treated with 0.2 U/ml DNase I (Nippon Gene) for 20

minutes at 37°C. Then, 2.0 �g/ml of the total RNAs were

used for cDNA synthesis using AMV reverse transcrip-

tase (Takara, Tokyo, Japan) and amplification of the LC-3

and �-actin cDNAs were performed by PCR using EX taq

HS (Takara). The PCR amplification was performed at

95°C for 5 minutes, followed by 30 cycles of 95°C for 30

seconds, 55°C (for LC-3) or 60°C (for �-actin) for 30

minutes, and 72°C for 30 minutes using the primer sets

for LC-3 (GenBank accession number NM�026160) (for-

ward: 5�-GTGGGCCGCTCTAGGCACCAA-3�, reverse:

5�-CTCTTTGATGTCACGCACGATTTC-3�; 540 bp) and

�-actin (GenBank accession number M12481) (forward:

5�-GTGGGCCGCTCTAGGCACCAA-3�, reverse: 5�-CTC-

TTTGATGTCACGCACGATTTC-3�; 540 bp).

Results

Accumulation of Autophagosome-Like Inclusion

Bodies in Both CD�/� and CB�/�CL�/�

Mouse Neuronal Perikarya

As described previously,11 massive autofluorescent

granules, which are immunopositive for subunit c of mi-

tochondrial ATP synthase and lysosomal cathepsin B,

had accumulated in the neuronal cell perikarya of CD�/�

mouse brains near the terminal stage (data not shown).

Indeed, immunoreactivity for subunit c was intensely de-

tected in neurons and microglial cells of CD�/� mouse

brains at P13 and P23, but not in those in the control

littermate mice (Figure 1, A–D).

It has been shown that the phenotype of CB�/�

CL�/� is highly reminiscent of NCLs, both of which

demonstrate the early and severe brain atrophy; how-

ever, the former does not show immunoreactivity for sub-

unit c in brain tissue and ultrastructural characteristics of

accumulated lysosomal compartments in CB�/�CL�/�

neurons are different from those in NCLs.13 The present

study also generated CB�/�CL�/� mice by crossing

CB�/�CL�/� mice and examined morphological and

Figure 1. Immunostaining for subunit c of mitochondrial ATP synthase in the
cerebral cortex obtained from CD�/� (A, C) and CD�/� (B, D) mice at P13
(A, B) and P23 (C, D) and from CB�/�CL�/� (E) and CB�/�CL�/� (F)
mice at P13. A–D: Positive staining for subunit c is intense in neurons
(arrowheads) and microglial cells (arrows) of the CD�/� mouse brain (B,
D), but not in those of the control littermate brain (A, C). The immunoreac-
tivity is weaker in neurons of CD�/� at P13 (C, arrowheads). E and F:
Similar localization patterns of subunit c to those in A to D are observed in
the cerebral cortex of CB�/�CL�/� (E) and CB�/�CL�/� (F) mice,
although the immunoreactivity is weak in neurons (arrowheads). G–I:
Double immunostaining of subunit c and F4/80 in the cerebral cortex of a
CB�/�CL�/� mouse at P13. Positive signals for subunit c (red) are large
and intense and co-localized in a F4/80-positive microglial cell (arrows),
whereas they are fine granular and localized in a F4/80-negative neuron that
is marked by arrowheads. Scale bars, 20 �m.
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biochemical characteristics of these mutant mice. In

CB�/�CL�/� mice at P13, localization patterns of sub-

unit c in brain tissue were very similar to those in CD�/�

mice at the same postnatal age, although the immunore-

activity for subunit c in these two models at P13 was

much weaker than in CD�/� brains at P23. The immu-

noreactivity was more intense in microglial cells than in

neurons in CD�/� and CB�/�CL�/� brains at any

stages examined (Figure 1, C, D, and F). The positive

signal for subunit c was not detected in the control litter-

mate brains (Figure 1, A, B, and E). To confirm the pres-

ence of the subunit c immunoreactivity in neurons and

microglial cells, double immunostaining of subunit c and

F4/80 was performed in the cerebral cortex of CB�/�

CL�/� mice at P13; intense staining for subunit c was

clearly visible in F4/80-immunopositive microglial cells,

while granular fluorescence for subunit c was also de-

tected in F4/80-negative neurons (Figure 1, G–I). More-

over, autofluorescence was discerned in neurons and

microglial cells in CB�/�CL�/� mouse brains at P13,

while these mutant neurons were intensely positive for

periodic acid-Schiff staining (Supplemental Figure 1 at

http://ajp.amjpathol.org).

Electron microscopic observations in neurons of

CD�/� mouse brain tissues showed that these lysoso-

mal structures that have been shown to possess subunit

c11 coincided with granular inclusions and autophago-

some/autophagolysosome-like structures (Figure 2A; Fig-

ure 3, A, B, D, and E), the former of which have strong

similarity to GRODs, a typical hallmark of NCLs.31 Auto-

phagosome-like structures containing morphologically

intact cytoplasm are often surrounded with multilayered

lamellar structures (Figure 2A; Figure 3, A and D). More-

over, these multilayered lamellar structures were different

from fingerprint-like structures that did not contain part of

the cytoplasm and had tightly and concentrically arrayed

membranes and strongly resembled fingerprint profiles,

a typical hallmark of NCLs.31 In CB�/�CL�/� mouse

brains, multilayered lamellar structures appeared only

occasionally, while fingerprint profiles were totally absent

(Table 1).

In semithin sections of CB�/�CL�/� mouse brains,

numerous granules that were stained by toluidine blue

accumulated in neuronal cell perikarya, dendrites, and

axons (data not shown), as has been shown in CD�/�

mouse brains.11 By electron microscopy, most of the

lysosome-like structures in the neurons of CB�/�CL�/�

mouse brains resembled GRODs (GROD-like inclusions)

and autophagosomal (autophagosome-like) structures

(Figure 2, B and C). In the corpus callosum of the mouse

brains, autophagosome-like structures abundantly accu-

mulated in unmyelinated and myelinated nerve fibers

(Figure 2, D and E), while microglia-like cells were often

observed to possess heterophagosomes containing nu-

merous autophagosome-like structures (Figure 2D, in-

set). Most vacuolar structures in the axons were encircled

by double-membrane saccules (Figure 2E). In dendrites

of cerebral cortical neurons and Purkinje neurons of

CD�/� and CB�/�CL�/� mice, granular structures

also accumulated, but these accumulated structures

were similar to those observed in the neuronal perikarya

(Supplemental Figure 2A at http://ajp.amjpathol.org). Like

axons in the corpus callosum, autophagosome-like

structures that were encircled by double-membrane

saccules accumulated in axons of the cerebellum

in CB�/�CL�/� mice (Supplemental Figure 2B at

http://ajp.amjpathol.org).

It has been shown that autophagosomes undergo

stepwise maturation by fusing with endosomes and/or

lysosomes,36 while two types of AVs in this maturation

process are distinguishable by electron microscopy;28,30

nascent or immature AVs encircled by endoplasmic re-

ticulum (ER)-like membrane saccules contain part of the

morphologically intact cytoplasm (AVi) (Figure 3, A and

D) and mature AVs encircled by a single membrane

possess degraded but morphologically identifiable cyto-

plasmic materials and structures (AVd) (Figure 3B). It is

interesting that lysosome-like structures such as dense

bodies, GROD-like inclusions, and autophagosome-like

structures themselves were often surrounded, along with

part of the cytoplasm, by membrane saccules (Figure 2,

A–C; Figure 3, A–D), indicating that autophagosome for-

mation is abundant. In addition to GROD-like inclusions

and AVs, fingerprint profiles were seen in CD�/� neu-

rons but not in CB�/�CL�/� neurons (Figure 3F). In

CD�/� or CB�/�CL�/� mouse neurons, typical dense

bodies were detected (Figure 3C), while autophago-

some-like structures were only occasionally seen. In

these control mouse neurons, however, GROD-like inclu-

sions were totally absent (Supplemental Figure 3 at http://

ajp.amjpathol.org). These results suggest that the com-

mon neuropathological findings of these two mutant mice

are the accumulation of GROD-like inclusions and auto-

phagosome-like structures in neuronal perikarya. Neuro-

pathological findings of CD�/� and CB�/�CL�/�

mouse brains are summarized in Table 1.

The Volume Density of Autophagosome-Like

Inclusion Bodies Increases with Age in CD�/�

and CB�/�CL�/� Mouse Neuronal Perikarya

To understand characteristics of inclusions in CD�/�

and CB�/�CL�/� mouse neurons, the volume density

(percent volume) of various lysosomal structures in the

neuronal perikarya was analyzed using the point count-

ing method. According to the morphological criteria as

shown in Figure 3G, the volume densities of AVi, AVd,

GROD-like inclusions, fingerprint profiles, and dense

bodies were determined. In CD�/� neurons, the volume

density of dense bodies gradually increased and be-

came 2.5 � 0.48% (mean � SE) at P23 (Figure 3G).

Although autophagosomes were also detected in these

control neurons, the volume densities of AVi and AVd

were very low and 0.39 � 0.19% and 0.37 � 0.16% at

P23, respectively (Figure 3G). In CD�/� neurons, dense

bodies were hardly seen from P8 to P23, while, as stated

above, GROD-like inclusions was abundant and its den-

sity changed from 4.9 � 0.62% at P8 to 20.5 � 1.63% at

P23 (Figure 3G). As for AVi and AVd, their volume den-

sities increased rapidly from P15 to P23; in particular, the

volume density of AVd at P23 was 5.94 times larger than
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that at P15 and was 4.48 � 0.7%, while that of AVi at P23

was 3.6 times higher than that at P15 and was 10.1 �

1.31% (Figure 3G). As shown in Figure 2D, GROD-like

inclusions was often enwrapped by double-membrane

saccules together with part of the cytoplasm and half of

AVi contained GROD-like inclusions at P23, while 20% of

GROD-like inclusions was found in AVi. In addition to

GROD-like inclusions, fingerprint profiles that were also

characteristic ultrastructures in NCLs, showed their vol-

ume density as 6.7 � 0.97% at P23 (Figure 3, F and G).

Moreover, the volume density of total lysosomal struc-

tures at P23 was 3.3% in control mouse neurons, whereas

it reached nearly 42% in CD�/� neurons. These data

suggest that abundant autophagosome formation in

Figure 3. Morphometric analysis of various lysosomal compartments in the
perikarya of CD�/� and CD�/� mouse neurons. A–E: Representative exam-
ples of early (AVi; A, D) and late (AVd; B) AVs, granular osmiophilic deposit-
like inclusions (GROD-l; E), and a fingerprint profile (FP; F) from CD�/�
neurons obtained at P23, and a normal dense body (C) from a CD�/� neuron
obtained at P23 are shown. In AVi, a mitochondrion (m) together with part of
the cytoplasm is clearly visible (A), while in AVd, a mitochondrion with
partially degraded cytoplasmic materials is also identifiable. D: AVi that con-
tains GROD-l is detectable. Small arrows show double membranes surround-
ing GROD-l (asterisks). To show the fingerprint pattern clearly, a boxed area
in F is enlarged in an inset. G: The volume densities (%) of AVi, AVd, dense
body, GROD-l, and fingerprint profiles (FPs) in the perikarya of neurons in the
layer V of the cerebral cortex obtained from CD�/� and CD�/� mice at P8,
P15, and P23 and CB�/�CL�/� and CB�/�CL�/� littermates at P13 are
shown as a stack bar chart. Scale bars: 0.1 �m (A–F); 0.2 �m (inset in F).

Figure 2. Electron micrographs of neuronal cells from brains of a CD�/� mouse at P23 (A) and a CB�/�CL�/� mouse at P12 (B–E). A–C: In the perikarya
of cerebellar Purkinje cells (A, C) and a cerebral cortical neuron (B), numerous dense bodies, which resemble granular osmiophilic deposit-like inclusions
(GROD-l) (arrows), can be seen, and vacuolar/autophagosome-like structures (arrowheads) encircled by ER-like membrane saccules and containing
cytoplasmic organelles together with part of the cytoplasm are clearly visible. These autophagosome-like structures and GROD-like inclusions are often encircled
by ER-like membrane saccules or multilamellated structures. D and E: In axons located in the corpus callosum of the same mouse as in B and C, accumulated
autophagosome-like structures can be seen (D), while these structures accumulated in a myelinated axon are distinctly encircled by ER-like membrane saccules
(E, small arrows). Moreover, a microglia-like cell (MG) appears in this field and possesses electron-dense heterophagosomes (asterisk) containing degenerating
axons with numerous autophagosome-like structures (inset in D). The cytoplasm around the heterophagosome in the cell appears intact. Scale bars, 1 �m.
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CD�/� mouse neurons from P15 to P23 contributes to

the accumulation of lysosomal structures.

In CB�/�CL�/� neurons, the volume density of

dense bodies was 1.8 � 0.18% (mean � SE) at P13,

while that of AVd was very low (0.32 � 0.18%) (Figure

3G). In CB�/�CL�/� neurons, dense bodies were

hardly seen at P13, while the volume densities of AVi and

AVd were 4.91 � 3.61% and 1.14 � 1.28%, respectively

(Figure 3G). As stated above, GROD-like inclusions were

abundant and its density reached 24.1 � 0.53% at P13;

this value corresponded well with that in CD�/� neurons

at P23 (Figure 3G). Like CD�/� neurons, GROD-like

inclusions in CB�/�CL�/� neurons were often en-

wrapped by double-membrane saccules together with

part of the cytoplasm and �75% of AVi contained GROD-

like inclusions at P13, while 15% of GROD-like inclusions

were found in AVi. The volume density of total lysosomal

structures at P13 was 2.1% in control mouse neurons,

whereas it reached nearly 30% in CB�/�CL�/� neu-

rons. These data suggest that like CD�/� neurons, the

contribution of abundant autophagosome formation to

the accumulation of lysosomal structures is also evident

in CB�/�CL�/� mouse neurons.

The Level of Autophagosome-Associated LC3-II

Increases in CD�/� and CB�/�CL�/�

Mouse Brains

LC3-I, a cytosolic form, is known to be converted to

LC3-II, a membrane-bound form when autophagy is in-

duced.14 Because numerous autophagosome-like struc-

tures were detected in the perikarya of mutant mouse

brains, we examined the molecular forms of LC3 in the

tissues by Western blotting. As shown in Figure 4, A and

B, LC3-I predominated in control brains obtained at any

of the stages examined, whereas the LC3-II form gradu-

ally increased in CD�/� mouse brains in an age-depen-

dent manner. In fact, the ratios of the amounts of LC3-II to

LC3-I were significantly higher in the CD�/� mouse

brains than in the control brains after P8 (Figure 4B). An

increase in the amount of the LC3-II form was also found

in CD�/� retina at P24 when massive retinal degenera-

tion occurred (Figure 4, C and D).21 We also examined

changes in the molecular forms of LC3 in CB�/�CL�/�

and CB�/�CL�/� mouse brains at P13. Like CD�/�

mouse brains, the LC3-II form predominated only in brain

extracts obtained from CB�/�CL�/� mice (Figure 4, E

and F).

Because molecular forms of LC3 in CD�/� mouse

brains changed drastically from P8 to P23 and differed

from those in CD�/� mouse brains at each stage, ex-

pression of LC3 mRNA in these mouse brains were also

examined by RT-PCR. As shown in Figure 4G, no clear-

cut changes in expression levels of LC3 mRNA were

detected between CD�/� and CD�/� mouse brains at

each stage and in CD�/� mouse brains between stages.

Expression levels of LC3 mRNA were also analyzed be-

tween CB�/�CL�/� and CB�/�CL�/� mouse brains

at P13, but no difference was discerned between them

(Figure 4H). These results indicate that the cytosolic form

of LC3 is predominant in intact brains at any of the stages

examined, while the membrane-bound form of LC3 be-

came a major form in both CD�/� and CB�/�CL�/�

brains at their terminal stages, respectively.

Immunolocalization of LC3 in CD�/� and

CB�/�CL�/� Mouse Brains

Because autophagosome-like structures were abundant

in mutant neurons and the membrane-bound form of LC3

became predominant in these mouse brains, we exam-

ined the localization of LC3 in control and mutant mouse

brains using an anti-LC3 antibody. In control mouse

brains, diffuse and/or fibrillary staining of LC3 was de-

tectable in the dendrites and perikarya of cerebral corti-

cal neurons (Figure 5A, inset), as has been described

previously for rat cerebellum.37 In dendrites of CD�/�

neurons at P23, the staining patterns were similar to those

of the control neurons, whereas intense granular staining

of LC3 was detected in the perikarya of neurons in the

cerebral cortex of CD�/� mice (Figure 5B, inset).

In CB�/�CL�/� mice, immunopositive granules for

LC3 were abundantly demonstrated in the perikarya of

Purkinje cells in the cerebellum (Figure 5D, inset) and

Table 1. Pathological Findings Observed in CD�/� and CB�/�CL�/� Mice

CD�/� mice CB�/�CL�/� mice

Duration of life Around P26 Around P14
Tremor Positive Positive
Onset of the tremor Around P20 Around P10
Autofluorescence in neurons Fine granular at P13 and massive at P23 Fine granular at P13
Autofluorescence in microglial cells Massive Massive
PAS Positive Positive
Accumulation of subunit c in neurons Fine granular at P13 and massive at P23 Fine granular at P13
Accumulation of subunit c in microglial cells Massive Massive
AVs in the perikarya and dendrites of neurons Positive Positive
Multilayered AVs Frequent Occasional
GROD-like inclusions Positive Positive
GROD-like inclusions within AVs Positive Positive
Fingerprint profiles Positive Negative
Curvilinear profiles Negative Negative

PAS, periodic acid-Schiff staining; AV, autophagic vacuole; GROD, granular osmiophilic profiles.
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cerebral cortical neurons (data not shown), whereas dif-

fuse and fibrillary staining was distinct in the perikarya

and dendrites of Purkinje cells (Figure 5C, inset) and

cerebral cortical neurons of CB�/�CL�/� mice. Be-

cause autophagosome-like vacuoles were abundantly

shown in axons in the corpus callosum of CB�/�CL�/�

mouse brains (Figure 2, D and E), immunostaining for

LC3 was applied to the region; numerous LC3-positive

granules were demonstrated in the CB�/�CL�/� axons

(Figure 5F), but no positive staining of LC3 was detected

in the axons of the control corpus callosum (Figure 5E).

We further examined whether these LC3-positive gran-

ules in the neuronal perikarya of CB�/�CL�/� neurons

also possess lysosomal characteristics by double-immuno-

fluorescent staining for LC3 and lamp1, an abundant lyso-

somal integral membrane protein. Even in the CD�/�

mouse brains at P23, it was possible to find cerebral cortical

regions that did not emit autofluorescence. As shown in

Figure 6, A–F, some LC3-positive granules were also

stained for lamp1 in the cytoplasm of cerebral cortical neu-

rons and cerebellar Purkinje cells in CD�/� and CB�/�

CL�/� mice, but a considerable number of LC3-positive

granules, which were relatively large in size and intensity,

were distinct from lamp1-positive granules, indicating that

these granules were nascent, because they are free from

any lysosomal characteristics. These results suggest that

the number of LC-3-immunopositive autophagosomes/au-

tophagolysosomes is increased in neuronal cells of CD�/�

and CB�/�CL�/� mouse brains.

In addition to the neuronal perikarya, the accumulation

of autophagosome-like structures was shown in myelin-

ated and unmyelinated axons and microglia-like cells in

the corpus callosum of the mouse brain (Figure 2, D and

E), double-immunofluorescent staining for LC3 and

lamp1 or F4/80 was performed in the region. Most LC3-

positive structures were negative for lamp1 in the corpus

callosum (Figure 6, G–I), whereas F4/80-positive micro-

glial cells occasionally enwrapped LC3-positive granules

(Figure 6, J–L). These data suggest that accumulated

vacuolar structures in axons of the corpus callosum of the

mutant mouse brains are nascent autophagosomes and

microglial cells invaded into the region possess het-

erophagosomes containing autophagosomes.

LC3 Is Localized on the Isolation Membrane of

Autophagosomes in Neurons of CD�/� and

CB�/�CL�/� Mouse Brains

Because LC3-immunopositive granules were abundant in

neurons of mutant mouse brains, we further examined the

precise localization of LC3 by immunoelectron micros-

Figure 4. Molecular forms of LC3 in nervous tissues of CD�/� and CB�/�CL�/� mice and their littermate controls. A and B: Immunoblotting of LC3 in brains
of CD�/� mice and their littermate controls (CD�/�) obtained at P8, P15, and P22 (A), and ratios of densities of LC3-II to LC3-I protein bands (B). C and D:
Immunoblotting of LC3 in retinae of CD�/� mice and their littermate controls (CD�/�) obtained at P24 (C), and ratios of densities of LC3-II to LC3-I protein
bands (D). E and F: Immunoblotting of LC3 in brains from CB�/�CL�/� and CB�/�CL�/� mice at P13 (E), and the ratios of densities of LC3-II to LC3-I protein
bands (F). G and H: Expression of LC-3 mRNA in brain tissues of CD�/� and CB�/�CL�/� mice and their littermate controls. A RT-PCR study. Expression levels
of LC-3 mRNA do not differ between CD�/� and CD�/� mice at all stages examined (G, top), and between CB�/�CL�/� and CB�/�CL�/� mice (H, top).
Bottom panels show �-actin mRNA, used as internal controls.
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copy. We first attempted to use immunoelectron micros-

copy using postembedding and cryothin section immu-

nogold methods, but were not able to realize positive

signals. We therefore used the SDS-FRL method that was

originally developed to study the two-dimensional distri-

bution of integral membrane proteins and phospholipids

in biomembranes, using weakly fixed materials.25 As

shown in Figure 7, A–C, specific gold particles indicative

of LC3 were clearly demonstrated on the membranes of

perikaryal granules in anterior spinal neurons and cere-

bellar Purkinje cells of CD�/� mice. The membranes of

the granules that were labeled with gold particles for LC3

possessed almost no intermembrane particles (Figure

7A). In some cases, granular structures with membranes

labeled by the gold particles were further enwrapped by

membrane structures (Figure 7B), while positive deposits

were found on membranes of multilamellar bodies (Fig-

ure 7C). Considering the fact that granules with negligible

Figure 5. Immunohistochemical staining of LC3 in brain tissues of CD�/� and CB�/�CL�/� mice and their littermate controls. A and B: Cerebral cortical
regions of CD�/� (A) and CD�/� (B) mouse brains at P24. Positive staining of LC3 appears fibrillary in dendrites of pyramidal neurons and diffuse in their
perikarya (A, inset). Its staining is also fibrillary in dendrites of the neurons but appears granular in their perikarya (B, inset). C and D: Purkinje cells in the
cerebellum of CB�/�CL�/� (C) and CB�/�CL�/� (D) mice at P12. Fibrillary staining of LC3 is demonstrated in dendrites of Purkinje cells from both control
and mutant mice (C, D), whereas its staining is relatively weak and diffuse in the perikarya of CB�/�CL�/� control neurons (C, inset) but intense and granular
in those of CB�/�CL�/� neurons (D, inset). E and F: Nerve fibers in the corpus callosum of CB�/�CL�/� (E) and CB�/�CL�/� (F) mice at P12. No clear-cut
staining for LC3 can be seen in the control axons (E), whereas intensely stained dots are accumulated in the mutant axons. Scale bars: 50 �m (A–F); 20 �m (insets
in A–D).
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numbers of intermembrane particles and multilayered

vacuoles are typical of autophagosomes when observed

by freeze-fracture electron microscopy, these data sug-

gest that LC3, probably the LC3-II form, is specifically

localized on the isolation membrane of autophagosomes

in mutant mouse neurons.

GFP-LC3 Is Converted into LC3-II and Labels

Accumulated Autophagosomes in GFP-LC3/

CD�/� Mouse Brains

Using GFP-LC3 transgenic mice,23 we generated

CD�/� mice expressing GFP-LC3 to further confirm the

accumulation of autophagosomes in neurons of CD�/�

mouse brains. Like in CD�/� and CD�/� mouse brains,

the LC3-I form was a major form in GFP-LC3/CD�/�

mouse brains, while the LC3-II form became increased in

GFP-LC3/CD�/� mouse brains (Figure 8A). The ratios of

protein amounts of LC3-II to LC3-I were examined, and

found to be similar between CD�/� and GFP-LC3/

CD�/� mouse brains or CD�/� and GFP-LC3/CD�/�

mouse brains. In the case of GFP-LC3, the amount of

GFP-LC3-I was much larger than that of GFP-LC3-II in

both GFP-LC3/CD�/� and GFP-LC3/CD�/� mouse

brains. However, GFP-LC3-II distinctly appeared in GFP-

LC3/CD�/� brains, but only faintly in GFP-LC3/CD�/�

brains (Figure 8A).

When immunostained with either anti-LC3 or anti-GFP,

intense fibrillary staining was detected in dendrites of

cerebellar Purkinje cells in both GFP-LC3/CD�/� and

GFP-LC3/CD�/� mice (Figure 8, B–E), while granular

staining appeared in the perinuclear region of the cells in

GFP-LC3/CD�/� mice (Figure 8, C and E). The positive

staining in both GFP-LC3/CD�/� and GFP-LC3/CD�/�

mouse brains, however, was much more intense when

stained with anti-LC3 than that when stained with anti-

GFP (Figure 8, B–E), because anti-LC3 recognizes both

endogenous LC-3 and GFP-LC3. In some cases, granu-

lar immunodeposits for LC3/GFP-LC3 were detected in

dendrites of GFP-LC3/CD�/� Purkinje cells (Figure 8, C

and E). To confirm the relationship between lysosomes

and autophagosomes, GFP-LC3/CD�/� mouse cortical

neurons were stained for lamp1, and found that lamp1

immunoreactivity was often localized in GFP-LC3-positive

granules, but a considerable number of GFP-LC3-posi-

tive granules were free from lamp1 immunoreactivity

(Figure 8, F–H). These data confirmed the enormous

accumulation of autophagosomes in neurons of

CD�/� mouse brains.

Figure 6. Double-immunofluorescent staining of LC3 (A, D, G, J; red color)
with lamp1 (B, E, H; green color) in cerebral cortical neurons (A–C) of
CD�/� mice at P23, cerebellar Purkinje cells (D–F), and the corpus callo-
sum (G–I) of the CB�/�CL�/� mice at P13 or with F4/80 (J, green color)
in the corpus callosum (J–L) of the CB�/�CL�/� mice at P13. A–F: A
considerable number of LC3-positive granules are also stained for lamp1, but
certain numbers of LC3-positive granules (arrows), which are large in size
and stain intensely, are distinct from lamp1 (C and F, overlay). G–I: LC3-
positive staining in the corpus callosum (arrows) is primarily distinct from
lamp1 staining (I, overlay). J–L: F4/80-positive microglial cells possess LC3-
positive staining (arrows) (L, overlay). Scale bars, 15 �m.

Figure 7. Immunocytochemical freeze-fracture replica images of an anterior
spinal neuron (A) and cerebellar Purkinje cells (B, C) of CD�/� mice at P20
incubated with an anti-LC3 antibody. A: Immunogold labeling is observed on
the membrane-bound organelles accumulated in the cytoplasm of the ante-
rior neuron (arrowheads). B and C: In the perikarya of Purkinje cells,
positive signals are well localized on membranes of two granules that are
further encircled by membrane structures (thin arrows) (B), while they are
also detected on multilamellar membranes (thick arrows). Scale bars,
0.25 �m.
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LC3 in Peripheral Tissues of CD�/� and

CB�/�CL�/� Mice

The accumulation of lysosome-like structures immuno-

positive for subunit c has been previously shown in

peripheral tissue cells of CD�/� mice, including hepa-

tocytes and cardiac muscles.11 We therefore examined

the protein amounts of LC3-I and LC3-II in the liver and

heart of both CD�/� and �/� mice, and the localization

of LC3 in these tissue cells.

Different from brain tissues, LC3-I was only weakly

detected in hepatic (Figure 9, A and B) and cardiac

(Figure 8, C and D) tissues from CD�/� mice, and almost

absent in those from CD�/� mice. On the contrary, the

amounts of LC3-II were high in hepatic (Figure 9, A and

B) and cardiac (Figure 9, C and D) tissues of CD�/�

mice even at P15, compared to those of CD�/� mice,

respectively. The LC3-II form was even more elevated in

the CD�/� tissues at P22 than in the CD�/� tissues.

Immunohistochemical observations showed that granular

staining of LC3 was distinctly detected in hepatocytes

and cardiac muscle cells of CD�/� mice, but not in those

of CD�/� mice (Figure 10, A–D).

In addition to peripheral tissues from CD�/� mice, the

molecular forms of LC3 were also examined in cardiac

and hepatic tissues from CB�/�CL�/� and CB�/�

CL�/� mice at P13. Like CD�/� mouse tissues, the

amounts of LC3-II were significantly high in both cardiac

and hepatic tissues from the CB�/�CL�/� mice,

compared to those from CB�/�CL�/� mice (Figure 9,

E and F).

Discussion

The main findings of the present study using electron

microscopic, laser scanning microscopic, and biochem-

Figure 8. Expression of GFP-LC3 in brains of GFP-LC3/CD�/� mice. A:
Molecular forms of GFP-LC3 in brains of GFP-LC3/CD�/� and GFP-LC3/
CD�/� mice at P20. GFP-LC3-I is a major form in both GFP-LC3/CD�/�
and GFP-LC3/CD�/� brains, whereas GFP-LC3-II appears faintly in GFP-
LC3/CD�/� brains and distinctly in GFP-LC3/CD�/� brains when immu-
nostained with either anti-GFP or anti-LC3. Moreover, the quantitative rela-
tionship of LC3-II to LC3-I in brains of CD�/� and CD�/� mice does not
differ depending on GFP-LC3 expression. B–E: Immunohistochemical im-
ages of GFP-LC3 and LC3 (B and C), or GFP-LC3 (D and E) in cerebellar
Purkinje cells of GFP-LC3/CD�/� (B and D) and GFP-LC3/CD�/� (C and
E) mice at P20. Immunoreactivity for LC3-GFP and LC3, that was immuno-
reacted with anti-LC3, is more distinct and intense in dendrites and bodies of
Purkinje cells than that for GFP-LC3 that was immunostained with anti-GFP.
Diffuse or fibrillary staining for GFP-LC3 and LC3, or GFP-LC3 is clear in
dendrites and bodies of Purkinje cells from a GFP-LC3/CD�/� mouse,
whereas granular staining for them (spheroids, arrows) is observed not only
in Purkinje cell bodies but also in their dendrites from a GFP-LC3/CD�/�
mouse. F–H: Double-fluorescence images of lamp1 (red color, F) and GFP-
LC3 (green, G) in cerebral cortical neurons of GFP-LC3/CD�/� brains at
P20. Lamp1 immunoreactivity is often localized in GFP-LC3-positive gran-
ules, but a considerable number of GFP-LC3-positive granules are distinct
from lamp1 immunoreactivity (H). Scale bars: 50 �m (A–E); 10 �m (F–H).

Figure 9. Expression of LC3 in peripheral tissues of CD�/� (A–E) and
CB�/�CL�/� (F, G) mice and their littermate controls (CD�/�, CB�/�
CL�/�). A and B: Molecular forms of LC3 in the liver of CD�/� and CD�/�
mice at P15 and P22 (A), and densities of LC3-II (B). C and D: Molecular
forms of LC3 in the heart of CD�/� and CD�/� mice at P15 and P22 (C),
and densities of LC3-II (D). E and F: Molecular forms of LC3 in the liver and
heart of CB�/�CL�/� and CB�/�CL�/� mice at P13 (E), and densities of
LC3-II (F).

Figure 10. Immunostaining of LC3 in hepatic (A, B) and cardiac (C, D)
tissues of CD�/� (A, C) and CD�/� (B, D) mice at P23. Punctate staining
for LC3 is distinct in hepatocytes and cardiac muscular cells of CD�/� mice.
Scale bar, 20 �m.
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ical techniques included the following: 1) many AVs and

GROD-like inclusions occupied neuronal perikarya at ter-

minal stages of CD�/� and CB�/�CL�/� mouse

brains; 2) like CD�/� brains, neurons and microglial

cells in CB�/�CL�/� brains showed positive staining of

subunit c and autofluorescence; 3) AVs in which GROD-

like inclusions, together with part of the cytoplasm, were

encircled by double-membrane saccules were often ob-

served in these cathepsin-deficient neurons; 4) massive

staining for LC3 was intensely observed in neuronal

perikarya and dendrites of these mutant brains; 5) in

axons of the corpus callosum of these mutant mice, LC3-

positive granules were not co-localized with lamp1, while

these AVs were primarily encircled by double-membrane

saccules; 6) the ratio of the amounts of LC3-II to LC3-I

became distinctly high at the terminal stages of these

mutant mice by Western blotting, while no clear changes

were detected in the amounts of LC3 mRNA; and 7) LC3

molecules were clearly localized on the membrane of

autophagosomes when examined by the SDS-FRL

method. Based on these data, neuropathological fea-

tures of these mutant mice are summarized in Table 1.

Autophagy Is Involved in the Accumulation of

Lysosomal Compartments in Neurons of

CD�/� and CB�/�CL�/� Mouse Brains

The present study showed that LC3-II predominated in

CD�/� and CB�/�CL�/� mouse brains at their terminal

stages and LC3-immunopositive AVs accumulated in the

perikarya of cathepsin-deficient neurons. Until recently,

no study has shown the presence of endogenous LC3 on

the membrane of autophagosomes in tissue cells by

electron microscopy using the immunogold method, ex-

cept for the present SDS-FRL method. Indeed, numerous

autophagosomes, showing an LC3 signal on their outer

membrane, were present in the neuronal perikarya when

brain tissue was analyzed by the SDS-FRL method. Be-

cause LC3-II is present on the isolation membrane of

autophagosomes,14 these autophagosomes are likely to

be nascent (AVi). This notion is also supported by the

fact that LC3-positive granules in the perikarya of mu-

tant neurons were often distinct from lamp1-positive

lysosomes.

It has been shown that autophagy participates in

neurodegenerative disorders such as Huntington’s dis-

ease,38–40 Alzheimer’s disease,41–43 Parkinson’s dis-

ease,44 and transmitted spongiform encephalopa-

thy.45–47 The involvement of autophagy has also been

demonstrated in lysosomal storage disease such as

Pompe’s disease.48,49 The cerebral cortical neurons of

CD�/� mouse brains show a new form of lysosomal

accumulation disease with a phenotype resembling NCL

(Batten disease).11,12,21 The present morphometric study

on these CD�/� neurons revealed that lysosomal com-

partments including GROD-like inclusions and fingerprint

profiles, which are typical hallmarks in NCL neurons, and

AVs occupied nearly 42% of the perikaryal volume at

P23. The volume density of GROD-like inclusions rapidly

increased from P15 to P23, corresponding well with in-

creases in volume densities of AVi and AVd, while nearly

half of AVi contained GROD-like inclusions in CD�/�

neurons at P23. In cerebral cortical neurons of CB�/�

CL�/� brains at P13, GROD-like inclusions and AVs

were found to occupy nearly 30% of the perikaryal vol-

ume, while �75% of AVi contained GROD-like inclusions.

These data strongly support the view that autophagy is

involved in the accumulation of lysosomal compartments

in CD�/� and CB�/�CL�/� neurons; in particular,

GROD-like inclusions are likely to be derived from AVi

through AVd.

It has previously been shown that neuropathological

features of CB�/�CL�/� mice resemble a lysosomal

storage disorder that is distinct from classical NCL and

subunit c is not found in accumulated lysosomes of the

mutant neurons.13 However, the present study demon-

strated that ultrastructural and morphometric features of

CB�/�CL�/� neurons that possessed numerous AVs

and GROD-like inclusions were very similar to those of

CD�/� neurons. Moreover, immunoreactivity for subunit

c and autofluorescence were detected in neurons and

F4/80-immunopositive microglial cells of CB�/�CL�/�

brains, while neuronal cells in these mutant mouse brains

were intensely stained for periodic acid-Schiff. It has

been shown that administration of cysteine proteinase

inhibitors such as leupeptin and E64 induces the accu-

mulation of lysosomes with ceroid-lipofuscin in brain cells

of young rats.50 At present, it remains unknown whether

subunit c is one of common substrates of cathepsins B

and L. However, because CB and CL are major cysteine

proteinases in lysosomes of neurons and microglial

cells,26 it is reasonable to assume that the loss of these

two proteinases in part suppresses the degradation of

subunit c in lysosomes of neurons and microglial cells.

From these results it seems likely that the pathological

configuration of CB�/�CL�/� mice is very similar to that

of NCLs.

Moreover, neuropathological features were primarily

similar between CD�/� and CB�/�CL�/� mouse

brains. In particular, the volume density of GROD-like

inclusions was very similar between CD�/� mice at P23

and CB�/�CL�/� mice at P13, indicating that neuro-

pathological damages were much severer in CB�/�

CL�/� brains than in CD�/� brains when considering

age difference between the two mutant mice. However,

fingerprint profiles were not observed in CB�/�CL�/�

mouse neurons but in CD�/� mouse neurons. Such a

difference may be attributed to the difference in accumu-

lated/undegraded substances in lysosomal compart-

ments between the two mutant mouse neurons.

No accumulation of typical storage lysosomes has

been reported in either CB�/� and CL�/� mouse tissue

cells, respectively.18,20 This indicates that CB and CL,

respectively, are dispensable in lysosomal proteolysis. In

CB�/�CL�/� mouse CNS neurons, however, some

common substrates of CB and CL, although unknown at

present, are not degraded by other lysosomal protein-

ases, resulting in the accumulation of GROD-like inclu-

sions and AVs in the neurons. It has been shown that the

amount of the LC3-II form is increased in cultured cells

treated with chloroquine, which raises pH in lysosomes,51
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this indicating that autophagy is enhanced in these cells.

These lines support the view that the presence of undi-

gested substrates in lysosomes such as subunit c in

CD�/� mice and unknown substrates in CB�/�CL�/�

mice induces autophagy. In other words, the presence of

GROD-like inclusions and AVs with undigested materials

such as GROD-like inclusions may be a potent inducer of

autophagy in neuronal cells. Until recently, it remains

primarily unknown what signaling is essential for auto-

phagosome formation. It has recently been shown that in

conditional Atg7-knockout mice in which autophagy is

absent specifically in the liver, numerous ubiquitinated

aggregates are detected in the cytosol of hepatocytes

with the presence of functional proteasomes.52 This sug-

gests that protein ubiquitination may serve as a signal to

the autophagic process in addition to the proteasomes

pathway.52 The presence of ubiquitin-positive inclusion

bodies is one of the common pathological characteristics

of neurodegenerative diseases including lysosomal stor-

age disorders.53,54 Therefore, it may be worthwhile to

analyze the signaling pathway of autophagosome forma-

tion by use of cathepsin-deficient mice in which autopha-

gosomes are abundantly present.

The present RT-PCR study demonstrated that the

amounts of the LC3 gene transcript did not vary between

cathepsin-deficient and control brains at various stages

examined, indicating that changes in amounts of LC3

molecules depend primarily on the posttranslational

events. In intact brains, LC3-I was a major form at each

stage examined, while the amounts of LC3-II were larger

in CD�/� brains at P8, P15, and P23, and in CB�/�

CL�/� brains at P13 than those of LC3-I, respectively. It

has recently been shown using HeLa cells and primary

hepatocytes that, during starvation-induced autophagy,

the significant amount of LC3-II is degraded by lysosomal

proteinases and increased when inhibited by cysteine

and aspartic proteinase inhibitors.55,56 In other words,

LC3 is likely to be a substrate of CD and a common

substrate of CB and CL. Moreover, the increase in the

LC3 level by such proteinase inhibitors does not occur

under nutrient-rich conditions.55,56 From these lines of

evidence, it is possible to assume that the significant

increases in amounts of LC3-II in cathepsin-deficient

brains at each stage are attributed to the fact that auto-

phagy is facilitated and the degradation of LC3 in auto-

phagolysosomes is in part suppressed.

The Accumulation of Nascent AVs in Axons of

the Corpus Callosum Is One of the Pathological

Findings of CD�/� and CB�/�CL�/� Mouse

Brains

Under various pathological conditions, vacuolar struc-

tures with double and single membranes, multilamellar

bodies, and dense bodies have been demonstrated to

appear in axons of CNS tissues and cultured neu-

rons.47,57–60 In addition to these ultrastructural analyses

and monodansylcadaverine staining for the demonstra-

tion of AVs in axons of CNS tissues, the present study

showed that AVs found in axons of CD�/� and

CB�/�CL�/� mouse brains were immunopositive for

LC3 and negative for lamp1 by double immunostaining

and primarily encircled by ER-like membrane saccules.

These data indicate the followings: 1) there are machin-

eries required for autophagosome formation in axons of

brain tissue, 2) AVs in axons of the corpus callosum in

CD�/� and CB�/�CL�/� brains are primarily nascent,

and 3) the accumulation of AVs in the axons that may

correspond well with meganeurites/spheroids could be

one of pathological findings in these mutant mouse

brains resembling NCLs. These AVs formed in distal

axons usually undergo regulated transport back to the

cell body, although it remains unknown how and where

such nascent AVs in the axons are acidified and the

degradation starts. However, the present results showing

enormous accumulation of AVs in axons of the mutant

neurons suggest that retrograde axonal transport is im-

peded in these mutant neurons.

Moreover, the present immunohistochemical study on

LC3 demonstrated that the accumulation of AVs was also

found in dendrites of the cerebellar and cerebral cortical

neurons from the cathepsin-deficient mouse brains.

These accumulated AVs did not differ from those in the

perikarya of neurons from the mutant mouse brains when

analyzed by electron microscopy (Supplemental Figure 2

at http://ajp.amjpathol.org). Recently, autophagosomes/

AVi, multivesicular bodies, multilamellar bodies, and

cathepsin-containing autophagolysosomes have been

shown to be the predominant organelles and accumulate

in large number in dystrophic neurites of brains from

Alzheimer’s disease.61 Considering the fact that various

types of AVs including cathepsin-positive autophagoly-

sosomes are present in dystrophic neurites,61 such AVs

detected in the case of AD may be different from those in

axons of cathepsin-deficient brains and, if anything, re-

semble those in dendrites of the mutant mouse brains.

Although the acidification and transport system may be

dependent primarily on disease situations, the accumu-

lation of AVs in the cases of cathepsin-deficient brains is

apt to occur earlier and more frequently in axons than in

dendrites.

The Conversion of LC3-I to LC3-II and Positive

Staining of LC3 Are Also Excellent Markers for

Induction of Autophagy in Brains

The behavior of LC3-II has been defined in murine em-

bryonic stem cells,62 the soleus muscles of chloroquine-

treated rats,51 in rat podocytes,56 and in embryonic tis-

sue cells of lamp1 and lamp2 double-deficient mice.63

Based on experiments using transgenic mice systemi-

cally expressing LC3 fused to green fluorescent protein

(GFP-LC3), it has been proposed that the regulation of

autophagy is organ-dependent and the role of autophagy

is not restricted to the starvation response.23 In most

peripheral tissue cells, autophagy is distinctly induced

under fasting conditions, whereas starvation does not

induce autophagy in brain tissue.23 Although the ques-

tion of why autophagy is not induced in brain tissue after
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AJP December 2005, Vol. 167, No. 6



starvation has not yet been answered, it is likely that

ischemia,26 proteinase inhibitors such as leupeptin,60

and lysosomal proteinase deficiencies, as shown in the

present study, enhance autophagy activity in CNS neu-

rons. In fact, in GFP-LC3-expressing CD�/� mouse

brains, GFP-LC3 was converted from GFP-LC3-I into

GFP-LC3-II without interfering the conversion of endoge-

nous LC3-I to LC3-II. More importantly, the accumulation

of autophagosomes in CD�/� mouse brains, evidenced

by electron microscopy and LC3 immunocytochemistry,

was confirmed also by the finding that GFP-LC3-positive

granules were accumulated in neuronal perikarya and

dendrites of GFP-LC3/CD�/� mouse brains.

Collectively, the current data demonstrate that accu-

mulated lysosomal structures with undigested substrates

in neurons of CD�/� or CB�/�CL�/� mouse brains are

primarily LC3-immunopositive, suggesting that these

structures are derived from autophagosomes and also

that autophagy is highly induced in these mutant mouse

brains. These lines of evidence suggest that the activa-

tion of autophagy plays a pivotal role in the accumulation

of lysosomal structures in CNS neurons of mouse models

for NCL (Batten disease)/lysosomal storage disorders.
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