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Short-term fasting induces
profound neuronal autophagy
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Disruption of autophagy—a key homeostatic process in which cytosolic components are degraded and recycled
through lysosomes—can cause neurodegeneration in tissue culture and in vivo. Upregulation of this pathway may
be neuroprotective, and much effort is being invested in developing drugs that cross the blood brain barrier and
increase neuronal autophagy. One well-recognized way of inducing autophagy is by food restriction, which upregulates
autophagy in many organs including the liver; but current dogma holds that the brain escapes this effect, perhaps
because it is a metabolically privileged site. Here, we have re-evaluated this tenet using a novel approach that allows us
to detect, enumerate and characterize autophagosomes in vivo. We first validate the approach by showing that it allows
the identification and characterization of autophagosomes in the livers of food-restricted mice. We use the method
to identify constitutive autophagosomes in cortical neurons and Purkinje cells, and we show that short-term fasting
leads to a dramatic upregulation in neuronal autophagy. The increased neuronal autophagy is revealed by changes in
autophagosome abundance and characteristics, and by diminished neuronal mTOR activity in vivo, demonstrated by a
reductionin levels of phosphorylated S6 ribosomal protein in Purkinje cells. The increased abundance of autophagosomes
in Purkinje cells was confirmed using transmission electron microscopy. Our data lead us to speculate that sporadic
fasting might represent a simple, safe and inexpensive means to promote this potentially therapeutic neuronal response.

Introduction

Autophagy is a key homeostatic mechanism whose physiological
importance is reflected by its preservation throughout the eukary-
otic phylogenetic tree, from yeast to mammals. In recent years,
autophagy has been recognized as a crucial defense mechanism
against malignancy, infection and neurodegenerative diseases.””
Abrogation of autophagy in neurons can lead to neurodegenera-
tive disease"”* and autophagy may play a role in the develop-
ment of Alzheimer disease; indeed, enhancement of autophagy
has been proposed as one possible treatment for this coming
plague.®® Consequently, substantial research effort is being
expended on attempts to develop drugs that can upregulate neu-
ronal autophagy in the intact CNS. Herein we provide evidence
to support the notion that the desired physiological goal may be
attained by a simple, safe and inexpensive alternative approach:
short-term food restriction.

Studies in yeast, and in tissue culture, have contributed sig-
nificantly to our understanding of the molecular events that are
involved in autophagy and its regulation. However, it has been
difficult to observe the process in intact organs and tissues, and
most especially in the brain.” This is not due to the lack of in vivo
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mammalian models. For example, to facilitate the identification
and analysis of autophagy in vivo, a transgenic mouse has been
generated'®!! that encodes a fusion between GFP and microtu-
bule-associated protein 1 light chain 3 (LC3). The lipidated form
of LC3 specifically associates with autophagosomes'? and this
protein is, currently, the most widely used marker of autophagy
in mammalian cells. Others have used these GFP-LC3 mice to
determine the effects of food restriction in vivo. It is well known
that food restriction induces autophagy in many organs and tis-
sues,”'® but autophagy has not previously been detected in the
brain even after 48 hours of food restriction; because of this, it
has been proposed that the brain is metabolically privileged'*'
and that a more severe insult—e.g., a direct injury mediated by
local ischemia or trauma—may be required to trigger an autoph-

1516 Herein, we combine two well-

agic response within this organ.
characterized techniques to investigate the effect of a brief period
of food restriction on neuronal autophagy. We show that this
approach identifies autophagosomes at a resolution that allows
them to be not only enumerated, but also characterized in some
detail. In addition, we have used a standard approach—trans-
mission electron microscopy (TEM)—to confirm the increased

abundance of autophagosomes in neurons of food-restricted
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mice. Our data demonstrate that, contrary to current dogma,
food restriction causes a rapid and profound upregulation of
autophagy in the brain.

Results

Six- to seven-week old male GFP-LC3 mice were food-restricted
for 24 or 48 hours, a process known to induce fatty change
and autophagy in the liver.”!* Water was available ad libitum.
These mice, and non-food-restricted control mice, were eutha-
nized (with PBS perfusion) and vibratome sections of liver and
brain were prepared and stained as described in Experimental
Procedures. Confocal images were captured and analyzed.

Confocal microscopy of vibratome sections identifies
autophagosomes in the livers of food-restricted mice. We
first validated the method by analyzing the liver, an organ in
which autophagy is known to be induced by food restriction.
Representative confocal images of liver are shown in Figure 1A.
As expected, essentially no GFP signal was present in the liver of
a C57BL/6 mouse. In normal-fed GFP-LC3 mice, GFP signal
was detectable in hepatocytes, and was distributed throughout
the cytosol. Following 24 hours of food restriction, individual
autophagosomes could be detected as discrete regions of high flu-
orescence, and autophagosomes were even more abundant after
48 hours. The high resolution of the approach allowed quanti-
tative analyses of individual autophagosomes. We were able to
measure not only the number of vesicles per cell, but also their
area, perimeter, feret (the longest diameter within an enclosed
irregular shape), and circularity (Fig. 1B). The first response to
food restriction, observed at 24 hours, was a significant increase
in number. Autophagosome characteristics also changed, with
increases in perimeter and in feret, a decreased circularity and a
slight increase in area. All of these changes were magnified after
48 hours of food restriction. Importantly, the physical charac-
teristics of these autophagosomes are similar to those previously
reported using conventional electron microscopy methods, which
have established the average diameters of autophagosomes as 0.5—
1.5 umy; this validates the use of our new approach for quantita-
tive analyses. These findings can be visualized at high resolution
in three dimensions in Supplementary videos 1 through 4. The
approach next was applied to two regions of the brain in normal-
fed and food-restricted GFP-LC3 mice.

Autophagosomes are detectable in cortical neurons of
normal-fed mice, and their abundance and characteristics are
markedly altered by short-term food restriction. Figure 2, and
Supplementary videos 5 and 6, show analyses of the cerebral
cortex of normal-fed and food-restricted GFP-LC3 mice. Figure
2A shows representative flattened images; (B) presents quantita-
tive evaluations of autophagosomes in neuronal cell bodies using
the five criteria described above; and (C) shows an isosurface ren-
dering of the nuclei, autophagosomes and dendritic processes of
several cortical neurons. Autophagosomes were readily detectable
in cortical neurons of normal-fed mice (Fig. 2A, top row). To
our knowledge, this is the first in vivo demonstration of autopha-
gosomes in the cortical neurons of normal-fed mammals. These
vesicles were few in number and small in size (Fig. 2B). Food
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restriction caused a marked increase in both the number and
the size of neuronal autophagosomes in the cell body of corti-
cal neurons; these changes were present after 24 hours of food
restriction (Fig. 2A, middle row), and were even more dramatic
at 48 hours (Fig. 2A and bottom row). As was observed in the
liver (Fig. 1), when compared to autophagosomes in normal-fed
mice, those present in the cortical neurons of mice that had been
food-restricted for 48 hours showed reduced circularity, with
concomitantly increased feret and perimeter (Fig. 2B). Changes
in GFP-LC3 signal also were observed in the neuronal cell pro-
cesses (Fig. 2A, middle row); compared to normal-fed mice, the
signal was increased by >3-fold in neurites at 24 hours (p = 0.004,
data not shown), but diminished to resting levels after 48 hours.
Others have proposed that neuronal autophagosomes are present
in neurites and that they undergo retrograde translocation to the
cell body, where they fuse with neuronal lysosomes that reside
in a juxtanuclear location.””'® We speculate that food restriction
enhances this retrograde traffic, and that the appearance after 24
hours represents an in vivo snapshot of this event; and that it may
be completed by 48 hours. To confirm that the cortical neurons
of food-restricted mice did, indeed, contain autophagosomes,
we evaluated the cells by TEM. A representative image is shown
in Figure 2D. These data show clearly that, contrary to current
dogma, food restriction increases autophagosome formation and/
or accumulation within the brain; and, specifically, within corti-
cal neurons. We considered it important to determine if these
changes were limited to cortical neurons or, conversely, were
more widespread within the brain. To this end, we evaluated the
effects of food restriction on Purkinje cells of the cerebellum.
Purkinje cells in the cerebella of food-restricted mice con-
tain greater numbers of autophagosomes and show reduced
mTOR function. Analyses of the cerebellum (Fig. 3A and
Suppl. videos 7 and 8) identified small autophagosomes in the
Purkinje cells of normal-fed mice, perhaps indicative of the basal
level of autophagy that is thought to occur in this cell type.">¥
Furthermore, we observed marked alterations in the accumu-
lation of GFP-LC3 signal in Purkinje cells in response to food
restriction; there was a substantial increase in signal in the cell
bodies of Purkinje neurons at both 24 and 48 hours. Some of
the increased GFP-LC3 signal in Purkinje cells was more diffuse
than had been observed in cortical neurons, forming a reticular
perinuclear pattern that occupied a substantial proportion of the
cell body. These findings are consistent with fusion of autophago-
somes with lysosomes. The perinuclear distribution of autopha-
gosomes induced by food restriction differs markedly from the
changes that have been reported in degenerating Purkinje neu-
rons of lurcher mice.” In addition to this perinuclear pattern,
discrete green puncta could be identified within the cell somata
(Fig. 3A and Suppl. video 8). Next, we evaluated the in vivo
activity of the protein mMTOR (mammalian target of rapamycin),
which plays a central role in the regulation of autophagy. mTOR
exerts an inhibitory effect on autophagy, and mTOR activity is
inversely correlated with autophagy. mTOR is highly active in
cells in a nutrient-rich environment (in which autophagy is at a
basal level), but nutrient deprivation decreases mTOR activity,
leading to increased autophagy. Therefore, we investigated the
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Figure 1. Identification and quantitation of autophagosomes in the liver of food-restricted mice. GFP-LC3 transgenic mice were food-restricted (food-
rest) to activate autophagy, and 24 or 48 hours later, the liver was harvested and the induction of autophagy was analyzed in vibratome-cut sections
by confocal microscopy. (A) Representative flattened images of GFP-LC3 signal in hepatocytes are shown; sections were stained with phalloidin and
Hoechst 33342 to label F-actin and nuclei, respectively. A merged fluorescent image for each mouse is shown in the right-hand column; GFP-LC3
(green), F-actin (red), nuclei (blue). Two sets of control mice were included: wild-type C57BL/6 mice were used to determine the background level of
green fluorescence, which was very low (one advantage of vibratome sections); and normal-fed GFP-LC3 mice provided a baseline for autophagic
activity in the liver. (B) Quantitative analysis of autophagosomes in hepatocytes, including the number of autophagosomes/cell, as well as their area,
perimeter, feret and circularity [defined as 4n(area)/(perimeter)?]. Data are shown as the average + SE of 80-134 cells from 3 or 4 mice per group; ?p <

0.001,°p < 0.01, p < 0.05.

possibility that food restriction might reduce mTOR activity in
Purkinje cells in vivo. The measurement of mTOR activity in
living cells is indirect, relying on the evaluation of downstream
targets. mT'OR activates the p70 S6 kinase which, in turn, phos-
phorylates its ribosomal substrate, S6RP; consequently, the
abundance of phospho-S6RP in a living cell is directly related
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to mTOR activity, and is inversely related to the level of cellular
autophagy. Figure 3B compares the cerebellum of a normal-fed
mouse to that of a 48-hour food-restricted animal. The increase
in GFP-LC3 signal following food restriction is again evident
(left column) and there is a dramatic reduction in the level of
phospho-S6RP in the Purkinje cell bodies of food-restricted mice

Volume 6 Issue 6



A Gl \ 3 + nuclei

Normal-fed

Food-rest x 24h

Food-rest x 48h

(99)

Autophagosomes in cerebral cortex during food restriction : quantitation of five attributes

Number/cell Area (pmz) Perimeter (um) Feret (um) Circularity

0-}4 : &4 ’ 2 Ia- P - -0
I H

==

b
24 - .

-

10 20 30 40 50 0.0 0.2 0.4

Food restriction (hr)

@)

Normal-fed

www.landesbioscience.com Autophagy 705



Figure 2 (See previous page). Identification and quantitation of autophagosomes in the cerebral cortex of food-restricted mice. GFP-LC3 transgenic
mice were food-restricted for 24 or 48 hours, and then the brain was isolated and sagittal vibratome-cut sections were analyzed by confocal micros-
copy. (A) Representative flattened images of GFP-LC3 signal in cortical neurons are shown. A merged fluorescent image for each mouse is shown in
the right-hand column; GFP-LC3 (green), nuclei (blue). (B) Quantitative analysis of autophagosomes in cortical neurons. Data are shown as the average
+ SE of 50 cells from 2 or 3 mice per group; ?p < 0.001, °p < 0.01, °p < 0.05. A 3D rendering of these neurons in normal-fed and food-restricted mice is
shown in (C). The isosurface tool was used to demarcate the nuclei (blue) and autophagosomes (green), and neurites were traced with filament tracker,
using IMARIS software (Bitplane, Inc.). (D) A TEM image from a section of cortical neuron from a 48-hour food-restricted mouse is shown; the boxed
area is enlarged to better demonstrate that the enclosed structure is double-membraned.

Figure 3 (Right). Iden-
tification of autophago-
somes and reduction of
mTOR activity in the cer-
ebellum of food-restricted
mice. (A) Low magnifica-
tion flattened images of
GFP-LC3 fluorescence
were re-assembled to
generate a complete
sagittal cross-section of
cerebellum from normal
and food-restricted mice
(left column). Higher mag-
nification images of the
white boxed regions show
GFP-LC3 fluorescence in
Purkinje cells along the
boundary between the
molecular and granular
layers (second column).
Additionally magnified
representative images

of the (boxed) Purkinje
cell bodies reveal finer
detail and localization of
the GFP-LC3 signal (far
right column). A merged
fluorescent image for
each mouse is shown in
the third column; GFP-LC3
(green), nuclei (blue),
pan-neuronal marker
(orange), GFAP/astrocyte
marker (red). (B) Cerebellar
sections were stained with
an antibody specific for
phospho-S6RP, a protein
whose abundance varies
directly with mTOR activ-
ity, and inversely with
autophagy (see text).
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Figure 4. TEM identification and quantitation of autophagosomes in Purkinje cells of normal-fed and food-restricted mice. (A) Images from Purkinje
cells of normal-fed (left) or 48 hour food-restricted (middle & right) mice are shown. (B) A single Purkinje cell from a 48 hour food-restricted mouse is
shown. Autophagosomes are enclosed in colored boxes, and higher-magnification images of each are provided, with autophagosomes indicated by
white arrows. For both normal-fed and food-restricted mice, autophagosomes were enumerated in TEM sections of ~20 different Purkinje cells; sec-

tions from food-restricted mice showed a ~4-fold increase in autophagosome number (graph, bottom right; p < 0.0002 by Student’s t test).

(middle column). The merged image (right column) highlights
the starvation-induced increase in autophagy that occurs in these
neurons.

The increase in number and in size of autophagosomes in
cerebellar Purkinje cells of food-restricted mice are confirmed
by TEM. Finally, we used TEM to assess starvation-induced
changes in autophagosomes in cerebellar Purkinje cells. In nor-
mal-fed mice, the autophagosomes were small (~0.2 pm diame-
ter, Fig. 4A left part), perhaps explaining the somewhat reticular
appearance that was observed by confocal microscopy (Fig. 3).
In contrast, the double-membraned structures in 48 hour food-
restricted mice were larger (~0.5 Wm in diameter; Fig. 4A middle
& right parts); this size is similar to that of the green puncta that
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are visible in Figure 3 and in Supplementary video 8. Thus,
food restriction appears to change the size of autophagosomes in
Purkinje cells; does it also alter their abundance? TEM sections
of the somata of Purkinje cells were examined and autophago-
somes were enumerated. A representative section (Fig. 4B) shows
the soma of a single Purkinje neuron from a mouse that had been
food-restricted for 48 hours. Four autophagosomes (all ~0.5 wm
in diameter) are visible in this section; they are enclosed in col-
ored boxes, and higher-magnification views are provided; white
arrows indicate the autophagosomes. For both normal-fed and
food-restricted mice, ~20 different Purkinje cells were examined
in this way, and autophagosomes were enumerated. As shown in
Figure 4B (graph at lower right), there was a 3- to 4-fold increase
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in the number of autophagosomes in Purkinje cells from food-
restricted animals (p < 0.0002). This increase in abundance is
similar in extent to that observed in cortical neurons using our
novel approach of vibratome sectioning and confocal microscopy
(Fig. 2B).

Discussion

Sporadic short-term fasting, driven by religious and spiritual
beliefs, is common to many cultures and has been practiced for
millennia, but scientific analyses of the consequences of caloric
restriction are more recent. Published studies indicate that the
brain is spared many of the effects of short-term food restriction,
perhaps because it is a metabolically privileged site that, rela-
tive to other organs, is protected from the acute effects of nutri-
ent deprivation, including autophagy.” We show here that this
is not the case: short-term food restriction induces a dramatic
upregulation of autophagy in cortical and Purkinje neurons. To
our knowledge, this is the first demonstration that food restric-
tion leads to in vivo neuronal autophagy. Our data extend recent

reports in tissue culture systems,'®%

and have implications for
individuals who, by choice or necessity, have limited food intake.
Our findings also may have therapeutic implications, as outlined
below. Autophagy is sometimes referred to as cellular “cleansing”,
and our observations provide an attractive neuronal parallel to
the organismal benefits that, historically, are perceived to derive
from fasting.

In this study we describe a novel technique to identify and
characterize autophagosomes in the tissues of GFP-LC3 mice,
using vibratome sections and confocal microscopy. The changes
that we report using this method are confirmed using the stan-
dard technique of TEM; this both validates the new approach,
and confirms the conclusions that we have drawn therefrom.
Herein, we make at least three novel observations. First, we iden-
tify and localize autophagosomes in cortical and Purkinje neurons
of normal-fed mammals. Second, we show that, in these CNS
neurons, short-term food restriction leads to a marked increase
in the number of autophagosomes, together with changes in their
physical characteristics. In principle, the observed changes could
result either from increased production of autophagosomes, or
from reduced fusion of autophagosomes with lysosomes. We
believe that the former explanation is the more likely, because
the activity of mTOR, a key protein that restrains autophagy,
is reduced in the Purkinje cells of food-restricted mice (Fig.
3B). Thus, our data favor the interpretation that the increased
abundance of autophagosomes results from upregulation of the
autophagy pathway in neurons, rather than from the blockade
of autophagosome maturation, although some contribution from
the latter cannot be excluded.

Third, we demonstrate that the changes that are induced by
food restriction differ somewhat depending on the neuronal cell
type. This is consistent with the recent proposal that autophagy
pathways may differ among cell types, as a result of evolution-
ary adaptation to the specific physiological needs of the cell."
Published studies in which autophagy was inhibited have shown
that the outcome varies with cell or tissue type. For example,
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interruption of neuronal autophagy can lead to degenerative dis-
ease,”” but an equivalent block in pancreatic acinar cells causes
no overt dysfunction.”! However, until now it has been thought
that increased autophagy would result in phenotypically-similar
changes in closely-related cell types. Here we show that this
appears not to be the case in vivo. Following food restriction,
we observed both similarities and differences in the size and dis-
tribution of autophagosomes in cortical neurons and Purkinje
cells. The fact that the observed changes in autophagy differed
between these two neuronal cell types suggests that a more
extensive analysis is warranted, to determine the extent to which
short-term food restriction induces autophagy—and, possibly,
other changes—in the mammalian CNS.

Our observation that a brief period of food restriction can
induce widespread upregulation of autophagy in CNS neu-
rons may have clinical relevance. As noted above, disruption of
autophagy can cause neurodegenerative disease, and the converse
also may hold true: upregulation of autophagy may have a neu-
roprotective effect. For example, in vitro models have shown that
starvation in neuronal cell lines can remove toxic molecules and
damaged mitochondria from neurons.”*** Other tissue culture
studies, of mutant huntingtin and o-synuclein proteins (which
are associated with Huntington disease and familial Parkinson
disease respectively), have identified autophagy substrates that
can be removed by drug-induced enhancement of autophagy.
Most importantly, some neuroprotective effects of drug-enhanced
autophagy also have been observed in vivo, in a D. melanogaster
model of Huntington disease.? Finally, it has been suggested that
intermittent fasting might improve neuronal function by means
that are entirely independent of caloric intake, and may instead
reflect an intrinsic neuronal response that is triggered by fast-
ing;26,27
function may be related to the upregulation of autophagy that we

we speculate that the reported improvement of neuronal

show here. The above findings have encouraged the development
of drugs that might enhance neuronal autophagy, thereby pro-
tecting against disease. Such drugs must: (i) be able to cross the
intact blood-brain barrier; (ii) upregulate neuronal autophagy;
and (iii) be harmless to the recipient. Food restriction is a simple,
reliable, inexpensive and harmless alternative to drug ingestion
and, therefore, we propose that short-term food restriction may
represent an attractive alternative to the prophylaxisand treatment
of diseases in which candidate drugs are currently being sought.
However, caution is counseled, because studies in rat brain have
suggested that chronic starvation might inhibit autophagy,”® an

outcome that could damage, rather than protect, neurons.?®?

Materials and Methods

Mice. GFP-LC3 mice contain a transgene encoding an eGFP-
rat LC3 fusion protein.”” GFP-LC3 transgenic mice, back-
crossed to the C57BL/6 background, were obtained from Riken
BioResource Center, and maintained as homozygous transgenic
(Tg/Tg). Homozygous transgenic mice were bred with wild-type
C57BL/6 mice to generate heterozygous transgenic (Tg/+) mice.
Pathogen-free C57BL/6] mice were purchased from the Scripps
Research Institute (TSRI) breeding facility or from Jackson
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Laboratories. Mice were housed in a temperature-controlled envi-
ronment with 12-hr light/dark cycles where they received food
and water. For studies on the effects of food restriction, 6—7 week
old male C57BL/6] and GFP-LC3 (Tg/+) mice were deprived
of food for 24 or 48 hr. These mice had free access to drinking
water. All experimental procedures with mice were conducted
in accordance with the guidelines of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All
animal protocols were approved by TSRI Animal Care and Use
Committee.

Perfusion, fixation and sectioning of tissues. Mice were
perfused with Dulbecco’s PBS (DPBS, Invitrogen, 14040-141),
and tissues were harvested and fixed using buffered zinc formalin
(Z-FIX; Annatech Ltd., 171) at room temperature (RT) over-
night. The inclusion of zinc is important, because it limits the
extensive cross-linking that would occur with formalin alone,
thereby preserving protein antigenicity and enhancing reagent
penetration into the tissue section; but the residual cross-link-
ing is sufficient to prevent the leaching of small molecules from
cells.?® After overnight fixation, the fixative was replaced with
PBS containing 0.1% (w/v) sodium azide on the following day,
and the organs were preserved at 4°C. Sixty im sections of brain
were cut with a Leica VT 1000S vibratome.

Immunostaining of liver and brain vibratome sections. Free-
floating vibratome-cut liver sections (60 wm) were washed 3X in
PBS (5 min each) and permeabilized in PBS with 0.5% Triton
X-100 for 2 hrs at RT. Next, the liver sections were washed 3X in
PBS and then incubated with Alexa Fluor 568 phalloidin (1:40;
Invitrogen, A12380) in PBS with 1% normal goat serum (NGS;
Invitrogen, PCN5000) and 0.3% Triton X-100 at 4°C overnight
to label F-actin. After incubation, the sections were washed 5X
in PBS and then counterstained with Hoechst 33342 (1:1,000;
Invitrogen, H3570) for 1 hr at RT to label nuclei, and mounted
with Vectashield (Vector labs, H1000) for confocal microscopy.
Sagittal free-floating brain sections were washed 3X in PBS, per-
meabilized (similarly to the liver), and then blocked in PBS with
5% NGS and 0.3% Triton X-100 for 2 hrs at RT. Sections were
washed 3X in PBS with 0.3% Triton, and incubated for ~42—44
hrs at 4°C with the following primary antibodies diluted in 1%
NGS and 0.3% Triton: mouse Milli-Mark Pan Neuronal Marker
(1:50, Millipore, MAB2300); rabbit antibody against phospho-
S6 ribosomal protein (phospho-S6RP; 1:100, Cell Signaling
Technology, 2211); and rabbit anti-glial fibrillary acidic protein
(GFAP; 1:500, DAKO, Z0334). The sections were then washed
3X in PBS with 0.3% Triton, and incubated for 2 hrs at RT with
the following secondary antibodies (1:250, all from Invitrogen):
goat anti-mouse IgG rhodamine red (R6393), donkey anti-rabbit
IgG AlexaFluor 647 (A31573), and/or goat anti-rabbit IgG rho-
damine red (R6394) diluted in 1% NGS and 0.3% Triton. After
incubation, the sections were washed 5X in PBS. All brain sec-
tions were counterstained with Hoechst 33342 (1:1,000) for 1 hr
at RT and mounted with Vectashield for confocal microscopy. As
much as possible, all sections were protected from light through-
out these procedures.

Confocal laser scanning microscopy analysis: high resolution
imaging of autophagy in tissues. Confocal images were captured
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using a Zeiss LSM 710 Laser Confocal Scanning Microscope
running Zen 2009 Zeiss software suite. Representative regions
within each vibratome section of brain were scanned as 8-bit
optical sections (either 512 x 512 or 1,024 x 1,024 image sizes)
and reconstructed for analysis. Exposure and image acquisi-
tion settings were identical for all sections. The observed green
(GFP-LC3) signals did not result from autofluorescence because:
(i) narrow band filters were used and the signals were observed
only in the green channel and (ii) the signals were absent from
non-transgenic mice (See Fig. 1).

Image processing, 3D reconstruction and quantitative
analysis of GFP-LC3 vesicles. All serial optical image sections
(obtained at 0.3-0.5 wm interval step slices) were imported and
spatially re-assembled using Imaris (BitPlane Inc.) or Zen 2009
(Carl Zeiss Inc.) software to generate a 3-dimensional represen-
tation of the tissue and rotational movies. All images were then
maximum projected for 2D analysis in Image Pro Plus (Media
Cybernetics Inc.) or Image J (NIH, http://rsbweb.nih.gov/ij/)
software for quantitative image analysis. For all quantitation,
serial confocal stacks were first maximum projected/flattened
into one 8-bit 2D image per scanned region, and then further
processed in Image Pro-Plus/3DS and Image J. Processing con-
sisted of automatically outlining each cell with a tracing tool
and then defining the background level of GFP-LC3 fluorescent
signal using the threshold tool. Once traced, the fluorescent
areas within each cell were individually outlined by the software
and used to calculate 2D parameters including: the number of
vesicles, area (assuming a uniform height), perimeter, feret (the
longest diameter within an irregular shape), and circularity (a
deviation from roundness of a sphere). To ensure valid compari-
sons of signal intensities among various images, all images and all
colors were processed using identical software settings.

Transmission electron microscopy. Mice were perfused with
0.9% saline followed by 4% paraformaldehyde, 1.5% glutaral-
dehyde in 0.1 M cacodylate buffer with 1 mM CaCl,. The brain
was removed and immersed in the above fixative on ice for 6
hrs, and then was transferred to 2.5% glutaraldehyde in 0.1 M
cacodylate buffer + 1 mM CaCl, for overnight fixation. After
a buffer wash, the tissue was further fixed in 1% OsO, with
1.5% potassium ferricyanide in 0.1 M Na cacodylate and again
washed in cacodylate buffer, dehydrated in graded ethanols and
transitioned in propylene oxide. Tissue sections were embedded
in Embed 812/Araldite (Electron Microscopy Sciences). Thick
sections (1-2 m) were cut, mounted on glass slides and stained
in toluidine blue for general assessment in the light microscope.
Subsequently, 70 nm thin sections were cut, mounted on copper
slot grids coated with parlodion and stained with uranyl acetate
and lead citrate for examination on a Philips CM100 electron
microscope (FEI, Hillsbrough OR) at 80 kV. Images were col-
lected using either an SIA-12C camera (Scientific Instruments
and Applications) or a Megaview III CCD camera (Olympus
Soft Imaging Solutions).

Statistics. Statistical significance was determined by: (i) a
one-way analysis of variance (ANOVA), and Tukey’s post-hoc
test was used for multiple comparisons within each data set

(GraphPad Prism, GraphPad Software, Inc.) or (ii) Student’s t

709



test (Microsoft Excel 2007). In all cases, a p value <0.05 was
considered statistically significant.
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