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ABSTRACT

Treatment of cells with the macrolide antibiotic bafilomycin A1,
an inhibitor of vacuolar (V)-ATPase, or with the lysosomotropic
agent chloroquine, has been shown to pharmacologically in-
hibit autophagy as evidenced by an accumulation of autopha-
gosomes, which in turn causes Bax-dependent apoptosis.
However, bafilomycin A1 has also been reported to inhibit
chloroquine-induced apoptosis, suggesting a complex interre-
lationship between these two inhibitors of autophagy. To de-
termine whether the cytoprotective effect of bafilomycin A1 on
chloroquine-treated cells was dependent on inhibition of V-
ATPase, we examined the single and combined effects of
bafilomycin and chloroquine on cultured cerebellar granule
neurons. When added separately, chloroquine or high concen-
trations of bafilomycin A1 (=10 nM) induced a dose-dependent
inhibition of autophagy (as measured by an increase in LC3-II,

a marker specific for autophagosomes), followed by caspase-3
activation and cell death. When added in combination, bafilo-
mycin A1 potently inhibited chloroquine-induced caspase-3
activity and cell death at concentrations (=1 nM) that neither
altered vacuolar acidification nor inhibited autophagy. The neu-
roprotective effects of bafilomycin A1 against chloroquine were
substantially greater than those produced by Bax deficiency.
Bafilomycin A1-induced neuroprotection seemed to be stimu-
lus-specific, in that staurosporine-induced death was not at-
tenuated by coaddition of bafilomycin A1. Together, these data
suggest that in addition to promoting death via inhibition of
V-ATPase and autophagy, bafilomycin A1 possesses novel,
neuroprotective properties that inhibit Bax-dependent activa-
tion of the intrinsic apoptotic pathway resulting from the phar-
macological inhibition of autophagy.

Cell death is classified by morphological criteria into dis-
tinct categories, including type I apoptotic death and type II
autophagic death (Schweichel and Merker, 1973; Clarke,
1990). Apoptosis is triggered by activation of either extrinsic
(death receptor-mediated) or intrinsic (mitochondrial-associ-
ated) death pathways (Bredesen, 2000; Putcha et al., 2002).
Both apoptotic pathways are regulated by pro- and antiapop-
totic members of the Bcl-2 family (Shacka and Roth, 2005)
and culminate in the activation of effector caspases, which
induce the nuclear condensation, DNA fragmentation, and
cell shrinkage that define apoptotic morphology (Schweichel

This work was supported by National Institute of Neurological Disorders
and Stroke grant NS35107 (to K.A.R.), National Institute of Diabetes and
Digestive and Kidney Diseases grant DK19645 and National Institute on
Aging grant AG10299 (to R.E.S.), and an award from the Batten Disease
Support and Research Association (to J.J.S.).

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

doi:10.1124/mol.105.018408.

and Merker, 1973; Clarke, 1990). Autophagy is a homeostati-
cally regulated pathway whereby autophagosomes fuse with
lysosomes for the subsequent degradation and recycling of
macronutrients and damaged organelles by lysosomal en-
zymes (Klionsky and Emr, 2000; Eskelinen, 2005; Lum et al.,
2005b). Autophagosomes are defined ultrastructurally as in-
tracellular, double-membraned vesicles encompassing or-
ganelles and cytoplasm and biochemically by accumulation of
microtubule-associated protein light chain 3-II (LC3-II). LC3
is a microtubule-associated protein that upon processing
from its cytoplasmic form (LC3-I) inserts via covalent lipida-
tion into the inner and outer limiting membranes of autopha-
gosomes as LC3-II (Ichimura et al., 2000; Kabeya et al.,
2000). Under conditions of limited trophic support, cells in-
duce autophagy as a catabolic means of survival by increas-
ing the turnover of its intracellular components (Lum et al.,
2005a). If trophic support remains low, progressive cellular
atrophy may lead to autophagic cell death that is defined

ABBREVIATIONS: LC3, microtubule-associated protein light chain-3; V-ATPase, vacuolar type ATPase; CGN, cerebellar granule neuron; PBS,

phosphate-buffered saline; ANOVA, analysis of variance.
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morphologically by increased numbers of autophagosomes in
a degenerating cell and may be concomitant with apoptotic
morphology.

Chloroquine, a widely-prescribed antimalarial agent, is
also indicated for treatment of autoimmune diseases, includ-
ing systemic lupus erythematosus and rheumatoid arthritis
(Lai et al., 2001; Issa and Ruderman, 2004; Baird, 2005;
Wozniacka and McCauliffe, 2005). As a weak base, chloro-
quine concentrates in acidic vesicles such as lysosomes and
raises their pH, an effect that has been shown to disrupt the
function of lysosomal enzymes (de Duve et al., 1974; Seglen
and Gordon, 1980). Chloroquine-induced death has been de-
scribed in many cell types including immature neurons (Zaidi
et al., 2001) and HeLa cells (Boya et al., 2003, 2005) and has
been shown to be regulated by members of the Bcl-2 family.
Previous studies have indicated that chloroquine induces a
transient increase in staining of acidic vesicles with Lyso-
Tracker Red, an effect that precedes a disruption in mito-
chondrial membrane potential and cell death (Boya et al.,
2003, 2005). Bafilomycin Al is a macrolide antibiotic that
was characterized initially for its selective inhibition of the
vacuolar-type ATPase (V-ATPase) (Bowman et al.,, 1988;
Drose et al., 1993). At nanomolar concentrations, bafilomycin
A1l disrupts the vesicular proton gradient and ultimately
increases the pH of acidic vesicles (Yoshimori et al., 1991).
This disruption of vesicular acidification by both bafilomycin
A1 and chloroquine has been proposed to prevent the fusion
of autophagosomes with lysosomes (Yamamoto et al., 1998;
Boya et al., 2005), resulting in an inhibition of autophagy
(Boya et al., 2005). It is noteworthy that this inhibition of
autophagy has been shown to precede the disruption of mi-
tochondrial membrane potential and Bax/Bak-dependent ap-
optosis (Boya et al., 2005), thus underscoring an important
link between these two death processes.

Pretreatment of HeLa cells with a high concentration of
bafilomycin Al (100 nM) inhibits chloroquine-induced apo-
ptosis (Boya et al., 2003). This protective effect of bafilomycin
A1l was attributed to its ability to inhibit the initial localiza-
tion of chloroquine to acidic vesicles, thereby blocking its
disruption of both lysosomal function and the subsequent
decrease in mitochondrial membrane potential and induction
of apoptosis (Boya et al., 2003). It is noteworthy that this
high concentration of bafilomycin Al is known to inhibit
V-ATPase completely (Bowman et al., 1988), induce vacuolar
deacidification (Yoshimori et al., 1991; Boya et al., 2003,
2005), and promote apoptosis (Nishihara et al., 1995; Ki-
noshita et al., 1996; Kanzawa et al., 2003, 2004; Boya et al.,
2005). These previous results led us to investigate whether
bafilomycin Al could also prevent the chloroquine-induced
death of neuronal cells. In addition, we set out to determine
whether bafilomycin Al had any protective effects at concen-
trations below its reported ability to inhibit vesicular acidi-
fication. Results of the present study indicate a dramatic,
bafilomycin Al-dependent reduction in chloroquine-induced
apoptosis of cerebellar granule neurons (CGNs) by a mecha-
nism that is independent of its effects on vacuolar acidifica-
tion and is downstream of autophagosome formation.

Materials and Methods

Reagents. Unless otherwise noted, reagents were acquired from
Sigma (St. Louis, MO).

Animals. C57BL/6J mice were used in all experiments. The gen-
eration of mice deficient in bax and caspase-3 has been described
previously (Knudson et al., 1995; Kuida et al., 1996; Shindler et al.,
1997). Genetic status was determined by polymerase chain reaction
analysis of tail DNA extracts as described previously (Kuida et al.,
1996; Shindler et al., 1997). Mice were cared for 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 the Institutional Animal Care and Use Committee of the Univer-
sity of Alabama at Birmingham.

Cell Culture. CGNs were isolated from postnatal day 7 mice as
described previously (Nowoslawski et al., 2005). CGNs were plated
in poly-L-lysine coated plates at a density of 1250 cells/mm?2. Forty-
eight well plates were used for viability and caspase activity assays;
100-mm dishes were used for Western blot analysis; four-well Per-
manox chamber slides (Nalgene; Nalge Nunc International, Naper-
ville, IL) were used for analysis of vacuolar acidification; four-well
glass chamber slides (Nalgene) were used for ultrastructural analy-
sis; and six-well plates were used for protein degradation assays.
CGNs were treated on in vitro day 4. The conditioned media was
replaced with fresh media with or without chloroquine (5—-40 uM
final) in the presence or absence of bafilomycin Al (final concentra-
tion, 0.1-100 nM), BOC-aspartyl(OMe)-fluoromethyl ketone (final
concentration, 150 uM; MP Biomedicals, Aurora, OH), or cyclohexi-
mide (final concentration, 0.01-1 pg/ml). Separate cultures of CGNs
were also treated for 24 h with staurosporine (0.1 uM), in the pres-
ence or absence of bafilomycin Al (1-10 nM final).

Measurement of Viability and Caspase-3-Like Activity. Cell
viability (via Calcein AM fluorogenic conversion assay; Molecular
Probes, Eugene, OR) and caspase-3-like activity (via fluorogenic
DEVD cleavage assay) were performed as described previously
(Nowoslawski et al., 2005) and were expressed relative to untreated
controls.

Labeling of CGNs with LysoTracker Red. Conditioned media
was removed from CGNs grown in four-well, Permanox chamber
slides. LysoTracker Red (0.05 uM; Molecular Probes, Eugene, OR)
and Calcein AM (2.5 ug/ml; Molecular Probes) were prepared in
Locke’s buffer and added to each well for 30 min at 37°C. After this
incubation, the cells were washed with Locke’s buffer and cover-
slipped. Images were captured using a Carl Zeiss Axioskop micro-
scope equipped with epifluorescence.

Ultrastructural Analysis of CGNs. After 24-h treatment with
chloroquine and/or various concentrations of bafilomycin Al that
began on day 4 in vitro, cells were fixed overnight at 4°C with 3%
glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4, containing
0.45 mM Ca2", rinsed three times with ice-cold buffer at 4°C, and
osmicated (2% OsO, in PBS; Electron Microscopic Sciences, Fort
Washington, PA). Subsequently, wells were rinsed three times in
deionized H,O and dehydrated in graded alcohols (30-100%). Cul-
tures were treated overnight with a 1:1 mixture of 100% EtOH and
Polybed (Polysciences, Warrington, PA). The 1:1 Polybed/EtOH mix-
ture was replaced with complete Polybed and placed under vacuum
for 4 h, then replaced by fresh complete Polybed and baked overnight
in a 60°C oven under vacuum. Ultrathin sections were prepared with
an ultramicrotome, collected onto slot grids, stained with uranyl
acetate and lead citrate, and viewed with a JEOL 1200 transmission
electron microscope.

Measurement of Degradation of Long-Lived Proteins. Mea-
surement of long-lived protein degradation was performed with mi-
nor modifications as described previously (Pattingre et al., 2004).
CGNs were radiolabeled on day 3 in vitro with 0.2 uCi/ml L-[**C]va-
line for 24 h at 37°C in valine-free neurobasal media (UCSF Cell
Culture Core Facility, San Francisco, CA) and B-27 supplement
(Invitrogen, Carlsbad, CA). After the radiolabeling period, unincor-
porated radioisotope was removed by three rinses with PBS, pH 7.4.
Cells were then incubated with culture media containing 10 mM
valine for 16 h at 37°C followed by three rinses with PBS to remove
the radioactivity due to the degradation of short-lived proteins. Cells



were then treated for 24 h at 37°C with chloroquine and/or bafilo-
mycin Al in media containing 10 mM valine. Cells and radiolabeled
proteins from the media were then precipitated in ice-cold trichloro-
acetic acid [final concentration, 10% (v/v)]. The precipitated proteins
were separated from the soluble radioactivity by centrifugation at
600g for 20 min and then dissolved in 0.2 N NaOH. Radioactivity was
determined by liquid scintillation counting. Protein degradation was
calculated by dividing the acid-soluble radioactivity recovered from
media by the total radioactivity from the acid-soluble and precipi-
tated fractions of cells and media and was expressed as percentage
degradation per hour of treatment.

Western Blot. Cells were detached from their substrate by incu-
bation for 5 min at 37°C with Accutase (Innovative Cell Technolo-
gies, San Diego, CA). Conditioned media and cells were centrifuged
(700g, 5 min, 4°C). The supernatant was aspirated and re-suspended
with 1 ml of ice-cold PBS, then centrifuged again (700g, 5 min, 4°C).
The resultant pellet was resuspended in lysis buffer containing 25
mM HEPES, 5 mM EDTA, 5 mM MgCl,, 1% SDS, 1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail,
and 1% phosphatase inhibitor cocktail (Sigma). Cell lysates were
sonicated to shear DNA and then centrifuged (10,000 rpm, 10 min,
4°C), and the resultant supernatant (cleared whole-cell lysates) was
transferred to a fresh tube. Protein levels were determined subse-
quently via BCA assay (Pierce). Equal amounts of protein were
resolved via SDS-polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride. After transfer, blots were cut in half at
approximately 37 kDa. The lower molecular mass blots were used
initially for the detection of active caspase-3 with an antibody raised
against the cleaved or active fragment (Cell Signaling), and the
upper molecular mass blots were used for detection of B-III tubulin
(Santa Cruz Biotechnology, Santa Cruz, CA) to normalize for protein
loading. Blots were blocked for 1 h at room temperature in 5% milk,
followed by overnight incubation with primary antibody. Blots were
washed with 1X TBS containing 0.1% Tween 20, then incubated with
secondary antibody (goat anti-rabbit IgG; Bio-Rad, Hercules, CA) for
1 h at room temperature and subsequently washed. Signal was
detected using Supersignal chemiluminescence (Pierce). After detec-
tion of cleaved caspase-3, the bottom blot was stripped using Restore
Western Blot stripping buffer (Pierce Chemical, Rockford, IL) then
probed with rabbit anti-LC3 (provided by Uchiyama laboratory),
using the same Western blot protocol as described above. Blots were
scanned for densitometric analysis using Bio-Rad Quantity One soft-
ware.

Statistics. Significant effects of treatment were analyzed either
by one-factor ANOVA (if three or more groups) or by unpaired,
two-tailed ¢ test (if two groups). Genotype-specific effects of treat-
ment were analyzed for significance via two-factor ANOVA. Post hoc
analysis was conducted using Bonferroni’s test. A level of p < 0.05
was considered significant.

Results

CGNs were treated with 5 to 40 uM chloroquine after 4
days in vitro and their viability and fractional caspase-3-like
activity were measured 16 to 24 h later (Fig. 1, a and b).
Chloroquine produced a concentration-dependent decrease in
viability (Fig. 1la) and increase in caspase-3-like activity,
with significant effects observed at concentrations of chloro-
quine =10 uM. Chloroquine decreased viability to 24% at 20
uM and to 8% at 40 uM (Fig. la), whereas a 6- to 7-fold
increase in caspase-3-like activity was maximal at 20 to 40
pM (Fig. 1b). For all subsequent experiments, a concentra-
tion of 20 uM chloroquine was used. Treatment with the
protein synthesis inhibitor cycloheximide (0.1-1 mg/ml) did
not alter the magnitude of death induced by chloroquine
(data not shown), which suggests that the deleterious effects
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of chloroquine were not dependent on de novo protein syn-
thesis.

Time course studies were performed to determine the tem-
poral induction of caspase-3-like activity and cell death by
chloroquine (Fig. 1, ¢ and d). Viability decreased slightly (by
7%) but significantly after 8 h and continued to decrease
significantly over the next 40 h (Fig. 1lc). Caspase-3-like
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Fig. 1. Chloroquine decreases cell viability and increases caspase-3-like
activity. Viability (a) expressed as percentage control (CTL) and frac-
tional caspase-3-like activity (b) measured 24 h after treatment with
chloroquine (5—-40 uM). Viability (c) and caspase-3-like activity (d) were
also measured for up to 48 h after treatment with 20 uM chloroquine.
Three independent experiments of at least three replicates represent
each time point and concentration tested. Significant effects of treatment
and time were assessed via one-factor ANOVA with Bonferroni’s post hoc
test. For a and b, p < 0.05 (a, compared with CTL; b, compared with 5 uM
chloroquine; ¢, compared with 10 uM chloroquine; d, compared with 20
M chloroquine). For c and d, p < 0.05 (a, compared with 0 h; b, compared
with 8 h; ¢, compared with 16 h; d, compared with 24 h).
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activity increased significantly 8 h after treatment with chlo-
roquine and was maximal at 16 h (6-fold induction) and
remained at high levels from 24 to 48 h (Fig. 1d). The tem-
poral pattern of cleaved or “active” caspase-3 was confirmed
by Western blot analysis (Fig. 2, a and b), which was evident
at low levels by 8 h and was most robust at 16 h after
treatment with chloroquine.

To determine the effects of chloroquine on autophago-
somes, the processing of LC3 was assessed via Western blot
(Fig. 2, a and c—e). Levels of the 18-kDa LC3-I seemed lower
24 to 48 h after treatment with chloroquine compared with
control levels at those times (Fig. 2, a and b). LC3-II, the 16
kDa form of LC3 specific for membranes of autophagosomes
(Kabeya et al., 2000), was elevated within 4 h after chloro-
quine addition and remained high through 48 h (Fig. 2, a and
¢). This increase in LC3-II was also reflected by an increase
in the ratio of autophagosome-bound LC3-II to that of cyto-
solic LC3-I (Fig. 2d).

The effects of bafilomycin Al on the survival and apoptosis
of CGNs were assessed after 24 h (Fig. 3). By itself, bafilo-
mycin Al did not decrease viability or induce caspase-3-like
activity at concentrations =1 nM but did so at concentrations
=10 nM (Fig. 3, a and b). Western blot analysis was per-
formed to confirm the effects of bafilomycin A1 on the activity
of caspase-3 and to determine its effects on the processing of
LC3 (Fig. 4). An increase in cleaved caspase-3 was only
apparent upon treatment with 10 nM bafilomycin A1 (Fig. 4,
a and b). Treatment with bafilomycin Al at any concentra-
tion did not change levels of LC3-I, but 10 nM bafilomycin Al

induced a dramatic increase in levels of LC3-II (Fig. 4, a and
¢), which was also reflected by a dramatic increase in the
ratio of LC3-II/LC3-I (Fig. 4d).

The effects of bafilomycin A1l were also assessed in the
presence of a toxic dose of chloroquine (Fig. 5). Bafilomycin
Al significantly attenuated the chloroquine-induced de-
crease in viability at all concentrations tested and was max-
imal at 1 nM (viability of 88% with bafilomycin Al versus
24% without; Fig. 5a). Although concentrations of 10 to 100
nM bafilomycin Al by themselves decreased viability (Fig.
3a), they significantly attenuated the still larger decrease in
viability induced by chloroquine (Fig. 5a). The chloroquine-
induced increase in caspase-3-like activity was reduced only
upon the coaddition of 0.3 to 1 nM bafilomycin Al, and was
maximal at 1 nM (3-fold reduction; Fig. 5b).

To determine whether bafilomycin A1l affected the toxicity
of a classic apoptosis-inducing stimulus, CGNs were treated
for 24 h with 0.1 uM staurosporine (Fig. 5¢), a concentration
of this broad spectrum kinase inhibitor that significantly
increases caspase-3-like activity and apoptosis in our culture
system (data not shown). Treatment with staurosporine for
24 h significantly reduced viability to an average of 44%, an
effect that was not altered by coadministration with 1 nM
bafilomycin Al. Treatment with 10 nM bafilomycin Al,
rather than protecting CGNs from staurosporine-induced
death, further decreased the viability of staurosporine-
treated CGNs to 20%.

Western blot analysis was performed to confirm the effects
of bafilomycin Al on the activity of caspase-3 and to deter-
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mine its effects on the processing of LC3 in the presence of
chloroquine (Fig. 6). The chloroquine-induced increase in
cleaved caspase-3 was attenuated by cotreatment with =1
nM bafilomycin Al (Fig. 6, a and b). Bafilomycin Al did not
attenuate chloroquine-induced levels of LC3-II but seemed to
increase levels of LC3-I, which is reflected by a reduction in
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Fig. 3. Bafilomycin Al (BafAl) concentration-dependently decreases vi-
ability and increases caspase-3-like activity. Viability (a) and fractional
caspase-3-like activity (b) were measured 24 h after the addition of BafA1l
(0.1-100 nM). Three independent experiments of at least three replicates
represent each time point and concentration tested. Significant effects of
treatment were assessed via one-factor ANOVA with Bonferroni’s post
hoc test; p < 0.05 (+, compared with 0, 0.1, and 0.3 nM BafA1; f, compared
with 10 nM BafA1l).
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the ratio of LC3-II to LC3-I at all concentrations of bafilomy-
cin Al tested (Fig. 6, a and c¢).

Vacuolar acidification was measured after 24-h treatment
with chloroquine and/or bafilomycin Al by incubation with
LysoTracker Red, in the presence of the viability marker
calcein AM (Fig. 7). By itself, 1 nM bafilomycin Al did not
alter the staining pattern of LysoTracker Red or reduce via-
bility compared with control cells (Fig. 7, a and b). In con-
trast, treatment with 10 nM bafilomycin Al not only pre-
vented any detection of vacuolar acidification by LysoTracker
Red but also decreased numbers of viable CGNs (Fig. 7c), an
effect that was similar in the presence or absence of chloro-
quine (Fig. 7, c and f). Treatment with chloroquine decreased
numbers of viable CGNs (Fig. 7d). However, the population of
CGNs that survived 24-h treatment with chloroquine exhib-
ited a greater intensity of LysoTracker Red staining than
that observed in control cells (Fig. 7d). The coaddition of 1 nM
bafilomycin Al and chloroquine (Fig. 7e) increased numbers
of viable neurons that also exhibited a concomitant increase
in LysoTracker Red staining intensity, compared with treat-
ment with chloroquine or 1 nM bafilomycin Al alone.

Electron microscopy was performed on CGNs to determine
the effects of 24-h treatment with chloroquine with or with-
out bafilomycin Al on ultrastructural morphology. There
were no morphological differences between control CGNs
(Fig. 8a) and cells treated with 0.3 nM bafilomycin Al (Fig.
8b). Treatment with 10 nM bafilomycin Al (Fig. 8c) induced
the accumulation of large, swollen, single-membraned vacu-
oles in the cytoplasm with electron-dense deposits, in addi-
tion to apoptotic nuclei. Chloroquine (Fig. 8, d and g) induced
the formation of apoptotic nuclei and also the accumulation
of single membraned vacuoles with dense, electron-dense
deposits and a whorled appearance, possibly indicating ma-
ture, degradative autophagosomes or autophagolysosomes
(Eskelinen, 2005). The vacuoles that accumulated upon
treatment with 10 nM bafilomycin Al (Fig. 8c) were much
larger and swollen than those that accumulated upon treat-

Fig. 4. Bafilomyicin A1 (BafAl) concentra-
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ment with chloroquine and were not whorled in appearance,
which may indicate a population of mature autophagosomes
whose fusion with lysosomes was blocked, as suggested pre-
viously (Yamamoto et al., 1998). Cotreatment with chloro-
quine and 0.3 nM bafilomycin Al (Fig. 8, e and h) attenuated
the chloroquine-induced appearance of apoptotic nuclei but
did not prevent the accumulation of single membraned,
whorled vacuoles with electron-dense deposits. Cotreatment
with chloroquine and 10 nM bafilomycin Al (Fig. 8, f and 1)
induced the accumulation of large, swollen, single-mem-
braned vacuoles in addition to apoptotic nuclei.
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Fig. 5. Bafilomycin Al (BafAl) concentration-dependently attenuates
chloroquine-induced decrease in viability and increase in caspase-3-like
activity. Viability (a) and fractional caspase-3-like activity (b) were mea-
sured 24 h after the coaddition of 20 uM chloroquine (CQ) and BafAl.
BafA1l did not prevent the decrease in viability after 24-h treatment with
0.1 uM STS (c). Three independent experiments of at least three repli-
cates represent each concentration tested. For a and b, significant effects
of BafA1 (in the presence or absence of CQ) were assessed via one-factor
ANOVA with Bonferroni’s post hoc test; p < 0.05 (a, compared with CTL;
b, compared with CQ; ¢, compared with 0.1 nM BafAl; d, compared with
0.3 nM BafAl; e, compared with 1 nM BafAl). For c, significant effects of
staurosporine (in the presence or absence of BafAl) were assessed via
two-factor ANOVA and concentration-dependent differences of BafAl
were assessed via one-factor ANOVA with Bonferroni’s post hoc test; p <
0.05 (a, compared with each concentration of BafAl without staurospor-
ine; b, compared with 0 and 1 nM BafAl).

Treatment with chloroquine has been shown previously to
inhibit macroautophagy by inhibiting the degradation of
long-lived proteins (Boya et al., 2005). In the present study,
degradation of long-lived proteins was measured after 24-h
treatment with chloroquine and/or bafilomycin Al to deter-
mine whether chloroquine had similar effects on macroauto-
phagy in CGNs, and whether bafilomycin Al differentially
affected macroautophagy in the presence or absence of chlo-
roquine (Fig. 9). Chloroquine significantly inhibited the deg-
radation of long-lived proteins versus control cultures, an
effect that was not altered by cotreatment with either 1 or 10
nM bafilomycin Al. One nanomolar bafilomycin Al by itself
did not alter the degradation of long-lived proteins versus
control. Although 10 nM bafilomycin Al seemed to decrease
the degradation of long-lived proteins compared with control,
this effect did not reach statistical significance.

Cultures were prepared from Bax-deficient mice to deter-
mine the role of this pro-apoptotic member of the Bcl-2 family
in chloroquine-induced death (Fig. 10). The targeted deletion
of Bax significantly attenuated the chloroquine-induced de-
crease in viability (Fig. 10a) and increase in caspase-3-like
activity (Fig. 10b), measured at 16 to 24 h, but did not provide
any greater protection than that achieved with 1 nM bafilo-
mycin Al (Fig. 10, a and b). Conversely, Bax deficiency pre-
vented the reduction in viability and increase in caspase-3-
like activity that was induced by treatment for 24 h with 10
nM bafilomycin Al (Fig. 10, ¢ and d). The effects of targeted
deletion of Bax on the activity of caspase-3 were confirmed
via Western blot (Fig. 10e). Furthermore, Western blot anal-
ysis indicated that Bax deficiency did not prevent the chlo-
roquine-induced increase in LC3-II (Fig. 10e).

Because chloroquine induced a dramatic increase in the
activity of caspase-3, cultures of CGNs were prepared from
caspase-3-deficient mice to determine the relative position-
ing of this effector caspase in the pathway of cell death
induced by chloroquine. The absence of caspase-3 did not
prevent the chloroquine-induced decrease in viability (Fig.
11a), although a significant attenuation in caspase-3-like
activity was observed (Fig. 11b). To determine whether other
caspases (e.g., caspase-9) may be critical for chloroquine-
induced death, CGNs were treated with BOC-aspartyl(OMe)-
fluoromethyl ketone, a broad-spectrum caspase inhibitor.
Treatment with this inhibitor did not attenuate chloroquine-
induced death (Fig. 11c) but did significantly attenuate
the chloroquine-induced increase in caspase-3-like activity
(Fig. 11d).

Discussion

Inhibition of autophagy by chloroquine or bafilomycin Al
occurs via a disruption in the pH of acidic vesicles, which
prevents the fusion of autophagosomes with lysosomes and
thus increases the cellular burden of autophagosomes and
has been shown to precede and possibly induce Bax- and
mitochondrial-dependent apoptosis (Zaidi et al., 2001; Boya
et al., 2003, 2005). In the present study, chloroquine pro-
duced a concentration- and time-dependent increase in
caspase-3-like enzymatic activity and decrease in the viabil-
ity of CGNs (Figs. 1 and 2). The chloroquine-induced death of
CGNs was due to the engagement of the intrinsic apoptotic
pathway, as evidenced by a Bax-dependent increase in
caspase-3 activity and decrease in cell viability (Fig. 10).



Chloroquine also induced a dramatic increase in LC3-II
(Figs. 2 and 6) that preceded activation of caspase-3 (Fig. 2)
and was Bax-independent (Fig. 10). In addition, treatment
with =10 nM bafilomycin Al increased levels of LC3-II (Fig.
4) and caused an accumulation of vacuoles (Fig. 8), enhanced
Bax-dependent apoptosis (Figs. 3, 4, and 10) and severely
impaired vacuolar acidification (Fig. 7), results that are sim-
ilar to those of previous studies (Boya et al., 2003, 2005). It is
noteworthy that results of the present study confirm and
extend previous studies suggesting that an alteration in au-
tophagy precedes and initiates apoptotic cell death (Lee and
Baehrecke, 2001; Boya et al., 2003, 2005; Martin and Baeh-
recke, 2004; Gonzalez-Polo et al., 2005).

Cotreatment with bafilomycin Al dramatically and signif-
icantly attenuated chloroquine-induced apoptosis (Figs. 5
and 6), an effect that was characterized by an inverted,
U-shaped concentration-dependence. This effect was maxi-
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mal at a concentration of bafilomycin Al (0.3—-1 nM) that by
itself neither altered vacuolar acidification (Fig. 7) nor in-
duced the formation of autophagosomes (Fig. 4). This concen-
tration of bafilomycin A1 was shown previously to have min-
imal inhibitory effect on V-ATPase in a cell-free system
(Bowman et al., 1988; Drose et al., 1993). However, 10 to 100
nM bafilomycin Al still inhibited chloroquine-induced death,
albeit not as robustly as with lower concentrations, which is
probably due to bafilomycin Al-dependent induction of the
intrinsic apoptotic pathway at =10 nM. It is possible that
high concentrations of bafilomycin Al prevent a distinct,
caspase-independent pathway of chloroquine-induced cell
death, because chloroquine-induced caspase-3-like activity
was not affected by =10 nM bafilomycin Al. Nevertheless,
100 nM bafilomycin Al has been shown previously to inhibit
chloroquine-induced apoptosis of HelLa cells (Boya et al.,
2003), which suggests cell-type-specific effects of bafilomycin

+ Chloroquine

Fig. 6. Bafilomycin Al (BafAl) dose-
dependently attenuates chloroquine-
induced cleavage of caspase-3 and the
ratio of LC3-II/LC3-1. Representative
Western blot (a) indicates cleaved
caspase-3 and processing of LC3 in
samples treated for 24 h with BafAl
(0.3-10 nM) in the presence or ab-
sence of 20 uM chloroquine (CQ). At

0.0 0.3 1.0 10.0
nM BafA1

+ Chloroquine

least three independent experiments
were used to assess levels of cleaved
caspase-3 (b), LC3-I, and LC3-II (c)
expressed relative to levels of p-III-
tubulin, and the ratio of LC3-II to
LC3-I (d).

0.3
nM BafA1

BafA1 10 nM

Fig. 7. Effects of chloroquine (CQ)
and bafilomycin Al (BafAl) on the
labeling of acidic vesicles. CGNs were
treated for 24 h (a, CTL; b, 1 nM
BafAl; ¢, 10 nM BafAl; d, 20 uM CQ;
e, CQ + 1 nM BafAl; f, CQ + 10 nM
BafAl) and were subsequently la-
beled for acidic vesicles using Lyso-
tracker Red and for viability using
Calcein AM. Each experiment was re-
peated three times with similar re-
sults. Scale bar, 100 pm.

CQ+BafA1 10 nM
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A1 and chloroquine. Effects of bafilomycin Al in various cell
culture models have been typically reported using concentra-
tions =10 nM (Boya et al., 2003, 2005; Kanzawa et al., 2003,
2004). Together, our results reveal a novel, concentration-
dependent dichotomy of bafilomycin Al function such that
=1 nM bafilomycin Al inhibits chloroquine-induced apopto-
sis apart from its inhibition of vacuolar acidification. In ad-
dition, the protective effects of bafilomycin A1 may be limited

to stimuli that induce alterations in autophagy, because it
did not prevent death caused by staurosporine, a protein
kinase inhibitor and classic apoptosis-inducing agent (Fig. 5).

In the present study, CGNs that survived the 24 h chloro-
quine incubation stained intensely for LysoTracker Red. A
chloroquine-induced increase in LysoTracker Red staining
intensity has been documented previously in other cell types
(Boya et al., 2003, 2005) and occurs concomitantly with an

!

Fig. 8. Effects of chloroquine (CQ) and bafilomycin Al (BafA1l) on morphology of CGNs as assessed ultrastructurally by electron microscopy (EM).
CGNs were treated for 24 h (a, CTL; b, 0.3 nM BafA1l; ¢, 10 nM BafAl; d, 20 uM CQ; e, CQ + 0.3 nM BafAl; f, CQ + 10 nM BafAl) and were
subsequently processed for EM. Boxes in d—f refer to enlarged images of vacuoles represented in g—i, respectively. Arrows point to apoptotic nuclei.
Arrowheads point to vacuoles with electron dense granules and whorled appearance. Asterisks indicate large, swollen vacuoles with electron dense

granules. Scale bar, 2 um for a—f and 0.5 um for g—i.



increase in autophagosome number yet dissipates only in
cells exhibiting a subsequent disruption in mitochondrial
membrane potential and resultant apoptosis (Boya et al.,
2005). Thus, the CGNs staining intensely with LysoTracker
Red probably represent the viable population of neurons that
have intact mitochondrial function, although mitochondrial
function was not directly measured in the present study.
Although LysoTracker Red does not discriminate among dif-
ferent types of acidic vesicles or organelles, its staining pat-
tern may represent a population of late or mature autopha-
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Fig. 9. Bafilomycin Al (BafAl) does not attenuate chloroquine (CQ)-
induced inhibition of macroautophagy. CGNs radiolabeled with *C va-
line were treated with CQ, BafAl, or CQ+BafAl for 24 h and processed
subsequently for degradation of long-lived proteins. Data represent
mean * S.E.M. of three independent experiments and are expressed as
percentage degradation per hour of treatment. Significant effects of treat-
ment were assessed via one-factor ANOVA with Bonferroni’s post hoc
test; p < 0.05 (¥, compared with CTL-treated cultures).
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gosomes, as suggested by ultrastructural analysis (Fig. 8),
that become increasingly acidic during their maturation
(Dunn, 1990; Punnonen et al., 1992). By disrupting the func-
tion of lysosomes, chloroquine may prevent their fusion with
late autophagosomes, resulting ultimately in the accumula-
tion of late autophagosomes.

One nanomolar bafilomycin Al increased not only the pop-
ulation of CGNs that survived the chloroquine insult but also
the number of viable CGNs with intensely stained, Lyso-
Tracker Red-positive acidic vesicles (Fig. 7). A relative lack of
apoptotic nuclei was seen ultrastructurally after treatment
for 24 h with chloroquine plus 0.3 nM bafilomycin A1l (Fig. 8),
confirming the results of caspase activity assays (Fig. 5) and
Western blot analysis (Fig. 6). In addition, ultrastructural
analysis suggests that there is little if any effect of 0.3 nM
bafilomycin Al on the chloroquine-induced accumulation of
autophagosomes. Together, these data suggest that bafilomy-
cin Al, at concentrations below its ability to inhibit V-
ATPase, may prevent not only the de-stabilization of acidic
vesicles (as evidenced by even greater numbers of viable cells
exhibiting intense LysoTracker Red staining) but also the
disruption of mitochondrial function that would lead to in-
duction of the intrinsic apoptotic pathway.

Conversely, treatment with 10 nM bafilomycin Al com-
pletely prevented LysoTracker Red staining, both in the pres-
ence or absence of chloroquine. This may suggest that bafilo-
mycin Al (via inhibition of V-ATPase) prevents the fusion
and maturation of early autophagosomes, as described pre-
viously (Yamamoto et al., 1998), thus accumulating a popu-
lation of autophagosomes with a pH too high for detection

bc

Fig. 10. The cytoprotective effects of bafilomycin
Al (BafAl) are Bax-independent. Control (CTL)-
and chloroquine (CQ; 20 uM)-treated, wild-type
abe (WT) and Bax-deficient (KO) CGNs were as-
d sessed for viability (a and c¢) and fractional
caspase-3-like activity (b and d) in the presence
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with LysoTracker Red. Ultrastructural analysis indeed con-
firmed the accumulation of single membraned, cytoplasmic
vacuoles in CGNs treated with 10 nM bafilomycin Al that
appeared much larger and swollen compared with those in
cells treated with chloroquine or chloroquine plus 0.3 nM
bafilomycin Al (Fig. 8) and were not whorled in appearance,
which may indicate a population of mature autophagosomes
whose fusion with lysosomes was prevented. LC3-II has been
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Fig. 11. Neither caspase-3 deficiency nor pharmacological inhibition of
caspases prevents chloroquine-induced death. Cell viability (a and ¢) and
fractional caspase-3-like activity (b and d) were measured 24 h after
treatment with chloroquine (CQ) or control (CTL) in wild type (WT) and
caspase-3-deficient (KO) CGNs (a and b) or in CGNs cotreated with the
broad spectrum caspase inhibitor BOC-aspartyl(Ome)-fluoromethyl ke-
tone (BAF, 150 uM; ¢ and d). At least three independent experiments of
at least three replicates represent each concentration and genotype
tested. For a and b, significant effects of genotype were assessed via
two-tailed, unpaired ¢ test; p < 0.05 (*, compared with CTL). For c and d,
significant effects of treatment were assessed via one-factor ANOVA and
Bonferroni’s post hoc test; p < 0.05 (+, compared with CTL; f, compared
with CQ).

documented in both early and late autophagosomes (Jager et
al., 2004), which would indicate why both chloroquine and 10
nM bafilomycin Al increased levels of LC3-II yet produced
differential staining patterns with LysoTracker Red and dif-
ferential vacuolar morphology.

Bafilomycin Al attenuated the chloroquine-induced in-
crease in the ratio of LC3-II/LC3-I (Fig. 6). However, these
changes were due primarily to increased levels of cytosolic
LC3-I with little change in levels of LC3-II (Fig. 6). Results of
ultrastructural analyses (Fig. 8) do not suggest a decreased
accumulation in autophagosomes upon cotreatment with
chloroquine and bafilomycin Al. A possible interpretation of
these results would be that bafilomycin A1, especially at low
concentrations (= 1 nM) either induces autophagy as a sur-
vival response to chloroquine or attenuates the chloroquine-
induced inhibition of autophagy. An increase in levels of
LC3-II has been reported from both the induction and inhi-
bition of autophagy (Tanida et al., 2005), which could explain
why =1 nM bafilomycin Al did not decrease levels of LC3-II.
However, neither 1 nor 10 nM bafilomycin Al prevented the
chloroquine-induced inhibition of autophagy (Fig. 9), which
suggests that bafilomycin Al does not prevent chloroquine-
induced death by altering autophagosome formation and/or
recycling.

Although our results clearly indicate that chloroquine-in-
duced death is in part Bax-dependent, the degree of protec-
tion afforded by 1 nM bafilomycin Al against chloroquine
was substantially greater than that provided by Bax defi-
ciency. Considering that bafilomycin Al significantly atten-
uates activation of caspase-3, we propose that the putative
protective mechanism of bafilomycin Al lies upstream of Bax
and may prevent activation of the intrinsic apoptotic path-
way (Fig. 12). Because Bax deficiency virtually prevented the
chloroquine-induced activation of caspase-3 (Fig. 10), this
additional protective effect of bafilomycin Al cannot be at-
tributed to its functional inhibition of molecules such as Bak,
which shares redundant regulatory functions with Bax (Wei
et al., 2001; Putcha et al., 2002). In contrast, Bax deficiency
significantly attenuated the induction of caspase-3-like activ-
ity and the reduction in viability resulting from 10 nM bafilo-
mycin Al (Fig. 10), which suggests that similar to the effects
of chloroquine, the inhibition of autophagy by high concen-
trations of bafilomycin Al induces Bax-dependent apoptosis.

Chloroquine
BafA1 (210 nM)

Inhibition of Autophagy

BafA1 (21 nM)

?

Bax-dependent
Induction of Commitment

Intrinps;h?:rtot[c Point for Death

Activation of Caspase-3

Fig. 12. Proposed model indicates concentration-dependent effects of
bafilomycin Al (BafA1l) on chloroquine-induced apoptosis. At low concen-
trations, BafAl inhibits chloroquine-induced apoptosis, either upstream
of or at the level of Bax. High concentrations of BafAl do not prevent
chloroquine-dependent apoptosis and, in the absence of chloroquine,
seem to inhibit autophagy and induce Bax-dependent apoptosis.



Although chloroquine induced a robust activation of
caspase-3 (Figs. 1, 2, 5, 6, and 10), the targeted deletion of
caspase-3 and broad pharmacological inhibition of caspases
did not prevent chloroquine-induced death (Fig. 11). Similar
results were obtained previously from our laboratory with
cultured telencephalic neurons (Zaidi et al., 2001), which
suggests that the commitment point for chloroquine-induced
neuron death lies upstream of caspase activation. These find-
ings are in contrast to the chloroquine-induced death of HeLa
cells, which was attenuated upon treatment with a general
caspase inhibitor (Boya et al., 2003). Activation of the intrin-
sic apoptotic pathway in chloroquine-induced neuron death is
clear, considering that the temporal and concentration-de-
pendent, chloroquine-induced decrease in viability closely
follows the pattern of caspase-3 activity and that 1 nM bafilo-
mycin Al dramatically attenuates activation of caspase-3
concomitant with decreased cell death. This conclusion is
further supported by the observed decrease in caspase-3 ac-
tivity and cell death in the absence of Bax. Together, the
results of this study suggest that the commitment point of
chloroquine-induced neuron death lies upstream of caspase
activation (Fig. 12) at the level of Bax, and that the protective
effects of bafilomycin Al lie upstream of Bax.

Chloroquine-induced neurotoxicity has been documented
in humans (James, 1988; Phillips-Howard and ter Kuile,
1995; Telgt et al., 2005) and has been linked to cerebellar
ataxia (James, 1988). Animal models of chloroquine treat-
ment have indicated the cerebellar accumulation of lipopro-
tein (Fischer and Nelson, 1974; Ivy et al., 1989), which sug-
gests that chloroquine is an in vivo inhibitor of neuronal
autophagy. Studies assessing the in vivo effects of bafilomy-
cins are limited in number (Myers et al., 2001; Hettiarachchi
et al., 2004), and the ability of bafilomycins to cross the
blood-brain barrier is unknown, thus warranting future
pharmacokinetic analysis. In vitro analysis of CGNs has
shown a bafilomycin Al-induced inhibition of glutamate re-
lease (Cousin et al., 1995), and bafilomycin Al reportedly
inhibits the vesicular uptake of many neurotransmitters,
including but not limited to glutamate, serotonin, and GABA
(Moriyama and Futai, 1990; Roseth et al., 1995). It is un-
likely that the protective effects of bafilomycin Al are due to
alterations in neurotransmitter uptake/release, because
these actions are observed at micromolar concentrations and
1 nM bafilomycin Al, its most effective neuroprotective con-
centration, does not inhibit glutamate uptake (Roseth et al.,
1995). Finally it is worth noting that lysosomal dysfunction
has been implicated in a variety of neurodegenerative condi-
tions including Alzheimer’s, Parkinson’s, and Huntington’s
diseases (Bahr and Bendiske, 2002). Whether bafilomycin Al
has neuroprotective action in any of these conditions requires
further investigation.
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