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Abstract

Autophagy, a highly conserved cellular mechanism wherein various cellular components are
broken down and recycled through lysosomes, has been implicated in the development of heart
failure. However, tools to measure autophagic flux in vivo have been limited. Here, we tested
whether monodansylcadaverine (MDC) and the lysosomotropic drug chloroquine could be used to
measure autophagic flux in both in vitro and in vivo model systems. Using HL-1 cardiac-derived
myocytes transfected with GFP-tagged LC3 to track changes in autophagosome formation,
autophagy was stimulated by mTOR inhibitor rapamycin. Administration of chloroquine to inhibit
lysosomal activity enhanced the rapamycin-induced increase in the number of cells with numerous
GFP-LC3-positive autophagosomes. The chloroquine-induced increase of autophagosomes
occurred in a dose-dependent manner between 1 uM and 8 wM, and reached a maximum 2 hour
after treatment. Chloroquine also enhanced the accumulation of autophagosomes in cells
stimulated with hydrogen peroxide, while it attenuated that induced by Bafilomycin A1, an
inhibitor of V-ATPase that interferes with fusion of autophagosomes with lysosomes. The
accumulation of autophagosomes was inhibited by 3-methyladenine, which is known to inhibit the
early phase of the autophagic process. Using transgenic mice expressing mCherry-LC3 exposed to
rapamycin for 4 hr, we observed an increase in mCherry-LC3-labeled autophagosomes in
myocardium, which was further increased by concurrent administration of chloroquine, thus
allowing determination of flux as a more precise measure of autophagic activity in vivo. MDC
injected 1 hr before sacrifice colocalized with mCherry-LC3 puncta, validating its use as a marker
of autophagosomes. This study describes a method to measure autophagic flux in vivo even in
non-transgenic animals, using MDC and chloroquine.
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Introduction

Autophagy is a highly conserved cellular mechanism that plays a key role in the turnover of
long-lived proteins, RNA, and other macromolecules.! In certain contexts including
starvation or stress,23 autophagy represents an adaptive strategy by which cells clear
damaged organelles and survive nutritional bioenergetic stress. Morphological and
biochemical studies have shown that autophagy involves formation of a cup-shaped double-
membrane structure, followed by sequestration or engulfment of cytoplasmic portions,
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protein aggregates, or intracellular organelles in double-membrane vacuoles called
autophagosomes (AVs).! Maturation occurs upon fusion with lysosomes to generate acidic
single-membrane autophagolysosomes, where lysosomal proteases degrade the inner
autophagosomal membrane and cargo. Autophagy is considered a physiological adaptive
strategy required for living organisms. In other settings, however, deregulated autophagy
may contribute to the pathogenesis of disease, such as cancer,*% neurodegenerative
disorders,”-8 infectious disease,? or cardiac disease.10-11 Little is known about the
pathological roles of autophagy, due to the limitation of measuring autophagic flux. Flux
reflects the dynamic process of autophagosome formation, engulfment, and lysosomal
fusion. Static images of cells with numerous AVs could reflect increased autophagy, but
could also reflect low autophagic flux due to impaired fusion with lysosomes. We recently
reported a method to measure flux in cell culture,12 but methods to assess flux in vivo are
lacking.

Accumulating evidence from patients indicates that autophagy occurs in the failing
heart.13-15 Patients with cardiac hypertrophy who progress to heart failure have
ultrastructural changes consistent with augmented lysosomal activity.13 Cardiac tissue of
patients in heart failure demonstrates that ubiquitin-containing autophagic vacuoles appear
in cardiomyocytes.1* However, these pathological studies cannot determine whether
autophagy is a protective response to the initial cardiac insult or the cause of injury. It is also
still under discussion using experimental models whether cardiac autophagy is a
cardioprotectivel®17 or maladaptivel8-20 response to cardiac injury. Recently, pressure
overload stress induced by aortic banding was reported to induce heart failure with increased
cardiac autophagy, and suppression of autophagy ameliorated the development of heart
failure.1® Conversely, another group reported that up-regulation of autophagy is a protective
adaptation to hemodynamic stress.16 The role of autophagy in ischemia/reperfusion injury is
also controversial. 1720 Given this, there is a need to clarify the role of autophagy in the
development of cardiac disease, a leading cause of mortality in developed countries.?!
However, due to limitations in our ability to measure autophagic flux in heart, our
understanding of the significance of increased numbers of AVs has been limited and in some
cases may have led to incorrect conclusions. Here we present a method by which
chloroquine can be used to verify that increased numbers of AVs reflect increased flux.

Chloroquine is an anti-inflammatory drug that has been used for over 60 years in the
treatment of patients with malaria?? and inflammatory disorders.23 Chloroquine is thought to
suppress inflammation by raising lysosomal pH2425 and thereby inhibiting lysosomal
activity.26:27 Chronic intoxication with this drug is known to result in myopathic changes
with high lysosomal enzyme activities and the formation of numerous rimmed vacuoles.28:29
We previously used Bafilomycin A1, to inhibit lysosomal function to measure autophagic
flux in cell culture.1’ However, Bafilomycin A1 is not suitable for in vivo studies. We
therefore investigated the use of chloroquine as a tool to measure autophagic flux in vitro
and in vivo, in cardiomyocytes exposed to rapamycin or hydrogen peroxide (H,02), and in
the hearts of mice exposed to rapamycin.

Chloroquine enhanced AV accumulation in cardiomyocytes stimulated with rapamycin

To examine the autophagic changes in cells, we transfected the cardiomyocyte-derived HL-1
cell line12:30-32 yith GFP-tagged LC3. The 16-kDa processed isoform of LC3 is recruited
from the cytoplasm to autophagosomal membranes. Thus, punctate GFP-LC3-labeled
structures represent autophagosomes, referred to herein as AVs. Importantly, previous
studies reported that overexpression of GFP-LC3 did not affect autophagic activity.3>36 The
transfection efficiency achieved at least 40-60%, which was confirmed by control

Autophagy. Author manuscript; available in PMC 2013 July 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Iwai-Kanai et al.

Page 3

transfection with the plasmid expressing pEGFP-C1 (data not shown). We used rapamycin
to stimulate autophagy. Rapamycin is known to induce autophagy via mTOR, which
suppresses the initiation of autophagy and stimulates protein synthesis.37-38

To avoid the influence of serum on the experiment, the serum-depleted medium was
prepared as a control. Compared to the cells cultured with serum-containing medium, serum
deprivation slightly increased the percentage of cardiomyocytes with numerous punctate
GFP-LC3-labeled structures from 10.6 + 1.5% to 17.2 + 5.0%, consistent with previous
reports of autophagic induction by serum deprivation.3%-41 Rapamycin treatment greatly
increased the percentage of cells with numerous punctate GFP-LC3-labeled structures. We
previously used Bafilomycin Al to inhibit lysosome-autophagosome fusion and therefore to
measure flux.12 To quantify autophagic flux, activation of autophagy, indicated by the
conversion of cytosolic diffuse GFP-LC3 to membrane associated GFP-LC3 puncta, was
examined by fluorescence microscopy. Cells showing few or many GFP-LC3 puncta were
classified (as previously described in ref. 12). In this study, to test the effect of chloroquine
on rapamycin-activated autophagy, cells were treated with 5 M rapamycin in the absence
or presence of 3 uM chloroquine for 2 hours. Administration of 3 wM chloroquine increased
the percentage of cells with high numbers of GFP-LC3 puncta relative to control.
Concurrent administration of chloroquine with rapamycin induced a further increase in the
percentage of cells with high numbers of puncta. Representative maximal Z-projection
images of cells showing the pattern of distribution of LC3-GFP are shown in Figure 1A.
Figure 1B shows the quantitative analysis of the percentage of cells with high numbers of
GFP-LC3 vacuoles. These results suggested that chloroquine, like Bafilomycin A1, can be
used as a tool to measure autophagic flux.

Dose-response and time-dependent effects of chloroquine on autophagy in cardiac

myocytes

We examined the concentration of chloroquine required to block autophagosome-lysosome
fusion. As shown in Figure 2A, in HL-1 cardiac myocytes, chloroquine increased the
accumulation of autophagosomes stimulated by rapamycin in a dose-dependent manner,
with the optimal effect at 3 wM. Importantly, even 12 .M chloroquine was not toxic to the
cells during the 2 hr incubation, based on nuclear staining with Hoechst dye. Incubation of
HL-1 cells with 3 M chloroquine for 24 hour did not result in a significant increase in cell
death, although cytotoxicity was observed with concentrations of 12 uM and higher (data
not shown).

Figure 2B shows the time-course changes in the number of cells with numerous puncta after
exposure to rapamycin and/or chloroquine. The maximal effect of chloroquine was observed
2 hr after addition, under all conditions.

Effect of chloroquine on lysosomal acidification

To examine the effects of chloroquine on lysosomal activity, HL-1 cells were incubated in
LysoTracker Red, which labels the highly acidic lysosomal vacuoles and thus reports
activity of the vacuolar H+-ATPase (v-ATPase). As shown in Figure 3A, lysosomes were
numerous and increased further in number in response to rapamycin. However, treatment
with 3uM chloroquine for 2 hr significantly reduced the uptake of LysoTracker Red into
lysosomes, confirming the alkalinizing effect of chlorogquine on lysosomes in HL-1 cells.
Partial colocalization of GFP-LC3 and LysoTracker Red is shown in Figure 3B.

The effect of chloroquine on autophagosome accumulation

To further validate the use of chloroquine, we exposed HL-1 cardiac myocytes to H,0,,
which induces oxidant stress, and rapamycin, which upregulates autophagy through
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inhibition of the negative regulator mTOR.37:38 As shown in Figure 4, both rapamycin and
H»0, increased the percentage of cells with numerous puncta. Concurrent administration of
chloroquine increased the percentage further, verifying that hydrogen peroxide and
rapamycin upregulate the formation of autophagosomes rather than impair lysosomal
clearance. The formation of the autophagosome is dependent upon a class 111 PI13-K
(VPS34) in mammalian cells,** which can be inhibited by 3-methyladenine (3-MA).4546 As
shown in Figure 4, 3-MA completely inhibited the chloroquine-induced increase of
autophagosomes. These findings indicate that mTOR inhibition or oxidant stress in cardiac
myocytes upregulates PI3K-dependent autophagosome formation, while chloroquine results
in autophagosome accumulation by blocking their degradation. To confirm that chloroquine
causes autophagosome accumulation by lysosomal blockade, we evaluated the effects of
chloroquine on HL-1 cardiac myocytes with Bafilomycin Al. Bafilomycin Al is a
macrolide antibiotic that was characterized initially for its selective inhibition of vacuolar-
type proton ATPase.4”-49 At nanomolar concentrations, it disrupts the vesicular proton
gradient and ultimately increases the pH of acidic vesicles. This disruption prevents the
fusion of autophagosomes with lysosomes, resulting in the accumulation of
autophagosomes. In HL-1 cardiac myocytes, 50 nM Bafilomycin Al increased the
accumulation of autophagosomes (Fig. 4). Concurrent treatment with chloroquine and
Bafilomycin Al did not have an additive effect, indicating that they both target the late
phase of autophagy. Given that chloroquine is relatively nontoxic, we reasoned that it could
be used to measure autophagic flux in cardiac myocytes in vivo.

Chloroquine enhanced cardiac autophagic flux in vivo

To assess whether chlorogquine can be used for measuring autophagic flux in heart in vivo,
we generated a line of transgenic mice expressing mCherry-tagged LC3 (mCherry-LC3)
under the control of the cardiomyocyte-specific alpha-myosin heavy chain promoter. As
noted earlier, prior studies have demonstrated that LC3 overexpression, both in vivo and in
vitro,3%:36 does not alter basal levels of autophagy. Transgenic mice expressing mCherry-
LC3 were randomly assigned to receive rapamycin (2 mg/kg) or no treatment, with
concurrent administration of chloroquine (10mg/kg) or saline via i.p. injection.
Administration of rapamycin for 4 hr resulted in an increase in the abundance of mCherry-
LC3 labeled puncta, while relatively little red fluorescence was observed in controls (Fig. 5).
Nontransgenic mice showed almost no autofluorescence in the red channel (data not shown).
The addition of chloroquine induced a modest increase in the abundance of mCherry-LC3
labeled puncta throughout the myocardium in controls, and a dramatic increase in hearts
treated with rapamycin, indicating that the increase in autophagosomes after rapamycin
administration reflects increased autophagic flux rather than impaired fusion with
lysosomes.

The foregoing results indicated that mCherry-LC3 reflects autophagy in the myocardium,
and that chloroquine administration can provide additional information about autophagic
flux. However, transgenic animals are not universally available, and in this instance,
mCherry-LC3 expression is cardiac-restricted. It would be desirable to develop a means to
assess autophagy in vivo that would be generally applicable. To this end, we evaluated
monodansylcadaverine (MDC), which is known to label acidic endosomes, lysosomes, and
autophagosomes. 2951 We reasoned that under conditions that upregulate autophagy, MDC-
labeled structures would similarly be upregulated. Using the mice described above, we
injected MDC (1.5 mg/kg i.p.) 1 hr before sacrifice. As shown in Figure 6, MDC labels a
subset of mCherry-LC3-positive structures, presumably autophagolysosomes. We did not
detect any instances of MDC labeling of structures that were not also labeled with mCherry,
suggesting that this reagent is specific and suitable for in vivo assessment of autophagy. The
administration of chloroquine did not block MDC labeling, suggesting that MDC
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accumulation is independent of lysosomal pH, since (as shown in Fig. 3) chloroquine
attenuated LysoTracker Red uptake almost as efficiently as Bafilomycin Al.

Discussion

The need for research in cardiac autophagy has increased in recent years as growing
evidence has indicated the involvement of this highly conserved mechanism in cardiac
pathogenesis.13-20 Traditionally, autophagy has been evaluated by electron microscopy with
recognition of characteristic structures. However, this method is difficult to quantify and
provides no information about flux, or transit of material through the autophagic pathway. In
this study, we monitored autophagy by the incorporation of fluorescent LC3 into
autophagosomal membranes. In addition, we used here the maximal projection of Z-stacks
to measure autophagy, which provided a more complete assessment of number of LC3
labeled structures than is possible with 2D imaging or electron microscopy.

High autophagosome content could reflect increased formation or decreased clearance of
autophagosomes. For that reason, static measurements which score the number of
autophagosomes present at a single time point may be misleading in certain circumstances,
such as ischemia/reperfusion, where lysosomal clearance is impaired.1” Therefore,
determination of autophagic flux is a more accurate representation of autophagy.12:52:53 We
recently reported a method to measure flux in cell culture,12 but that method was not applied
in vivo. Comparison of autophagosome number in the presence and absence of lysosomal
inhibitors enables one to distinguish between increased autophagosome formation and
decreased clearance, and thus can provide a quantitative index of flux.

In this study, we established a useful method with chloroquine for measuring autophagic
flux-autophagosome generation and degeneration-in heart both in vitro and in vivo.
Administration of chloroquine to HL-1 cells enhanced the accumulation of AVs induced by
mTOR inhibition or oxidant stress, which was inhibited by 3-methyladenine, which blocks
the initiation of autophagy. Chloroquine did not have an additive increase in AVs induced
by Bafilomycin A1, indicating that both agents block autophagosome-lysosome fusion.24:25,
Consistent with this, chloroquine attenuated LysoTracker Red uptake into lysosomes,
although less potently than Bafilomycin Al.

Chloroquine was selected for evaluation in vivo because it has already been shown to be
suitable for use in vivo and because it is quite inexpensive compared to Bafilomycin Al. We
observed autophagosome accumulation in cell culture with as little as 3 .M chloroquine,
which was below the 10 WM concentration reported to suppress cytokine release.*2:43 Under
these conditions we observed no cytotoxicity with chloroguine, suggesting that it can be
used without concern for confounding cellular effects.

Due to the limited availability of the GFP-LC3 transgenic mice, we generated our own ling,
using mCherry-LC3 driven by the cardiac-restricted alpha myosin heavy chain promoter.
For studies of cardiac autophagy, this eliminates the potentially confusing contribution of
endothelial cells and fibroblasts present in numbers equal to cardiomyocytes. Of several
founder lines, we chose the lowest-expressing line, as the high-expressing lines occasionally
developed large fluorescent aggregates that were morphologically inconsistent with
autophagosomes. The use of mCherry-LC3 offers two advantages over GFP-LC3: it retains
fluorescence even in the acidic environment of the lysosome, and there is very little red
autofluorescence.

In transgenic mice expressing mCherry-LC3, rapamycin administration caused an increase
in the abundance of mCherry-LC3-labeled AVs in the myocardium. This was further
enhanced by the coadministration of chloroquine, indicating that the increase in AVs after
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rapamycin administration was due to increased flux, not diminished clearance. These
findings clearly indicate that chloroquine is useful in evaluation of autophagic flux in vivo.
Moreover, these studies show that chloroquine can be used to suppress the late phase of
autophagy, which may be of therapeutic value in certain conditions.

MDC has been criticized for its lack of specificity, yet we found that it colocalized perfectly
with mCherry-LC3, and that MDC labeling increased in parallel with mCherry-LC3 puncta.
While GFP-LC3 fluorescence is lost in the acidic environment of the lysosome, mCherry
fluorescence is stable even at acid pH, thus allowing detection of both early and late
autophagosomes.54 Thus it is conceivable that the colocalization of MDC with many (but
not all) LC3-mCherry puncta is an indication of the number of autophagolysosomes. If true,
MDC would represent an accurate indicator of flux, since it would only label
autophagosomes that have fused with lysosomes. However, MDC has also been suggested to
incorporate into membranes based on lipid characteristics independent of pH.2 If the
incorporation is related to the double-membrane structure of the autophagosome, then MDC
incorporation would be expected even when chloroquine is used to block autophagosome-
lysosome fusion, as is the observation in our studies. Taken together, this study describes a
method to measure autophagic flux in vivo that can be used in nontransgenic animals. It is
hoped that use of this methodology will expand our understanding of autophagy in
physiologic and pathologic settings.

The role of autophagy in cardiac pathology is contradictory, in part because of the difficulty
of interpreting increased numbers of autophagosomes which could be due to increased
formation or decreased clearance. The use of chloroquine in these studies may offer a better
understanding of autophagy and its role-protective or maladaptive-in cardiac pathologic
processes such as ischemia/reperfusion injury or heart failure. This enhanced understanding
of autophagy may lead to the development of novel strategies to prevent cardiac diseases.

Material and Methods

Reagents

Chloroquine, rapamycin, Bafilomycin A1, and 3-Methyladenine (3-MA) were purchased
from EMD Biosciences. Monodansylcadaverine (MDC) was from Sigma. pEGFP-C1 was
obtained from BD Biosciences.

Cell culture and transfection

Cells of the murine atrial-derived cardiac cell line HL-130%-32 (kind gift of Dr. W. Claycomb)
were plated onto tissue culture chamber slides (Nalge Nunc International) or 35 mm glass-
bottomed culture dishes (MatTek Co.) and cultured in Claycomb medium (JRH Biosciences)
supplemented with 10% fetal bovine serum, 0.1 mM norepinephrine, 2 mM L-glutamine,
100 U mL-1penicillin, 100 U mL-1streptomycin, and 0.25 g mL-1amphotericin B. Cells
were transfected with the indicated vectors using the transfection reagent Lipofectamine
2000 (Invitrogen), according to the manufacturer’s instructions, achieving at least 40-60%
transfection efficiency.17:33

Activation of autophagy in vivo

Cardiac-specific expressing mCherry-LC3 transgenic mice were created in the FVB/N strain
by pronuclear injection of murine alpha myosin heavy chain promoter driven mCherry-LC3
transgene in front of the human growth hormone poly adenylation signal. The mice were
created at the Scripps Research Institute mouse genetics core. The administration of
rapamycin, chloroquine, MDC or saline was done via i.p. injections at the indicated dose.
Four hours after injection, animals were sacrificed and cardiac tissue was harvested
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immediately. The tissues were fixed in 10% formalin for preparation of paraffin-embedded
sections and examined for cardiac autophagy under widefield fluorescence microscopy.
Mice were treated 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 Animal Care Committee of the San Diego State University in San Diego, CA.

Widefield fluorescence microscopy

Cells and tissues were observed through a Nikon TE300 fluorescence microscope (Nikon)
equipped with a 4x lens and a 20x lens (0.3 NA, Nikon), a 60x Plan Apo objective (1.3 NA
oil immersion lens; Nikon), a Z-motor (ProScanll, Prior Scientific), a cooled CCD camera
(Orca-ER, Hamamatsu) and automated excitation and emission filter wheels controlled by a
LAMBDA 10-2 (Sutter Instrument) operated by MetaMorph 6.2r4 (Molecular Devices Co.).
Fluorescence was excited through an excitation filter for FITC (HQ480/x40), Texas Red
(D560/x40). Fluorescent light was collected via a polychroic beamsplitter (61002 bs) and an
emission filter for fluorescein isothiocyanate (HQ535/50m), and Texas Red (D630/60m).
All filters were from Chroma. Acquired wide field Z-stacks were routinely deconvolved
using 10 iterations of a 3D blind deconvolution by MetaMorph 6.2r4. Unless stated
otherwise, representative images shown are maximum projections of Z-stacks taken with
0.20 mm increments capturing total cellular volume.

Quantification of autophagic flux

Microtubule-associated protein light chain 3 (LC3), an 18-kDa mammalian homolog of
autophagy-related protein 8 (Atg8) in yeast, is processed and conjugated to the nascent
autophagosome membrane at the initiation of autophagy.3* Therefore, autophagosomes were
quantified via fluorescence imaging of GFP-LC3 in cells. HL-1 cells were transfected with
GFP-LC3, and 48 hr after transfection, cells were subjected to the indicated experimental
conditions. Cells were fixed with 4% formaldehyde in phosphate-buffered saline, pH 7.4, for
15 min. To quantify the number of GFP-LC3 puncta in a single cell, Z-stack images of
single GFP-LC3-expressing cells were captured using 60x oil objective and then
background fluorescence was removed by applying a mean filter (4-pixel) to each stack
image.12 Maximal projection images were produced, and the number of GFP-LC3 puncta
per cell was determined using IMAGEJ software (NIH, Bethesda, MD). For population
analysis, cells were inspected at 60x magnification and classified as either having
predominantly diffuse GFP-LC3 fluorescence (<0-30 GFP-LC3 dots/cells) or having
numerous punctate GFP-LC3 structures (>30 GFP-LC3 dots/cells), representing
autophagosomes (AVs). Previous studies in this cell line established a clear bimodal
distribution, allowing us to use the threshold of 30 dots as a cutoff.12 At least 200 cells were
scored in each of three or more independent experiments. To quantify the autophagic flux in
vivo, percentage of surface area covered by mCherry-LC3 fluorescence was measured using
IMAGEJ software (http://rsh.info.nih.gov/ij).

Determining lysosomal activity

Statistics

Acidic organelles were labeled with the acidotropic dye LysoTracker Red (50 nM,
Molecular Probes) diluted in culture medium for 5 min according to the manufacturer’s
instructions. Labeled cells were imaged by fluorescence microscopy at 20x magnification
using an excitation filter for Texas Red (D560/x40).

The probability of statistically significant differences between two experimental groups was
determined by Student’s t-test. Values are expressed as mean =+ SEM of at least three
independent experiments unless stated otherwise.
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Figure 1.

Effect of chloroquine on autophagosome accumulation in cardiac myocytes. GFP-LC3-
expressing HL-1 cardiac myocytes were treated with saline (Control), rapamycin (Rap, 5
M), chloroquine (Cqg, 3 M), or rapamycin plus chloroquine (Rap+Cq) in serum free
media for 2 hr. (A) Shown are maximum projection images of Z-stacks taken of GFP-LC3
fluorescence in HL-1 cardiac myocytes treated with the indicated conditions. Scale bar, 25
mm. (B) Autophagic flux was determined via fluorescent imaging of GFP-LC3 without and
with chloroquine. Represented is the percentage of cells with numerous punctate GFP-LC3
labeled vacuoles per total cells scored. Results are mean + SE of three independent
experiments. *p< 0.01. **p< 0.05.
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Figure2.

24hr

Dose-response and time-course dependency of chloroquine effects on autophagy in cardiac
myocytes. GFP-LC3-expressing HL-1 cardiac myocytes were incubated for 2 hr in the
indicated conditions in serum free media. Represented is the percentage of cells with
numerous punctate GFP-LC3 labeled vacuoles per total cells scored. Results are mean + SE
of 3 independent experiments. rapamycin (Rp), chloroquine (Cq), saline (control). (A) Dose-
response curve of chloroquine effects on AV accumulation. Cardiac myocytes stimulated
with rapamycin were treated with indicated dose of chloroquine. *p < 0.01 vs Control. **p =
N.S. vs Rp. ***p < 0.01 vs Rp (B) Time-course dependency for maximal effect of
chloroquine under the indicated conditions. *p < 0.001 vs 0 hour. **p < N.S. vs 0 hour
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Figure 3.

The effect of chloroquine on lysosomal activity in HL-1 cardiac myocytes. (A) HL-1 cardiac
myocytes were incubated with saline (Control), rapamycin (Rap, 5 M), chloroquine (Cq, 3
M), rapamycin plus chloroquine (Rap+Cq, 5 M and 3 M, respectively), or Bafilomycin
Al (Baf, 50 nM), in serum free media for 2 hr. Following treatment, cells were loaded with
50 nM LysoTracker Red for 5 min in the culture medium and analyzed by fluorescence
microscopy. LysoTracker Red assessments were performed in three independent
experiments; results presented are representative. (B) Higher magnification image of cells
transfected with GFP-LC3 and loaded with LysoTracker Red, showing colocalization of
GFP-LC3 and LysoTracker Red in a subset of structures (arrows).
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Figure4.

Comparison of chlorogquine and Bafilomycin Al effects on autophagosome accumulation in
cardiac myocytes. GFP-LC3-expressing HL-1 cardiac myocytes were incubated in the
indicated conditions in serum free media. Represented is the percentage of cells with
numerous punctate GFP-LC3 labeled vacuoles per total cells scored. Results are mean + SE
of three or more independent experiments. Saline (control), rapamycin (Rp, 5 M), H,0,
(H,0,, 1076 M), Bafilomycin A1(Baf, 50 nM), chloroquine (Cq, 3 xM), 3-MA (10 mM). *p
<0.05.**p <0.01. #p < 0.1. p = N.S Baf vs.Baf+Cq.
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Figure5.

The effect of chloroquine on autophagic flux in vivo. Transgenic mice expressing mCherry-
LC3 mice were randomly assigned to be exposed to chloroquine (Cq, 10 mg/kg), or
rapamycin (2 mg/kg) or rapamycin plus chloroquine by i.p. injection. (A) Representative
photographs of myocardium in mCherry-LC3 mice 4 hr after the indicated treatments. (B)
Represented is the percentage surface area of mCherry-LC3 fluorescence per microscopic
field. Results are mean + SE of three independent experiments. *p < 0.001.
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Figure6.

Detection of autophagosomes by MDC labeling. Transgenic mice expressing mCherry-LC3
were treated with rapamycin and chloroquine as described in Figure 5. One hr before
sacrifice, monodansylcadaverine (MDC, 1.5 mg/kg i.p.) was injected. After sacrifice, the
heart was removed and prepared for imaging. Shown is a high magnification image
(representative of three hearts), demonstrating colocalization of MDC with mCherry-LC3
(arrows). We did not observe MDC staining that did not overlap with mCherry-LC3,
although we did observe some mCherry-LC3 puncta that did not colocalize with MDC.
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