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Abstract
Cannabinoid Receptor 1 (CB1) has been initially described as
the receptor for Delta-9-Tetrahydrocannabinol in the central
nervous system (CNS), mediating retrograde synaptic signal-
ing of the endocannabinoid system. Beside its expression in
various CNS regions, CB1 is ubiquituous in peripheral tissues,
where it mediates, among other activities, the cell’s energy
homeostasis. We sought to examine the role of CB1 in the
context of the evolutionarily conserved autophagic machinery,
a main constituent of the regulation of the intracellular energy
status. Manipulating CB1 by siRNA knockdown in mammalian
cells caused an elevated autophagic flux, while the expression
of autophagy-related genes remained unaltered. Pharmaco-
logical inhibition of CB1 activity using Rimonabant likewise

caused an elevated autophagic flux, which was independent of
the mammalian target of rapamycin complex 1, a major switch
in the control of canonical autophagy. In addition, knocking
down coiled-coil myosin-like BCL2-interacting protein 1, the
key-protein of the second canonical autophagy control com-
plex, was insufficient to reduce the elevated autophagic flux
induced by Rimonabant. Interestingly, lysosomal activity is not
altered, suggesting a specific effect of CB1 on the regulation of
autophagic flux. We conclude that CB1 activity affects the
autophagic flux independently of the two major canonic
regulation complexes controlling autophagic vesicle formation.
Keywords: autophagy, CB1, GPCR, non-canonical,
peripheral.
J. Neurochem. (2014) 131, 484–497.

Cannabis sativa has been used as medical plant in Chinese
and Indian medicine for at least 4000 years, but the chemical
structure of the major psychoactive substance Delta-9-
tetrahydrocannabinol was only described and synthesized
in the 1960s (Mechoulam and Gaoni 1965). It took additional
20 years to identify Delta-9-tetrahydrocannabinol-receptors
and to clarify the structure of these two G-protein-coupled
receptors named cannabinoid receptor 1 (CB1; Devane et al.
1988; Matsuda et al. 1990) and cannabinoid receptor 2
(CB2; Munro et al. 1993). CB2 is mainly expressed in
peripheral immune cells like B cells and natural killer cells
(Galiegue et al. 1995) but is also found in distinct cell types
of the central nervous system (CNS) like microglia and
neuronal cells in the brainstem (Walter et al. 2003; Van

Sickle et al. 2005). CB1 is primarily expressed in neuronal
cells of the CNS, where it exerts its well described function
as a receptor for endocannabinoids mediating retrograde
synaptic signal transduction (Wilson and Nicoll 2001). CB1
is also expressed in a variety of peripheral organs and tissues,
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where it modulates cellular metabolic processes indepen-
dently of its influence on the appetite control system in the
CNS (Benard et al. 2012; O’Keefe et al. 2013).
The term autophagy summarizes a number of evolution-

arily highly conserved metabolic mechanisms in eukaryotic
cells, which ultimately all end up in the degradation of
material in the lysosomes. Two autophagic pathways,
microautophagy and chaperone-mediated autophagy, seques-
ter their cargo directly into the lysosomes either by
invagination of the lysosomal membrane or via lysosomal-
associated membrane protein 2a, the receptor for chaperone-
mediated autophagy localized in the lysosomal membrane. In
contrast, macroautophagy (hereafter referred to as auto-
phagy) relies on the formation of double membrane vesicles,
called autophagosomes, to deliver cytoplasmic proteins and
organelles to the lysosomal degradation machinery (Tanida
2011). The initiation and nucleation of autophagosome
formation is controlled by two major inductive protein
complexes, the mammalian target of rapamycin (mTOR)
complex 1 (mTORC1) and the coiled-coil myosin-like
BCL2-interacting protein 1 (BECLIN1)-complex (Mizushi-
ma et al. 2011). The activity of the mTOR-kinase suppresses
autophagosome formation and thereby this complex acts as a
negative regulator of autophagy. Rapamycin induces auto-
phagic activity by inhibiting mTOR phosphorylation at
serine 2448 and thus preventing its kinase activity (Chiang
and Abraham 2005). The second important pathway for the
initiation and maturation of autophagic vesicles is triggered
by a multi-protein complex build around the hub-protein
BECLIN1, signaling via the lipid phosphatidylinositol 3-
phosphate, which is synthesized by a part of this complex,
namely the class III phosphatidylinositol 3-phosphate-kinase
(PIK3C3, Vsp34 in yeast; Fimia et al. 2007; Itakura et al.
2008; Zhong et al. 2009).
Besides these two induction complexes, a number of

autophagy-related (ATG) proteins are hierarchically organized
to generate functional autophagic vesicles (reviewed in
Mizushima et al. 2011). One crucial step in the maturation
of such autophagosomes is the conjugation of phosphatidyl-
ethanolamine to autophagic adaptors like the light chain 3
protein (LC3, ATG8 in yeast). Unconjugated LC3 (LC3-I) is
distributed throughout the cell, whereas phosphatidylethanol-
amine-conjugated LC3 (LC3-II) is specifically localized at the
inner and in part also at the outer autophagosomal membrane.
Autophagy receptors like p62/ sequestosome 1 (SQSTM1)
(hereafter referred to as SQSTM1) and other proteins bind to
autophagic substrates and simultaneously via the LC3-inter-
acting region to LC3 (Pankiv et al. 2007; Kirkin et al. 2009).
Lately, evidence accumulates that formation of autophago-
somes does not necessarily require involvement of either
mTOR- and BECLIN1-complexes or the hierarchical inter-
vention of all ATG proteins, but that cells can also induce
autophagic vesicle formation in a non-canonical fashion,
bypassing one or more elements of the canonical pathway

(reviewed in Codogno et al. 2012). Modulators of these non-
canonical pathways are of great interest.
Regulation of the autophagic flux under certain physiolog-

ical or pathological conditions, e.g. an imbalance of nutrient
supply, is of particular interest in neuronal cells. CB1 is known
to influence the cellular metabolism directly. In this study we
provide evidence that CB1 signaling influences autophagy,
whichmight help the cell to adjust to differentmetabolic states.
We show that CB1 activity indeed alters the autophagic flux
and that this modulatory activity is exerted in a non-canonical
and mTOR- and BECLIN1-independent manner.

Methods

Reagents

Unless stated otherwise, all reagents were from regular commercial
sources as mentioned in the methods descriptions.

Cell culture

Human embryonic kidney cells 293A (HEK 293A) were purchased
from Invitrogen, Karlsruhe, Germany; HEK::D2eGFP cells have
been described previously (Gamerdinger et al. 2009). HEK cells
were maintained in Dulbecco’s modified eagle medium (DMEM,
#41965, Invitrogen) supplemented with 1 mM sodium pyruvate
(Invitrogen) and 10% (v/v) fetal calf serum (FCS; PAA, Cölbe,
Germany) at 37°C in a 5% CO2-humidified atmosphere. Medium
was refreshed every 3 days and 24 h prior to experiments.

Primary astrocytes of embryonal day 14 C57/Blc6n mouse
embryos were prepared as described previously (Zschocke et al.
2005). Astrocyte cultures were maintained in minimal essential
medium (#31095; Invitrogen) supplemented with 50 lg/mL genta-
mycin (#15750; Invitrogen) and 10% (v/v) heat-inactivated horse
serum (Invitrogen) at 37°C in a 5% CO2-humidified atmosphere.
Astrocytes were split 48 h prior to experiments.

Plasmids, siRNA and transfection methods

Expression plasmid for green-flourescent protein (GFP)-LC3 was
provided by Addgene (Jackson et al. 2005); expression plasmids for
human CB1 (hCB1) and human CB2 (hCB2) were purchased from the
Missouri S&T cDNA Resource Center; expression plasmid for eGFP-
tagged hSOD1 (G85R) has been described previously (Witan et al.
2008). siRNAs were purchased from Eurofins-MWG-Operon (Ebers-
berg, Germany) as duplexes carrying 30-dTdT overhangs. Specificity of
knockdown effects were verified using two independent siRNA
duplexes for each target gene and the same amount of a nonsense
sequence as control (siRNA sequences are listed in Table S2).

Cells used for biochemical assays were transfected by electropo-
ration in the Amaxa Nucleofector I (program T-24 for HEK cells,
T-20 for astrocytes) using standard electroporation cuvettes (Sigma-
Aldrich, Taufkirchen, Germany). A total of 30 lg of siRNA or
plasmid was used for transfection, respectively. Cells were
transfected in transfection buffer containing 135 mM KCl, 2 mM
MgCl2, 0.2 mM CaCl2, 5 mM EGTA, 10 mM HEPES (pH 7.3),
and 25% heat-inactivated FCS (PAA). CB1 siRNA knockdown was
controlled by quantitative real-time reverse transcription PCR for
every experiment (for the exact procedure, see other paragraph).
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HEK cells used for immunocytochemistry were transfected using
FuGene transfection reagent (Promega, Mannheim, Germany).
Plasmids and siRNA were diluted in 1 mL of DMEM supplemented
with 1 mM sodium pyruvate at RT. FuGene was pre-warmed to RT
and filled up to a total volume of 1 mL using DMEM supplemented
with 1 mM sodium pyruvate. FuGene and nucleic acid solutions
were mixed dropwise, inverted several times and incubated for
15 min at RT. A total of 75 lL of transfection solution was used per
well in a 24-well plate and 1 mL for a 60 cm2 dish used for siRNA
knockdown control. Cells were incubated for 72 h with transfection
solution and washed once with pre-warmed culture medium.
Bafilomycin A1 (BafA1; ENZO, L€orrach, Germany) treatment
was performed using 1 lM BafA1 or dimethyl sulfoxide (DMSO)
(Roth, Karlsruhe, Germany) as vehicle control diluted in fresh
culture medium for 4 h at 37°C in a 5% CO2-humidified
atmosphere. Cells used for the aggregation assay were transfected
utilizing calcium phosphate precipitation method (Graham and van
der Eb 1973) using 10 lg of hSOD1(G85R)-expression plasmid and
30 lg of the indicated siRNA for each transient transfection.

Pharmacological treatments

Cells had been cultured under standard conditions for 24 h before
medium was changed to DMEM supplemented with 1 mM sodium
pyruvate and 10% (v/v) delipidized FCS (Lonza, Basel, Switzer-
land) 24 h prior to treatment. Treatment of cells with 100 nM
Win55212-2 (Win2; Sigma-Aldrich) or 100 nM SR141716
[SR141716 (Rimonabant); a kind gift of Beat Lutz, Mainz] was
performed in DMEM supplemented with 1 mM sodium pyruvate
for 4 h. BafA1 (ENZO) treatment was performed subsequently
using 1 lM BafA1 or DMSO (Roth) as vehicle control for 4 h at
37°C in a 5% CO2-humidified atmosphere.

Reverse transcription PCR (RT-PCR), quantitative real-time RT-PCR

(qPCR), and qPCR array analysis

RNA extraction, RT-PCR, and qPCR were performed as described
previously (Stumm et al. 2013). Total RNA of cells was extracted
using the Nucleospin RNA II Kit (Macherey-Nagel, D€uren,
Germany) according to the manufacturer’s protocol. For reverse
transcription (RT), 1 lg RNA of each preparation was diluted in
10 lL RNase-free water (Qiagen, Hilden, Germany), incubated at
65°C for 5 min using the iCycle thermocycler (Bio-Rad Laborato-
ries, Munich, Germany) and then placed immediately on ice. RT-
reaction was performed for 60 min at 37°C using the iCycle
thermocycler (Bio-Rad) adding 10 lL of 2x RT mix (2 lL 10x RT-
buffer [Qiagen], 2 lL dNTP mix [dATP, dCTP, dGTP, dTTP 5 mM
each; Qiagen], 2 lL oligo-dT[15]-primer [10 lM; Promega], 1 lL
RNasein [Promega], 1 lL reverse transcriptase [Qiagen], 2 lL
RNase-free water [Qiagen]). RT-reactions for mock-controls were
performed as described above substituting the reverse transcriptase
with RNase-free water.

PCR was performed in a 25 lL reaction volume containing 2 lL
cDNA, 0.1 lL forward and reverse primers (10 pmol each), 2.5 lL
10x PCR-buffer (Invitrogen), 0.75 lL MgCl2 (50 mM; Invitrogen),
0.5 lL dNTP Mix (10 mM each; Peqlab, Erlangen, Germany),
0.2 lL T.aq polymerase (Invitrogen) and 19 lL water using the
iCycle thermocycler (Bio-Rad). After 5 min of initial denaturation at
95°C, PCR conditions were 95°C for 30 s, 58°C for 30 s and 72°C
for 30 s for 35 cycles. Primer sequences used for RT-PCR analysis

are listed in Table S2. PCR products were analyzed by agarose
gelelectrophoresis.

For relative quantification of mRNA, real-time PCR (qPCR) was
performed in a 25 lL reaction volume containing 1 lL cDNA,
0.5 lL forward and reverse primers (10 pmol each), 12.5 lL of 2x
Absolute qPCR SYBR Green Mix (Bioline, Luckenwalde,
Germany) and 10.5 lL water using the iCycler real-time thermo-
cycler (Bio-Rad). After 15 min of initial denaturation at 95°C,
PCR conditions were 95°C for 30 s, 60°C for 30 s and 72°C for
30 s for 35 cycles. Ribosomal protein L19 (rpl-19) gene was used
as reference gene for all experiments. Primer sequences used for
qPCR analysis are listed in Table S2. The expression of 88 ATG
genes was measured in two independent experiments using the
human autophagy primer library-1 (Biomol, Hamburg, Germany)
according to the manufacturer’s protocol. Reaction volume [19 lL
containing 1 lL cDNA, 10 lL of 2x Absolute qPCR SYBR Green
Mix (Bioline) and 8 lL water] was added to 1 lL of the different
human autophagy primer library-1 primer pairs per well in a 96
well plate. qPCR was performed using the iCycler real-time
thermocycler (Bio-Rad). After 15 min of initial denaturation at
95°C, PCR conditions were 95°C for 30 s, 58°C for 30 s, and
72°C for 45 s for 35 cycles. The first PCR cycle that generated a
flourescence signal above the threshold (Ct) was determined. The
confirmation of PCR product specificity was done by analysis of
the melting curves of each PCR product. Relative gene-expression
was calculated using the relative expression software tool (Pfaffl
et al. 2002).

Protein extraction and immunoblotting

Cells were washed with ice-cold phosphate-buffered saline (PBS,
Invitrogen) and collected in ice-cold probe buffer [50 mM Tris-HCl,
10% sucrose, 1 mM EDTA, 1 mM EGTA, 15 mM HEPES pH 6.8,
1 mM sodium ortho-vanadate, 1 mM NaF, phosphatase-inhibitor
cocktail (Roche, Basel, Switzerland), EDTA-free proteinase-inhib-
itor cocktail (Roche)]. Resuspended cells were subjected to
sonication on ice 3 9 10 s using a tip-sonicator (Hielscher, Teltow,
Germany), referred to as total lysate. Protein concentration was
determined using the bicinchoninic acid assay (Thermo Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol.
Equal amounts of protein (15–30 lg) were adjusted and 5-fold
loading buffer (10% sodium dodecyl sulfate, 20% glycerol,
125 mM Tris, 1 mM EDTA, 0.002% bromphenol-blue, 10% b-
mercaptoethanol) was added. Samples were boiled for 5 min on
99°C and subsequently subjected to sodium dodecyl sulfate–
polyacrylamide gel electrophoresis using hand-cast Bis-Tris gels
with MES running buffer (Invitrogen) and transferred to nitrocel-
lulose membranes. Membranes were incubated with Tris-buffered
saline (TBS) containing 0.05% Tween20 (TBSt) and 4% non-fat
dried milk powder (Applichem, Chicago, IL, USA) for 1 h at RT to
block unspecific binding sites. All antibodies were dissolved in
TBSt for incubation (primary antibodies are listed in Table S1).
Proteins were detected by chemiluminescence using peroxidase-
conjugated secondary antibodies (Jackson, listed in Table S1) and
enhanced chemiluminescence-developing buffer [0.025% luminol
(Sigma-Aldrich), 0.1 M Tris-HCl pH 8.6, 0.011% p-coumaric acid
(Sigma-Aldrich), 0.3% H2O2]. Chemiluminescent signals were
detected with the Fusion Imaging system (Peqlab) and quantified
using ImageJ software (NIH, Bethesda, MD, USA).
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Immunocytochemistry

Glass cover slips were incubated with 10 lg/mL poly-L-ornithine
(Sigma-Aldrich) in 24-wells plates for 1 h at 37°C and subsequently
washed twice with PBS (Invitrogen) and once with medium used for
maintenance. HEK cells were grown on incubated glass cover slips,
primary astrocytes were grown on plastic dishes (TPP, Trasadingen,
Switzerland). Cells were fixed with ice-cold 4% para-formaldehyde
(Sigma-Aldrich) in PBS for 15 min at RT. Permeabilization of HEK
cells and blocking of unspecific binding sites was performed with
TBS containing 0.1% Triton-X100 (Sigma-Aldrich) and 3% bovine
serum albumin (BSA; Sigma-Aldrich) for 5 min at 4°C. Primary
astrocytes were permeabilized using methanol on �20°C for 5 min,
washed three times with TBS and blocked with TBS containing 3%
BSA for 5 min at 4°C. Cells were incubated with primary antibodies
(listed in Table S1) diluted in TBS containing 1% BSA at 4°C over
night. Thereafter, cells were incubated with fluorophore-conjugated
secondary antibodies (listed in Table S1) diluted in TBS containing
1% BSA for 1 h at RT. Microscopic analysis was performed with an
inverted Axiovert 200 microscope (Zeiss, Munich, Germany)
equipped with a SPOT RT CCD-camera (Diagnostic Instruments,
Visitron, Puchheim, Germany). Laser scanning confocal microscopy
was performed using the laser scanning confocal microscopy 710
ZEN system (Zeiss). LC3-puncta were counted in primary astrocytes
either transfected with nonsense RNA or murine CB1 (mCB1)
siRNA (as described above) and treated with 1 lM of BafA1 for 4 h
prior to fixation. At least three different positions of the corre-
sponding stainings per experiment were documented as maximum
intensity projections of confocal laser scanning microscopy and
counted numbers of LC3-puncta were averaged. Three independent
experiments were performed. Cells for the protein aggregation assay
were plated on culture dishes 24 h prior to transfection. Medium
was exchanged to phenolred-free DMEM (#21063; Invitrogen)
supplemented with 1 mM sodium pyruvate (Invitrogen) and 10%
(v/v) FCS (PAA) 24 h after transfection. Cells, transfected cells and
aggregates of five different positions of the corresponding treatment
per experiment were documented 72 h after transfection. Counted
numbers of aggregates and cells were averaged for each experiment.
Four independent experiments were performed. For cell death/
survival analysis, long-term starvation (15 h) was performed by
incubating the cells either in aminoacid-free medium (phenolred-
free Hank’s Balanced Salt Solution #14025, Invitrogen; supple-
mented with 1 mM sodium pyruvate, Invitrogen) or phenolred-free
DMEM (see above), 56 h after siRNA transfection. Dead cells were
visualized utilizing propidium iodide (PI) incubation (1 lg/mL,
10 min) and documented subsequently. Five positions of each
treatment were documented and total cell numbers as well as of PI-
positive cells were counted and averaged. The percentage of dead
cells was calculated from the number of PI-positive cells per total
cell numbers in the optical field. Four independent experiments were
performed.

Measurement of cathepsin activity

After transfection, 4000 cells per well were grown on poly-L-
ornithine coated 96-wells plates 72 h prior to experiments. Medium
was changed to phenolred-free DMEM (#21063; Invitrogen)
supplemented with 1 mM sodium pyruvate (Invitrogen) and 10%
(v/v) FCS (PAA) 24 h prior to experiments. Cells were incubated
with 2 lM BafA1 (ENZO) or DMSO (Roth) as vehicle control for

4 h in 50 lL fresh phenolred-free DMEM per well. Subsequently,
50 lL phenolred-free DMEM containing 200 lM cathepsin sub-
strate (Z-RR-AMC #BML-P137; ENZO) per well was added and
cells were incubated for additional 1 h. After incubation with Z-RR-
AMC medium was removed completely and cells were lysed in
reporter lysis buffer (Promega) at �80°C for 1 h. After lysis the cell
lysate was thawed for 30 min at 37°C and AMC fluorescence was
recorded at 37°C in 3-min intervals for a total time period of 15 min
using the Fluoroscan Ascent FL (Thermo Scientific).

Statistical analysis

Data are presented as mean � SD. Data were analyzed by Student’s
t-test using SPSS software (IBM, New York, NY, USA). Differ-
ences were considered statistically significant if *p < 0.05,
**p < 0.01 or ***p < 0.001.

Results

Knockdown of CB1 via siRNA stimulates autophagic vesicle
formation

Human embryonic kidney cells (HEK) express CB1 endog-
enously (Fig. 1a). A reduction by more than 50% of CB1
mRNA via siRNA transfection (si hCB1, Fig. 1c) led to an
elevated autophagic flux (Fig. 1b and e). The autophagic flux
was monitored by western blot analysis of the autophagic
markers SQSTM1 and LC3-II. Treatment of HEK cells with
BafA1 blocked lysosomal degradation efficiently and thereby
led to an accumulation of autophagic vesicles (Fig. 2a)
accompanied by an increase in LC3-II and SQSTM1 [com-
pared to vehicle (DMSO) control], allowing to monitor the
level of autophagy (Fig. 1b). BafA1 treatment resulted in a
twofold increase of LC3-II in si hCB1 cells compared to
nonsense siRNA [si nonsense (NS)] control cells (Fig. 1d)
accompanied by an increase in the conversion of LC3-I into
LC3-II (Figure S1a). Using pepstatin A and E64d (PepA/
E64d) to block lysosomal degradation is similar to BafA1
treatment (Figure S1b and c). The autophagic flux is still
elevated in CB1 knockdown condition if cells are subjected to
amino acid starvation to induce autophagy (Figure S2a and b).
Interestingly, cell death in CB1 knockdown cells is reduced
after long-term starvation (15 h), measured by subsequent PI
staining of the cells (Figure S2c and d). The elevated
autophagic flux mediated by CB1 knockdown was not due to
a transcriptional regulation ofATGgenes including lc3 or p62/
sqstm1 (Table S3). On the other hand, the activity of the
ubiquitin proteasome system (UPS) as the second major
principal protein degradation pathway (Clague andUrbe 2010)
was not altered in HEK cells subjected to CB1 siRNA
transfection. Proteasomal activity was monitored by using a
stable-transgenic HEK cell line (HEK::D2eGFP) expressing
D2eGFP, a reporter for UPS activity in living cells with a half-
life of approximately 2 h. In a cyclohexamide chase experi-
ment, the proteasomal degradation of D2eGFP in si hCB1 cells
was unchanged compared to si NS cells (Figure S1d and e).
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Next, we asked whether the elevated flux in CB1
knockdown cells had an influence on the degradation of
known autophagic substrates. To address this point, we over-
expressed mutant eGFP-tagged superoxide dismutase 1
G85R [SOD1(G85R)-eGFP], which initiates the formation
of protein-aggregates that are degraded by the autophagos-
omal system (Gamerdinger et al. 2011b). Numbers of
transfected cells analyzed per experiment and the total
number of transfected cells counted over all experiments
were similar between the two groups (Figure S1f). Less
SOD1(G85R)-eGFP containing protein-aggregates occurred
in cell cultures cotransfected with hCB1 siRNA (Fig. 2b and
c) indicating an enhanced degradation of these autophagos-
omal substrates after induction of the autophagic flux via
CB1 kockdown.

Pharmacological modulation of CB1 activity alters the

autophagic flux

Next, we tested in pharmacological inhibition and stimula-
tion experiments if it was the reduced level of CB1 protein or
the reduced CB1 activity that caused the elevated autophagic
flux observed after CB1 siRNA transfection. HEK cells
incubated with 100 nM of the CB1-specific antagonist

SR141716 (SR, Rimonabant) showed an elevated autophagic
flux (Fig. 3) similar to the one found after si RNA
knockdown of CB1 (Fig. 1). Treatment with 100 nM CB1/
CB2 agonist WIN55,212-2 (Win2) had an opposite effect, as
Win2 reduced the autophagic flux to 80% of vehicle
(DMSO) control (Fig. 3a and c). HEK cells do not express
CB2 (Fig. 1a) and therefore activation of CB1 is very likely
causative for the effect of Win2 on the autophagic flux. The
accumulation of LC3-II was more pronounced in SR-
incubated cells and reduced in Win2-treated cells after
subsequent BafA1 incubation compared to vehicle controls
(Fig. 3b).

Reduced CB1 activity results in elevated autophagic vesicle

formation in primary astrocytes
Next, we investigated the impact of a reduction in CB1
activity on the autophagic flux in primary astrocytes as these
cells are non-transformed and do express CB1 endogenously.
Inhibiting the receptors activity either by siRNA (Fig. 4a
and b and Figure S3a) or pharmacologically by Rimonabant
treatment (Fig. 4c and d) induced autophagic vesicle
formation in the astrocyte cultures. The accelerated formation
of autophagosomes because of CB1 siRNA knockdown is
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transgenic HEK cells expressing proteasome reporter D2eGFP)
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controls (POS), 2 ng hCB1 in pcDNA3 vector, 2 ng hCB2 in pcDNA3
vector, or a RT-PCR amplificate of rpl19 from HEK cell RNA were
used. The negative control (NEG) was the respective master mix

without a template. + indicates RT-PCR of HEK or HEK::D2eGFP cells.
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transcriptase was substituted by RNAse free water. (b) Knockdown of
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Shown are means � SD (n = 3). *p < 0.05; ***p < 0.001.
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also indicated by an increased number of LC3-positive
puncta in CB1 knockdown cells compared to the control after
BafA1 treatment (Fig. 4e and Figure S3b). This argues
against a HEK- or clonal cell-specific effect of CB1 activity

on the autophagic flux and is in line with the report of
Piyanova et al. (2013), who observed an elevated autophagic
vesicle formation in primary neuronal cultures of CB1-KO
mice.
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Number of cells carrying aggregates per total transfected cells is
reduced after CB1 knockdown. Shown are the means � SD (n = 4).
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CB1 modulates the autophagic flux independent of mTOR-

and BECLIN1-complexes
The mTOR is one of the two major upstream protein
complexes controlling autophagic activity. mTOR is a
negative regulator of autophagy and therefore its activation
leads to a suppression of autophagic vesicle formation.
mTOR-phosphorylation at serine 2448 (S2448), which is
inhibited by rapamycin, is widely used as a marker for
mTOR activity (Chiang and Abraham 2005; Klionsky et al.
2012). Rapamycin prevented mTOR-phosphorylation at
S2448 in HEK cells, confirming the sensitivity of the cells
used for this study (Fig. 5a). The activity of the serine/
threonine protein kinase Akt (AKT) is known to be regulated
by CB1 (Cannich et al. 2004; Ozaita et al. 2007) and is
stimulating mTOR activity (Dibble and Manning 2013).
Thus, CB1 might exert its modulatory effect on the
autophagic flux via the control of AKT. However, the
transient knockdown of CB1 had no effect on AKT-
phosphorylation on Serine 473 (p-AKT; Fig. 5f and g),
which was used as a marker for AKT activity. Western blot
analysis of the downstream mTOR total protein and phos-
phorylated mTOR (p-mTOR) served to clarify if CB1
knockdown modulated autophagic flux by altering mTOR
activity independently of AKT. We found no difference in
the total amount of mTOR protein between CB1 siRNA and
nonsense siRNA transfected cells (Fig. 5a and b). The p-
mTOR level was also not changed in si hCB1 cells
compared to si NS control cells (Fig. 5a and c). BafA1
treatment (1 lM, 4 h) did not significantly alter mTOR total
protein level or p-mTOR (Fig. 5a–c). In addition, the
substrate of the mTOR kinase, the p70S6 kinase (S6K)
(Dufner and Thomas 1999) showed no difference in its

phosphorylation status on its mTOR-dependent phosphory-
lation-site at T389 upon CB1 knockdown (p-S6K, Fig. 5d
and e). Next, we analyzed the activity of the ULK1 kinase,
another substrate of the mTOR-kinase. ULK1 activity drives
autophagy and is suppressed by mTOR because of phos-
phorylation at Serine 757 [p-ULK1 (S757), Mizushima
2010]. We found no difference in p-ULK1 (S757) between
CB1 siRNA and nonsense siRNA transfected cells (Fig. 5h
and i). As ULK1 might be regulated via direct phosphor-
ylation by the AMP-activated protein kinase (AMPK) (Egan
et al. 2011) we analyzed the AMPK-dependent phosphor-
ylation-site of ULK1 at S555 [p-ULK1 (S555)] and
observed no difference in p-ULK1 (S555) between CB1
knockdown and control cells (Fig. 5h and i).
The second major protein complex controlling autophagic

activity is the BECLIN1-complex. Knockdown of BECLIN1
(si BECLIN1, Fig. 6a) protein or of the relevant kinase
PIK3C3 (si PIK3C3, Fig. 6c and e) of this complex indeed
reduced the autophagic flux (Fig. 6b and d) compared to
nonsense siRNA (si NS) transfected cells. Again, incubation
with CB1 antagonist Rimonabant (SR141716, 4 h 100 nM
prior to BafA1 treatment) increased formation of autophagic
vesicles (Fig. 6a and c) in si NS cells, but also in si
BECLIN1 and si PIK3C3 transfected cells. Moreover,
SR141716 treatment restored the autophagic flux in si
BECLIN1 or si PIK3C3 knockdown cells to the level of si
NS cells treated with SR141716 (Fig. 6b and d).

Knockdown of ATG7 blocks the effect of CB1 inhibition on

autophagy

ATG7 is essential for the formation of autophagic vesicles
and directly involved in the processing of LC3 (Mizushima
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lysosomal degradation was blocked
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et al. 2011) and as a consequence the knockdown of ATG7
(si ATG7, Fig. 7c) reduced the autophagic flux to 75% of si
nonsense transfected cells (si NS, Fig. 7a and b). In contrast
to the down-regulation of the regulatory BECLIN1-complex
(Fig. 6), treatment with the CB1 antagonist Rimonabant
(SR141716, 4 h 100 nM prior to BafA1 treatment) under
ATG7 knockdown condition was not sufficient to induce the
autophagic flux (Fig. 7a and b).

Despite its influence on the autophagic flux, CB1-

knockdown does not alter lysosomal activity

It has been reported that intracellular CB1 influences
lysosomal stability and activity under protein stress condi-
tions and in CB1-KO mice (Noonan et al. 2010; Brailoiu
et al. 2011; Piyanova et al. 2013). Therefore, we examined
whether impaired lysosomal activity is responsible for the

increased accumulation of LC3-II after BafA1 treatment in
cells with reduced CB1 levels. Protein levels of the
lysosomal marker lysosomal-associated membrane protein
1 did not change in nonsense siRNA (si NS) versus CB1
siRNA (si hCB1)-transfected cells measured by western
blot analysis (Fig. 8a and b). Moreover, immunocytochem-
ical stainings of an additional lysosomal marker lysosomal-
associated membrane protein 2 were did not show differ-
ences in the lysosomal load of si hCB1-treated compared to
si NS-treated cells (Fig. 8d). Nevertheless, lysosomes of si
hCB1 cells showed a stronger colocalization with autopha-
gic vesicles than lysosomes did in si NS control cells
following BafA1 treatment (Fig. 8d). To investigate
whether the lysosomal activity was altered after CB1
siRNA knockdown, we measured the enzymatic activity of
lysosomal proteases using a cathepsin-specific substrate
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(Z-RR-AMC). Interestingly, there was no difference in the
lysosomal activity of cells with reduced CB1 expression
versus control cells, but BafA1 treatment was sufficient to
suppress the enzymatic activity of the lysosomal proteases
to approximately 50% of vehicle controls in si NS and si
hCB1 cells (Fig. 8c).

Discussion

In this study we describe a novel function of the cannabinoid
receptor CB1 in the control of the autophagic flux. We
suggest that CB1 activity modulates autophagic vesicle
formation in a non-canonical, mTOR and BECLIN1-com-
plex independent manner.
HEK cells and primary astrocytes expressing CB1 show a

strong induction of autophagic vesicle formation upon reduc-
ing the level of the endogenous receptor via siRNA, whereas
the expression of ATG genes is not altered. Interestingly, the
proteasomal activity is not changed in those cells either,
showing the specificity of CB1 signaling for the regulation of
the autophagic flux. This is remarkable as the two cellular
degradation systems are connected via molecular mediators
(Gamerdinger et al. 2009) and seem to be regulated simulta-
neously under conditions of cellular stress (Korolchuk et al.
2009; Gamerdinger et al. 2011a). Pharmacological knock-
down of CB1 activity using the CB1-specific antagonist
Rimonabant mimics the effects of reducing CB1 mRNA
whereas activation of CB1 usingWin2 inhibits the autophagic
flux. In this context, it is important to mention that HEK cells
do not express CB2. Win2 is an agonist of both cannabinoid
receptors and therefore its effect on the autophagic flux could
be due to CB2 activity. However, stimulation of CB2 has been
shown to induce autophagic activity by inducing endoplas-
matic reticulum-stress in cancer cells in an mTOR-dependent
fashion (Salazar et al. 2009a,b). Here, low doses (at least 50-
fold lower) of cannabinoids and CB2-free cells (HEK) were
utilized to avoid cannabinoid-dependent induction of auto-
phagy in cancer cells (Vara et al. 2011), and also because
cancer cells could react differently to cannabinoids than
somatic and primary cells. In addition, the differential
expression of CB1 and CB2 in various tissues (Galiegue et al.
1995; Howlett 2002; Walter et al. 2003; Osei-Hyiaman et al.
2005; Van Sickle et al. 2005; Onaivi et al. 2006) might
contribute to cell type-specific fine tuning of autophagic
activity mediated by endogenous cannabinoids, calling for
further investigations.
The modulatory effects of CB1 manipulation on the

autophagic activity of the cells were induced by genetic
modification (siRNA transfection) as well as pharmacolog-
ical treatment in a uniform manner. This suggests that the
alteration of the autophagic flux is based on CB1 activity
and not on a direct interaction of CB1 protein with an
autophagy-inducing agent. Moreover, transient over-expres-
sion of CB1 protein had no effect on the autophagic flux
(data not shown), suggesting CB1 activity and not a protein-
protein interaction involving CB1 as the causative mode of
action.
Two multiprotein complexes are involved in the canonical

induction pathway of autophagic vesicle formation: mTOR-
andBECLIN1-complex.WhilemTORC1negatively regulates
autophagy and its inhibition consequently drives autophagic
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flux (Klionsky et al. 2012), the BECLIN1-complex induces
autophagic activity in most physiological states (Fimia et al.
2007; Itakura et al. 2008; Zhong et al. 2009). mTOR
integrates different cellular signals that are known to be
modulated by CB1 activity (e.g. AKT-kinase or mitogen
activated kinase/extracellular regulated MAP kinase
signaling), which alter the phosphorylation state of the

mTOR-kinase itself and thus influence autophagic activity.
Dando et al. (2013) recently showed that high dosages of CB1
agonist arachidonoyl cyclopropamide induce autophagy in
pancreatic cancer cells in an AMPK-mTOR-dependent man-
ner. However, our data show no altered mTOR-phosphoryla-
tion after CB1modulation, which excludes upstream signaling
cascades as causative for the altered autophagic flux. One
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important upstream modulator of mTOR activity is AKT and
this kinase is involved in cannabinoid-induced and CB2-
dependent autophagy (Salazar et al. 2009a,b). In turn, CB1
can modulate AKT activity (Cannich et al. 2004; Ozaita et al.
2007). However, in our transient CB1 knockdown paradigm
we could not observe CB1-dependent modulation of AKT.
Moreover, the phosphorylation of the relevant downstream
target of mTOR, the ULK1 kinase, which is directly involved
in the initiation of autophagic vesicle formation (Mizushima
2010), remained unaltered after CB1 knockdown. Since
AMPK is able to phosphorylate ULK1 (Egan et al. 2011)
bypassing mTORC1 signaling, we investigated whether this
pathway might be relevant in the present context. Again
ULK1-phosphorylation remained unaltered. Moreover,
another substrate of mTOR, the p70S6 kinase (S6K) (Dufner
and Thomas 1999), showed no difference in its phosphoryla-

tion status after CB1 knockdown. Thus, our data suggest that
CB1 influences the autophagic flux independently of the
mTORC1-signaling. A recent study in CB1-KOmice reported
no differences in AKT and mTOR signaling, which supports
our conclusion (Piyanova et al. 2013). Knocking down
BECLIN1 as the central protein to form a functional
BECLIN1-complex, or PIK3C3 as the relevant kinase of this
complex, expectedly reduced the autophagic flux. Inhibiting
CB1 activity with Rimonabant restored the autophagic flux to
the level of the control condition, which speaks against the
involvement of the BECLIN1-complex in CB1-mediated
modulation of autophagic vesicle formation. Evidence
emerges that the canonical induction pathways of autophagy
are not the exclusive ones. Recent reports show alternative
induction pathways which do not include the whole canonical
machinery (reviewed in Codogno et al. 2012). On the basis of
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our data, we propose that CB1 likewise modulates autophagic
flux non-canonically, although the detailed intracellular
signaling cascade is yet unclear. Disturbing autophagic vesicle
formation by knocking downATG7 as an essential component
of autophagosome biogenesis prevented the CB1-dependent
modulation of the autophagic flux completely. The key
components of the autophagic machinery are yet to be
identified. It is far beyond the aims of this study to reveal the
complete signaling pathway involved. This should be sub-
jected to further investigations as CB1 activity specifically
affects the regulation of the autophagic vesicle formation
without modulating downstream cellular processes like lyso-
somal activity, and could be used as a novel pharmacological
target.
Autophagic pathways cannot be considered completely

autonomous from lysosomal activity, since autophagic
vesicles are cleared via lysosomal degradation. On the
other hand, the induction of the autophagic flux is not
directly linked to enhanced lysosomal activity (Li et al.
2013). However, standard methods for measuring autopha-
gic activity rely on the blockade of lysosomal degradation
and thus inhibition of the clearance of autophagic vesicles
(Klionsky et al. 2012). In prior studies targeting the issue of
a potential influence of the CB1 on autophagic activity and
revealing a CB1-dependent induction of autophagy, these
important inhibition experiments are missing (recently
Dando et al. 2013). In contrast to these studies, Piyanova
et al. (2013) showed that the autophagic flux is enhanced in
neuronal cultures of mice lacking CB1. In line with this
finding, we could demonstrate in this study that this effect is
not specific to these transgenic animals. The transient
knockdown of CB1 as well as treatment with Rimonabant at
low concentration is sufficient to induce the autophagic flux
in HEK cells and primary astrocytes. Although CB1
knockdown in HEK cells was not as efficient as in primary
astrocytes, HEK cells reacted more sensitively to the
modulation of CB1 activity. Despite some variance, the
CB1-dependent modulation of the autophagic flux might be
a general physiological function in different cell types. As
discussed above, the observed enhanced accumulation of
LC3-II after CB1 inhibition or BafA1 treatment could be
due to an enhanced autophagic flux as well as disturbed
lysosomal activity. Since active intracellular CB1 is present
in the lysosomal membrane (Brailoiu et al. 2011), CB1
might support lysosomal degradation processes directly.
Thus, its lysosomal location seems to be linked to a
physiological function beyond the degradation via the
autophagosomal/lysosomal system (He et al. 2013). We
did neither observe a reduced amount nor activity (mea-
sured through cathepsins, the activity substrate of lysosomal
proteases) of lysosomes in cells with lower CB1 expression.
These findings argue against previous observations suggest-
ing that CB1 activation supports lysosomal function under

amyloid-b-mediated protein stress or in mice lacking CB1
(Noonan et al. 2010; Piyanova et al. 2013). In our cellular
model we did not use exogenic protein stress to study the
influence of CB1 activity on autophagic vesicle formation,
but represented physiological baseline conditions. The
cellular toxicity exerted by the amyloid-b peptide alters
the lysosomal/autophagosomal system (reviewed in Morawe
et al. 2012), thus the opposing results might be explained
by an additional effect of CB1 activation and amyloid-b
toxicity in this protein stress paradigm. The reduction in
lysosomal activity in CB1-KO mice (independent of the
amount of lysosomes) could be due to developmental
adaptations in those transgenic animals. Alternatively, it
could be due to neuron-specific effects as lysosomal activity
was measured in neuronal tissue (Piyanova et al. 2013). In
contrast, in our study CB1 activity was reduced by transient
siRNA knockdown, leaving lysosomal activity unaltered,
suggesting a specific effect of CB1 activity on the
regulation of the autophagic vesicle formation without
effecting downstream cellular processes like lysosomal
degradation. In addition, some cell types (like neurons)
might be particularly sensitive to CB1-dependent modula-
tion of the lysosomal system (Nixon 2013).
Autophagy is involved inmany important aspects of cellular

physiology of which the reaction on different nutrient states of
the cell is one of themost prominent and conserved. CB1 plays
an important role in appetite control as well as in metabolic
processes independent of food intake (Cota et al. 2003;
Ravinet Trillou et al. 2004; Cavuoto et al. 2007). In this study
we provide first evidence that modulation of the autophagic
flux via CB1 might be relevant for cells to stabilize homeo-
stasis under nutrient (amino acid) starvation and proteostatic
stress. Moreover, our data suggest an involvement of CB1
activity specifically in the control of the autophagic flux
without altering the expression of autophagy-relevant genes
nor the activity of the UPS. These findings are consistent with
the emerging evidence for a direct influence of CB1 activity on
the energy metabolism (Benard et al. 2012; O’Keefe et al.
2013).
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