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Abstract

Excitotoxic insults such as cerebral ischemia are thought to enhance neuronal autophagy, which is
then thought to promote neuronal cell death. Excitotoxic insults indeed increase autophagy
markers. Notably, however, autophagy markers can be increased either by autophagy induction (as
this enhances their production) or by late-stage autophagy inhibition (as this prevents their
degradation during autophagic flux). By comparing each condition with and without protease
inhibitors that prevent autophagic degradation of the autophagy marker, the results of this study
show that excitotoxic glutamate increases autophagy markers by a late-stage block of autophagy.
Initially, this study set out to test if the CaMKII inhibitor tatCN21 mediates its post-insult
neuroprotection by regulating autophagy. While tatCN21 partially inhibited basal autophagy in
hippocampal neurons, it had no effects on the already blocked autophagy after excitotoxic
glutamate insults, indicating that autophagy inhibition is not its neuroprotective mechanism.
Additionally, while the autophagy inhibitor chloroquine had no effect, significant neuroprotection
was seen instead with two drugs that enhance autophagy induction by different mechanisms,
rapamycin (mMTOR dependent) and trehalose (mTOR-independent). This suggests that therapeutic
approaches should seek to enhance rather than inhibit autophagy, not only in neurodegenerative
diseases (where such approach is widely accepted) but also after acute excitotoxic insults.
Together, these findings significantly reshape the current view on the mutual cross-regulation of
autophagy and excitotoxicity.
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1. Introduction

Cerebral ischemia causes anoxic depolarization of neurons, which triggers excessive release
of the excitatory neurotransmitter glutamate. The excessive glutamate then causes excessive
Ca?*-influx (largely by activating Ca2*-conducting glutamate receptors such as the NMDA
receptor), which then results in excitotoxic neuronal cell death (for review see (Aarts &
Tymianski 2004, Hara & Snyder 2007, Doyle et al. 2008, Szydlowska & Tymianski 2010,
Coultrap et al. 2011). Indeed, transient ~5 min application of ~100 .M glutamate to cultured
neurons triggers massive cell death within 24 h that is largely dependent on NMDA
receptors and Ca%*. Among the Ca2*—activated proteins is the Ca?*/calmodulin-dependent
protein kinase 11 (CaMKII), a multifunctional protein kinase that is extremely abundant in
the brain and constitutes well over 1% of total protein in the hippocampus, a brain area
required for learning and memory that is especially susceptible to neuronal cell death after
global cerebral ischemia (for review see (Coultrap & Bayer 2012b, Coultrap et al. 2011).
Stimulation of CaMKI|I activity by Ca2*/calmodulin can also stimulate autophosphorylation
at T286, which in turn generates Ca2*-independent “autonomous” CaMKI|I activity that
outlasts the initial stimulus (Miller & Kennedy 1986, Lou et al. 1986, Coultrap et al. 2012).
A novel CaMKII inhibitor, tatCN21 (Vest et al. 2007), is neuroprotective even when applied
hours after excitotoxic insults in hippocampal or cortical neuron cultures (Vest et al. 2010,
Ashpole & Hudmon 2011) or after ischemic insults in vivo (Vest et al. 2010). tatCN21 is a
highly selective peptide inhibitor (Vest et al. 2007) that is derived from the natural CaMKII
inhibitor protein CaM-KIIN (Chang et al. 1998) and that penetrates cells and the blood-
brain-barrier (Vest et al. 2007, Vest et al. 2010, Buard et al. 2010). By contrast, the
traditional CaMKII inhibitors KN62 and KN93 also inhibit other CaM kinases as well as
PKC and voltage-dependent Ca2*- and K*-channels (Enslen et al. 1994, Brooks & Tavalin
2011, Lietal. 1992, Ledoux et al. 1999). Most importantly, KN62 and KN93 are
competitive with Ca2*/calmodulin and block only Ca%*-stimulated but not autonomous
CaMKII activity (Tokumitsu et al. 1990, Sumi et al. 1991, Vest et al. 2010), while tatCN21
inhibits both stimulated and autonomous CaMKI| activity with equal potency (Buard et al.
2010). As a result, KN62 or KN93 are neuroprotective only when present during excitotoxic
insults (a time when they can block the autophosphorylation that generates autonomous
activity) but not when added after the insults (a time when autonomous activity has already
been generated) (Vest et al. 2010, Ashpole & Hudmon 2011). Thus, tatCN21 but not KN62
or KN93 has therapeutic potential for post-insult neuroprotection after cerebral ischemia.

Macroautophagy (here referred to as autophagy) is a fundamental cellular process that can
be triggered by starvation and various stress factors (for review see (Mizushima et al. 2008,
Levine & Kroemer 2008, Gump & Thorburn 2011, Rubinsztein et al. 2012). Autophagy is
an alternative pathway for protein degradation, and is especially important for removal of
damaged organelles and aggregated protein (Fig. 1). Depending on the circumstance,
autophagy can promote either cell survival or cell death (Mizushima et al. 2008, Levine &
Kroemer 2008, Gump & Thorburn 2011, Rubinsztein et al. 2012). While the situation in
cerebral ischemia is still controversial, with numerous studies describing autophagy either as
mediating neuronal death or protection (for review see (Gabryel et al. 2012, Uchiyama et al.
2008, Smith et al. 2011), the currently prevailing view appears to be that autophagy
contributes to ischemic neuronal cell death, as inhibition of autophagy by brain-specific
Atg7 knock-out desensitized newborn mice to hypoxia-induced neuronal death (Koike et al.
2008). It is widely accepted, however, that cerebral ischemia indeed triggers not only
apoptotic and necrotic cell death, but also autophagy (for review see (Gabryel et al. 2012,
Uchiyama et al. 2008, Smith et al. 2011). There is no doubt that ischemic insults increase
markers of autophagy, such as autophagosome number and levels of microtubule-associated
protein light chain 3 (LC3)-I1 (Fig. 1). However, it should be noted that these autophagy
markers are not only generated during autophagy but are also degraded during autophagic
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flux (Mizushima & Yoshimori 2007, Klionsky et al. 2008, Klionsky et al. 2012). Thus, the
currently available data that show an increase in autophagosomes are actually consistent
both with induction of more autophagic flux (i.e. an increase in the whole process of
autophagy) and with a late-stage block of autophagic flux (i.e. a decrease in the whole
process of autophagy). Indeed, there is one previous study to support that cerebral ischemia
causes a late-stage block of autophagic flux rather than autophagy induction (Liu et al.
2010).

This study set out to test if neuroprotection by the CaMKI|I inhibitor tatCN21 (Vest et al.
2010) is mediated by regulation of autophagy. We found that tatCN21 inhibited basal
autophagy in hippocampal neurons, but that this was not its neuroprotective effect: tatCN21
did not affect autophagy after excitotoxic insults, and two mechanistically different
autophagy enhancers were neuroprotective in our system, while an autophagy inhibitor was
not. Most importantly, however, we found that excitotoxic insults caused inhibition of
autophagic flux.

2.1 tatCN21 inhibits basal autophagy in hippocampal neurons

LC3-11 is one of few useful biochemical markers of autophagy (Mizushima & Klionsky
2007, Kabeya et al. 2000). LC3 (called Atg8 in yeast) is constitutively cleaved into LC3-I.
As this cleavage only removes one amino acid, these two LC3 form are not distinguishable
by Western-blot (and the resulting LC3/LC3-1 band is here referred to as LC3-1). However,
autophagy requires further modification by phosphatidylethanolamine conjugation to
produce LC3-11 (see Fig. 1), and this form can be clearly distinguished by Western-analysis
(as in Fig. 2). Changes in the LC3-11/I ratio then indicate changes in autophagy. However,
the direction of the change is not necessarily clear, as LC3-I1 is both formed and degraded
during autophagy. For instance, an increase in the LC3-11/I ratio indicates either increased
autophagy induction or late-stage autophagy inhibition. This problem can be overcome by
testing each of the treatment conditions in the absence and in the presence of protease
inhibitors that block the autophagic degradation of LC3-I1 (Mizushima & Yoshimori 2007,
Klionsky et al. 2008, Klionsky et al. 2012). Then, the level of increase in LC3-11 caused by
the protease inhibitors provides an indication for the autophagic flux that occurred during
the time of protease inhibition.

Here, we first determined the LC3-I11/I ratio in primary hippocampal neurons in dissociated
cultures with and without protease inhibitors, and with and without tatCN21 (Fig. 2, left
side). While several review articles have suggested measuring the LC3-I1/actin ratio instead
(Mizushima & Yoshimori 2007, Klionsky et al. 2008, Klionsky et al. 2012), the LC3-11/1
ratio has been specifically endorsed for the use in central nervous neurons [(Klionsky et al.
2008)]. The LC3-11/1 ratio provides the additional advantages of having an internal control
detected by the same antibody and of detecting two proteins that are present at similar
abundance (at least in the cells examined here; see Fig. 2). Protease inhibitors were applied
two hours before harvesting the neurons for the Western-blots. In absence of tatCN21, the
protease inhibitors significantly increased the LC3-11/1 ratio (Fig. 2, left side), indicating that
autophagic flux occurs under basal conditions. When 5 pM tatCN21 was added 20 min prior
to the protease inhibitors (in order to ensure complete cellular uptake and CaMKII
inhibition), the increase in LC3-11/1 ratio was no longer significant (Fig. 2, left side),
indicating that tatCN21 inhibited the basal autophagic flux in the neurons. This inhibition of
autophagic flux appeared to occur at an early stage, as tatCN21 application by itself did not
increase the LC3-11/1 ratio compared to untreated control (Fig. 2, left side), an increase that
would be expected from a late stage inhibition (which would reduce only degradation but
not formation of LC3-11).
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Additionally, we examined a second autophagy marker, p62 (Fig. 3), in this case relative to
actin (as p62 does not allow for an internal control with the same antibody). Again, p62
accumulated in neurons during protease inhibition in basal conditions while tatCN21
blocked further accumulation during protease inhibition (Fig. 3, left side). This further
corroborated inhibition of basal autophagic flux by tatCN21. However, it should be noted
that analysis of p62 (in contrast to LC3-I1) cannot distinguish between early and late stage
inhibition of autophagic flux, as inhibition at either stage causes accumulation of p62,
because early stage autophagic flux does not require generation of new p62 (in contrast to
LC3-11) (Mizushima & Yoshimori 2007, Klionsky et al. 2008, Klionsky et al. 2012). It
should also be noted that the analysis of the p62/actin ratio showed more variability
compared to the LC3-11/1 ratio (consistent with additional error introduced by lack of an
internal standard provided by use of a single antibody), and that the accumulation of p62
with protease inhibitor treatment that indicated basal autophagy was significant only by t-
test but not by ANOVA (in contrast to the analysis of the LC3-11/1 ratio).

2.2 Excitotoxic glutamate inhibits autophagic flux

tatCN21 is neuroprotective even when applied after excitotoxic insults (Vest et al. 2010,
Ashpole & Hudmon 2011). Thus, we also tested how tatCN21 affects the changes in
autophagy caused by such insults (Figs. 2+3; right sides). In contrast to its inhibition of
basal autophagy, tatCN21 had no effect on the autophagy in hippocampal neurons after
excitotoxic glutamate insults (Figs. 2+3). Most notably, however, these glutamate insults
themselves resulted in a complete block of autophagic flux, as protease inhibition did not
cause any further increase in the LC3-11/1 (Fig. 2) or p62/actin (Fig. 3) ratio.

While treatments that enhance autophagy and treatments that block autophagy at a late stage
can both increase the LC3-11/1 ratio compared to basal conditions without protease
inhibitors, only a late stage block of autophagy prevents additional further LC3-I1
accumulation during protease inhibition. Indeed, the increase in LC3-11/1 ratio after
glutamate treatment compared to basal conditions was statistically significant only in the
absence but not in the presence of protease inhibitors (Fig. 2). These results demonstrate that
excitotoxic glutamate causes a late-stage block of autophagy.

Treatments that enhance autophagic flux generally reduce p62 levels and treatments that
reduce autophagic flux generally increase p62 levels, due to enhanced or reduced autophagic
degradation of p62. A potential caveat can be introduced by possible additional regulatory
effects of the treatments on p62 transcription/translation, which may confound the results.
Nevertheless, the increase in p62 levels after excitotoxic glutamate treatment corroborates
(Fig. 3) the block of autophagic flux shown by the analysis of LC3-I1/I.

Taken together, analysis of LC3-11/1 and p62/actin ratio showed that excitotoxic glutamate
causes a block of autophagic flux in hippocampals neurons, and the LC3-11/1 analysis
showed that this block occurs at a late stage.

2.3 Neuroprotection by autophagy enhancers, not by an inhibitor

The neuroprotective effects of tatCN21 (Vest et al. 2010, Ashpole & Hudmon 2011) are
likely not due to inhibition of autophagy, as tatCN21 inhibited only basal autophagy but had
no effect on the already blocked autophagy after excitotoxic glutamate insults (see Fig. 2).
Nevertheless, we decided to determine the effect of other autophagy modulators on
excitotoxic cell death. The late-stage autophagy inhibitor chloroquine had no effect on the
number of neurons surviving 24 h after a 5 min treatment with 100 pM glutamate (Fig. 4).
By contrast, significant neuroprotection was seen for two different drugs that enhance
autophagy by different mechanisms, rapamycin (mTOR-dependent (Ravikumar et al. 2004))
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and trehalose (nTOR-independent (Sarkar et al. 2007)). Notably, while rapamycin and
trehalose showed the same extent of neuroprotection, trehalose had to be added earlier
before the glutamate insult in order to achieve this neuroprotection (Fig. 4). This is
consistent with a faster induction of autophagy by rapamycin compared to trehalose.

Taken together, these data indicate that enhancing autophagy provides neuroprotection from
excitotoxic neuronal cell death, and that tatCN21 is neuroprotective not because of but
despite its inhibition of autophagy.

3. Discussion

The currently prevailing view is that autophagy contributes to neuronal cell death during
ischemia, although this is still controversial (for review see Gabryel et al. 2012, Uchiyama et
al. 2008, Smith et al. 2011, Koike et al. 2008). By contrast, it is currently universally
accepted that cerebral ischemia indeed induces neuronal autophagy (for review see Gabryel
etal. 2012, Uchiyama et al. 2008, Smith et al. 2011). The results of this study instead
indicate that excitotoxic insults cause a late-stage block of autophagy and that enhancing
autophagy protects from excitotoxic cell death. Additionally, tatCN21 inhibited only basal
but not glutamate-regulated autophagy, further demonstrating that the post-insult
neuroprotection provided by tatCN21 is not linked to its effects on autophagy.

Inhibition of autophagy (by brain-specific knock-out of Atg5 or Atg7) leads to massive
neurodegeneration around week 3 after birth (Koike et al. 2008, Komatsu et al. 2006, Hara
et al. 2006). Thus, in neurodegenerative diseases that involve protein-aggregation (and/or
mitochondria damage), enhancing the autophagy-mediated removal of these aggregates
(and/or damaged mitochondria) is generally thought to be a promising therapeutic strategy
(Rubinsztein et al. 2012, Hara et al. 2006, Komatsu et al. 2006, Lee et al. 2010, Hartman
2012, Ravikumar et al. 2004, Tanaka et al. 2004, Sarkar et al. 2007). By contrast, it is much
less clear if therapy of acute neuronal cell death after ischemia should also seek to enhance
autophagy, or instead to inhibit it (for review see Gabryel et al. 2012, Uchiyama et al. 2008,
Smith et al. 2011, Koike et al. 2008). The currently prevailing view that autophagy should
be inhibited in the treatments of acute conditions is largely based on the observation that
inhibition of autophagy by brain-specific Atg7 knock-out desensitized newborn mice to
hypoxia-induced neuron loss death (Koike et al. 2008). However, many of the proteins
required for autophagy also have other cellular functions, and Atg7 depletion can also
reduce apoptosis (Gump & Thorburn 2011, Grishchuk et al. 2011, Walls et al. 2010), which
would be expected to alter cell survival. Furthermore, as described above, the Atg7 knock-
outs show massive neuronal cell death starting around postnatal week 3 (Koike et al. 2008,
Komatsu et al. 2006), and milder earlier effects could conceivably lead to partial
neuroprotection by mechanisms akin to the well described ischemic pre-conditioning (where
mild insults lead to partial protection from subsequent stronger insults) (Liu et al. 2009,
Morris et al. 2011). Indeed, the results of this study instead showed that autophagy
enhancing drugs protected neurons from excitotoxic death, while an autophagy inhibitor had
no effect. This suggests that therapeutic approaches should enhance rather than inhibit
autophagy, not only in neurodegenerative diseases, but also in acute excitotoxic conditions
such as cerebral ischemia. However, given the numerous previous studies with conflicting
conclusions (for review see Gabryel et al. 2012, Uchiyama et al. 2008, Smith et al. 2011,
Koike et al. 2008), it appears unlikely that our study will end this ongoing debate.

In general, a therapy of excitotoxic conditions would require its effectiveness when applied
after the insults. However, trehalose is currently used as a dietary supplement, and could
therefore also be used effectively as a preventative treatment in at-risk patients.
Pharmacological treatments always raise questions about target specificity. However,
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trehalose and rapamycin enhance autophagy by fundamentally different mechanism
(Ravikumar et al. 2004, Sarkar et al. 2007), but showed the same degree of neuroprotection.
This provides further rationale for other autophagy-enhancing regimens, such as physical
exercise and caloric restriction (Hartman 2012), which would also reduce other risk factors
in at-risk patient. In contrast to trehalose, our CaMKII inhibitor tatCN21 provides
neuroprotection even when applied post-insult (Vest et al. 2010, Ashpole & Hudmon 2011).
As this study showed that the neuroprotection by tatCN21 is not mediated through effects on
autophagy, combination therapies with autophagy enhancers could provide additional
benefits, with autophagy enhancing regimens as preventative treatments and tatCN21 as
additional post-insult therapy.

The previous conclusion that autophagy promotes neuronal cell death after acute insults is
clearly conflicting with the results from this study. However, this previous conclusion
depends on the notion that such insults indeed enhance autophagy. While there is no doubt
that ischemic insults increase autophagy markers such as autophagosome number and LC3-
Il levels (Gabryel et al. 2012, Uchiyama et al. 2008, Smith et al. 2011), such results are also
consistent with a late-stage block of autophagy (which prevents the autophagic degradation
of these markers during autphagic flux) (Mizushima & Yoshimori 2007, Klionsky et al.
2008, Klionsky et al. 2012). Importantly, the results of our study showed that excitotoxic
glutamate insults cause a late-stage block of autophagy. While such an autophagy-block is in
contrast to current perception (for review see Gabryel et al. 2012, Uchiyama et al. 2008,
Smith et al. 2011), there is one previous study to support a similar conclusion (Liu et al.
2010). Specifically, this study utilized the late-stage autophagy blocker chloroquine in vivo,
and found that cerebral ischemia did not cause any additional increase in LC3-11 levels in the
hippocampus (Liu et al. 2010). Like our results with lysosomal protease inhibitors, this
finding supports late-stage autophagy block rather than autophagy induction.

It should be noted that block of late-stage autophagic flux by ischemic insults does not
necessarily preclude that the same insults might also promote autophagy induction at an
earlier stage. Exclusive late-stage block of autophagy (without any additional autophagy
induction) by glutamate should increase LC3-11 levels compared to basal conditions only in
the absence of protease inhibitors but not in their presence. By contrast, simultaneous late-
stage block and early stage induction by glutamate should result in higher LC3-I1 levels
compared to basal conditions also in presence of the protease inhibitor. Indeed, glutamate
appeared to increase the LC3-11 levels further even when comparing the protease inhibitor
conditions, although this was not statistically significant (p=0.112 in a two-tailed t-test).
Thus, while our results clearly demonstrate inhibition of autophagic flux by glutamate, they
do not conclusively rule out a possible additional increase in autophagy induction.

But how can enhancing autophagy be neuroprotective, if the insults actually shut down the
autophagic flux? Autophagy enhancers would further increase accumulation of
autophagosomes, while the insults prevent degradation of the engulfed material and thus
their recycling to provide new building blocks in the energy-depleted neurons. However,
completed autophagy would not directly provide energy to neurons anyway, as the brain can
utilize only glucose, ketone bodies, or lactate for energy production (for review see
(Simpson et al. 2007, Belanger et al. 2011)). Thus, the main neuroprotective function of
autophagy may be sequestration of damaged mitochondria (which may prevent promaotion of
apoptosis by cytochrome C release), an effect readily achieved by enhanced autophagy
induction even when further progression of autophagy is blocked.

Together, the results of this study lend support to therapeutic strategies that seek to enhance
rather than inhibit autophagy. Most importantly, they show that we understand the vice versa
effect of these insults on autophagy not nearly as well as generally thought.
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4. Experimental Procedures

4.1 Material

Culture media were obtained from Life Technologies, chemicals were obtained from Life
Technologies or Sigma (St. Louis, MQ), unless indicated otherwise. The CaMKI|I inhibitor
peptide tatCN21 was described previously (Vest et al. 2007, Vest et al. 2010, Buard et al.
2010).

4.2 Neuronal cell culture

Medium density dissociated hippocampal cultures were prepared from newborn rats and
cultured on 24-well plates in Neurobasal A medium supplemented with B27 and glutamine
as previously described (Vest et al. 2007, Vest et al. 2010). Animal procedures were
approved by the University of Colorado Denver IACUC, and followed NIH guidelines. Glial
cell growth was suppressed with FDU on day 3. Experiments were done after 14 days in
culture. All incubations were done in culture medium at 37°C and 5% CO, in humidified
incubators.

4.3 Assessment of autophagy

Antibodies that recognize the autophagy markers LC3-11 (Novus Biologicals, Littleton, CO)
and p62 (Abnova, Walnut, CA) were used to detect the respective protein levels by Western-
blot. LC3-11 was distinguished from LC3-1 by size. Western-blots were done as previously
described (Vest et al. 2007, Buard et al. 2010, Coultrap et al. 2010). Neurons were harvested
in 100 pl of 1% SDS-buffer (without dyes) per well. Extracts were then diluted in SDS-
loading buffer to equal protein concentrations (as determined by BCA assay; Pierce,
Rockford, IL). 6 pg protein was loaded, and immuo-staining of 3-actin (Sigma, St. Louis,
MO) was used as a loading control. Bands were visualized with Immobilon Western
Chemiluminescent HRP substrate (Millipore, Billerica, MA) on X-ray film. Immuno-
detection of LC3-11/LC3-I, actin, and/or p62 was quantified by densitometry (Coultrap &
Bayer 2012a). In order to indicate changes caused by different treatments, the LC3-I1/1 ratio
was normalized to the untreated basal condition.

Autophagic flux was assessed by comparing LC3-11/1 or p62 for each tested condition after a
2 h incubation with or without the lysosomal protease inhibitors pepstatin A and E64d
(Mizushima & Yoshimori 2007, Klionsky et al. 2008, Klionsky et al. 2012). Protease
inhibitors were added immediately after excitotoxic insults (5 min, 100 pM glutamate) or
mock treatment (for basal conditions). tatCN21 (5 nM; ~125fold IC50 (Buard et al. 2010))
was added 20 min before the excitotoxic or mock treatment. Note that the culture medium
contains sufficient glycine for effective NMDA receptor stimulation by glutamate.

4.4 Assessment of neuronal cell death

Neuronal cultures were treated for 5 min with 100 pM glutamate. 24 h later, neuronal cell
death was assessed by ethidium homo-dimer 2 (EtDH2) staining, as previously described
(Vest et al. 2010). Neurons were identified by morphology and immunostaining with an
anti-MAP2 antibody (Pharmingen, San Diego, CA) (Vest et al. 2010). Total and EtDH2
stained neurons were counted in order to determine the percentage of dead/dying neurons.

4.5 Statistical analysis

All data are represented as mean + SEM. Statistical analysis was done by t-test or by
ANOVA with Newman-Keuls post-hoc analysis, as indicated. Differences between the
means were considered to be statistically significant if the p-value was <0.05.
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Figure 1. Autophagy model

(A) LC3-11 dependent vesicle elongation engulfs cellular components into a double-

Page 12

membraned autophagosome. Fusion with the lysosome then leads to degradation in macro-
autophagy (while chaperone mediated- and micro-autophagy deliver proteins directly to the
lysosome). As indicated, rapamycin induces autophagy while chloroquine causes a late-

stage block. The mechanism of autophagy induction by trehalose is unknown, but is

independent from mTOR.

(B) Processing of LC3 to LC3-11 is required for autophagy induction, and the ratio of LC3-11
over LC3-I provides a biochemical marker for changes in autophagy. However, assessing

these changes is complex, as LC3-I1 is then also degraded during autophagic flux. PE:

phosphatidyl-ethanolamine.
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Figure 2.

Autophagic flux in hippocampal cultures is inhibited by tatCN21 and by glutamate, as
revealed by the LC3-11/I immuno-detection ratio with or without a 2 h treatment with
protease inhibitors (pr. inh.). Shown are example Western-blots (lower panel) and their
quantification (upper panel; n=6) normalized to the basal LC3-11/I ratio (which was ~0.5).
Under basal conditions, protease inhibitor treatment significantly increased the LC3-11/1
ratio, due to block of autophagic degradation of LC3-11. This increase was reduced by
tatCN21 (5 pM) and completely blocked by excitotoxic glutamate (100 pM for 5 min). In
comparison of different conditions without protease inhibitors, glutamate treatment
increased the LC3-11/1 ratio (indicating a late stage block of autophagic flux) while tatCN21
treatment did not (indicating instead an early stage inhibition of autophagy). **: p<0.01; *:
p<0.05 in ANOVA with Newman-Keuls post-hoc analysis; ns: p>0.05 even in one-tailed t-
test. Bar graphs indicate mean+SEM.
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Figure 3.

Autophagic flux in hippocampal cultures is inhibited by tatCN21 and by glutamate, as
revealed by the p62/actin immuno-detection ratio with or without a 2 h treatment with
protease inhibitors (pr. inh.). Shown are example Western-blots (lower panel) and their
quantification (upper panel; n=5) normalized to the basal p62/actin ratio. Under basal
conditions, protease inhibitor treatment significantly increased the p62/actin ratio, due to
block of autophagic degradation of p62. This increase was reduced by tatCN21 (5 pM) and
by excitotoxic glutamate (100 M for 5 min). In comparsion of different conditions without
protease inhibitors, an increase in p62/actin ratio is consistent with inhibition of autophagic
flux at either early or late stages. **: p<0.01; *: p<0.05; ns: p>0.3 in one-tailed t-test. Bar
graphs indicate mean+SEM.
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Figure 4.

Neuroprotection by autophagy enhancers in hippocampal cultures. Neuronal cell death 24 h
after a transient 5 min excitotoxic treatment with 100 1M glutamate was not affected by the
autophagy inhibitor chloroguine (Chlo; 5 uM), but significantly reduced by rapamycin (Rap;
1 pM) or trehalose (Treh; 100 M), which enhance autophagy by fundamentally different
mechanisms. Compared to rapamycin, neuroprotection by trehalose required application at
an earlier timepoint before the glutamate insult, consistent with a more delayed induction of
autophagy by trehalose. The fraction of dying neurons was identified and quantified (n=4
coverslips) by ethidium homo-dimer staining. The statistical analysis indicates comparison
to glutamate treatment without drug treatment (by ANOVA with Newman-Keuls post-hoc
analysis). Bar graphs indicate mean+SEM.
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