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Abstract: Rapid ischemic tolerance, induced one hour following ischemic preconditioning, is mediated via the ubiquitin-proteasome system and the degradation of the pro-apoptotic bcl-2 family protein Bim. Previous studies implicate adenosine A1 receptors in mediating rapid ischemic tolerance. Since the A1 adenosine receptor antagonist
DPCPX (10µM) blocked rapid ischemic tolerance in our model, we investigated whether adenosine-mediated preconditioning induces rapid ischemic tolerance via the proteasomal degradation of Bim. Cultured rat cortical neurons
were incubated for 60 minutes with either adenosine (1µM) or (-)-N6-(2-Phenyl-isopropyl) adenosine (RPIA (1µM)),
prior to a harmful dose of ischemia (120min oxygen and glucose deprivation). Preconditioned cells had significantly
lower levels of cell death following harmful ischemia when compared to non-preconditioned cells. The proteasome
inhibitor MG132 (0.1µM) blocked the protective effect of adenosine pre-conditioning. Immunoblot analysis revealed
a decrease in Bim protein levels in adenosine and RPIA preconditioned neurons. Adenosine preconditioning induced
neuroprotection and Bim degradation was blocked by the MEK inhibitor UO126 (10µM). Our data suggests that pharmacological preconditioning with adenosine results in proteasomal Bim degradation mediated by p42/44 MAPK.
Therefore, pharmacological approaches may be able to induce rapid ischemic tolerance via similar molecular mechanisms as ischemic preconditioning.
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Introduction
Ischemic tolerance is the phenomenon whereby
prior exposure to a non-harmful ischemic challenge activates an endogenous protective
mechanism, rendering the brain resilient to further normally harmful ischemia [1]. As such understanding of the molecular mechanisms
which are critical for ischemic tolerance may
help identify novel anti-stroke therapeutic
strategies.
Two windows of neuroprotection have been reported following the preconditioning stimuli. The
most commonly reported window is that of delayed (classic) ischemic tolerance, which occurs
24-72 hours following the preconditioning event

[1]. Multiple preconditioning stimuli have been
reported to induce delayed ischemic tolerance,
including ischemia, hypoxia, anoxia, chemical
ischemia inducing agents (i.e. 3-nitropropionic
acid), seizures, hyperthermia (heat shock) and
hypothermia [2-9], although, it is still unclear
whether there are any common transducers of
ischemic tolerance. Delayed ischemic tolerance
is inhibited by the protein synthesis inhibitor
cycloheximide, in both in vivo and in vitro models of ischemia [10, 11]. This suggests that new
gene expression is required for the induction
and acquisition of delayed ischemic tolerance.
Consistent with this concept a number of studies have investigated the genomic signature of
preconditioning and ischemic tolerance [2, 12].
Delayed ischemic tolerance is not considered
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further.
In contrast to delayed ischemic tolerance, rapid
ischemic tolerance occurs 30-60 minutes following the preconditioning stimuli [13, 14] and
has been reported using anoxia, ischemia,
chemical ischemia, isoflurane and other chemical agents (diazoxide/ l-chromakalin and adenosine)as preconditioners [15-19]. Rapid ischemic
tolerance is not blocked by the protein synthesis
inhibitor cycloheximide, but is inhibited by protein kinase C inhibitors, MAPK inhibitors and
KATP channel blockers [13, 16, 20, 21]. We have
previously reported that the ubiquitinproteasome system plays a pivotal role in
ischemic preconditioning [13, 21]. This suggests that rapidly acting intracellular biochemical signaling events confer tolerance to ischemia in the short time window following preconditioning.
The cells fate is determined by the relative balance between pro-survival and pro-cell death
members of the Bcl-2 (B-cell lymphoma) families of proteins. Increased levels of the prosurvival Bcl-2 family proteins Bcl-2, Bcl-XL and
Bcl-w increase the resistance of neurons to
ischemia [22-24]. An increase in pro-survival Bcl
-2 family expression may prevent mitochondrial
dysfunction following subsequent ischemia. Procell death Bcl-2 proteins either neutralize pro
survival family members or directly promote the
activation of Bax/Bak resulting in mitochondria
instability and the release of apoptosis inducing
proteins such as cytochrome C, SMAC/ Diablo
and AIF. Bcl-2 interacting mediator of cell death
(Bim) is an apical signaling protein, which has
been shown to directly activate Bax promoting
engagement of programmed cell death mechanisms [25]. We previously reported that neurons
can degrade the potent cell death inducer Bim
within one hour of an ischemic preconditioning
stimulus, as an alternative strategy to prevent
mitochondrial dysfunction following a subsequent ischemic insult [13].
The ubiquitination and proteasomal degradation
of Bim following preconditioning requires a few
key steps. Phosphorylation of the Ser69 residue
(or Ser65 residue in the mouse and rat sequence) by p42/p44 mitogen activated protein
kinase (p42/p44 MAPK, or Erk1/2) regulates
Bim ubiquitination [26]. The poly-ubiquitination
of Bim targets it for degradation by the 26S proteasome [26]. The rapid loss of Bim following
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preconditioning ischemia may account for the
protection observed in rapid ischemic tolerance
[13]. Indeed, a reduction in Bim protein levels
protects neurons against ischemic-induced cell
death, as well as other neurotoxic stimuli [13,
27, 28].
Rapid ischemic tolerance has been described
following preconditioning with ischemia, anoxia
and pharmacological agents (adenosine and
KATP channel openers) [15, 18, 20]. Since the
adenosine A1 receptor plays a key role in
ischemic preconditioning both in vitro and in
vivo [18, 29], we investigated whether adenosine receptor agonists may induce preconditioning via a molecular mechanism similar to those
of ischemic preconditioning.
Materials and methods
Neuronal cultures were prepared from the cortex of one-day old Sprague Dawley rat pups, as
previously described [21]. Experiments were
preformed on 10-14 DIV (days in vitro) cultures.
For immunoblot experiments, cells were plated
onto 3.5cm dishes (3,500,000 cells/ dish)
coated with poly-D-lysine. Cells were maintained
in Neurobasal A media supplemented with B27
and 1% Glutamax (Invitrogen). Cell death experiments were performed on cells plated onto coverslips in 3.5cm dishes (350,000 cells/ coverslip). Oxygen glucose deprivation (OGD) experimental cultures were washed twice with phosphate buffered saline (0.5mM CaCl2 , 1mM
MgCl2 ; pH7.4) and placed in an anaerobic
chamber (Forma Scientific, Marietta, OH) (85%
N2, 5% H2, 10% CO2, 35°C) for either 30 or 120
minutes (preconditioning and harmful ischemia,
respectively). After OGD, cultures were recovered in a solution of Neurobasal A media with
1% Glutamax in a normoxic incubator.
For adenosine preconditioning experiments, the
cells were treated with 1µM Adenosine or 1µM
(-)-N6-(2-Phenyl-isopropyl) adenosine (RPIA) for
60 minutes. Some cells were incubated with
10µM 8-Cyclopentyl-1,3-dipropylxanthine
(DPCPX), 10mM UO126, or 0.1µM MG132 following preconditioning with adenosine or 30
min OGD.
Cell death assay
Cell death in the ischemic-treated cultures was
determined using propidium iodide (PI) exclu-
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sion assay, as previously described [13].
Briefly, cells were incubated with PI (1.5 µg/ ml)
for 2 minutes, fixed in 4% PFA for 30 minutes
and then permeablized with TritonX-100 (0.1%;
5min). Cells were DAPI stained and mounted for
visualization with a Zeiss Axioimager fluorescence microscope fitted with an Axiocam. The
coverslips were imaged for DAPI and PI using
365/395 and rhodamine filters, respectively
(Zeiss). The number of DAPI and PI stained cells
in a view were calculated using ImageJ and PI
positive cells are expressed as a percentage of
DAPI positive cells.

We have previously established a model of
rapid ischemic tolerance, whereby cortical neuronal cultures are preconditioned with 30 minutes of oxygen and glucose deprivation (OGD)
one hour prior to prolonged 120 minutes of
OGD [13]. Following exposure of the cultures to
120 minutes OGD we observe 40-50% cell
death in the culture as determined by propidium
iodide exclusion assay. Preconditioning the cells
with 30 minutes exposure to OGD, one hour
prior to prolonged OGD reduced cell death in
the culture by 60% (Figure 1a), consistent with
our previous findings [13, 21].

Immunoblotting

Previous studies show adenosine A1 receptors
regulate ischemic tolerance [18, 29]. To test the
role of the adenosine A1 receptor in rapid
ischemic tolerance, the A1 receptor antagonist
DPCPX (10µM) was added during the one hour
recovery period, immediately following 30 minutes OGD preconditioning. DPCPX had no affect
on control, 30 minutes or 120 minutes OGDinduced cell death (Figure 1a). However, the
neuroprotection observed following preconditioning was significantly attenuated in cells
treated with DPCPX (Figure 1a). This suggests a
potential role of adenosine receptors in our
model of rapid ischemic tolerance.

Tissue samples for immunoblotting were lysed
in a buffer containing protease inhibitors
(phenylmethylsulfonyl fluoride, leupeptin, pepstatin, aprotinin) and phosphatase inhibitors
(NaVO4, NaF) and a phosphatase inhibitor cocktail (Sigma). The protein concentration was determined using Bradford Reagent (Sigma) spectrophotometrically at A595. Samples containing
25µg of protein were denatured in a loading
buffer (10% SDS, 10% β-mercapto-ethanol) by
boiling for 5 minutes, then loaded onto SDSpolyacrylimide gels (12%). Proteins were then
transferred to polyvinylidene diflouride membranes and incubated with the following primary
antibodies at 4°C overnight; Bim (#2933 or
2819), phospho p42/44 MAPK (#9101) (both
Cell Signaling). Membranes were then incubated with anti-rabbit secondary antibody (Cell
Signaling) conjugated to horseradish peroxidase
for 1 hour at room temperature. After membranes were washed, the membranes were
visualized using chemiluminescence
(VisualizerTM). Images were captured and quantified using a Kodak Imagestation 2000RT with
Imagestation 3.6 software.
Reagents, drugs, and chemicals
All cell lysis protease and phosphatase inhibitors, as well as adenosine agonists were purchased from Sigma. The DPCPX and RPIA were
purchased from Tocris. All antibodies were purchased from Cell Signaling Technologies. Cell
culture media were purchased from Invitrogen.
Results
Adenosine preconditioning reduces ischemiainduced cell death in vitro
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To determine the role that adenosine itself may
play in preconditioning we investigated the effect of adenosine (1µM) and an adenosine agonist (-)-N6-(2-Phenyl-isopropyl)adenosine (RPIA:
1µM) in our rapid ischemic tolerance paradigm
(Figure 1b). Neither adenosine, nor RPIA significantly increased cell death under control conditions. Cell death following 120 minutes OGD
was reduced by prior incubation of the cultures
with either adenosine or RPIA (Figure 1b).
These data suggest that adenosine, or an
adenosine receptor agonist, can induce tolerance in ischemia modeled in vitro.
Inhibition of the proteasome blocks adenosinemediated Bim degradation and rapid ischemic
tolerance
Our previous study identified the Bcl-2 family
protein Bim as playing a key role in rapid
ischemic tolerance [13]. This led us to question
whether pharmacological preconditioning with
adenosine also affects Bim protein levels. Following 1 hour incubation with either adenosine
and RPIA, there was almost a 40% reduction of
Bim, when compared to non-preconditioned
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Figure 1. Adenosine receptor 1 antagonist block and adenosine receptor agonists mimic rapid ischemic tolerance.
a) Cortical neuronal cultures were subjected to 30 min OGD preconditioning prior to 120min OGD. Cell death was
determined 24h later by propidium iodide exclusion assay. Some cells were incubated with 8-Cyclopentyl-1,3dipropylxanthine (DPCPX: 10 µM) for one hour following preconditioning and prior to harmful ischemia. Control cells
received antagonist only, 30 min OGD then antagonist or one hour antagonist followed by 120min OGD. Data shown
are mean ± s.e.m. n=4. * denotes P<0.05 vs. PC + 120min OGD group (one-way ANOVA followed by post-hoc Bonferroni’s test). b) Cortical neuronal cultures were preconditioned with either 30min OGD, adenosine (Aden: 1µM), or
the adenosine agonist RPIA (1µM) for one hour. Cells were subjected to 120 min OGD and cell death determined by
PI assay. Data shown are mean ± s.e.m, n=4/5 * denotes P<0.01 vs. control 120 min OGD (one-way ANOVA with
post hoc Dunnet’s test for multiple comparison to control 120 min OGD group). c) Sample DAPI and PI stained images of control, 120 min OGD treated and adenosine preconditioned cells subjected to 120 min OGD. Scale bar
represents 50µm.

control cells (Figure 2a). Therefore two pharmacologically-related preconditioning agents,
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adenosine and RPIA, both induce a loss of Bim
protein at the time point when tolerance is ob-
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served. Accordingly, we decided to focus our
investigation on the molecular effects of adenosine.
In order to investigate the role of the proteasome in regulating Bim protein levels following
adenosine preconditioning, we incubated cells
with adenosine in the presence of MG132
(0.1µM), a concentration which inhibits rapid
ischemic tolerance [13]. MG132 caused an increase in cell death in control and adenosine
treated cells (P<0.01) (Figure 2c). The protective effect of adenosine was significantly reduced in MG132 treated cells (Figure 2c), suggesting that the protective effect of adenosine
preconditioning in our model is reduced by proteasomal inhibition.
We then determined the role of the proteasome
in regulating Bim protein levels following incubation with adenosine. Cells were incubated with
adenosine in the presence or absence of
MG132 (0.1µM), the concentration which
blocks rapid tolerance to ischemia induced by
adenosine preconditioning. As can be seen in
Figure 2d, the loss of Bim protein levels observed following adenosine preconditioning is
blocked by MG132. Interestingly, the levels of
Bim protein in cells treated with both adenosine
and MG132 were higher than control levels, the
significance of this observation is not clear.
These data suggest that adenosine induces
proteasomal Bim degradation resulting in rapid
ischemic tolerance.
Figure 2. Adenosine promotes proteasome mediated
degradation of Bim. a) Representative immmunoblot
showing loss of Bim protein one hour following
ischemic preconditioning, adenosine (Aden: 1µM)
preconditioning and RPIA (1µM) preconditioning. b)
Quantification of optical density of immunoblots.
Data shown are mean ± s.e.m. n=4. c) Adenosine
preconditioning is reduced by the proteasome inhibitor MG132. Cells were preconditioned with adenosine (Aden: 1µM) for 1 hour prior to 120 min OGD.
Some cells were incubated with MG132 (0.1µM) in
the presence of adenosine. As a control cells received MG132 only, one hour adenosine plus
MG132, or one hour MG132 followed by 120min
OGD. Data shown are mean ± s.e.m. n=7, * denotes
P < 0.01 vs. Aden + 120min OGD. d) Representative
immunoblot of cells incubated with adenosine (Aden:
1µM), MG132 (0.1µM) or adenosine + MG132 for
one hour. E) Quantification of optical density. Data
shown are mean ± s.e.m. of n=4 experiments **
denotes P<0.01 vs. Aden (one-way ANOVA followed
by post-hoc Bonferroni’s test).
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Adenosine mediates rapid ischemic tolerance
via the activation of p42/44 MAPK
The p42/p44 mitogen activated protein kinase
(p42/p44 MAPK, also known as Erk1/2) regulates proteasomal degradation of Bim, via phosphorylation [30]. First we examined the phosphorylation of p42/p44 MAPK on Ser202/
Thr204 in adenosine preconditioned samples,
as a marker of p42/p44 MAPK activation. Immunoblot revealed a increase in phosphorylated
levels of p42/44 MAPK in both adenosine and
ischemia preconditioned cells (Figure 3a). This
finding is consistent with our previous observation that preconditioning with ischemia induces
phosphorylation of p42/p44 MAPK [13]. To determine that the effect of adenosine was due to
MEK-mediated phosphorylation of p42/p44
MAPK, we incubated cells with U0126 and
adenosine. As can be seen in Figure 3b, U0126
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Figure 3. Adenosine preconditioning and Bim degradation is mediated by p42/p44 MAPK. a) Representative immunoblot showing increase in p42/p44 MAPK phosphorylation following incubation of cortical cells with adenosine
(Aden 1µM) or (-)-N6-(2-Phenyl-isopropyl) adenosine (RPIA: 1µM). As a comparison 30min OGD also increase p42/p44
MAPK phosphorylation. Data shown is a representative blot of 3 similar experiments. b) Representative blot of the
effect of blocking adenosine (Aden: 1µM) mediated p42/p44 MAPK activation with the MEK inhibitor U0126 (10 µM).
Note the dephosphorylation of p42/p44 by the upstream MEK inhibitor U0126. c) Representive blot of the adenosine
-mediated Bim degradation was reduced by U0126. NB note the different loading order between 3band 3c. d) Cells
were incubated with Adenosine (Aden: 1µM) in the presence or absence of U0126 (10µM) for 1 hour and then subjected to 120min OGD. Cell death was determined 24 h later by PI assay. Data shown are mean ± s.e.m. n=6. **
denotes P<0.05 vs. Aden + 120 min OGD (one-way ANOVA followed by post-hoc Bonferroni’s test).

decreased the phosphorylation of p42/p44
MAPK in the presence of adenosine.
We investigated the role of p42/p44 MAPK in
regulating the effect of adenosine on rapid
ischemic tolerance and Bim protein loss using
the p42/p44 MAPK selective inhibitor U0126
(10µM). Phosphorylation of Bim by p42/p44 is
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deemed a pre-requisite for Bim ubiquitination
and degradation. Our attempts to measure
phosphorylated Bim protein levels with a phospho-Bim specific antibody (Cell Signaling phospho-Bim (Ser65) specific antibody) were unsuccessful (data not shown). Therefore, we determined the effect of the MEK inhibitor U0126 on
Bim protein loss following incubation with
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adenosine. As can be seen in Figure 3b loss of
Bim protein following incubation with adenosine
is blocked by U0126.
Finally, if p42/p44 MAPK-mediated Bim degradation is a key regulator of adenosine-induced
ischemic tolerance, then blocking p42/p44
MAPK activation would be expected to block
adenosine induced rapid ischemic tolerance.
Cells preconditioned with adenosine had U1026
added for the duration of the preconditioning (1
hour). U0126 had no effect of cell death in control, adenosine-treated or 120 min OGD treated
cells. U0126 blocked the protection observed in
adenosine preconditioned cells subject to an
additional 120 minutes OGD (Figure 3c). Taken
together these data suggest that adenosinemediated Bim degradation and rapid ischemic
tolerance is mediated via the activation of p42/
p44 MAPK.
Discussion
Here we show adenosine increases the proteasomal degradation of the pro-cell death protein
Bim resulting in rapid tolerance to ischemia. In
our model system, rapid ischemic tolerance
following ischemic preconditioning was blocked
by the A1 adenosine receptor antagonist
DPCPX, implying that adenosine signaling plays
a role. Adenosine has been shown to regulate
neuroprotection to ischemia and other neurotoxic insults. Adenosine antagonists have been
shown to block both rapid and delayed ischemic
tolerance following preconditioning with anoxia
and ischemia, in both in vitro and in vivo models. Isoflurane, adenosine and chemical ischemia ,induced by iodoacetate, have been shown
to induce rapid ischemic tolerance [18] and the
effect of these agents are blocked by the adenosine receptor antagonist DPCPX in both in vitro
and in vivo models of ischemic tolerance [29].
The preconditioning effect of adenosine and
adenosine receptor agonists (RPIA) are blocked
by glibenclamide and tolbutamide, blockers of
potassium-sensitive ATP channels (KATP), suggesting that opening of KATP channels is an important step for the induction of rapid ischemic
tolerance [16, 20, 31]. Indeed, KATP opening
compounds, such as L-cromakalin, diazoxide
and pinacidil have been shown to induce tolerance to ischemia [15], although, heat shockinduced ischemic tolerance is not sensitive to
KATP channel blockers. Taken together, previous
studies strongly support a role of adenosine in
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regulating rapid ischemic tolerance following
ischemic preconditioning.
We found that adenosine, and the synthetic
agonist RPIA, induced a decrease in Bim protein
levels and provided neuroprotection. The effect
of adenosine on the protein Bim was investigated further and shown to be blocked by both
U0126 and MG132. This is consistent with our
previous study, which showed that Bim degradation following preconditioning ischemia was
blocked by both the MEK inhibitor U0126 and
the proteasome inhibitor MG132 [13]. In addition, adenosine-mediated ischemic tolerance
was blocked by U0126 and MG132. While we
did not measure Bim ubiquitination in this
study, these data are consistent with the known
biology of Bim ubiquitination, which has been
shown to be regulated by its phosphorylation by
p42/p44 MAPK, but not other members of the
MAPK family of protein kinases [30, 32]. Taken
together, these data would suggest that ischemia induces adenosine release, which activates
the A1 receptor resulting in MAPK activation
and Bim degradation.
Following preconditioning ischemia there is an
increase in protein ubiquitination and rapid
ischemic tolerance is blocked by multiple proteasome inhibitors, including MG132, MG115
and β-clasto-lactacystin [21]. The ubiquitination
and degradation of Bim could be a key strategy
in regulating cell death for multiple therapeutic
applications. Currently a number of therapeutic
strategies are being devised to regulate cell
death in tumors, via the manipulation of bcl-2
family protein signaling, for example ABT 737
[33]. Pro-survival bcl-2 proteins have been
shown to be increased following preconditioning
ischemia, but in the context of delayed ischemic
tolerance [22, 23]. Rapid ischemic tolerance
appears to involve the rapid degradation of Bim
[13], which would reduce the potential for proapoptotic signaling following a subsequent
ischemic insult. Hence, both rapid and delayed
ischemic tolerance use different mechanisms to
tip the balance of bcl-2 protein signaling in favor
of cell survival. Manipulation of the Bimubiquitination system may be a good target for
anti-stroke therapeutic strategies, especially
since we show here that pharmacological manipulation of neurons can enhance Bim degradation resulting in neuroprotection.
The molecular mechanisms whereby adenosine
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imparts its protection are far from clear. Previous studies show a role of kATP channels [16,
20, 31], and here we show a role of p42/p44
MAPK and protein degradation via the proteasome. However, in our studies we did not observe a blockade of tolerance by glibenclamide
(a kATP channel blocker) nor was there a consistent affect of diazoxide on Bim protein levels
(data not shown). These data may suggest that
the molecular signaling effects of adenosine
diverge, requiring both kATP channel activation
and Bim degradation to confer rapid ischemic
tolerance to neurons. Whether adenosine and
diazoxide also result in synaptic reorganization,
which we have recently shown to be critical for
rapid ischemic tolerance, is currently under investigation [21].
The molecular mechanisms by which all preconditioning stimuli result in tolerance to ischemia
are far from clear. There can be two logical
mechanisms by which preconditioning stimuli
work, either a common biological signature or
disparate molecular programs. The consequence of each has implications for how we
would translate preconditioning into clinical use.
If a common mechanism mediates preconditioning, then tolerance could be induced clinically with the most benign preconditioning stimuli. Our experiments suggest that some preconditioning agents may induce rapid ischemic tolerance via similar molecular mechanisms,
which leads us to suggest the pharmacological
activation of tolerance may have the potential
for therapeutic application.
Summary
Here we show that pharmacological preconditioning promotes the degradation of the pro-cell
death protein Bim. If other pharmacological
agents can be identified that promote Bim degradation this pro-apoptotic target may have utility as an anti-stroke strategy or for prophylactic
therapy in patients undergoing procedures
where ischemic conditions are likely, such as
cardio-pulmonary bypass.
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