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Abstract
Although the protective mechanisms of delayed ischemic preconditioning have received extensive
studies, few have addressed the mechanisms associated with rapid ischemic postconditioning. We
investigated whether ischemic tolerance induced by rapid preconditioning is regulated by the Akt
survival signaling pathway. Stroke was generated by permanent occlusion of the left distal middle
cerebral artery (MCA) plus 30 min or 1 h occlusion of the bilateral common carotid artery (CCA)
in male rats. Rapid preconditioning performed 1h before stroke onset reduced infarct size by 69%
in rats with 30 min CCA occlusion, but by only 19% with 1 h occlusion. After control ischemia
with 30 min CCA occlusion, Western Blot showed that P-Akt was transiently increased while Akt
kinase assay showed that Akt activity was decreased. Although preconditioning did not change P-
Akt levels at 1h and 5h compared with control ischemia, it attenuated reduction in Akt activity at
5h in the penumbra. However, preconditioning did not change the levels of P-PDK1, P-PTEN, and
P-GSK3β in the Akt pathway, all of which were decreased after stroke. At last, the PI3K kinase
inhibitor, LY294002, completely reversed the protection from ischemic preconditioning. In
conclusion, Akt contributes to the protection of rapid preconditionin against stroke.
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Introduction
Ischemic preconditioning is considered to be the most robust endogenous form of
neuroprotection [5,11,14,15]. Two protective time windows for preconditioning have been
identified: rapid preconditioning performed 30 min to 3 hour, and delayed ischemic
preconditioning, performed one to several days before the onset of the subsequent severe
ischemia [5,9,11,22–24]. The protective effects and mechanisms of delayed preconditioning
have received extensive studies; however, relatively few have studied rapid preconditioning
[17,18,24,26], and its protective mechanisms.

Whether the Akt/PKB survival signaling pathway contributes to the protective effects of
delayed preconditioning against global cerebral ischemia has been controversial (reviewed
by [31], and its role in the protective effects of rapid preconditioning against focal ischemia
is unknown. Akt activity is deemed to be upregulated by phosphorylation at ser-473 (p-Akt)
and thr-308 [6,7,16]. Akt is phosphorylated via several upstream molecules, such as PDK 1
and PTEN. PDK1 directly or indirectly phosphorylates Akt while PTEN dephosphorylates
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and inactivates Akt. Upon activation, Akt blocks apoptosis by phosphorylating its
downstream molecules, such as GSK3β; dephosphorylated or activated GSK3β leads to
apoptosis by phosphorylating and degrading β-catenin, a critical transcript factor for cell
survival [6,7,16]. Activated GSK3 β causes β-catenin phosphorylation resulting in its
degradation and apoptosis [21].

We have previously reported the role of the Akt pathway in the protective effects of
moderate hypothermia [32]and ischemic postconditioning [8]. We found that both
hypothermia and postconditioning upregulate Akt activity when examined by an Akt kinase
assay, and inhibition of Akt activity abolishes their protection. However, Akt activity does
not always correlate with Akt phosphorylation. In addition, phosphorylation of other
molecules in the Akt pathway does not always change in the same direction with that of Akt
[8,32]. Furthermore, changes in total protein of Akt and other proteins in the Akt pathway
are largely ignored in most previous studies. How neuroprotectants affect total protein levels
in the Akt pathway, regardless phosphorylation, has not been studied. In this study, not only
did we examine the effect of rapid preconditioning on phosphorylation of proteins in the Akt
pathway and Akt activity, but also analyzed its effect on total protein levels in the Akt
pathways.

Materials and Methods
Focal Cerebral Ischemia

Experimental protocols were approved by the Stanford University Administrative Panel on
Laboratory Animal Care. Focal ischemia was generated as previously described [4,33,34].
Anesthesia was induced with 5% isoflurane maintained with 2–3% isoflurane during surgery
in male Sprague-Dawley rats (350–390g). Core temperature was monitored with a rectal
probe and maintained at 37°C throughout the experiment. The distal middle cerebral artery
(MCA) was occluded permanently above the rhinal fissure while the bilateral common
carotid arteries (CCA) were transiently occluded for 30 or 60 min. For Western blot, in vitro
kinase assay and drug test, test ischemia was induced by 30 min bilateral CCA occlusion
plus permanent MCA occlusion. To monitor blood gas, a catheter was inserted into the left
femoral artery. pO2 was controlled between 120–150, pCO2 between 38–50, and pH
between 7.3–7.4.

Ischemic preconditioning
Rapid ischemic preconditioning was performed by transiently occluding the left distal MCA
for 15 min using a micro-clip and test ischemia was induced 1h later; test ischemia included
30 or 60 min of transient bilateral CCA occlusion combined with permanent MCA
occlusion.

General histology and infarct size measurement
For acute infarct size measurement, rats were perfused transcardially with normal saline at
two days after ischemia. Brains were sectioned into 5 coronal blocks rostral (level 1) to
caudal (level 5) and stained with 1% TTC solution. Infarcts were measured at all 5 levels as
previously described [9,25,32]. The percentage of infarct cortex was calculated according to
the formula:

(contralateral cortex − (Ipsilateral cortex − infarct cortex)) / contralateral cortex X
100%.
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Drug delivery
To study whether Akt inhibition abolishes the protection of rapid preconditioning, 10 µl of
the PI3 kinase inhibitor LY294002 (10 mM) or vehicle was infused into the ventricular
space ipsilateral to the ischemia (from Bregma: AP= −0.92 mm, ML=1.5mm, DV=3.5mm),
as described [32]. The reason we chose intaraventricular administration of this drug, but not
intravenously or intraperitoneally, is that the drug is able to directly penetrate into the brain
issue, thus avoiding any potential complications of passing blood brain barrier. The drug
was dissolved in DMSO a final concentration of 10 mM. This dose has been shown to
inhibit Akt kinase activity in our previous study [8]. Four groups were studied. Two groups,
control ischemia and preconditioning plus test ischemia, received injection of LY294002.
One hour after preconditioning ischemia, the drug was injected before test ischemia, which
was generated by permanently occluding the left dMCA combined with 30 minutes of
bilateral CCA occlusion. Another two groups, a control ischemia group and a
preconditioning group, were treated with the same amount of vehicle, 10ul of DMSO.
Infarct size was measured 2 d after stroke as described above.

Western blots
To detect the levels of various proteins in the Akt pathway, rats survived for 1, 5 and 24 h
after CCA release were sacrificed by overdose of isoflurane and transcardially perfused with
cold PBS. Rat brains were removed and tissue corresponding to the ischemic penumbra and
core was dissected for Western blot (Fig 1.). The ischemic penumbra was defined as the
tissue saved by preconditioning 2 days post-stroke, and the corresponding region from the
control ischemic brain was dissected for comparison. The fresh brain tissue was used for
preparation of whole cell protein extraction as previously described [20,32]. Briefly, brain
tissues were cut into small pieces and homogenized in a glass homogenizer using 7 volumes
of the cold suspension buffer. The homogenate was centrifuged at 10,000g for 20 min, and
the supernatant was taken for protein detection. Western blot was performed as previously
described [32–34]. Twenty micrograms of protein in each lane was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 4–15% Ready Gel
(BIO-RAD Laboratories, Cat# L050505A2) for 1.5 hours. Protein bands were transferred
from the gel to polyvinylidinene fluoride (Millipore, Bedford, MA, U.S.A.) membranes for
1 hour.

For phosphorylated or total protein of Akt, PTEN, PDK1, GSK 3 β, primary antibodies were
incubated for 1 hour followed by a horseradish peroxidase-conjugated secondary anti-rabbit
antibody (1:1000, Cell signaling) for 1 hour, incubated with ECL plus solution (GE
Healthcare, cat. RPN2132) for 5 min. The membranes were scanned using Typhoon trio
with the following settings - acquisition mode [8]: Fluorescence; Emission Filter: 520 BP 40
CY2, ECL+, Blue FAM; Laser: ECL+ Excitation; PMT: 600; Pixel size: 100 microns. After
scanning without stripping, the same membranes were incubated with β-actin (Sigma-
Aldrich, cat. A3854, 1:20000) for 30 min at room temperature, and then incubated with
Alexa Fluor®647 donkey anti-mouse IgG(H+L) conjugate secondary antibody (Molecular
Probes, cat. A31571, 1:5000) for 1h at room temperature while shielded from light. The
membrane was scanned using the same Typhoon trio with the setting of Acquisition mode:
Fluorescence; Emission Filter: 670 BP 30 CY5; PMT: 600; Laser: Red (633); Pixel size: 100
microns.

For detecting β-catenin and β-actin, the membranes were incubated in a mixture of primary
antibodies consisting of β-catenin (1:1000, mouse mAb-Calbiochem, cat. 219357) and β-
actin (1:20000, rabbit, Bethyl, cat. A300-491A) overnight at 4°C with gentle agitation, then
incubated with secondary antibodies of Alexa Fluor®647 donkey anti-mouse (1:1500) to
detecti β-catenin and Alexa Fluor®488 donkey anti-rabbit (cat. A21206) at 1:5000 to detect
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β-actin, for 1h at room temperature and shielded from light. Protein bands of β-catenin and
β-actin were scanned simultaneously by the Typhoon trio with the setting of Acquisition
mode [29,30]: Fluorescence; Emission Filter: 520 BP 40 CY2, ECL+, Blue FAM and 670
BP 30 CY5 for b-catenin; PMT: 600; Laser: blue(488) for b-actin and Red(633) for β-
catenin; Pixel size:100 microns. The optical densities of all protein bands were analyzed
using the ImageQuant 5.2 software (Typhoon Trio).

In vitro Akt kinase assay
To detect the true Akt activity, the experiment was performed exactly as described [32],
following instructions in the Akt kinase assay kit from Cell Signaling Technology
(Cat#9840). Rats were sacrificed with an overdose of isoflurane and perfused with iced PBS.
The brains were removed and the ischemic penumbra was dissected on ice. Whole cell
extraction was prepared. Immobilized Akt primary antibody bead slurry (20ul) was added
into 150 µg protein overnight at 4°C. The Akt antibody pellet was washed with cell lysis
buffer and suspended in 50 µl kinase buffer supplemented with 1 µl of 10 mM ATP and 1
µg of GSK-3 α/β fusion protein, which was allowed to incubate for 30 min at 30°C. The
reaction was terminated with 25 µl 3X SDS sample buffer. The solution was then mixed
with Vortex and centrifuged. The supernatant was taken for Western blot detection of
phosphorylated GSK3 α/β fusion protein. The protein level of phosphorylated GSK3 α/β
fusion protein reflects the Akt activity.

For statistical analyses, two-way ANOVA was used to compare the protective effect of
preconditioning on infarct size, on various protein bands from Western blots and on Akt
kinase assay. Differences in protein bands from Western blots were analyzed using one-way
ANOVA followed by Fisher LSD post-hoc test. All tests are considered statistically
significant for p values ≤0.05. Data are presented as means ± SEM.

Results
Rapid preconditioning reduces infarct size according to ischemic severity

Similar infarction size was detected in ischemia generated by 30 min or 60 min of transient
occlusion of the bCCA combined with permanent distal MCA occlusion; however, rapid
preconditioning robustly reduced infarction by 69% in the 30 min ischemia, but it only
mildly attenuated injury by 19% in the 60 min ischemia (Fig.2).

Akt activity contributes to ischemic tolerance
Levels of phosphorylated Akt (P-Akt) and total protein of Akt in the ischemic penumbra and
core were measured by Western blot (Fig.3). In the ischemic penumbra, P-Akt was
transiently increased at 1h and 5h, but returned to baseline levels at 24h in animals with
control ischemia. Preconditioning did not affect P-Akt level at 1 and 5h, but enhanced its
level at 24h compared with the control at the same time point. In the ischemic core, P-Akt
level did not change significantly after control ischemia; however, preconditioning enhanced
P-Akt levels at 5 and 24h compared with control ischemia at the respective time points.
Total Akt level decreased in both the ischemic penumbra and core after stroke;
preconditioning did not significantly change its levels.

Akt kinase assay showed that the true Akt activity significantly decreased at 5 and 24h after
stroke in the control, but it was preserved at 5h by preconditioning (Fig.3B). We further
found that the PI3K kinase inhibitor, LY294002, completely reversed the protection from
ischemic preconditioning (Fig. 4).
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The effects of preconditioning on P-PTEN and P-PDK1 levels after stroke
The results of Western blot show that P-PTEN levels were decreased in both the penumbra
and the core from 1 to 24h after stroke, which were not affected by preconditioning (Fig.
5A). Total protein of PTEN was also decreased after stroke, which was significantly
prevented by preconditioning at 5h in the penumbra (Fig.5A).

P-PDK1 was significantly decreased at 24h in both the penumbra and core after control
ischemia. Rapid preconditioning had no significant effects on changes in P-PDK1(Fig. 5B).
Total protein of PDK1 was decreased from 1 to 24h in both the penumbra and core, which
was significantly attenuated by preconditioning at 5h in the penumbra (Fig 5B).

Preconditioning did not change levels of P-GSK 3β, but it allayed ischemia-induced-β-
catenin degradation after stroke

Both P-GSK3β and GSK3β levels tended to decrease after stroke in the penumbra and core;
preconditioning had no significant effect on both proteins.

Preconditioning showed a trend to inhibit β-catenin degradation caused by stroke. The total
protein of β-catenin was significantly decreased after stroke in both the ischemic penumbra
and core (Fig. 6). Preconditioning significantly attenuated its reduction at 24h in the
ischemic core.

Discussion
In this study we demonstrated that rapid preconditioning protects against focal cerebral
ischemia as a function of ischemic severity in rats. That is, the less severe the ischemia, the
stronger the protection. Rapid preconditioning enhanced Akt activity after stroke, and a
specific PI3K/Akt inhibitor abolished the protective effect of preconditioning, suggesting
that Akt activity contributes to its protection. Nevertheless, Akt phosphorylation (Ser 473)
did not correlate with the protective effect of rapid preconditioning, therefore, Akt
phosphorylation is not a meaningful marker for neuroprotection.

Our results suggest that Akt phosphorylation (ser 473) may not be used as the “gold
standard” marker for Akt activity as it has been used in most previous studies (reviewed by
[31]). For example, many studies consistently reported that Akt phosphorylation is
transiently increased after cerebral ischemia, leading to the conclusion that Akt activity is
increased after stroke [27]. However, together with this current study, we recently
demonstrated that P-Akt level does not always represent its true activity reflected by the Akt
kinase assay [8,32]. First, we showed that P-Akt is transiently increased after stroke, while
Akt activity is actually decreased at the same time points [8,32]. Second, intra-ischemic
moderate hypothermia inhibits Akt phosphorylation, while it increases Akt activity
compared with normothermia [32]. Third, our current study shows that rapid
preconditioning did not increase the level of P-Akt at 5h, but it enhances Akt activity
compared with control ischemia. As we have discussed before [31], such a discrepancy may
be due to the fact that Akt activity is regulated by two phosphorylation sites (Ser 473 and
Thr 308), and P-Akt (Ser473) alone is insufficient to stimulate its activity [1,2,13].
However, the phosphorylation level of P-Akt (Thr 308) is not an ideal marker either for Akt
activity after stroke, as we have shown that its levels were not changed by stroke [32].
Furthermore, tyrosine phosphorylation is essential for Akt activation [3]. Taken together, P-
Akt levels (ser 473) alone don’t necessarily explain the beneficial effects of Akt activity in
mediating neuroprotection.

Whether Akt contributes to the protective effect of delayed preconditioning is controversial
in previous reports. In studies concluding that Akt does not contribute to ischemic
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preconditioning, the authors note that the early P-Akt (Ser473) peak is inhibited by delayed
preconditioning [10,19]. In other studies demonstrating that Akt contributes to
preconditioning, the authors usually emphasized that P-Akt (Ser473) level is improved by
preconditioning at later time points, without interpreting the inhibited early peak of P-Akt
(Ser473) after preconditioning [27,28]. Moreover, these studies show that inhibiting Akt
activity by the PI3K inhibitor Wortmannin or LY 294002 blocks the protective effect of
delayed preconditioning [12,27,28]. Therefore, such controversies are partly derived from
the fact that Akt kinase assay was not performed in those studies.

We further showed that total protein levels of Akt, PTEN, PDK1, GSK 3β, and β-catenin
were reduced after stroke, and rapid preconditioning had no effect on total proteins of Akt
and GSK 3β, but attenuated reductions in PTEN, PDK1 and β-catenin at certain time points
after stroke. Previous studies have focused on Akt phosphorylation after stroke, but total Akt
protein levels were usually not quantitated. From our current study, total Akt protein doesn’t
correlate with the final pathological outcomes. Nevertheless, the total protein levels of
PTEN, PDK1 and β-catenin correspond to the reduction in infarction size in rats receiving
preconditioning. Although our current study cannot answer whether the preservation of
these protein levels is simply the effect of protection or the cause of protection, it is an
indication that merely studying their phosphorylation is insufficient.

Conclusion
Rapid preconditioning reduces ischemic damage induced by focal ischemia, and the
protection is inversely related to the severity of stroke. In addition, the Akt pathway
contributes to the protection of rapid preconditioning.
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Fig. 1.
A diagram indicates that tissues dissected correspond to the ischemic penumbra and
core. Region P plus region C represents ischemic injury in a rat with control ischemia;
region P is spared by rapid preconditioning, which is defined as the penumbra, and region C
is defined as the ischemic core. These regions were dissected for Western blotting. The
corresponding non-ischemic cortex from sham animal without ischemia was dissected for
comparison.
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Fig. 2.
Rapid preconditioning significantly inhibited ischemic damage. Ischemic brains were
harvested at 2d after stroke for TTC staining. Representative brain sections stained with
TTC are shown in the left column. The bar graphs (the right column) represent the average
infarction size normalized to the non-ischemic cortex. Animal numbers in each group from
the left to the right on the bar graph are 7, 7, 5 and 6, respectively. *** vs control ischemia
(30min), P<0.001; # vs control ischemia (1hour), P<0.05.
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Fig. 3.
The effect of preconditioning on levels of P-Akt and total Akt, and Akt activity. A.
Representative protein bands of Western blot for P-Akt and total Akt from the ischemic
penumbra and core. β-actin was probed to indicate even loading of protein. The optical
density of each protein band was normalized to that of protein bands of sham animals.
Average protein levels of P-Akt and Akt are shown in the bar graphs. Con, control ischemia;
Pre, preconditioning plus ischemia. The same labels are used for other figures. *, **, *** vs
sham, P<0.05, 0.01. 0.001; # vs control at corresponding time point, P<0.05, two way
ANOVA, SNK. B. Preconditioning attenuated reduction in Akt activity in the penumbra
after stroke. Akt activity was measured using the in vitro Akt kinase assay. Protein levels of
phosphorylated GSK3 α/β (P-GSK3 α/β) by Akt represent Akt activity; representative
protein bands of P-GSK3 α/β are shown. The bar graph shows average Akt activities. **,
*** vs sham, P<0.01, 0.001.
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Fig. 4.
The PI3K/Akt inhibitor LY294002 abolished preconditioning’s protection. Representative
infarction stained by TTC are presented. The bar graph shows average infarct size (N=7/
group). *** vs other groups, P<0.001..
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Fig. 5.
A. The effect of preconditioning on P-PTEN and PTEN levels. Representative Western
blot for P-PTEN, PTEN and β-actin are shown. The bar graphs stand for statistical results of
protein level of P-PTEN and PTEN, respectively. *, **, *** vs sham, P<0.05, 0.01. 0.001; #
vs control at corresponding time point, P<0.05. B. The effect of preconditioning on levels
of P-PDK1 and total PDK1. The two left columns are representative protein bands of
Western blot for P-PDK1, PDK1 and β-actin in the ischemic penumbra and core. The bar
graphs in the right two columns represent average densities of P-PDK1 and PDK1,
respectively. *, **, *** vs sham, P<0.05, 0.01, 0.001. # vs control at corresponding time
point, P<0.05. N=5–6/group.
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Fig. 6.
A. Protein levels of P-GSK3 β and total GSK3β were not changed by preconditioning
compared to control ischemia. The representative protein bands of P-GSK3β, total GSK3β
and β-actin in the penumbra and core are shown. The statistical results for P-GSK3β and
GSK3β are presented in the bar graphs. Both P-GSK3β and GSK3β levels tended to
decrease after stroke in the penumbra and core (no significance was reached probably due to
the large variability of the results). Preconditioning had no significant effect on the both
proteins. B. The effect of preconditioning on β-catenin degradation after stroke. The
two left columns show representative β-catenin protein bands of Western blot from the
penumbra and core. Statistical results are shown in the two bar graphs. *, **, *** vs sham,
P<0.05, 0.01. 0.001; # vs control at corresponding time point, P<0.05. N=5–6/group.
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