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Phosphorylated MAPK/ERK1/2 may not always represent its
kinase activity in a rat model of focal cerebral ischemia with or
without ischemic preconditioning
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Abstract

The ERK 1/2 protein require a dual phosphorylation at conserved threonine and tyrosine residues
to be fully activated under normal physiological conditions. Thus, ERK1/2 kinase activity is often
defined by the quantity of phosphorylated kinase. However, this may not accurately represent its
true activity under certain pathological conditions. We investigated whether ERK1/2 kinase
activity is proportional to its phosphorylation state in a rat focal ischemia model with and without
rapid ischemic preconditioning. We showed that phosphorylated-ERK1/2 protein levels were
increased 2.6+0.07 fold, and ERK1/2 kinase activity was increased 10.6+1.9 fold in animals
receiving ischemic preconditioning alone without test ischemia compared with sham group
(P<0.05, n=6/group), suggesting that phosphorylated-ERK1/2 protein levels represent its kinase
activity under these conditions. However, preconditioning plus test ischemia robustly blocked
ERKZ1/2 kinase activity, while it increased phosphorylated-ERK1/2 protein levels beyond those
receiving test ischemia alone, suggesting that phosphorylated-ERK1/2 protein levels were not
representative of actual kinase activity in this pathological condition. In conclusion, protein
phosphorylation levels of ERK1/2 do not always correspond to kinase activity, thus, measuring the
true kinase activity is essential.
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Mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) 1/2 is
involved in neuronal injury induced by stroke (Sawe et al. 2008). ERK1/2 is critical for the
characteristic cell proliferation, differentiation and programmed cell death observed in brain
injury (Roux and Blenis 2004), therefore, it is a potential target for stroke treatment.
However, how ERK1/2 affects brain injury is controversial; it has been shown to both
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protect and worsen neuronal injury after stroke (Sawe et al. 2008). Understanding the
underlying mechanisms of ERK1/2 activity and its role in brain injury after stroke will be
important when developing ERK1/2 related stroke treatment.

ERKZ1/2 kinase activity is characterized by its ability to phosphorylate substrates, including
nuclear transcriptional factors, other protein kinases, membrane receptors, and cytoskeletal
proteins (Robbins et al. 1993). To be fully active, ERK1/2 must undergo a dual
phosphoryation at conserved threonine (Thr) and tyrosine (Tyr) residues (Turjanski et al.
2009). This dual phosphorylation results in conformational changes, domain rotation and
remodeling in the ERK1/2 kinase protein, which allows substrates to bind and undergo
phosphorylation by ERK1/2 kinase (Turjanski et al. 2009). ERK1/2 must be phosphorylated
to be active; therefore, many studies have used protein levels of phosohorylated-ERK1/2 (p-
ERKZ1/2) as a marker for activity. How substrates are recruited to the active site of ERK1/2
and how they are phosphorylated by ERK1/2 is still unclear (Turjanski et al. 2009). In
addition, the observation that ERK1/2 is phosphorylated when active is derived from studies
using normal physiological conditions and mostly in vitro systems (Boulton et al. 1991).
Whether ERK1/2 phosphorylation is fully active in the presence of pathological conditions,
such as severe cerebral ischemia, is unclear. In this study, we investigated whether p-
ERKZ1/2 protein levels in a rat focal ischemia model coincide with its kinase activity in the
presence or absence of rapid ischemic preconditioning (RIPC). We measured p-ERK1/2
levels by Western blot and detected kinase activity using an in vitro kinase assay, in which
kinase activity is measured by its ability to phosphorylate one of its substrates, the Elk-1
protein. Our goal was to improve our understanding of the relationship between p-ERK1/2
protein levels and activity, and to provide insights into the underlying intrinsic protective
mechanisms of ischemic preconditioning.

2. Experimental Procedures

2.1. Focal Cerebral Ischemia and preconditioning

Experimental protocols were approved by the Stanford University Administrative Panel on
Laboratory Animal Care (Protocol #: APLAC 12642), and experiments were conducted in
accordance with the guidelines of Animal Use and Care of the National Institutes of Health
and Stanford University. All efforts were made to minimize the number of animals used and
their suffering. Focal cerebral ischemia was generated as described previously (Zhao et al.
2005). Male 270-350 g Sprague-Dawley rats (Charles River, Wilmington, MA) were used
in all experiments. Rats were anesthetized with 5% isoflurane and maintained with 2—-3%
isoflurane through a face mask. Blood pressure, heart rate and respiratory rate were
monitored throughout surgery and kept within physiological ranges. Body temperature was
maintained at 37°C throughout surgery. During experiments PO, was maintained from 100-
130 mmHg and PCO, from 40-60 mmHg. A 2-cm vertical scalp incision was made midway
between the left eye and ear. The temporalis muscle was bisected and a 2-mm burr hole was
made at the junction of the zygomatic arch and squamous bone. The distal MCA was
exposed and cauterized above the rhinal fissure at the cross of lateral vein and MCA. The
procedure was carefully performed with minimal injury to the cortex from cauterization.
CCAs remain occluded for 30 minutes and clips were removed. Rapid ischemic
preconditioning was performed lhour prior to permanent MCA occlusion (MCAO0) by
transient MCAo by clip for 15 minutes.

Rats were sacrificed at 1, 5, or 24 hours after MCAO, and tissue corresponding to the
ischemic core and penumbra was dissected and prepared for Western blot and kinase assay
analysis. Samples from sham-operated rats were also prepared.
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2.2.Tissue preparation and Western blotting

Brain tissue corresponding to the ischemic penumbra and core were dissected for Western
blot analysis (Fig. 1). 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. Whole cell protein was extracted from fresh brain tissue, and
Western blot was performed as described with modification ( Zhao et al. 2005). Samples of
12 ug protein each were subjected to sodium dodecy! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using 4-15% Ready Gel (BIO-RAD Laboratories, CA) for 1.5
hours. Protein bands were transferred from the gel to polyvinylidinene fluoride (Millipore,
Bedford, MA) membranes for 1 hour.

To determine phosphorylation or total protein levels of ERK1/2, primary antibodies to
ERKZ1/2 (Cell Signaling Technology, MA cat. 9101) were diluted to 1:1000 in blocking
solution and incubated with membranes overnight at 4°C with gentle agitation. Next,
membranes were incubated 1 hour with horseradish peroxidase-conjugated secondary anti-
rabbit antibody (1:1000, Cell Signaling Technology, MA), and for 5 minutes with ECL-
Plus-substrate (GE Healthcare, Sunnyvale, CA). Membranes were scanned using Typhoon
trio (GE Healthcare, Sunnyvale, CA).

To detect B-actin, membranes were incubated overnight at 4°C with gentle agitation in a
mixture of primary antibodies to B-actin (1:20000, rabbit, Bethyl Laboratories, Inc., TX, cat.
A300-491A). Secondary antibodies (1:5000, Alexa Fluor®488 donkey anti-rabbit,
Invitrogen, CA) to detect -actin were then incubated with membranes for 1 hour at room
temperature. Protein bands of B-actin were scanned by the Typhoon trio.

The optical densities of all protein bands were analyzed using ImageQuant 5.2 software
(Molecular Dynamics, Inc). The same samples from rats with sham surgery were used to
compare to control animals and postconditioning animals, and all samples were run on the
same gel.

2.3. ERK1/2 kinase assay

The p44/p42 MAP Kinase Assay Kit (Cell Signaling Technology, MA) was used to assess
ERKZ1/2 kinase activity. The prepared tissues were assayed according to the manufacturer’s
instructions. Cell lysates were incubated with beads for co-immunoprecipitation with
ERKZ1/2, and the beads were then incubated with Elk-1, the substrate protein for the ERK1/2
kinase assay. Kinase activity was revealed by the amount of Elk-1 phosphorylated (p-Elk-1)
by ERK1/2; p-Elk-1 was detected by Western blot.

2.4. Statistics

All results were presented as mean = S.E.M. Statistical analyses were performed by
ANOVA followed by the Student-Newman-Keuls post hoc test.

3. Results

3.1.RIPC reduced infarct size

We have previously shown that RIPC robustly reduced infarct size measured at 2 days post-
stroke. The results from these experiments for 2 groups (Fig. 1) illustrating that rapid
preconditioning inhibited ischemic damage are shown.

3.2. RIPC alone enhanced both ERK1/2 phosphorylation and kinase activity

Because stroke was induced 1 hour after RIPC, RIPC itself may have a significant effect on
the brain when ischemia occurs. Therefore, we investigated how RIPC affects p-ERK1/2
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and kinase activity 1 hour after RIPC. Results by Western blot suggest that p-ERK1/2 levels
were significantly increased about 2.5 fold in the RIPC group compared to the sham group
(Fig. 2). The in vitro kinase assay results also showed that p-Elk-1 protein levels when
phosphorylated by activated ERK1/2 were significantly increased more than 10-fold in
RIPC brains. These results suggest that ERK1/2 kinase activity was consistent with p-
ERKZ1/2 protein levels in animals receiving RIPC alone.

3.3. p-ERK1/2 levels were increased and ERK1/2 kinase activity was decreased in rats
receiving both RIPC and test ischemia

We next investigated how RIPC affects both p-ERK1/2 protein levels and ERK1/2 kinase
activity in test ischemia with or without RIPC (Fig. 3). We observed increased p-ERK1/2
protein levels after reperfusion in both the ischemic core and penumbra at 1, 5, and 24 hours
post-stroke onset. RIPC further increased p-ERK1/2 protein levels at 1 hour after stroke. In
vitro kinase assay results showed that ERK1/2 activity in the penumbra, as measured by p-
Elk-1 protein levels, was increased after test ischemia, suggesting that increases in ERK1/2
phosphorylation are accompanied by increases in ERK1/2 kinase activity (Fig. 4).
Nevertheless, RIPC robustly blocked ERK1/2 kinase activity at 1 hour after stroke, even
though it increased p-ERK1/2 protein levels at this time point. Our results suggest that
increases in p-ERK1/2 levels are not proportional to increases in kinase activity.

4. Discussion

We have demonstrated the first evidence that in brains treated with RIPC alone without test
ischemia both p-ERK1/2 levels and ERK1/2 kinase activities were increased. In brains
subjected to both RIPC and focal ischemia, however, RIPC robustly promoted p-ERK1/2
levels yet inhibited ERK1/2 kinase activity in the ischemic penumbra, as assessed by in vitro
kinase assay. This suggests that the level p-ERK1/2 protein may not be an adequate marker
to assess its kinase activity under certain pathological conditions. However, we did not
perform a protein kinase assay for tissues of the ischemic core. Whether protein
phosphorylation of ERK1/2 is consistent with its kinase activity needs further study.
Nevertheless, since ischemic preconditioning did not spare brain tissues in the ischemic
core, we deem that their correlation is not critical to clarify the protective mechanisms of
ischemic preconditioning.

ERKZ1/2 proteins were identified more than 20 years ago (Boulton et al. 1991). In the early
years, ERK1/2 activity was usually determined by its ability to phosphorylate one of its
substrates, major basic protein (MBP), using radioisotope-labeled ATP ([y-32P]ATP)
(Robbins et al. 1993). Levels of phosphorylated MBP were analyzed by electrophoresis, and
the corresponding protein bands were excised and counted by liquid scintillation to assess
kinase activity (Robbins et al. 1993). Thereafter, ERK1/2 was found to undergo a dual
phosphorylation at conserved threonine and tyrosine residues (Her et al. 1993; Zheng and
Guan 1993; Derijard et al. 1995). Thus, in the following studies, which include cerebral
ischemia, protein levels of phosphorylated ERK1/2 were used as a marker for kinase
activity: (Ozawa et al. 1999; Sugino et al. 2000; Li et al. 2001; Friguls et al. 2002; Lennmyr
et al. 2002; Yoo et al. 2005; Zhang et al. 2007; Shioda et al. 2009). In recent years, non-
radioisotope methods were developed to measure ERK1/2 kinase activity. In our study, we
prepared a solution of ERK1/2 extracted from brain tissues, added Elk-1, a substrate of
ERKZ1/2, and measured the amount of p-Elk-1 by Western blot. We used this method to
detect ERK1/2 activity under various conditions in animals with RIPC alone, test ischemia,
and test ischemia plus RIPC. Our results were reliable and reproducible in each
experimental setting and elucidated valuable information regarding the relationship between
ERKZ1/2 phosphorylation and kinase activity.
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We found that p-ERK1/2 protein levels and ERK1/2 kinase activity do not necessarily
correlate in certain ischemic pathological conditions. In animals with RIPC and no test
ischemia, p-ERK1/2 levels were increased 2.5-fold while kinase activity was increased more
than 10-fold. This suggests that increased p-ERK1/2 levels do reflect kinase activity,
although these increases were disproportionate. In addition, animals that received test
ischemia without RIPC showed both increased p-ERK1/2 levels and kinase activities,
consistent with animals receiving RIPC alone.

However, animals that received test ischemia with RIPC displayed significantly increased p-
ERKZ1/2 levels compared to animals with test ischemia alone, yet kinase activities were
robustly inhibited. In this case, therefore, using p-ERK1/2 levels as a marker for ERK1/2
activity would be misleading.

The underlying mechanisms responsible for the mismatch between p-ERK1/2 levels and
kinase activity are unknown. Although dual phosphorylation of ERK1/2 proteins is required
for them to be fully active, it is unclear whether this is sufficient. Multiple steps are involved
in the activation of ERK1/2, including domain rotation and remodeling, and conformational
changes that lead to substrate recruitment and phosphorylation (Turjanski et al. 2009).
Under certain pathological conditions p-ERK1/2 may not be able to exert its full effects,
such as in our study where ischemic preconditioning may block the ability of
phosphorylated ERK1/2 to be fully active. Moreover, we cannot exclude limitations of the
protein kinase assay itself, in which only one substrate of ERK1/2 was used. More substrates
and a more universal method for measuring ERK1/2 kinase activity are required to confirm
our conclusion.

The role of ERK1/2 in cerebral ischemia has been extensively studied. Whether it is
beneficial or detrimental remains controversial. As we previously reviewed (Sawe et al.
2008), most studies agree that p-ERK1/2 protein levels increase after ischemia/reperfusion,
however, depending on the experimental context this can either enlarge infarct size or inhibit
brain injury. While some studies suggest that p-ERK1/2 promotes inflammation and
oxidative stress (Stanciu et al. 2000; Wang et al. 2001; Friguls et al. 2002; Noshita et al.
2002; Wang et al. 2004; Xu et al. 2006), others argue that neuroprotectants, such as growth
factors and ischemic preconditioning, increase p-ERK1/2 levels (Kitagawa et al. 1990;
Barbacid 1994; Kaplan and Miller 2000; Kirino 2002; Burda et al. 2003; Kilic et al. 2006;
Kim et al. 2011). Nevertheless, these studies used p-ERK1/2 levels as the sole marker of its
activity. Our current study shows that discrepancies exist between p-ERK1/2 protein levels
and its kinase activity under certain pathological conditions. The lack of kinase assay
analysis in previous studies may have led to the misinterpretation of ERK1/2 kinase activity
and results that remain controversial.

In conclusion, we demonstrated that p-ERK1/2 protein levels and kinase activity are not
necessarily equivalent. Assaying p-ERK1/2 kinase activity is essential to understanding its
role in ischemic injury after stroke.

Highlights

> Preconditioning alone increased both ERK1/2 phosphorylation and kinase
activity.

> Preconditioning plus ischemia increased ERK1/2 phosphorylation but
reduced its kinase activity.

> ERK1/2 phosphorylation does not always represent its kinase activity.
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Abbreviations

MAPK Mitogen-activated protein kinase
ERK extracellular signal-regulated kinase
p-ERK1/2 phosohorylated-ERK1/2

RIPC rapid ischemic preconditioning
CCAs common carotid arteries

MCAo middle cerebral artery occlusion
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Fig. 1. Rapid preconditioning inhibited infarct size

A. Representative infarction with TTC staining. Ischemic brains were harvested 2 d after
stroke for TTC staining, sectioned into 5 blocks, and stained with TTC solution. B. Bar
graphs (the right column) representing the average infarction size normalized to the non-
ischemic cortex. N=7/group. ** vs control ischemia (30 min), P<0.01. C. Diagram showing
the ischemic tissues corresponding to ischemic penumbra and core that were dissected for
analysis. Ischemic penumbra (region 1) is defined as the ischemic region spared by
preconditioning; the ischemic core (region Il) refers to the ischemic area that develops into
infarction in animals receiving preconditioning and test ischemia. In the test ischemic group,
a line defining the ischemic border was drawn 1.5 mm lateral to the midline. From this line,
an approximately 2mm wide area of ischemic tissue was dissected as region I. The
remaining ischemic tissue after dissection of region | was dissected as the ischemic core.
The corresponding regions in the preconditioning animals were dissected as ischemic
penumbra and core.
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Fig. 2. ERK1/2 phosphorylation and activity was increased in rats receiving ischemic
preconditioning alone without stroke

Ischemic preconditioning was performed 1 h prior to permanent MCAo by transient MCAo
with a micro clip for 15 min. Rat brains were harvested 1 h after preconditioning; no test
ischemia was induced. The brain region corresponding to ischemic penumbra (region |
defined in Fig.1) was dissected for analysis. Rat brains were processed for Western blot and
ERKZ1/2 kinase assay. A. Western blot showing RIPC increased p-ERK1/2 levels (top). Two
protein bands were observed. The top band is pERK1 (44 kDa), and the lower band is
pERK?2 (42kDa). The bar graph shows the average optical densities of the protein bands
(bottom). B. RIPC also increased ERK1/2 activity as assessed by in vitro kinase assay
compared to sham. Activated protein kinase phosphorylates its substrates, thus levels of a
phophorylated protein substrate can be used as a marker for protein kinase activity. In this
experiment, ERK kinase activity was determined by the amount of Elk-1 phosphorylated by
ERK1/2; p-Elk-1 was detected by Western blot. * vs sham, P<0.05. N=3-6/group.
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Fig. 3. The effects of stroke and ischemic preconditioning on p-ERK1/2 and ERK1/2 activity

A. Representative protein bands of p-ERK1/2 and ERK1/2 in the ischemic core 1, 5 and 24
h after stroke. The bar graphs show the mean value of p-Erk1/2 optical densities. No
significant changes in ERK1/2 protein bands were detected after stroke, and RIPC did not
affect its expression (statistical results are not shown). B-actin was probed to show even

protein loading. pERK1/2 was increased after stroke, and RIPC further increased its levels at
1 h after stroke in the ischemic core. B. Representative protein bands of p-Erk1/2 and
ERK1/2 in the ischemic penumbra. The bar graphs represented the mean values of protein

densities, which were normalized to the values of the sham group. N=3-6/group *, **, ***
vs sham, P<0.05. 0.01. 0.001, respectively. # vs control (test) ischemia, P<0.05.
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Fig. 4. The effects of stroke on ERK1/2 kinase activity assessed by in vitro kinase assay

Ischemic tissues corresponding to penumbra were dissected from animals 1, 5 and 24 h after
stroke with or without RIPC. Cell lysates were prepared, co-immunoprecipitation with p-
ERKZ1/2 antibodies was performed, and extracted p-ERK proteins were incubated with Elk-1
protein. p-Elk-1 was measured by Western blot. The amount of p-ElIk-1 represents ERK1/2
kinase activity, which was significantly increased at 1 and 5 h after stroke, which
preconditioning blocked. N=4-6/group. * vs sham, P<0.05; # vs control, P<0.05.
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