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Abstract
The overall goal of this study was to determine the role of Rac1 in POSH/MLK/JNK signaling and
delayed neuronal cell death following cerebral ischemia. Temporal studies revealed that Rac1
GTPase activation was significantly elevated in hippocampus CA1 at 10 min to 72h after cerebral
ischemia reperfusion, with peak levels 30 min to 6h after reperfusion. Total Rac1 protein levels
were not significantly changed following cerebral ischemia. Rac1 has been shown to interact with
POSH (plenty of SH3s), a scaffold protein that binds to and regulates MLK3 and JNK activation.
Co-immunoprecipitation (Co-IP) studies revealed that POSH-Rac1-MLK3 complex formation
displayed a significant and prolonged elevation after reperfusion, with a correlative increase in
phosphorylation/activation of MLK3 as compared to sham controls. Intracerebroventricular
administration of Rac1 antisense oligonucleotides (AS-ODNs) significantly attenuated Rac1 levels
and Rac1 activation at 30min after reperfusion, with a correlated significant attenuation of POSH-
MLK3-Rac1 complex formation and MLK3 activation in hippocampus CA1. Infusion of Rac1
AS-ODNs also significantly attenuated post-ischemic activation of JNK, downstream of MLK3,
and strongly protected the hippocampus CA1 from ischemic damage. Missense oligos had no
effect on any of the parameters measured. The Rac1 AS-ODNs results were further confirmed by
administration of a Rac1 inhibitor (NSC23766), which markedly attenuated activation of Rac1 and
JNK, and significantly attenuated delayed neuronal cell death following cerebral ischemia. As a
whole, these studies demonstrate an important role for Rac1 in activation of the prodeath MLK3-
JNK kinase signaling pathway and delayed neuronal cell death following cerebral ischemia.
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1. INTRODUCTION
Pyramidal neurons in hippocampus CA1 are highly sensitive to global ischemic damage,
with delayed neuronal cell death typically occurring 2–4 days after the induction of global
ischemia in rats and gerbils (Pulsinelli et al., 1982; Tanaka et al., 2000). The cellular
decision to undergo delayed cell death is determined by the integration of multiple survival
and death signals. There is increasing evidence that c-Jun N-terminal kinase (JNK) is an
important pro-death signal mediating the demise of pyramidal CA1 neurons in response to

¶To Whom Correspondence Should Be Addressed: Darrell W. Brann, Institute of Molecular Medicine and Genetics, Medical College
of Georgia, Augusta, GA 30912, Phone: 706-721-7771, Fax: 706-721-8685, dbrann@mcg.edu.
*Contribute equally to this work.

NIH Public Access
Author Manuscript
Brain Res. Author manuscript; available in PMC 2013 October 21.

Published in final edited form as:
Brain Res. 2009 April 10; 1265: 138–147. doi:10.1016/j.brainres.2009.01.033.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cerebral ischemia (Irving and Bamford, 2002; Nozaki et al., 2001; Ozawa et al., 1999).
Along these lines, JNK has been shown to be rapidly activated in hippocampus CA1
following cerebral ischemia (Gu et al., 2001; Ozawa et al., 1999; Zhang et al., 2003; Zhang
et al., 2005), and inhibition of JNK activation by small peptide inhibitors or JNK antisense
oligodeoxynucleotides (AS-ODNs) significantly inhibits post-ischemic neuronal death and
preserves cognitive function (Carboni et al., 2008; Gu et al., 2001; Guan et al., 2006).
Additionally, targeted disruption of the JNK3 gene reduced phosphorylation of the
downstream effector c-Jun, and profoundly protected the mice from brain injury after
cerebral ischemia–hypoxia (Kuan et al., 2003). JNK appears to induce cell apoptosis by
activating caspase 3 and by inducing N-terminal phosphorylation of the inducible
transcription factor, c-Jun (Gelderblom et al., 2004).

Recent work suggests that Rac1, a Rho family small GTPase, is an upstream regulator of
JNK signaling (Jin et al., 2006; Kukekov et al., 2006; Teramoto et al., 1996; Xu et al.,
2003). Rac1 exists in an inactive (GDP-bound) state until signals such as cellular stress,
growth factors, or G-protein receptor activation convert it into an active (GTP-bound) state
(Linseman and Loucks, 2008). The binding of GTP induces a conformational change in
Rac1, which promotes its association with a diverse array of downstream effectors including
protein kinases, lipid kinases, scaffolding proteins, and phospholipases. One recently
identified Rac1-interactor protein is the multi-domain scaffold protein POSH (plenty of
SH3s), which regulates JNK signaling by forming a complex with JNK and its upstream
activating enzymes, mixed lineage kinases (MLK1-3), and MAP kinase kinase 4 and 7
(MKK4, MKK7) (Kukekov et al., 2006; Tapon et al., 1998; Xu et al., 2003). Recent work by
our group showed that antisense oligonucleotide knockdown of POSH attenuates JNK and
c-Jun activation in the hippocampus CA1 following global cerebral ischemia and protects
from ischemic neuronal cell death (Zhang et al., 2005), implicating an important role for
POSH in ischemic-induced JNK signaling.

Since POSH can interact with Rac1, Rac1 may have an important role in modulation of
POSH complex formation following cerebral ischemia, as well as ischemia induced MLK3/
JNK signaling and delayed neuronal cell death. The present study was designed to address
this issue by using a variety of approaches to determine Rac1 activation changes following
global cerebral ischemia, and to assess the effect of Rac1 knockdown or inhibition. The
study provides novel insights by showing that Rac1 exhibits a rapid and prolonged
activation in the hippocampus CA1 following global cerebral ischemia, that Rac1 activation
parallels and is essential for POSH-Rac1-MLK3 complex formation, as well as MLK3 and
JNK activation following cerebral ischemia, and that knockdown or inhibition of Rac1
significantly protects the hippocampus CA1 from delayed neuronal cell death following
global cerebral ischemia.

2. RESULTS
Rac1 Activation in Hippocampus CA1 Following Global Cerebral Ischemia

To characterize Rac1 modulation following cerebral ischemia, we examined Rac1 levels and
Rac1 GTPase activation in hippocampus CA1 at different reperfusion timepoints following
15-min global cerebral ischemia. As shown in Fig. 1A&B, Western blot analysis revealed
that total Rac1 protein levels in hippocampus CA1 do not change significantly at any
timepoint examined following reperfusion. In contrast, activated Rac1 (Rac1-GTP) showed
a rapid and prolonged elevation from 10 min to 72h after reperfusion, as compared to sham
controls. Peak Rac1 GTPase activation levels (increased approximately 3.1 fold over sham)
were observed at 3 h after reperfusion, whereas by 72 h Rac1 GTPase activation had fallen,
but was still 1.7 fold increased over sham controls.
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Elevation of POSH-MLK3-Rac1 Complex Formation and MLK3 Phosphorylation in
Hippocampus CA1 Following Global Cerebral Ischemia

POSH is a Rac1-binding protein and scaffold protein that has been previously implicated to
mediate MLK-JNK activation. Since Rac1 showed a rapid and prolonged activation after
global cerebral ischemia/reperfusion, we wanted to determine if there was a correlative
increase in POSH-MLK3-Rac1 complex formation and MLK3 activation in the
hippocampus CA1 following global cerebral ischemia. We thus examined the biochemical
ability of POSH to interact with Rac1 and MLK3 at various time points (sham, 10 min, 30
min, 6 h, 24h and 72h) of reperfusion after 15 min of ischemia. The sample proteins from
the hippocampal CA1 regions were immunoprecipitated with antibody against POSH then
immunoblotted with antibodies against Rac1 and MLK3, respectively. We found that global
cerebral ischemia and reperfusion induced rapid and sustained increases in the interactions
between POSH and Rac1, and MLK3, as shown in Fig. 2A&D, with peak increases at 30
min (2–3 fold over sham controls), indicating that Rac1 and MLK3 formed a complex with
POSH after ischemic reperfusion. Total POSH expression kept unchanged. In reciprocal co-
immunoprecipitation experiments, homogenates from the hippocampal CA1 regions at 30
min of reperfusion were subjected to immunoprecipitation with antibodies against Rac1 and
MLK3, or nonspecific IgGs and the immunocomplexes were probed for the presence of
POSH with POSH-specific antiserum. As shown in Fig. 2B, the results confirmed the
interaction of POSH with Rac1 and MLK3, while non-specific IgGs as controls had
negligible effects, confirming their specificity. Finally, in agreement with enhanced POSH-
Rac1-MLK3 complex formation following ischemic reperfusion, we found that MLK3
phosphorylation is enhanced in the hippocampus CA1 from 10 min – 72h following
reperfusion, with peak levels at 30 min (Fig. 2C&D), which paralleled the enhanced POSH-
Rac1-MLK3 complex formation.

Rac1 AS-ODNs Significantly Attenuates Rac1 Activation and POSH-Rac1-MLK3 Complex
Formation in Hippocampus CA1 Following Global Cerebral Ischemia

To investigate the possible relationship between Rac1 activation and POSH-MLK3-JNK
signaling activation, we next examined the alteration of Rac1 expression and activation after
i.c.v. injection of the Rac1 AS-ODNs using Rac1 activation assay and Western blot analysis.
The results showed that Rac1 AS-ODNs markedly decreased its protein expression when
compared with vehicle or missense ODNs in the rat hippocampal CA1 region 30 min after
reperfusion (Fig 3A&B). Rac1 AS-ODNs also significantly inhibited Rac1 activation when
compared with vehicle or missense ODNs in the rat hippocampal CA1 region 30 min after
reperfusion (Figs 3A&B).

To further examine the contribution of Rac1 to ischemia-induced activation of POSH-
MLK3-JNK signaling in the hippocampal CA1 region, rats were treated with Rac1 AS-
ODNs and the samples from the hippocampal CA1 region were co-immunoprecipitated with
an anti-MLK3 antibody. The immunoreactivity of MLK3-associated POSH and Rac1 were
examined by western blot analysis. Figure 3C&D showed that there was a significant
decrease in the expression of Rac1 and POSH precipitated by MLK3 in hippocampus CA1
at 30 min of reperfusion after AS-ODNs infusion. Missense ODNs had no effect on the
expression of Rac1 or POSH precipitated by MLK3 following reperfusion, demonstrating
the specificity of the Rac1 AS-ODNs effect. Additionally, reciprocal immunoprecipitation
experiments confirmed the decreased interaction of MLK3 with Rac1 and POSH (data not
shown).
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Rac1 AS-ODNs Significantly Attenuates Cerebral Ischemia-Induced Activation of MLK3
and JNK in Hippocampus CA1

Since Rac1 was shown to be critical for ischemic regulation of POSH complex component
interactions, which is known to regulate MLK3-JNK signaling, we next examined the effect
of Rac1 AS-ODNs on phosphorylation of MLK3 and JNK following global cerebral
ischemia. Western blot analysis using the samples from the hippocampal CA1 region
showed that the phosphorylation of MLK3 and JNK were simultaneously decreased at 30
min of reperfusion by Rac1 AS-ODNs, while their activation was still maintained in rats
treated with missense Rac1 (Figs 4A–D). The total proteins of MLK3 and JNK were
unchanged. Taken together, these findings strongly suggest that Rac1 is a critical regulator
of the POSH multiprotein complex activation following cerebral ischemia, which mediates
downstream activation of the pro-death JNK signaling pathway.

Rac1 Inhibition by NSC23766 Significantly Attenuates Cerebral Ischemia-Induced
Activation of Rac1 and JNK in Hippocampus CA1 Following Global Cerebral Ischemia

To further confirm the Rac1 AS-ODNs findings and the role of Rac1, we administered a
Rac1 GTPase-specific small molecule inhibitor, NSC23766 via i.c.v. injection and examined
the effect upon Rac1 activation and phosphorylation of JNK following cerebral ischemia. As
shown in Fig. 5A&B, administration of NSC23766 15 min before cerebral ischemia
significantly attenuated Rac1 GTPase activation in hippocampus CA1 at 3 h of reperfusion,
demonstrating the effective inhibition of Rac1 activation by NSC23766. Furthermore,
inhibition of Rac1 activation by administration of the Rac1 inhibitor was correlated with a
significant inhibition of cerebral ischemia-induced phosphorylation of JNK in hippocampus
CA1 at 3 h after global cerebral ischemia (Fig. 5C&D), further confirming the important
role of Rac1 in JNK signaling activation following cerebral ischemia.

Administration of Rac1 AS-ODNs or the Rac1 Inhibitor (NSC23766) Significantly
Attenuates Cerebral Ischemia-Induced Apoptotic Neuronal Cell Death

To establish the functional importance of Rac1 activation in cerebral ischemia events, we
examined the effect of Rac1 knockdown by Rac1 AS-ODNs or Rac1 inhibition by the Rac1
inhibitor, NSC23766 upon delayed neuronal cell death 5 days after global cerebral ischemia.
Cresyl violet staining was used to examine the surviving cells of CA1 pyramidal neurons.
Normal cells showed round and pale stained nuclei. The shrunken cells with pyknotic nuclei
after reperfusion were counted as dead cells. TUNEL staining was also used to assess the
apoptotic like neurons in hippocampal CA1 region. As shown in Fig. 6, global cerebral
ischemia followed by 5 days of reperfusion induced severe cell death (Figs 6A(d,I,n)) as
compared to sham controls (Fig 6A (a,f,k)). However, administration of Rac1 AS-ODNs
markedly attenuated apoptotic neuronal degeneration (Figs 6A(c,h,m)&B). In contrast,
treatment with the non-specific ODNs did not improve the neuronal density (Figs
6A(b,g,i)&B), suggesting that antisense action was specific for Rac1. Furthermore,
treatment with the Rac1 inhibitor, NSC23766 strongly attenuated neuronal cell death
following global cerebral ischemia (Figs 6A(e,j,o)&B). The results demonstrate a critical
role for Rac1 in delayed neuronal cell death following global cerebral ischemia.

3. DISCUSSION
Previous work has shown that POSH directly binds both active Rac1 and MLK1-3, and the
subsequent interaction of active Rac1 with MLK1-3 induces autophosphorylation and
activation of MLK1-3 (Kukekov et al., 2006; Tapon et al., 1998; Xu et al., 2003). POSH
also directly binds a second scaffold protein JIP (JNK-interacting protein 1 or 2), and JIP
completes the complex by binding MKK 4/7 and JNK1-3. Activated MLK can then
phosphorylate and activate MKK4/7, which in turn phosphorylates and activates JNK1-3
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(Kukekov et al., 2006; Xu and Greene, 2006). Our present study demonstrates that Rac1
undergoes a rapid and prolonged activation in the hippocampus CA1 following global
cerebral ischemia, that its activation parallels POSH-MLK3-Rac1 complex formation, and
that MLK3/JNK phosphorylation and delayed neuronal cell death following global cerebral
ischemia is mediated by Rac1 activation.

Whereas, the role of Rac1 in promoting growth cone motility, axonal migration and
dendritic spine morphogenesis in the brain has been intensely studied (Linseman and
Loucks, 2008), the role of Rac1 in cell death has only been recently appreciated. Work in
intestinal epithelial cells has provided evidence that Rac1 has a proapoptotic role, as
administration of a Rac1 inhibitor or a Rac1 dominant negative prevented TNF-α induced
apoptosis (Jin et al., 2006). Furthermore, Rac1 inhibition was shown to attenuate TNF-α
induced JNK1/2 activation, although the mechanism underlying the attenuation was not
elucidated (Jin et al., 2006). Our work extends the pro-death role of Rac1 to the
hippocampus CA1 following global cerebral ischemia, and provides mechanistic insights as
to how Rac1 modulates JNK activation.

Using a Rac1 activation assay, we established that Rac1 GTPase activation in the
hippocampal CA1 region undergoes a rapid and prolonged elevation following global
cerebral ischemia in the rat. The mechanism underlying activation of Rac1 following
cerebral ischemia is unclear. However, the Rac1 inhibitor (NSC23766) we used in our study
may shed some light on this issue. NSC23766 was identified by a structure-based virtual
screening of compounds that fit into a surface groove of Rac1 known to be critical for GEF
specification. NSC23766 was shown to effectively inhibit Rac1 binding and activation by
the Rac-specific GEF such as Trio and Tiam1 in a dose-dependent manner (Gao et al.,
2004). Thus, Rac1 activation in hippocampus CA1 following cerebral ischemia is likely
mediated by GEFs, based on the known specificity of NSC23766. In support of this
possibility, both Trio and Tiam1 are expressed in the hippocampus CA1 (Ehler et al., 1997;
Ma et al., 2005), and interestingly Tiam1 has been shown to mediate NMDA receptor
activation of Rac1 in neurons (Tolias et al., 2005). This is intriguing as activation of NMDA
receptors by excess glutamate is a proposed early step in the signaling cascade underlying
cerebral ischemia-induced neuronal damage and cell death (Benquet et al., 2008).
Interestingly, glutamate has been shown to induce activation of Rac1 in human
neuroblastoma cells, an effect correlated with glutamate-induced neuronal cell death
(Nikolova et al., 2005).

Our study suggests that Rac1 proapoptotic effect in cerebral ischemia involves enhancement
of POSH-MLK-JNK signaling. This agrees with a growing body of evidence that POSH is
an important proapototic factor in both neuronal and non-neuronal cells (Tapon et al., 1998;
Xu et al., 2003; Xu and Greene, 2006). For instance, overexpression of POSH has been
shown to induce apoptosis in COS-1 kidney cells, PC12 cells and cultured sympathetic
neurons, an effect blocked by dominant negative forms of MLKs, MKK4/7 and c-Jun
(Tapon et al., 1998; Xu et al., 2003). Additionally, POSH siRNAs or AS-ODNs suppress c-
Jun phosphorylation and neuronal apoptosis induced by nerve growth factor withdrawal in
differentiated PC12 cells (Tapon et al., 1998). Furthermore, our group reported that POSH
antisense knockdown attenuates JNK signaling and protects the hippocampus CA1 from
neuronal cell death following global cerebral ischemia (Zhang et al., 2005).

POSH appears to be a nexus for regulation by both pro-death and pro-survival signals. The
present study demonstrates the critical role of the pro-death signal Rac1 in POSH complex
formation and regulation of MLK3-JNK signaling activation. Recent work further
demonstrates that pro-survival signals can also regulate POSH function. For instance, the
pro-survival signal Akt has been shown to phosphorylate POSH at Ser304, which lies within
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the Rac1-binding domain (Lyons et al., 2007). Akt-induced phosphorylation of POSH at
Ser304 resulted in a decreased ability of POSH to bind activated Rac1, and a decreased
ability of POSH to induce apoptosis (Lyons et al., 2007). Furthermore, we recently
demonstrated that enhanced Akt activation leads to phosphorylation of Rac1 and
deactivation of MLK3 in hippocampus CA1 following tyrosine phosphatase inhibition in
animals that had undergone global cerebral ischemia (Zhang et al., 2006). Thus, Akt
negatively regulates Rac1 and POSH function by multiple mechanisms that contribute to its
prosurvival effect in the brain. Since Akt activation is known to be suppressed following
cerebral ischemia, the Rac1 activation following cerebral ischemia observed in our study is
therefore not restrained, and activation of POSH ensues, eliciting a JNK proapoptotic
signaling cascade.

After POSH-MLK1-3 complex formation and activation of MLK1-3/MKK4/7 signaling that
leads to JNK activation, JNK phosphorylates Ser63 and Ser73 residues of c-Jun and increases
activator protein-1 (AP-1) transcription activity (Gupta et al., 1996; Karin, 1995). Previous
studies have shown that c-Jun is specifically phosphorylated in CA1 at an early stage of
reperfusion and is closely associated with ischemia-induced neuronal apoptosis (Matsuoka
et al., 1999). Our study further demonstrates the upstream role of Rac1 in c-Jun activation
following cerebral ischemia, as evidenced by the inhibition of JNK phosphorylation
following treatment with either Rac1 AS-ODNs or the Rac1 inhibitor NSC23766. In our
AS-ODN studies, the specificity of the Rac1 AS-ODNs was confirmed by a lack of
significant effect by missense ODNs. Additionally, use of the Rac1 inhibitor NSC23766
further confirmed the role of activated Rac1 in MLK3-JNK signaling and delayed neuronal
cell death in the hippocampus CA1 following global cerebral ischemia.

Finally, it should be mentioned that active Rac1 has been shown to regulate NADPH
oxidase activation and superoxide production in many cells due to its ability to bind to
P67Phox and to bind and directly regulate NOX2 (Bedard and Krause, 2007; Hordijk, 2006;
Kao et al., 2008). Thus, activation of NADPH oxidase/superoxide production by Rac1 may
contribute to Rac1 pro-death effects in cells. To our knowledge, the role of Rac1 in NADPH
oxidase and superoxide production in the hippocampus CA1 after cerebral ischemia has not
been examined. However, studies in a liver ischemia/reperfusion models implicates a role
for Rac1 in reactive oxygen species (ROS) production. For instance, adenoviral expression
of a dominant negative Rac1 suppressed ischemia/reperfusion-induction of ROS and
apoptosis in a liver ischemia/reperfusion injury model (Harada et al., 2003; Ozaki et al.,
2000). Additionally, administration of the Rac1 inhibitor, NSC23766 prevented TNF-α
induction of ROS production and apoptosis in epithelial cells (Jin et al., 2008). These
observations, coupled with the findings in the current study, indicate that Rac1 can bind and
interact with multiple protein signaling complexes in the cell to modulate cell survival. This
suggests that Rac1 may be an especially attractive target for drug therapy in stroke and other
neurodegenerative disorders that involve ROS and JNK activation.

In conclusion, the current study provides new mechanistic insights into the regulation and
role of Rac1 in the hippocampus CA1 following cerebral ischemia. The study demonstrates
that Rac1 activation is an early upstream event that is critical for POSH-MLK3 complex
formation, activation of MLK3-JNK signaling, and induction of delayed neuronal cell death
following global cerebral ischemia. Our finding of a significant pro-death role of Rac1 in
cerebral ischemia, suggests that targeting Rac1 for inhibition may have clinical efficacy as a
potential neuroprotective treatment in stroke.
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4. EXPERIMENTAL PROCEDURE
Materials

Anti-Rac1, anti-phospho-MLK3 (Thr277/Ser281) antibodies were from Cell Signaling
Technology (Beverly, MA, USA). Antibodies to POSH, MLK3, JNK and active JNK
(recognizes active JNK1, JNK2 and JNK3) were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Nitrocellulose filter was from Amersham Pharmacia (Little Chalfont, UK).
BCIP (5-bromo-4-chloro-3-indolyl-phosphate) and NBT (nitro blue tetrazolium) were from
Promega (Madison, WI, USA). Rac1 inhibitor NSC 23766 was from Tocris Cookson Inc.
(Ballwin, MO, USA). All the other chemicals were from Sigma (St Louis, MO, USA) unless
indicated otherwise.

Intracerebroventricular administration
To investigate the possible role of Rac1 in response to ischemic injury, 10 nmol of end-
phosphorothioated Rac1 AS-ODNs in 10 μL TE buffer (10 mM Tris-HCl (PH 8.0), 1 mM
EDTA) were administrated to the left cerebral ventricles of rats every 24 h for 3 days before
cerebral ischemia by means of intracerebroventricular (i.c.v.) infusion. The same dose of
missenses (MS) or vehicle (TE) was used as controls. The sequences for Rac1 AS-ODNs
used in this study were 5′-ACTTGATGGCCTGCAT-3′ from the Integrated DNA
Technologies, Inc. and missenses were 5′-GTATGGGACTCTACCT-3′. In other
experimental conditions, 25 μg NSC23766 was administered to both of the cerebral
ventricles of rats 15 min before cerebral ischemia. For i.c.v. injection, the rats were placed
on ear bars of a stereotaxic instrument under anesthesia. Drug infusion was performed using
a steppermotorized microsyringe (Stoelting, Wood Dale, IL, USA) at a rate of 1 μL/min
through a pre-implanted cannula in the cerebral ventricle (from the bregma: anteroposterior,
±0.8 mm; lateral, 1.5 mm; depth, 3.5 mm).

Induction of forebrain ischemia
Adult male Sprague–Dawley rats weighing 250–300 g were used (all procedures were
approved by the institutional animal care committee). Brain ischemia was induced by four-
vessel occlusion, as described previously (Gu et al., 2001; Pulsinelli and Brierley, 1979).
Briefly, under anesthesia with chloral hydrate (350 mg/kg, i.p.), vertebral arteries were
electrocauterized and common carotid arteries were exposed. Rats were allowed to recover
for 24 h and fasted overnight. Ischemia was induced by occluding the common arteries with
aneurysm clips for 15 min. Rats which lost their righting reflex within 30 s and whose pupils
were dilated and unresponsive to light during ischemia were selected for the experiments.
An EEG was monitored to ensure isoelectricity within 30 s after carotid artery occlusion.
Carotid artery blood flow was restored by releasing the clips. Rectal temperature was
maintained at about 37°C during and 2 h after ischemia. Sham controls were performed
using the same surgical exposure procedures, except that the arteries were not occluded.

Tissue preparation
For brain tissue preparation, rats were sacrificed under isoflurane anesthesia at 10 min, 30
min, 3 h, 6 h, 1 and 3 days after 15 min of global cerebral ischemia. The hippocampal CA1
region microdissected from both sides of the hippocampal fissure and immediately frozen in
liquid nitrogen. Tissues were homogenized with a Teflon-glass homogenizer in ice cold
homogenization medium consisting of 50 mM HEPES (pH 7.4), 150 mM NaCl, 12 mM β-
glycerophosphate, 3 mM dithiotheitol (DTT), 2 mM sodium orthovanadate (Na3VO4), 1
mM EGTA, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100,
and 10 μg/ml each of aprotinin, leupeptin, and pepstatin A. The homogenates were
centrifuged at 15,000 ×g for 30 min at 4°C, supernatants were collected and stored at −80°C
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for use. The protein concentrations were determined by a Lowry protein assay kit with
bovine serum albumin as standard.

Immunoprecipitation and western blotting
For immunoprecipitation, tissue homogenates (each containing 400 μg of proteins) were
diluted 4-fold with HEPES buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 10%
glycerol, 1% Triton X-100, and 1 mM each of EGTA, EDTA, PMSF and Na3VO4. Samples
were pre-incubated for 1 h with 20 μL protein A/G then centrifuged to remove any protein
adhered nonspecifically to the protein A/G. The supernatant was incubated with 2–5 μg
proper antibody or species-relevant non-specific IgG (n.s. IgG) for 4 h at 4°C. After the
addition of protein A/G-sepharose, the mixture was incubated at 4°C for an additional 2 h.
Sample were triple washed with HEPES buffer and eluted by sodium dodecyl sulfate –
polyacrylamide gel electrophoresis (SDS–PAGE) loading buffer then boiled for 5 min.
Western blot analysis was carried out on 4–20% SDS–PAGE and 50–100μg proteins were
electrotransferred onto nitrocellulose filter (pore size, 0.45 μm). After blocking for 2 h in
phsophate-buffered saline (PBS) with 0.1% Tween 20 (PBST) and 3% BSA, the membranes
were incubated overnight with primary antibody (1:500) in PBST containing 3% BSA.
Detection was carried out by the use of proper alkaline phosphatase conjugated IgG
(1:20,000) and developed with NBT/BCIP assay kit (Promega). After immunoblotting, the
density of the bands was scanned using an image analyzer (LabWorks Software, UVP
Upland, CA, USA).

Rac1 assay
Rac activation assays were performed using color PAK1 PBD Agarose Beads (Rac/CDC42
assay kit; Upstate Biotechnology). Precipitated complexes were washed three times with
magnesium-containing lysis buffer and boiled in sample buffer. Proteins were fractionated
by SDS-PAGE and subjected to western blot analysis using anti-Rac1-specific antibody.

Cresyl violet and TUNEL staining
Rats were anesthetized with chloral hydrate and underwent transcardial perfusion with 0.9%
saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were removed,
postfixed overnight in paraformaldehyde, processed and embedded in paraffin. Coronal
sections (6 μm) were cut on a microtome (Leica RM2155, Nussloch, Germany) and
collected through the entire dorsal hippocampus (2.5–4.5 mm posterior from bregma) from
animals at 5 d after ischemia or sham operation, and every fifth section was collected.
Sections were de-paraffinized in xylene and rehydrated in a gradient of ethanol and distilled
water and stained with cresyl violet then examined with a light microscope. The neuronal
density of CA1 neurons per 1mm length of the medial CA1 pyramidal cell layer was
counted bilaterally in four sections per animal. Cell counts from the right and left
hippocampus on each of the four sections were averaged to provide mean value. TUNEL
staining was performed using an ApopTag Peroxidase In Situ Apoptosis Detection Kit
according to the manufacturer’s protocol with minor modifications. Briefly, sections were
treated with protease K at 20 mg/ml for 15 min at room temperature. After incubation with
reaction buffer containing TdT enzyme and at 37°C for 1 h, sections were washed with stop/
wash buffer and treated with anti-digoxigenin conjugate for 30 min at room temperature and
subsequently developed color in peroxidase substrate. The nuclei were lightly counterstained
with haematoxylin and examined under a light microscope.

Statistical evaluation
Four or five independent animals were sampled at each time point for western blotting study
and histology examination. Semi-quantitative analysis of the bands was performed with the
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Image J analysis software (Version 1.30v; Wayne Rasband, NIH, USA). All values are
expressed as the means ± SD. Statistical analysis of the results was carried out by one-way
analysis of variance (ANOVA) followed by the Dunnett’s test or Newman–Keuls test.
Differences of p < 0.05 were considered significant.
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Fig. 1. Time course of the activation of Rac1 in the hippocampal CA1 region after global
cerebral ischemia
(A) Homogenates from the CA1 region at various time points of reperfusion (sham, 10 min,
30 min, 3h, 6 h, 24 h and 72 h) were subjected to Rac1 activation assay. (B) Graphical
depiction of results from all animals. Corresponding bands were scanned and the optical
density (OD) was represented as folds versus sham control. Data are expressed as means ±
SD from four independent animals (n = 4), *p < 0.05 versus sham control.

Zhang et al. Page 12

Brain Res. Author manuscript; available in PMC 2013 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Time courses of the associations of POSH with Rac1 and MLK3 and phosphorylation of
MLK3 in the hippocampal CA1 region after cerebral ischemia
(A) Homogenates from the CA1 region at various time points after reperfusion (sham, 10
min, 30 min, 6 h, 1 and 3 days) were immunoprecipitated (IP) with anti-POSH antibody,
then separately blotted (WB) with anti-Rac1, MLK3 or POSH antibody. (B) In reciprocal
co-immunoprecipitation experiments, homogenates were subjected to immunoprecipitation
with anti-Rac1, MLK3 or non-specific IgG (control) and the immunocomplexes were
probed for the presence of POSH. (C) Homogenates from the CA1 region at various time
points of reperfusion were western blotted with antibody against MLK3 or p-MLK3. (D)
Corresponding bands from A&C were scanned and the optical density (OD) was represented
as folds versus sham control. Data are expressed as means ± SD from independent animals
(n = 4–5), *p < 0.05 versus sham control.
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Fig. 3. Effect of Rac1 AS-ODNs (AS) or missense oligonuleotides (MS) on Rac1 expression and
activation or MLK3/Rac1/POSH complex formation in CA1 region at 30 min of reperfusion
following cerebral ischemia
(A,B) The AS-ODNs administration significantly attenuated cerebral ischemia-induced
Rac1 expression and activation at 30 min after ischemia. Missense ODNs (MS) had no
significant effect on Rac1 expression or activation in CA1 as compared to Vehicle control.
(C,D) Homogenates from the hippocampal CA1 region at 30 min of reperfusion were
immunoprecipitated with anti-MLK3 antibody, and then separately blotted with anti-Rac1 or
POSH antibody. (B,D) Bands on western blots were scanned and the intensities were
expressed as folds versus sham treatment. Data are means ± SD from four independent
animals (n = 4). *p < 0.05 versus sham group. # p < 0.05 versus MS group.
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Fig. 4. Effect of Rac1 AS-ODNs (AS) or missense oligonuleotides (MS) on the phosphorylation of
MLK3 or JNK in CA1 region at 30 min of reperfusion following cerebral ischemia
(A,C) The AS-ODNs administration significantly attenuated cerebral ischemia-induced
MLK3 phosphorylation and JNK phosphorylation in hippocampus CA1 at 30 min after
ischemia. Missense ODNs (MS) had no significant effect on MLK3 and JNK
phosphorylation in hippocampus CA1 as compared to Vehicle control. (B,D) Bands on
western blots were scanned and the intensities were expressed as folds versus sham
treatment. Data are means ± SD from four to five independent animals. *p < 0.05 versus
sham group. # p < 0.05 versus MS group.
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Fig. 5. Effect of Rac1 inhibitor (NSC23766) on Rac1 activation and JNK activation in CA1
region at 3 h of reperfusion following cerebral ischemia
(A,C) NSC23766 injection significantly attenuated cerebral ischemia-induced Rac1
activation and phosphorylation of JNK in hippocampus CA1 at 3 h after ischemia. Saline
had no significant effect on Rac1 activation and JNK activation in hippocampus CA1 as
compared to ischemia reperfusion control. (B,D) Bands on western blots were scanned and
the intensities were expressed as folds versus sham treatment. Data are means ± SD from
three independent animals. *p < 0.05 versus sham group. # p < 0.05 versus saline group.
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Fig. 6. Effects of Rac1 AS-ODNs or Rac1 inhibitor (NSC23766) on delayed apoptotic neuronal
death by histology analysis
(A) Cresyl violet and TUNEL staining was performed on the sections from the hippocampi
in sham (a, f, k), and rats subjected to 5 days of reperfusion after 15 min of ischemia with
saline control (d, I, n), administration of the Rac1 missense ODNs (b, g, l) and Rac1 AS-
ODNs (c, h, m) or Rac1 inhibitor NSC23766 (e, j, o) before ischemia. (B) The number of
survival CA1 neurons per 1mm length of the medial CA1 pyramidal cell layer was counted
as indicated. Note that treatment with Rac1 AS-ODNs or NSC23766 significantly increased
the number of the survival neurons compared with control at 5 days of reperfusion in the
CA1 region. Data were obtained from five independent animals and a typical experiment is
presented. Boxed areas in left column are shown at higher magnification in right column.*p
< 0.05 versus sham control. # p < 0.05 versus MS or saline group. (a–e) magnification is 5°
and the scale bar = 200 μm; (f–o) magnification is 40° and the scale bar = 50 μm.
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