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Abstract

Iron accumulates in the brain and contributes to brain injury after intracerebral hemorrhage (ICH).
The c-Jun-N-terminal kinase (JNK) signaling pathway mediates cell death after ischemic stroke,
however, the involvement of JINK in ICH is not well known. This study investigated whether the
JNK signaling pathway is activated by iron after ICH. Male Sprague-Dawley rats received an infusion
of autologous whole blood (as a model of ICH) or ferrous iron into the right basal ganglia and control
rats had an infusion of saline. Some ICH rats were treated with either deferoxamine (DFX), an iron
chelator, or vehicle. Activation of JNK was measured by Western blot analysis and
immunohistochemistry. Free iron in cerebrospinal fluid (CSF) and behavioral outcomes following
ICH were also examined. We found that activated-JNK in the brain were increased after ICH, and
an intracerebral infusion of ferrous iron also upregulated brain activated-JNK. Free iron accumulated
in CSF and Systemic administration of DFX after ICH reduces free iron contents in CSF, suppresses
JNK activation and improves ICH-induced neurological deficits. Our results demonstrated that the
JNK signaling pathway is activated after ICH and iron may contribute to this activation. DFX reduces
free iron levels and attenuates activation of INK suggesting iron chelation may be useful therapy for
ICH patients.
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1. Intoduction

c-Jun N-terminal kinase (JNK), a member of the mitogen-activated protein kinase (MAPK)
superfamily, has already been widely investigated for its active actions in response to various
stimuli, such as heat shock, inhibition of protein glycosylation, exposure to inflammatory
cytokines, ultraviolet irradiation, and ischemia (Kyriakis et al., 2001). Activated INK
phosphorylates serine on a variety of cellular targets and, consequently, influences cell survival
via transcriptional and posttranslational regulation of proteins involved in apoptosis (Manning
et al., 2003). A growing number of studies have demonstrated that JNK could be activated by
various forms of brain insults, such as cerebral ischemia and subarachnoid hemorrhage, and
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inhibited JNK activation could attenuate brain injury (Okuno et al., 2004; Gao et al., 2005;
Yatsushige et al., 2005). Previous study also illuminated activation of JNK in another form of
stroke, intracerebral hemorrhage (ICH), and ICH-induced neuron loss could be prevented by
JNK inhibitor (Ohnishi et al., 2007). However, the involvement of JNK in ICH is still far less
understood.

One potential stress that might induce JNK activation after ICH is iron. Experimental studies
have demonstrated that iron overload occurs after ICH and contributes to ICH-induced brain
injury (Wu et al., 2003; Hua et al., 2006; Xi et al., 2006). The major sources of iron
accumulation in the brain are iron in the plasma and hemoglobin after erythrocyte lysis (Xi et
al., 1998; Wu et al.,, 2003; Nakamura et al., 2005). Free iron can cause free radical formation
and oxidative brain damage. The time course of free iron accumulation after ICH is unknown
but we have found that deferoxamine (DFX), an iron chelator, can attenuate acute brain edema
and oxidative stress following ICH (Nakamura et al., 2004).

The present study investigated whether INK is activated in the brain after ICH and whether
intracerebral injection of iron can activate JINK. The effects of DFX on JNK activation, free
iron in the CSF and behavioral outcomes following ICH were also examined.

2. Materials and methods

2.1. Animal preparation and intracerebral infusion

The University of Michigan Committee on the Use and Care of Animals approved the animal
protocols. A total of 147 male Sprague-Dawley rats (weighing 300-400 g; Charles River

Laboratories) were used. Rats were anesthetized with pentobarbital (50 mg/kg, i.p.). The right
femoral artery was catheterized for blood pressure monitoring and blood sampling. Blood was
obtained from the catheter for analysis of pH, PaO,, PaCO,, hematocrit and glucose and as the
source for the intracerebral blood infusion. Body temperature was maintained at 37.5 °C using
a feedback-controlled heating pad. The animals were positioned in a stereotactic frame (Model
500, Kopf Instruments, Tujunga, CA, USA) and a cranial burr hole (1 mm) was drilled in the
right coronal suture 4.0 mm lateral to the midline. Either 100uL autologous blood (as a model
of ICH), 30uL ferrous chloride (1 mM or 10 mM, 1mM ferrous chloride is similar to the dilution
of iron in the blood), or 100uL saline (as a model of control) were infused into the right basal
ganglia through a 26-gauge needle at a rate of 10 pL per minute using a microinfusion pump
(Harvard Apparatus Inc., Holliston, MA, USA). The coordinates were 0.2 mm anterior and 3.5
mm lateral to the bregma and a depth of 5.5 mm. After intracerebral infusion, the needle was
removed, the burr hole was filled with bone wax, and the skin incision was closed with suture.

2.2. Experimental Groups

Rats were divided into four sets. In the first set, rats (h=3 each group) had either an intracerebral
infusion of 100uL saline (control) or an infusion of 100 uL autologous blood (ICH rats) and
were killed at 1, 3 and 7 days later for Western blot analysis. In the second set, rats (n=3 each
group) had either an intracerebral infusion of 100uL saline (control), an infusion of 30 pL
ferrous chloride (1 mM or 10 mM) or an infusion of 100 uL autologous blood (ICH rats), and
then the ICH rats received either DFX treatment (100 mg/kg, i.p., 2 hours after infusion of
autologous blood) or the same amount of saline (vehicle). Rat brains were sampled one day
after intracerebral injection for Western blot analysis and immunohistochemistry. In the third
set, rats (n=6 each group) had either an intracerebral infusion of 100uL saline (control) or an
infusion of 100 pL autologous blood (ICH rats), and then the ICH rats were treated with either
DFX treatment (100 mg/kg, i.p., 2 hours after infusion of autologous blood and then at 12-
hour intervals for up to 7 days) or the same amount of saline (vehicle). CSF was obtained 1,
3, 7, 14 and 28 days after ICH for measurement of free iron. In the fourth set, rats (n=6 each
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group) had either an intracerebral infusion of 100uL saline (control) or an infusion of 100 pL
autologous blood (ICH rats), and then the ICH rats were treated with either DFX treatment
(100 mg/kg, i.p., 2 hours after infusion of autologous blood and then at 12- hour intervals for
up to 7 days) or the same amount of saline (vehicle). All animals underwent behavioral testing
and were then killed 28 days after infusion of autologous blood.

2.3. Western Blot Analysis

Rats were anesthetized and underwent intracardiac perfusion with 0.1 mol/L phosphate-
buffered saline (pH 7.4). The brains were removed and a 3-mm-thick coronal brain slice was
cut approximately 4mm from the frontal pole. The slice was separated into ipsilateral and
contralateral basal ganglia. Western blot analysis was performed as previously described (Xi
et al., 1999). Protein concentration was determined using a Bio-Rad Laboratories (Hercules,
CA, USA) protein assay kit. A 50 pg portion of protein from each sample was separated by
sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
hybond-C pure nitrocellulose membrane (Amersham, Piscataway, NJ, USA). The membranes
were blocked in Carnation nonfat milk and probed with primary and secondary antibodies. The
primary antibody was rabbit anti-phosphorylated-JNK antibody (Cell Signaling Technology,
Beverly, MA, USA; 1:1000). The secondary antibody was goat anti-rabbit 19G (Bio-Rad
Laboratories, 1:200). The antigen-antibody complexes were visualized with a
chemiluminescence system (Amersham) and exposed to a Kodak X-OMAT film (Rochester,
NY, USA). Relative densities of bands were analyzed with the NIH Image program (Version
1.62, Bethesda, MD, USA).

2.4. Immunohistochemistry

The Immunohistochemistry method has been described previously (Hua et al., 2002). Briefly,
the rats were anesthetized and subjected to intracardiac perfusion with 4% paraformaldehyde
in 0.1 mol/L phosphate-buffered saline (pH 7.4). The brains were removed and kept in 4%
paraformaldehyde for 12 h, then immersed in 25% sucrose for 3 to 4 days at 4°C. Brains were
then placed in embedding compound and sectioned on a cryostat (18 um thick).
Immunohistochemistry staining was then performed using the avidin—biotin complex
technique. The primary antibody was rabbit anti-phosphorylated-JNK antibody (Cell Signaling
Technology, 1:200). The secondary antibody was biotinylated goat anti-rabbit IgG (Bio-Rad
Laboratories, 1:400). Either normal rabbit 1gG or the absence of primary antibody was used
as negative controls.

2.5. Free iron determination

Rats were reanesthetized with pentobarbital. About 200ul-250pl cerebrospinal fluid was
obtained by puncture of the cisterna magna 1, 3, 7, 14, and 28 days after ICH and stored at
—80°C hefore determination. Free iron in CSF was measured according to the method described
by Nilsson (Nilsson et al., 2002)

2.6. Behavioral Tests

All animals were tested before and after surgery and scored by investigators who were blind
to both neurological and treatment conditions. Three behavioral assessments were used: corner
turn, forelimb placing, and forelimb use asymmetry tests (Hua et al., 2002).

(A) Corner Turn Test—The rat was allowed to proceed into a corner, the angle of which

was 30 degrees. To exit the corner, the rat could turn either to the left or the right. The direction
was recorded. The test was repeated 10 to 15 times, with at least 30 seconds between each trial,
and the percentage of right turns calculated. Only turns involving full rearing along either wall
were included. The rats were not picked up immediately following each turn so that they did

Neurosci Res. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wan et al.

Page 4

not develop an aversion for turning around. Previous study showed that the ICH rats showed
a significant increase in the percentage of right (ipsilateral to the site of intracerebral infusion)
turns compared with controls (Hua et al., 2002).

(B) Forelimb Placing Test—Forelimb placing was scored using a vibrissae-elicited
forelimb-placing test. Independent testing of each forelimb was induced by brushing the
vibrissae ipsilateral to that forelimb on the edge of a tabletop once per trial for 10 trials. Intact
animals placed the forelimb quickly onto the countertop. Percent successful placing responses
were determined. A previous study showed that successful responses in the forelimb
contralateral to the site of injection after ICH are reduced (Hua et al., 2002).

(C) Forelimb Use Asymmetry Test—Forelimb use during explorative activity was
analyzed by videotaping rats in a transparent cylinder for 3-10 min depending on the degree
of activity during the trial. Behavior was quantified first by determining the occasions when
the non-impaired ipsilateral (1) forelimb was used as a percentage of total number of limb use
observations on the cylinder wall. Second, the occasions when the impaired forelimb
contralateral (C) to the blood-injection site was used as a percentage of total number of limb
use observations on the wall. Third, the occasions when both (B) forelimbs were used
simultaneously as a percentage of total number of limb use observations on the wall. A single
overall limb use asymmetry score was calculated as: Limb use asymmetry score = (1/(1+C+B))
— (C/(1+C+B)).

2.7. Statistical analysis

3. Results

All data in this study are presented as mean + SD. Data were analyzed with Student’s t-test,
Mann-Whitney U test and analysis of variance (ANOVA), followed by Scheffe’s post hoc test.
Significance levels were measured at p<0.05.

All physiological variables including mean arterial blood pressure, blood pH, PaO2, PaCO?2,
hematocrit, and blood glucose level were within normal ranges (mean arterial blood pressure,
80 to 120 mmHg; blood pH, 7.40 to 7.50; Pa02, 80 to 120 mmHg; PaC0O2, 35 to 45 mmHg;
hematocrit, 35% to 45%; blood glucose level, 80 to 130 mg/dl).

3.1. JNK was activated in the ipsilateral basal ganglia after infusion of autologous blood

There was marked JNK activation in the ipsilateral basal ganglia after infusion of autologous
blood as shown by Western blot analysis. Thus, one day after infusion of autologous blood,
the 46 kDa and the 54 kDa forms of JNK increased significantly compared with control (46
kDa; 5282 + 318 vs. 434 + 247 pixels; 54 kDa: 2971 + 816 vs. 112 + 101 pixels; p<0.001).
The time course of JNK activation is shown in Figure 1. Activated JNK increased markedly
one day after infusion of autologous blood and remained at high levels at least for 7 days (Figure
1). Intracerebral infusion of ferrous iron also activated JNK at 24 hours (Figure 2). Activated-
JNK positive cells were detected by immunohistochemistry in the ipsilateral basal ganglia after
ferrous iron (Figures 3A and 3B) or autologous blood infusion (Figure 3C), while the
immunoreactivity of phosphorylated-JNK was weak in the control models (Figures 3D).

3.2. DFX suppressed the upregulation of activated-JNK after infusion of autologous blood

DFX suppressed the upregulation of activated-JNK in the ipsilateral basal ganglia 24 hours
after infusion of autologous blood. Western blotting showed that activated INK levels are lower
in the DFX-treated group compared with those in the vehicle-treated group (Figure 4).
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3.3. Free iron accumulated in CSF after infusion of autologous blood and deferoxamine
reduces free iron contents in CSF

The time course of free iron levels in CSF after infusion of autologous blood is shown in Figure
5. Free iron levels in the CSF were very low in the control rat (1.1 + 0.4 umol/L). After infusion
of autologous blood, free iron levels in CSF were increased at the first day (8.5 + 1.3 umol/L),
peaked at the third day (14.2 + 5.0 umol/L) and still remained at high levels for at least 28 days
(6.2 £ 1.1 umol/L). DFX treatment reduced free iron levels in CSF at all time points (Figure
5).

3.4. DFX treatment ameliorates neurological deficits after infusion of autologous blood

The neurological deficits induced by intracerebral infusion of autologous blood were also
reduced by DFX treatment. Corner turn scores were improved at all time points in the DFX-
treated group compared with the vehicle-treated group (e.g., day 7: 69.6 + 20.0% versus 83.9
+ 16.8%, p < 0.05). Forelimb-placing scores were also improved in the DFX-treated group
compared with the vehicle-treated group (e.g., day 3: 73.3 + 30.5% versus 46.7 + 33.6%, p <
0.05). There was also an improvement in forelimb-use asymmetry deficits associated with DFX
therapy (e.g., day 1: 26.8 + 17.2% versus 47.2 £ 17.4%, p < 0.01) (Figure 6).

4. Discussion

The present study found that: 1) INK is activated in the brain after infusion of autologous blood.
2) An intracerebral infusion of ferrous iron activates JINK. 3) Free iron accumulated in CSF
and systemic administration of DFX after intracerebral infusion of autologous blood reduces
free iron contents in CSF, suppresses JNK activation and improves neurological deficits
induced by intracerebral infusion of autologous blood.

Increasing evidence suggests that JNK signaling pathway is activated by stress and cytokines,
and play important roles in mediating cell death and differentiation (Martin et al., 1996).
Activated JNK phosphorylates the substrates including nuclear substrates such as c-Jun and
cytosol substrates including Bcl-2 then leading to neuronal death, and blocking the INK
signaling pathway inhibits neuronal cell death and attenuates brain injury after brain ischemia/
reperfusion(Maroney et al., 1998; Okuno et al., 2004; Gao et al., 2005; Yatsushige et al.,
2005). Previous study also demonstrated activation of JNK in another form of stroke, ICH, and
ICH-induced neuron loss could also be prevented by JNK inhibitor (Ohnishi et al., 2007).
However, the involvement of JNK in ICH is still not well understood. In our current study,
JNK was activated in the first day after intracerebral infusion of autologous blood and remained
at high levels for seven days. Our previous and current results have shown that iron accumulates
in the brain after infusion of autologous blood. Therefore, we examined whether intracerebral
infusion of ferrous iron activates JNK. We found that there was a marked increase in JINK
activation after iron infusion. DFX could partially block JNK activation indicating that iron
does play a role in JNK activation after intracerebral hemorrhage. However, the block was
incomplete suggesting that other factors also result in JNK activation.

It is well-known that thrombin formation and iron are two major factors causing brain injury
after intracerebral hemorrhage (Xi et al., 2003; Xi et al., 2006; Hua et al., 2007). The role of
thrombin in JNK activation after intracerebral hemorrhage needs further studies, although
thrombin can activate JINK (Waetzig et al., 2005). In addition, iron and thrombin can interact
to cause brain damage (Nakamura et al., 2005). Nakamura et al. (2005) found that intracerebral
co-administration of holo-transferrin (holo-Tf), an iron-loaded transferrin, with thrombin
causes brain edema, oxidative damage and DNA fragmentation. Thus, the presence of holo-
Tf and thrombin during the formation of an intracerebral hematoma may participate in ICH-
induced brain injury and JNK activation.
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The term “free iron” refers to iron bound in such a way that it retains its ability to catalyse the
formation of reactive oxygen species, and it is therefore a highly relevant parameter to measure
during periods of oxidative stress (Otterbein et al., 2003). The sources of increased free iron
after intracerebral hemorrhage are either the clot itself or circulating blood in the presence of
a disrupted blood-brain barrier. Before erythrocyte lysis and hemoglobin breakdown, free iron
may come mainly from serum of the clot or through a disrupted blood-brain barrier or both.
After erythrocyte lysis, hemoglobin released from erythrocytes results in increased
extracellular heme; heme is then transported into neurons and glia and metabolized by
hemeoxygenase generating free iron (Wagner et al., 2003). Previous studies have shown iron-
positive cells (Perls’ staining), that appear to be neurons, located around the clot within 24
hours after intracerebral infusion of autologous blood and DFX reduces acute brain edema
when given 6 hours after intracerebral infusion of autologous blood (Wu et al., 2003; Nakamura
et al., 2004).

Oxidative brain injury and apoptotic cell death occurs in brain after intracerebral infusion of
autologous blood (Nakamura et al., 2005; Xi et al., 2006). Iron-induced brain damage may
result from oxidative stress (Wu et al., 2002) and free iron can stimulate the formation of free
radicals leading to neuronal damage. Although the role of JNK in apoptosis following
intracerebral hemorrhage is not well known, it has been reported that inhibition of INK
activation reduces apoptotic neuronal cell death after intracerebral hemorrhage (Ohnishi et al.,
2007).

Systemic administration of DFX reduced neurological deficits induced by intracerebral
infusion of autologous blood. Earlier we have reported that systemic use of DFX attenuates
brain edema in rats after intracerebral infusion of autologous whole blood or hemoglobin
(Huang et al., 2002; Nakamura et al., 2004). These results suggest that iron chelation with DFX
may be useful therapy for patients with ICH. DFX is a drug approved by the FDA for the
treatment of acute iron intoxication and for chronic iron overload due to transfusion-dependent
anemias. DFX can penetrate the blood-brain barrier rapidly and reach a high concentration in
the brain after systemic administration (Palmer et al., 1994). DFX chelates iron by forming a
stable complex that prevents iron from entering into further chemical reactions. In addition,
DFX reduces hemoglobin-induced brain Na*/K* ATPase inhibition and neuronal toxicity
(Sadrzadeh et al., 1987; Regan et al., 1993; Guo et al., 2001). Favorable effects of iron chelator
therapy have also been reported in various cerebral ischemia models (Hurn et al., 1995;
Liachenko et al., 2003). Furthermore, DFX can serve as a direct free radical scavenger (Hurn
etal., 1995; Liachenko et al., 2003) and can induce delayed tolerance to cerebral ischemia
(Prass et al., 2002).

In summary, JNK activation occurs in the brain after intracerebral infusion of autologous blood
and ferrous iron. Systemic administration of DFX after infusion of autologous blood reduces
free iron levels in CSF, suppresses activation of JNK and improves functional outcome. The
mechanisms of iron-induced JNK activation and its role in ICH-induced brain injury need to
be investigated further. These results suggest that iron chelation with DFX may be useful
therapy for intracerebral hemorrhage.
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adenosine triphosphatase

CSF

cerebrospinal fluid
DFX

deferoxamine
ECL

enhanced chemiluminescence
FDA

food and drug administration
holo-Tf

holo-transferrin
ICH

intracerebral hemorrhage
19G

immunoglobulin G
i.p

intraperitoneal injection
JINK

c-Jun-N-terminal kinase
kDa

kilodalton
PaCO,

partial pressure of carbon dioxide in artery
PaO,

partial pressure of oxygen in artery
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power of hydrogen
PBS

phosphate-buffered saline
SDS-PAGE

sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Figure 1.

Time course of the levels of phosphorylated JNK in the ipsilateral basal ganglia after
intracerebral infusion of autologous blood. (A) Western blots showing phosphorylated-JNK
at 1 day (lanes 1-3), 3 days (lanes 4-6) and 7 days after intracerebral infusion of autologous
blood. Equal amounts of protein (50 ug) were used for each sample. (B) Quantification of
Western blot analysis. Values are expressed as means + SD; there are three rats in each group.
# p< 0.05 and * p<0.01 vs. day 7.
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Figure 2.

The phosphorylated-JNK levels in the ipsilateral basal ganglia 24 hours after intracerebral
infusion of ferrous iron. (A) Western blots showing phosphorylated-JNK levels after
intracerebral infusion of 10 mM ferrous iron (lanes 1-3), 1 mM ferrous iron (lanes 4-6) and
control operation (lanes 7-9). Equal amounts of protein (50 ug) were used for each sample.
(B) Quantification of Western blot analysis. Values are expressed as means + SD. # p <0.05
and * p<0.01 compared with the control group.
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Figure 3.
Phosphorylated-JNK immunoreactivity in the basal ganglia at 24 hours after intracerebral

infusion. Phosphorylated-JNK immunoreactivity was detected in the ipsilateral basal ganglia
after intracerebral infusion of 10 mM ferrous iron (A), 1 mM ferrous iron (B). Phosphorylated-
JNK immunoreactivity was also detected in the ipsilateral basal ganglia after intracerebral
infusion of autologous blood (C) and control operation (D). A sterisk indicates the hematoma.
Scale bar =50 pm.
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Figure 4.

The effect of deferoxamine on the levels of phosphorylated JNK 1 day after intracerebral
infusion of autologous blood. (A) Western blots showing phosphorylated-JNK levels in the
ipsilateral basal ganglia after intracerebral infusion of autologous blood treated with vehicle
(ICH+Vehicle, lanes 1-3), DFX (ICH+DFX, lanes 4-6) and Control group (lanes 7-9). Equal
amounts of protein (50 ug) were used for each sample. (B) Quantification of Western blot
analysis. Values are expressed as means + SD. # p <0.05 vs. ICH+Vehicle group and * p<0.01
vs. Control group.
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Figure 5.

Bar graph showing the time course of free iron levels in CSF after intracerebral infusion of
autologous blood and the effect of deferoxamine treatment on the free iron levels in CSF after
intracerebral infusion of autologous blood. Values are expressed as means + SD. * p<0.01
between ICH+Vehicle group and the Control group, # p <0.05 between DFX-treated group
and the vehicle-treated group.
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Figure 6.

Bar graphs showing the effects of deferoxamine on neurological deficits following
intracerebral infusion of autologous blood. Corner turn test (A), forelimb placing test (B) and
forelimb using asymmetry test (C) were examined after ICH. Values are expressed as means
+ SD. * p<0.05 and ** p<0.01 between ICH+Vehicle group and Control group; # p <0.05 and
## p<0.01 between ICH+Vehicle group and ICH+DFX group.
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