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Figure 1 Effect of hypoxic preconditioning (8% 0,) on infarct
volume and neurologic scores after transient MCAQ in wild-type
mice. Mice were exposed to hypoxia for 2, 3, or 4 hours. Forty-
eight hours later, MCAO was induced for 30 minutes. (A) Infarct
volume and (B) neurologic scores were determined 24 hours
after the insult. Infarct volume was expressed as the percentage
of the infarcted tissue in reference to the contralateral hemi-
sphere. Values show meants.e.m. n = 10 to 15 for each group;
*P<0.05 and **P <0.01. MCAQ, middle cerebral artery
occlusion.

ditioned animals was paralleled by functional
changes in neurologic deficits. Animals precondi-
tioned for 2 or 3hours exhibited lower neurologic
deficit scores at 24 hours after transient MCAO
(P <0.05) relative to control animals (Figure 1B).

To determine whether histamine is involved in
hypoxic preconditioning, we used HDC-KO mice,
which lack the synthetic enzyme for histamine.
Three hours of hypoxic preconditioning induced
the strongest neuroprotection; therefore, we com-
pared the effects of 3hours of preconditioning on
WT and HDC-KO mice. No significant differences in
infarct volume and neurologic deficit scores were
found between the control groups of WT and HDC-
KO mice 24 hours after 30 minutes of MCAOQ (Figure
2). In HDC-KO mice, hypoxic preconditioning did
not decrease the infarct volume or improve neurolo-
gic function compared with the nonpreconditioned
group. Similarly, the histamine synthesis enzyme
inhibitor «-FMH reversed the neuroprotection in-
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Figure 2 Effect of hypoxic preconditioning (HPC; 8% 0,} on
transient MCAQ-induced injury in wild-type (WT) and histidine
decarboxylase knockout (HDC-KO) mice. Forty-eight hours after
3hours of hypoxic preconditioning or normoxia, MCAO was
induced for 30 minutes. (A) Infarct volume and (B} neurologic
scores were determined 24 hours after MCAO in WT and HDC-
KO mice. Values show meants.e.m. n=8 to 12 for each
group; *P < 0.05. MCAQ, middle cerebral artery occlusion.

duced by hypoxic preconditioning in infarct volume
and neurologic scores in WT mice (P<0.05; Figures
3A and 3B), whereas a-FMH alone had no effect on
infarct volume without hypoxic preconditioning
(infarct volume: control group, 23.63% *3.72%,
n=4; o-FMH-treated group, 22.72% +5.15%, n=5).
In contrast, hypoxic preconditioning combined with
histamine (5 ug/2 uL per 6h per animal for 3 injec-
tions, intracerebroventricularly) in HDC-KO mice
significantly improved neurologic function and
decreased infarct volume (P<0.05; Figures 3C and
3D), whereas histamine alone had no effect on infarct
volumes without hypoxic preconditioning (infarct
volume: vehicle group, 26.59% + 4.36%, n=4; hista-
mine-treated group, 23.44% + 2.60%, n=6). In addi-
tion, mean arterial blood pressure, heart rate, and
arterial blood gas (pH, Pa0O,, PaCO,) before and after
ischemia did not differ among the six groups
(Supplementary Table 2).

Hypoxic Preconditioning Ameliorated the Reduction in
the Peripheral Cerebral Blood Flow During Transient
Focal Cerebral Ischemia in Wild-Type Mice but not in
Histidine Decarboxylase Knockout Mice

Cerebral blood flow was measured in the core and
peripheral regions of the MCA territory. As shown in
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Figure 3 Effect of hypoxic preconditioning (HPC; 8% O.) on transient MCAO-induced injury in a-FMH-treated wild-type (WT) mice
and histamine-treated histidine decarboxylase knockout (HDC-KO) mice. Forty-eight hours after 3 hours of hypoxic preconditioning
or normoxia, MCAO was induced for 30 minutes. «-FMH (25mg/kg) was injected intraperitoneally 3 hours before hypoxic
preconditioning in WT mice, and (A) infarct volume and (B) neurologic scores were determined 24 hours after MCAO. Histamine
(5 ug/2 uL per 6h per animal for 3 injections; the first injection was administered 30 minutes before hypoxia.) was administered
intracerebroventricularly with hypoxic preconditioning in HDC-KO mice, and (C) infarct volume and (D) neurologic scores were
determined 24 hours after MCAO. Values show mean+s.e.m. n=28 to 12 for each group; *P <0.05 and **P < 0.01. a-FMH,

a-fluoromethylhistidine; MCAO, middle cerebral artery occlusion.

Figure 4A, no difference in CBF changes of the core
region was detected among the five groups during
and after MCAQO. However, 33.7% increased blood
flow was observed in the peripheral region during
ischemia in the hypoxic preconditioned group of WT
mice. In contrast, in HDC-KO and «-FMH-treated WT
mice, hypoxic preconditioning aggravated the reduc-
tion in peripheral CBF by 42.5 and 40.5% of the
control groups, respectively (Figure 4B).

Effect of Hypoxia on Histamine Content and Histidine
Decarboxylase Activity in the Cerebral Cortex of
Wild-Type Mice

After hypoxia, the cortex of WT mice was isolated for
HPLC determination of histamine concentration and
HDC activity. The histamine levels after 2, 3, and
4 hours of hypoxia were 69.3, 65.5, and 66.6% (all
P<0.05) of the control group, respectively (Figure
5A). Histidine decarboxylase activity in the control
group was 156.00 £ 21.51 fmol/min per mg protein.
Three hours of hypoxia significantly increased HDC

activity (236.1* 14.68 fmol/min per mg protein,
P<0.0.5, Figure 5B). In addition, HDC mRNA of the
hypothalamus where histamine-producing neurons
are located after 3hours of hypoxia was not sig-
nificantly changed compared with the control group
(Figure 5C).

Vascular Endothelial Growth Factor is Induced by
Hypoxic Preconditioning in Wild-Type but Not in
Histidine Decarboxylase Knockout Mice

Both WT and HDC-KO mice were exposed to 8% O,
for 3hours. After various times of reoxygenation
in normal air, the cerebral cortex was collected for
analysis of VEGF mRNA and protein. Real-time
PCR analysis showed upregulated expression of
VEGF mRNA (including VEGF165, VEGF121, and
VEGF140 isoforms) after 3hours of hypoxia
(P<0.05), which then rapidly decreased to baseline
after 3 hours of reoxygenation in both WT and HDC-
KO mice (Figure 6A). However, the VEGF mRNA
level in WT mice (6.59+1.46-fold control WT,
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Figure 4 Effect of hypoxic preconditioning (HPC; 3 hours, 8%
0.) on cerebral blood flow (CBF) during transient MCAO in wild-
type (WT) mice treated with or without «-FMH and histidine
decarboxylase knockout (HDC-KO) mice. a-FMH (25 mg/kg) was
injected intraperitoneally 3 hours before hypoxic preconditioning.
CBF was measured in (A) the core and (B) the periphery of
the MCA territory before, during, and after MCAO. CBF was
expressed as a percentage of the value before MCAO. Values
show mean+s.e.m. (Panel A) n = 8 to 12 for each group; (panel
B) n =8 to 9 for each group; *P <0.05, **P < 0.01. a-FMH,
a-fluoromethylhistidine; MCAO, middle cerebral artery occlusion.

P<0.05) was higher than that in HDC-KO mice
(3.08 £ 0.77-fold control WT, P<0.05) immediately
after hypoxia (P<0.05). Otherwise, the cortex of both
WT and HDC-KO mice not exposed to hypoxia
showed similar levels of VEGF mRNA, indicating
that histamine is not required for the constitutive
expression of VEGF in the cortex under normal
physiologic conditions. Similarly, VEGF protein
expression (VEGF165 isoform) in WT mice increased
at as early as 3 hours of hypoxia (P<0.01), remained
upregulated after 8 hours of reoxygenation (P<0.01),
and then normalized after 24 hours of reoxygenation.
Interestingly, in HDC-KO- and o-FMH-treated WT
mice, no significant increase in the VEGF protein
occurred at various times of reoxygenation (Figures
6C and 6D). In addition, erythropoietin, which has
also been found to be a key mediator in hypoxic
preconditioning, responded similarly in both HDC-
KO and WT mice (Figure 6B).

Effect of VEGFR2 Antagonist SU1498 on
Neuroprotection Induced by Hypoxic Preconditioning

The VEGFR2 antagonist SU1498 or vehicle was
administered intracerebroventricularly 30minutes
before hypoxic preconditioning, followed by two
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Figure 5 Effect of hypoxic preconditioning (HPC, 8% 0,) on
histamine levels and histidine decarboxylase (HDC) activity of
the cortex and HDC mRNA expression of the hypothalamus in
wild-type mice. (A) Histamine levels in the cortex were assayed
at 2, 3, and 4 hours of hypoxia. (B) HDC activity in the cortex
and (C) HDC mRNA expression of the hypothalamus were
assayed at 3 hours of hypoxia. Values show mean+s.e.m.n =4
to 6 for each group; *P < 0.05 versus control group.
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infusions (with an interval of 12hours). SU1498
prevented the protective effect of hypoxic precondi-
tioning in infarct volume in WT mice having
transient focal cerebral ischemia (P<0.05; Figure 7A).
It reversed the improved peripheral CBF induced by
hypoxic preconditioning (P<0.05; Figure 7B). In
addition, SU1498 alone had no effect on infarct
volume in the absence of hypoxic preconditioning
(infarct volume: vehicle group, 26.02% +6.18%,
n=4; SU1498-treated group, 26.55% + 5.55%, n=5).

Discussion

In this study, we showed for the first time that
histamine is involved in hypoxia-induced ischemia
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Figure 6 Effect of hypoxic preconditioning (3 hours, 8% O,) on expression of VEGF mRNA and protein in wild-type (WT) and
histidine decarboxylase knockout (HDC-KO) mice. (A) VEGF mRNA expression, (B) erythropoietin mRNA expression, and (C) VEGF
protein expression in the cerebral cortex of WT and HDC-KO mice at O, 3, 8, and 24 hours after reoxygenation. (D) VEGF protein
expression in the cerebral cortex of WT mice treated with or without «-FMH (25 mg/kg, intraperitoneally) at O and 8 hours after
reoxygenation. Values show mean £s.e.m. n =5 to 6 for each group; *P < 0.05 and **P < 0.01. «-FMH, «-fluoromethylhistidine;

R, reoxygenation; VEGF, vascular endothelial growth factor.

tolerance in the adult brain. Three hours of hypoxic
preconditioning performed 48 hours before transient
MCAQO afforded a significantly better outcome in WT
mice, as shown by remarkable reductions in infarct
volume and neurologic deficit. This result is in
agreement with Miller et al (2001), and in their
experiment, animals were exposed to 2hours of
hypoxia (11% O,) 48 hours before transient MCAO.
However, in HDC-KO mice which chronically lack
histamine, the protection induced by hypoxic pre-
conditioning completely disappeared, and hypoxic
preconditioning combined with histamine produced
neuroprotection in HDC-KO mice. The infused
histamine exerted in the central nervous system but
not in the peripheral system, because histamine
cannot cross the blood-brain barrier and 3 hours of
hypoxic preconditioning combined with histamine
treatment did not obviously influence the perme-
ability of the blood-brain barrier in HDC-KO mice
(data not shown). Alpha-FMH is a specific and
irreversible inhibitor of HDC, and a single adminis-
tration decreases the histamine content in the
neuronal pool only, without affecting nonneuronal
sources in the brain (Garbarg et al, 1980). Indeed,

«-FMH also clearly reversed the neuroprotection
induced by hypoxic preconditioning in our experi-
ments. These data show that endogenous histamine
is an important mediator in hypoxia-induced toler-
ance to stroke in adult mice. Furthermore, we found
that histamine content significantly decreased in the
cortex of WT mice at 2, 3, and 4 hours of hypoxia,
and that HDC activity increased at 3hours of
hypoxia, which indicates that hypoxia increased
the release of histamine in the mouse cortex (It must
be noted that as extracellular histamine is rapidly
degraded, massive release results in the depletion of
intracellular histamine.) Taken together, our results
support the hypothesis that an increase in histamine
release resulting from activation of histaminergic
neurons is necessary for the induction of hypoxic
preconditioning.

In our preconditioning paradigm, hypoxia (8% O,)
produced a bell-shaped curve for protection against
a transient MCAO, having a peak at 3 hours. A longer
period of hypoxia (4hours) did not result in
significant protection, although this did induce a
release of histamine comparable with hypoxia for
2 or 3hours. Prass et al (2003) reported similar

311

Journal of Cerebral Blood Flow & Metabolism (2011) 31, 305-314



Histamine in hypoxic preconditioning

Y-y Fan et al
312
A IR S
A R
30 -
T =3 Vehicle
g N Vehicle + HPC
E 20 4 = SU 1498 + HPC
-
E ) i
0
100 +
B 3 Vehicle
" * R Vehicle + HPC
3_ 1 - = SU 1498 + HPC
I~
& 254
0
ischemia

Reperfusion

Figure 7 Effect of hypoxic preconditioning (HPC; 8% O,) on
transient MCAO-induced injury in wild-type mice treated with
VEGFR2/FIkl antagonist SU1498. Forty-eight hours after
3 hours of hypoxic preconditioning or normoxia, MCAO was
induced for 30 minutes. (A) SU1498 (250 ng/2 ulL per 12 h per
animal for 3 injections; the first injection was administered
30 minutes before hypoxia) was administered intracerebroven-
tricularly with hypoxic preconditioning in wild-type mice, and the
infarct volume was determined 24 hours after MCAO. (B) CBF
was measured in the peripheral region of the MCA territory
before, during and after MCAO. CBF was expressed as a
percentage of the value before MCAO. Values show mean+
s.e.m. n=>5 to 8 for each group; *P < 0.05, **P < 0.01. CBF,
cerebral blood flow; MCAO, middle cerebral artery occlusion;
VEGFR, vascular endothelial growth factor receptor.

results which showed a peak at 5hours, whereas a
longer period (6 hours) induced severe damage in the
CA1 region. It is still unknown why the protection
disappears with time. This is not likely to be related
to the glutamate excitotoxicity induced by hypoxia,
because the glutamate content after 4hours of
hypoxia was not significantly changed from that of
the control group (data not shown), and glutamate in
synaptic terminals is not reduced by hypoxia in rat
hippocampal slices (Madl and Royer, 1999). Other
factors, such as hypotension (Prass et al, 2003) and
hypocapnia induced by hypoxia may be of relevance,
because hypocapnia with hypotension causes hip-
pocampal neuronal death (Ohyu et al, 2000), and
hypocapnia activates caspase-3 to induce apoptosis
(Xie et al, 2004). The narrow effective range for the
duration of hypoxic preconditioning greatly restricts
its direct clinical application. Therefore, aiming at
effective targets in the protection process will be
more productive. In our system, the release of
histamine maintains a stable level during hypoxia,
and histamine is a known neuroprotective factor.
Thus, regulating histaminergic neuronal activity to
maintain a specific level of histamine may be more
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controllable and safer against stroke, without the
side effects of overlong hypoxia.

In the search for mechanisms involved in the effect
of histamine on hypoxic preconditioning, we found
that hypoxia-induced VEGF mRNA expression was
higher in the cerebral cortex of WT mice than HDC-
KO mice, and that VEGF165 protein expression was
induced by hypoxia in WT mice but not in HDC-KO
or o-FMH-treated WT mice, which strongly indicates
that the lack of histamine can inhibit VEGF expres-
sion induced by hypoxia. Vascular endothelial
growth factor protects the brain against ischemia
and is involved in the establishment of hypoxic
preconditioning (Bernaudin et al, 2002; Laudenbach
et al, 2007; Wick et al, 2002). Bernaudin et al (2002)
reported that hypoxia induces tolerance to cerebral
ischemia in association with increased expression
of VEGF in the adult mouse brain. Neuroprotection
induced by hypoxic exposure is diminished by
administration of the anti-VEGFR2/Flk1 blocking
antibody or by the use of mutant mice lacking the
hormone response element of the VEGF gene
promoter in newborn mice (Laudenbach et al,
2007). Histamine enhances VEGF production in the
granulation tissue and in cyclooxygenase-2-positive
HT29 and Caco-2 cells through the H. receptor
(Cianchi et al, 2005; Ghosh et al, 2001, 2002). We
also found that endogenous histamine induced
the expression of VEGF mRNA and protein in the
cerebral cortex on exposure to hypoxia. Furthermore,
SU1498, a VEGFR2/Flk1 antagonist, inhibited the
neuroprotection induced by hypoxic precondition-
ing in WT mice. As histamine is proved to be
involved in hypoxic preconditioning-induced neu-
roprotection in this study, it is likely that the robust
neuroprotection is established by VEGF production
induced by histamine release.

In WT mice, the expression of hypoxia-inducible
factor-1a, which is a main transcription factor
involved in the induction of VEGF (Bernaudin
et al, 2002), was higher than that in HDC-KO mice
immediately after hypoxia, and «-FMH also inhibited
hypoxia-inducible factor-1z production induced by
hypoxia (Supplementary Figure 1). Hypoxia (O, tension
<0.2%) can increase HDC mRNA expression by induc-
tion of hypoxia-inducible factor-1a (Jeong et al, 2009).
However, in our present system, HDC mRNA level
of the hypothalamus, where histamine-producing
neurons are located, was not significantly changed
after hypoxia. This conflict may be attributed to
different hypoxic conditions, because O, tension
<0.2% is much severer than 8% O,. These results at
least imply that histamine mediated VEGF expression
in hypoxia likely through regulating hypoxia-inducible
factor-1« expression. In addition, erythropoietin has
also been found to be a key mediator in hypoxic
preconditioning (Prass et al, 2003). In this study, in
HDC-KO mice, erythropoietin response was similar
to that measured in WT mice. It suggests that erythro-
poietin may be not involved in histamine induced-
protection in hypoxic preconditioning. As the exogenous



treatment of recombinant human erythropoietin
increases brain levels of VEGF after stroke (Wang
et al, 2004), erythropoietin may also be involved in
hypoxic preconditioning-induced VEGF production
beside histamine.

Vascular endothelial growth factor itself has a
direct neuroprotective effect on neurons. Vascular
endothelial growth factor protects cultured hippo-
campal neurons and several neuronal cell lines
against cell death induced by ischemia or excitotoxic
stimuli through the VEGFR2/phosphoinositide 3-
kinase/Akt and VEGFR2/MEK/ERK signaling path-
ways (Jin et al, 2000; Matsuzaki et al, 2001; Qiu et al,
2003). In cultured cerebellar granule neuromns,
hypoxia-induced tolerance also depends on VEGF/
VEGFR2 activation and Akt phosphorylation (Wick
et al, 2002). However, once the dose of VEGF exceeds
the limit, adverse effects of VEGF might surpass the
neuroprotective effects and deteriorate neuronal survival
and function in vivo and in vitro (Laudenbach et al,
2007; Manoonkitiwongsa et al, 2004; Yasuhara et al,
2005). Interestingly, we also found that 3 hours of
hypoxia (8% O,) induced a moderate upregulation
(34%) of the VEGF protein in WT mice. These
results indicate the importance of maintaining
VEGEF levels in a suitable range for neuroprotection
against ischemia, and that low levels of VEGF
expression in response to mild hypoxia may be
necessary for neuroprotection. A moderate regulator
of VEGF such as histamine may be safer for the
treatment of stroke.

In addition, an increase in CBF is considered to
contribute to protection against brain ischemia. Our
previous study has shown that histamine elicits an
increase in CBF in the rat hippocampus through both
the postsynaptic H1, H2 receptors and the presynap-
tic H3 receptor (Chen, 2001; Suzuki et al, 1999).
Therefore, we measured CBF in the core and
peripheral regions of the MCA territory. Although
CBF in the core region showed no significant
difference among the groups, hypoxic precondition-
ing elevated CBF in the peripheral region of WT
mice. In HDC-KO mice or WT mice treated with
o-FMH, hypoxic preconditioning aggravated the
reduced CBF in the peripheral region during ische-
mia compared with nonpreconditioned animals,
whereas histamine administered in HDC-KO mice
reversed the decreased peripheral CBF after hypoxic
preconditioning (data not shown). These data sug-
gest that histamine mediates the enhanced CBF
produced by hypoxia preconditioning. Besides the
direct vasodilation effect of histamine, VEGF may be
another mechanism conferring increased CBF. Vas-
cular endothelial growth factor is a regulator of CBF
by inducing nitric oxide production or enhancing
angiogenesis (Vogel et al, 2003; Zhang et al, 2000). It
was interesting to find that SU1498 reversed the
increased peripheral CBF induced by hypoxic pre-
conditioning in WT mice, and histamine elevated
VEGF expression in this study or in other reports
(Ghosh et al, 2001, 2002), suggesting that histamine
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release induced by hypoxic preconditioning might
also improve peripheral CBF in ischemia partly
through the VEGF/VEGFR2/Flk1 pathway.

In conclusion, this study indicates that endogen-
ous histamine has an essential role in hypoxia-
induced ischemic tolerance in brain. The beneficial
effects of histamine in hypoxic preconditioning may
occur through upregulating VEGF expression.
Further studies will need to be conducted to under-
stand the mechanisms of action of histamine in
hypoxic preconditioning that lead to protection of
the brain against ischemia and neurodegenerative
disorders.
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Recently, we showed that carnosine protects against NMDA-induced excitotoxicity in differentiated PC12
cells through a histaminergic pathway. However, whether the protective effect of the carnosine metabolic
pathway also occurs in ischemic brain is unknown. Utilizing the model of permanent middle cerebral artery
occlusion (pMCAO) in mice, we found that carnosine significantly improved neurological function and
decreased infarct size in both histidine decarboxylase knockout and the corresponding wild-type mice to the
same extent. Carnosine decreased the glutamate levels and preserved the expression of glutamate
transporter-1 (GLT-1) but not the glutamate/aspartate transporter in astrocytes exposed to ischemia in vivo
and in vitro. It suppressed the dissipation of A¥,, and generation of mitochondrial reactive oxygen species
(ROS) induced by oxygen-glucose deprivation in astrocytes. Furthermore, carnosine also decreased the
mitochondrial ROS and reversed the decrease in GLT-1 induced by rotenone. These findings are the first to
demonstrate that the mechanism of carnosine action in pMCAO may not be mediated by the histaminergic
pathway, but by reducing glutamate excitotoxicity through the effective regulation of the expression of GLT-
1 in astrocytes due to improved mitochondrial function. Thus, our study reveals a novel antiexcitotoxic agent

in ischemic injury.

© 2009 Elsevier Inc. All rights reserved.

Ischemic stroke is the leading cause of neurological disability in
adults and the second most common cause of death worldwide.
Stroke is a complex insult, and glutamate excitotoxicity is one of the
major underlying mechanisms [1,2]. Historically, research on stroke
has mainly focused on neurons. However, multiple-target strategies
for neuroprotection are emerging, and astrocytes, because of their
diverse and significant roles, especially in glutamatergic signaling in
stroke, have become a focus of attention [3].

Accumulating evidence demonstrates that histaminergic neuro-
transmission plays an important role in brain ischemia. Histamine or
the H, receptor agonist, dimaprit, suppresses the neuronal degener-
ation after ischemia [4]. Inhibition of histamine signaling by o-
fluoromethylhistidine (-FMH) aggravates cerebral ischemic injury
induced by 10 min of four-vessel occlusion in rats [5]. The H; receptor
antagonist clobenpropit protects against NMDA-induced necrosis in
cultured cortical neurons [6]. Therefore, it is likely that certain specific
histaminergic compounds have potential clinical uses in preventing
and treating ischemic stroke. However, histamine cannot cross the
blood-brain barrier and it is involved in brain inflammation [7].
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Carnosine (R-alanyl-L-histidine) is a naturally occurring dipeptide
that is highly expressed in the central nervous system and can easily
enter the brain from the periphery [8]. It has been assigned many
putative roles, such as anti-inflammatory agent, free radical scaven-
ger, and mobile organic pH buffer [9,10]. Carnosine protects against
acute renal failure induced by ischemia/reperfusion in rats and
NMDA-induced excitotoxic injury in differentiated PC12 cells through
its conversion to histidine and histamine [11].

In addition, carnosine suppresses the extracellular glutamate level
increase in excitotoxic insult in differentiated PC12 cells [12]. It also
reverses the glutamate increase induced by morphine in the ventral
tegmental area [13]. Recently, a line of study demonstrated that
astrocytes, which take up carnosine, play an important role in
maintaining low extracellular glutamate levels and eliminating and
recycling glutamate in brain. Astrocytic glutamate transporter-1
(GLT-1) and glutamate/aspartate transporter (GLAST) are the
primary controllers of extracellular glutamate levels in brain [14],
and inhibition of GLT-1 and/or GLAST with pharmacological blockers
or antisense oligonucleotides or by transgenic knockout elevates
extracellular glutamate levels and induces neuronal death [3,15-17].
However, few reports have demonstrated significant relations
between brain carnosine, histamine, and astrocyte-mediated gluta-
matergic signaling in ischemic stroke.
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Therefore, in this study, we asked whether the action of carnosine on
ischemic stroke involves the histaminergic pathway or other mechan-
isms. We took advantage of the histidine decarboxylase knockout (HDC-
KO) mouse, in which carnosine cannot be converted to histamine, to
explore the role of carnosine in permanent middle cerebral artery
occlusion (pMCAO) and the mechanisms involved in this action.

Materials and methods
Focal cerebral ischemia and drug treatment

All experiments using animals were performed in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Wild-type (WT) and HDC-KO male mice (C57BL/6
strain) weighing 22-30 g were used [18]. The HDC-KO mice were
kindly provided by Professor Ohtsu. Focal cerebral ischemia was
induced by pMCAO as previously described [19]. Mice were kept
under sodium pentobarbital (60 mg/kg) anesthesia during the entire
procedure and the rectal temperature was kept between 36.5 and
37.5°C using a Thermistor-controlled heated blanket. A 6-0 nylon
monofilament suture, blunted at the tip and coated with 1% poly-L-
lysine, was inserted into the right internal carotid artery and advanced
until slight resistance was felt and a reduction in regional cerebral
blood flow (rCBF) was seen. The rCBF, measured by a Perimed Periflux
System 5000 laser Doppler perfusion monitor, dropped to 14.54 0.6,
16.24+0.6,16.7+0.6, 15.7+0.5, and 17.7 4+ 0.6 from 100% (baseline)
soon after the onset of ischemia in the WT, WT + carnosine, WT + o~
FMH + carnosine, KO, and KO + carnosine groups, respectively, and
remained at that level throughout the occlusion period. Animals with
less than 80% reduction in cerebral blood flow were excluded. The
incision site was then closed and the animal was allowed to recover
from anesthesia. Sham-operated mice were subjected to all steps
described except for occlusion of the artery. Systolic blood pressure
and heart rate were measured by a noninvasive tail cuff (ML 125;
ADInstruments, Shanghai, China) connected to a PowerLab system.
Arterial pO,, pCO,, and pH were monitored using an ABL700
radiometer (Leidu, Denmark).

Carnosine (Sigma) was dissolved in 9 g/L sterile saline (100 mg/ml)
and administered by intraperitoneal injection. Saline or 250, 500, or

Table 1

Carnosine (750 mg/kg) was administered intraperitoneally 30 min before ischemia. a-FMH (25 mg/kg) was injected intraperitoneally 3 h before carnosine administration in WT

mice. Values are means + SEM; n=3-5 mice in each group.

Effects of carnosine and a-FMH on physiological parameters before and after pMCAO in mice

750 mg/kg carnosine was administered 30 min before ischemia. o~
FMH (25 mg/kg; Merck Sharp & Dohme Research Laboratory, Rahway,
NJ, USA) was injected intraperitoneally 3 h before carnosine adminis-
tration in WT mice.

Neurological deficit scoring

Neurological deficit scores were evaluated 24 h after pMCAQ, as
described by Longa et al. [20]: 0, no deficit; 1, flexion of contralateral
forelimb upon lifting of the whole animal by the tail; 2, circling to the
contralateral side; 3, falling to the contralateral side; and 4, no
spontaneous motor activity. Those mice that had an occlusion but did
not show neurological deficits were excluded.

Evaluation of infarct volume

Animals were killed 24 h after ischemia. The brains were quickly
removed, sectioned coronally at 2-mm intervals, and stained by
immersion in the vital dye 2,3,5-triphenyltetrazolium hydrochloride
(TTC; 0.25%) at 37°C for 30 min. The extent of the normal and infarcted
areas was determined from digital images using Image] software. To
compensate for the effect of brain edema, corrected infarct volumes
were calculated as described by Chu et al. with slight modification:
corrected infarct area = contralateral hemisphere area — (ipsilateral
hemisphere area — measured infarct area) [21]. The infarct volume
was calculated by summing the infarction areas of all sections and
multiplying by slice thickness. The percentage of the corrected infarct
was calculated by dividing the infarct volume by the total contralateral
hemispheric volume, and this ratio was then multiplied by 100.

Primary cortical astrocyte cultures

Primary cortical astrocyte cultures were prepared from postnatal
day 1-3 Sprague-Dawley rats as described previously [22]. Briefly, the
cerebral cortices were digested with 0.25% trypsin for 20 min at 37°C,
and then the dissociated cells were seeded onto poly-p-lysine-coated
75-cm? flasks. Cells were cultured in high-glucose DMEM (Gibco,
USA) supplemented with 10% fetal bovine serum, 2 mM glutamine,
100 units/ml penicillin, and 100 mg/ml streptomycin. The cultures
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were maintained at 37°C under >90% humidity and 5% CO,. The
medium was changed every 2-3 days until cells reached confluence.
On days 10-14, the confluent cultures were shaken overnight to
minimize microglia contamination. The remaining astrocyte mono-
layers were trypsinized and replated at a density of 2.5 x 10 cells/cm?
onto 24- or 96-well plates or culture flasks. More than 95% of the
cultured cells were astrocytes as identified by immunofluorescent
staining for GFAP.

Oxygen-glucose deprivation and agent treatment

Oxygen-glucose deprivation (OGD) was performed as we
previously described [23]. Briefly, astrocytes were washed twice
and incubated in glucose-free DMEM (Gibco). Then the cultures
were transferred into an anaerobic chamber filled with a gas
mixture of 95% N,/5% CO, at 37°C. In each experiment, cultures
exposed to OGD were compared with normoxic controls supplied
with DMEM containing glucose and maintained under standard
incubation conditions. Cultures were treated with 5 mM carnosine
for 30 min before OGD and it was present throughout the OGD
process.
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Fig. 1. Effects of carnosine and a-FMH on neurological function and infarct size in HDC-
KO and WT mice at 24 h post-pMCAO. A single dose of carnosine administered
intraperitoneally 30 min before ischemia (A) improved neurological function and (B)
reduced infarct size in both HDC-KO and WT mice. a-FMH (25 mg/kg) injected
intraperitoneally 3 h before carnosine did not reverse the protective action of carnosine
on neurological function (A) or infarct size (B) in WT mice. Values show means + SEM.
N=69; *P<0.05 and **P<0.01, compared with saline group in WT mice; ¥P<0.05 and
##p<0.01, compared with saline group in HDC-KO mice.
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Fig. 2. Effects of carnosine on glutamate levels in ischemia in vivo and in vitro. (A)
Carnosine (750 mg/kg) decreased glutamate content in the peri-infarct region in WT
mice at 24 h post-pMCAO (N=18). (B) Carnosine (5 mM) pretreatment for 0.5 or
18 h attenuated the increase in extracellular glutamate induced by OGD for 6 h in
cultured cortical astrocytes. Values show means+SEM. %P<0.05, compared with
MCAO group; **P<0.01, compared with control group; **P<0.01, compared with
OGD group.

Neurochemical analysis of glutamate concentration

Mice were killed 24 h after pMCAO or sham operation, the brain
was quickly removed, and the peri-infarct region in the ipsilateral
cortex was dissected out and stored at —70°C until assay. In culture,
samples of incubation solution were collected after OGD for 4 or 6 h,
times at which no necrotic cell death was identified by propidium
iodide (Molecular Probes, Eugene, OR, USA) staining. Analysis of
glutamate in each sample was performed by high-performance
liquid chromatography [24]. All of the equipment was from ESA
(Chelmsford, MA, USA). After reacting with the derivate o-phtha-
laldehyde, analysates were separated on a reversed-phase column
(3 um, 3x50 mm, Capcell Pak MG C18 column; Shiseido, Japan). A
two-component gradient elution system was used, with component
A of the mobile phase being 100 mM Na,HPO,4, 13% acetonitrile, and
22% methanol, pH 6.8, and component B being the same as A except
with 5.6% acetonitrile and 9.4% methanol. A gradient elution profile
was used as follows: 0-3.5 min, isocratic 100% B; 3.5-20 min, linear
ramp to 0% B; 20-22 min, isocratic 0% B; 22-23 min, linear ramp to
100% B; 23-30 min, isocratic 100% B. The temperature of the column
was maintained at 38°C. The flow rate was set to 0.75 ml/min. The
first cell was set at 250 mV, whereas the second cell was set at
550 mV.
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Western blot analysis

Mice were killed 2 or 24 h after pMCAO or sham operation, the
brain was quickly removed, and the peri-infarct region in the
ipsilateral cortex was dissected out and lysed (Cell and Tissue
Protein Extraction Solution; Kangchen). In culture, astrocytes were
lysed after OGD for 6 h. Protein samples were separated by 12% SDS—
polyacrylamide gel and then electrotransferred onto a nitrocellulose
membrane. After being blocked with 5% fat-free milk, the membranes
were incubated with goat polyclonal antibodies against GLAST and
GLT-1 (1:50; Santa Cruz Biotechnology) and mouse monoclonal
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antibody against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:5000; Kangchen) at 4°C overnight. After repeated
washes, the membranes were reacted with IRDye 800 anti-goat
molecular probe (Odyssey; LI-COR) and IRDye 700 anti-mouse
molecular probe (Odyssey; LI-COR) for 2 h. Images were acquired
with the Odyssey infrared imaging system (Odyssey; LI-COR) and
analyzed by the software program as specified in the Odyssey
software manual. The results of expression were represented as the
GLAST/GAPDH or GLT-1/GAPDH ratio and then were normalized to
the values measured in the sham or control groups in vivo and in
vitro, respectively (presented as 100%).
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reverse the protective action of carnosine in WT mice. These data
demonstrated that carnosine has the same protective effect against
ischemic injury whether or not mice lack histidine decarboxylase. In
our previous study [12], we found that preincubation with carnosine
caused a time-dependent synthesis of histamine and exerted maximal
neuroprotection after preincubation for 18 h, when the histamine
content reached the peak value in differentiated PC12 cells. However,
in the present study, carnosine pretreatment for 0.5 or 18 h inhibited
the extracellular glutamate level increase in astrocytes induced by
OGD, to the same extent. This further confirms that the protective
action of carnosine may not involve the carnosine-histidine-
histamine metabolic pathway.

Previous studies showed a threefold increase in extracellular
glutamate in the penumbra after 2 h of focal ischemia, which remains
for several hours, and given a long enough permanent insult, both
core and penumbra become infarcted and neuronal death occurs in
the peri-infarct region [28]. Thus, it seems clinically meaningful to
decrease the glutamate excitotoxicity and rescue the neurons in the
peri-infarct region. Interestingly, we found that pretreatment with
carnosine was capable of decreasing glutamate levels in the peri-
infarct region 24 h post-pMCAO. Furthermore, we found that OGD for
6 h markedly increased extracellular glutamate levels in cultured
cortical astrocytes, whereas carnosine significantly decreased the
levels. But the question remained of how carnosine regulates
glutamate levels. Because astrocytes are known to play an important
role in glutamate uptake by GLT-1 and GLAST to limit excitotoxic
injury of neighboring neurons [3], we further determined the effects
of ischemia and carnosine on the expression of GLT-1 and GLAST. As
shown in Fig. 3, we found that the expression of GLT-1 in cortical
astrocytes was significantly decreased after pMCAO and OGD, but the
expression of GLAST did not change appreciably. We do not know why
only GLT-1 and not GLAST participates in this process. It may be
because of their different distributions in the brain; for example, GLT-
1is predominantly localized in the cortex, whereas GLAST is mainly in
the cerebellum [3]. Rao et al. also reported that transient MCAO leads
to a delayed down-regulation of GLT-1, but not GLAST expression, in
ischemic cortex [29]. So these data strongly suggest that cortical
neurotoxicity induced by excessive extracellular glutamate may be

mediated by GLT-1, but not GLAST. Furthermore, we found that
pretreatment with carnosine increased the GLT-1 levels in astrocytes
in the peri-infarct region 24 h post-pMCAO or in cultured astrocytes
under OGD for 6 h, whereas it had no appreciable effect on GLAST. It is
likely that carnosine acts by preserving the expression of GLT-1 in
cortical astrocytes to regulate the uptake of extracellular glutamate
and provide a much healthier environment for neuronal survival.
However, we cannot rule out the possibility that carnosine also
inhibits or delays the reversed operation of GLT-1 in brain ischemia,
because GLT-1 can also run backward and release glutamate under
severe ischemic conditions [30]. Further studies are required to
resolve this point.

So far, the mechanisms of inhibiting GLT-1 expression in ischemic
brain are obscure. Recently, Ouyang et al. [31] reported that
mitochondrial dysfunction inhibits GLT-1 expression and leads to
neurodegeneration after transient forebrain ischemia. It is proposed
that mitochondrial dysfunction decreases the expression of cortical
GLT-1 and then increases glutaminergic neurotoxic injury in ischemic
brain. Here, we found that OGD markedly increased mitochondrial
ROS and decreased AV, in cultured astrocytes, whereas expression of
GLT-1 was significantly suppressed. Thus, our data provide further
evidence that oxidative stress inhibits GLT-1 expression. In addition,
we found that carnosine reversed the down-regulation of GLT-1
expression induced by OGD, as well as suppressing the increase in
mitochondrial ROS and reversing the decrease in A¥,, in cultured
astrocytes. We further exposed the cortical astrocytes to carnosine
and rotenone and found that carnosine reversed the increase in ROS
generation and decrease in GLT-1 expression induced by rotenone.
Thus, these data indicate that the carnosine action on GLT-1 is
probably attributable at least in part to its action on mitochondrial
function, including suppression of mitochondrial ROS generation and
AV, dissipation in astrocytes (Fig. 6). Our results are consistent with
previous reports that carnosine protects PC12 cells from OGD-induced
injury and protect rats, mice, and gerbils from damage induced by
global ischemia or pMCAO, and such effects are partially due to the
antioxidant activity [32-36]. However, contradictory results show
that carnosine protects against excitotoxic cell death induced by
kainate and NMDA in cerebellar granule cell neurons independent of

Astrocyte

Fig. 6. Schematic showing hypothesized mechanisms underlying the carnosine action on cerebral ischemic excitotoxicity. Ischemia first induces mitochondrial ROS generation and
dissipation of the AW, in cortical astrocytes, which leads to oxidative damage of GLT-1 on the astrocyte membrane and then increase of extracellular glutamate level. Carnosine
suppresses the mitochondrial ROS generation and AV, dissipation and therefore alleviates the oxidative damage of GLT-1 and prevents glutamatergic excitotoxicity in ischemic

brain.
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its antioxidant effects [37]. These contradictory results are probably
due to the different cell types and different types of insult in vitro and
in vivo.

In conclusion, this study shows for the first time that carnosine
is neuroprotective in pMCAO in HDC-KO and WT mice. And its
action may not involve the carnosine-histidine-histamine meta-
bolic pathway, but may work by reducing glutamate excitotoxicity
by reversing the GLT-1 decrease in astrocytes induced by ischemia.
These data suggest that carnosine may be a regulator of the astro-
cytic glutamate transporter to make it function optimally during
ischemic stroke.
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Abstract: The irritancy of Nickel (Ni) ions has been well
documented clinically. However, the chemical mediators
involved in the acute inflammation induced by solid Ni are
not fully understood. We used the Ni wire-implantation
model in mice and examined roles of prostaglandins and
histamine in plasma leakage in the acute phase. The subcu-
taneous implantation of a Ni wire into the back of mice
induced plasma leakage from 8 to 24 h and tissue necrosis
around the wire at 3 days, whereas the implantation of an
aluminum wire induced no such inflammatory responses.
An increase in the mRNA for cyclooxygenase (COX)-2 and
HDC in cells around the Ni wire was detected 4 h after the
implantation. The leakage of plasma at 8 h was inhibited by
indomethacin in a dose-dependent manner. Dexamethasone

and the p38 MAP kinase inhibitor SB203580 also inhibited
the exudation of plasma consistent with the inhibition of the
expression of COX-2 mRNA. Furthermore, plasma leakage
was partially but siginificantly reduced in histamine H1 re-
ceptor knockout mice and histidine decarboxylase (HDC)
knockout mice but not in H2 receptor knockout mice. These
results suggested that the Ni ions released from the wire
induced the expression of COX-2 and HDC, resulting in an
increase in vascular permeability during the acute phase of
inflammation. © 2009 Wiley Periodicals, Inc. ] Biomed Mater
Res 93A: 13061311, 2010

Key words: Ni; inflammation; vascular permeability; pros-
taglandin; histamine

INTRODUCTION

Since nickel (Ni) has especially high irritancy and
allergenicity among metals,' nickel (Ni) ions released
from accessories, coins, and biomaterials can cause
local inflammation and allergies.>* Ni in alloys
attached to skin or implanted in the body is eluted
in sweat or tissue fluid. The Ni ions form complexes
with proteins such as serum albumin and membrane
proteins on the surface of cells” and induce a
delayed-type hypersensitivity reaction.*® However,
in contrast with such immunological responses, the
acute inflammation induced by the ions released
from solid Ni is not well understood.
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There are relatively few reports about animal
models of Ni-induced inflammation. A metal wire or
plate has been implanted into rats or guinea pigs to
evaluate the toxicity or safety of alloys used in sur-
gery and orthopedical procedures.** In the Ni wire-
implantation model in rats, Wataha et al. determined
the concentration of Ni ions by the laser-ablation
technique at 7 days and demonstrated that the distri-
bution of Ni in tissues correlated well with inflam-
mation.” However, the molecular mechanisms by
which solid Ni induces inflammation were not clari-
fied.

Prostaglandin (PG) E, and histamine are well-
known chemical mediators of inflammation. We
have reported roles for these mediators in models of
inflammation induced by carrageenin,'’ antigens,'"""?
and cotton thread.”® In human dermatitis caused by
Ni, an increase in the concentration of PGE2 in the
skin was observed." The biosynthesis of PGE2 is
regulated in three steps; (1) the release of arachi-
donic acid by phospholipase A2, (2) the conversion
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of arachidonic acid to PGH2 by cyclooxygenase
(COX), and (3) the conversion of PGH2 to PGE2 by
PGE synthase. COX-1 is constitutively expressed in
most tissues while the expression of COX-2 is
induced by inflammatory stimuli.’® Thus, the pro-
duction of PGs in inflamed tissues is mainly regu-
lated by the expression of COX-2. Histamine is, in
general, released by mast cells through IgE-mediated
stimulation by an antigen. In addition, a histamine-
producing enzyme, histidine decarboxylase (HDC),
is produced in inflammatory cells such as neutro-
phils and macrophages in the acute phase and
chronic phase of inflammation.*' IgE-independent
production is another source of histamine, along
with anaphylactic release from mast cells. Ni-sensi-
tized mice challenged with Ni ions showed an
increase in HDC activity in parallel with ear swel-
ling,"” indicating the histamine produced to also be
involved in vascular permeability. Thus the expression
of COX-2 and HDC are good markers of the produc-
tion of PGs and histamine at the inflamed sites.

In this study, we established a Ni wire-induced
inflammation model to clarify how solid Ni induces
inflammatory responses, and examined the involve-
ment of prostaglandins and histamine in the leakage
of plasma during acute inflammation.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice, specific pathogen free and
weighing 22-25 g, were purchased from Charles River.
Histamine H1 receptor knockout mice'® and H2 receptor
knockout mice,' backcrossed to C57BL/6 for six genera-
tions were provided by Prof. Watanabe at Kyushu Univer-
sity. HDC knockout mice*® were backcrossed to C57BL/6
for six generations. The mice were treated in accordance
with procedures approved by the Animal Ethics Commit-
tee of Tohoku University, Japan.

Implantation of metal wires

A Ni wire (99.35%, ¢ 0.8 mm), iron (Fe) wire (99.5%,
¢ 0.8 mm), Aluminum (Al) wire (99.99%, ¢ 0.8 mm), and
cobalt (Co) wire (99.99%, ¢ 0.5 mm) (Nilako, Tokyo, Japan)
were cut into length of 5 mm in length and sterilized with
dry heat at 160°C for 2 h. Mice were anesthetized and a
length of wire was implanted subcutaneously in the dor-
sum using a 13G implant needle (Natsume, Tokyo, Japan).

Macroscopic and histochemical analysis

Mice were sacrificed 0, 8, 24 h, or 3 days after the
implantation. The skin was removed for macroscopic
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observation. Tissue including skin, the cutaneous muscle
layer, and subcutaneous tissue on the wire was then
excised. The excised tissue was fixed in 10% (v/v) forma-
lin in PBS for 72 h at 4°C and processed for paraffin
embedding. The tissue sections (5 pm) were stained with
hematoxylin and eosin.

Quantitative analysis of plasma exudation

The mice were injected intravenously with 0.2 mL of a
0.5% (w/v) Evans blue solution via the tail at a specified
time. Thirty minutes after the injection, the mice were sac-
rificed and tissue (14 mm in diameter) including skin, the
cutaneous muscle layer, and subcutaneous tissue on the
wire was excised. The tissue was minced and soaked in
0.5 mL of extraction solution (Acetone: 0.5% Na,SO, solu-
tion = 7:3). After incubation for 24 h at room temperature,
each sample was centrifuged for 10 min at 1500 and 4°C
and the absorbance at 595 nm of the supernatant was
determined.

Drug administration

Dexamethasone (Sigma-Aldrich, St Louis, MO) and
indomethacin (Wako Pure Chemical Ind., Osaka, Japan)
were suspended in a 0.5% (w/v) sodium carboxymethyl-
cellulose solution. The mice were orally administered
dexamethasone (0.15 and 1.5 mg/kg) or indomethacin (1,
3, and 10 mg/kg) 3 or 1 h before the implantation of the
Ni wire, respectively. The p38 MAP kinase inhibitor
SB203580 (Calbiochem-Novabiochem, San Diego, CA) was
dissolved in DMSO, diluted in 100 pL of saline, and then
injected into the site of implantation of the Ni wire just af-
ter the implantation. Sham control mice received the same
amount of saline containing 1% DMSO.

Semi-quantitative analysis of COX-2 and HDC
mRNA at the inflamed site

Tissue (3 mm X 5 mm) including the skin, cutaneous
muscle layer, and subcutaneous tissues adjacent to the Ni
wire was excised 4 h or at the indicated time after the im-
plantation and frozen in liquid nitrogen. The tissue was
crushed into pieces using a SK mill (Tokken, Chiba,
Japan), and total RNA was prepared with a GenElute™
Mammalian Total RNA Kit (Sigma-Aldrich) according to
the manufacturer’s instructions. The yield of RNA
extracted was determined by spectrophotometry. The RNA
(0.3 pg) was reverse-transcribed at 37°C for 1 h by adding
50 ng of random primer (Invitrogen), 200 units of M-MLV
reverse transcriptase (Invitrogen), 10 nM deoxyribonucleo-
tide triphosphates (ANTP) (Takara, Otsu, Japan), 10 mM
dithiothreitol (Invitrogen), and 40 units of RNaseOUT™
(Invitrogen). The primers used were 5-TTG AAG ACC
AGG AGT ACA GC-3' (sense) and 5-GGT ACA GTT CCA
TGA CAT CG-3' (antisense) for COX-2, 5-GGA TCC AAG
ATC AGA TIT CTA CCT GTG GAC-3 (sense) and
5-GTC GAC GAC ATG TGC TTG AAG ATT CTT CAC-3
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(A) (B)
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Figure 1. Ni wire-induced inflammation in mice (A) A
Ni, Co, Fe, or Al wire was implanted subcutaneously in
the dorsum of C57BL/6 mice. The mice were sacrificed 3
days after the implantation, and the inflamed site was pho-
tographed. (B) A Ni wire was implanted subcutaneously
in the dorsum, and mice were sacrificed 0, 8, 24, and 72 h
later. Paraffin sections of the tissue surrounding the
implanted wire were prepared and stained with hematoxy-
lin and eosin. Scale bars indicated 100 pm. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

(antisense) for HDC, and 5-TGA TGA CAT CAA GAA
GGT GGT GGA-3' (sense) and 5-TCC TTG GAG GCC
ATG TAG GCC AT-3' (antisense) for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The PCR for COX-2
was performed for 34 cycles of 94°C for 0.5 min, 52°C for
0.5 min, and 72°C for 0.5 min, that for HDC for 30 cycles
of 94°C for 0.5 min, 56°C for 1 min, and 72°C for 2 min,
and that for GAPDH for 30 cycles of 94°C for 0.5 min,
57°C for 1 min, and 72°C for 2 min. The reaction mixture
(10 pL) was subjected to electrophoresis on a 2% agarose
gel, and visualized by ethidium bromide staining. The lev-
els of mRNA for COX-2, HDC and GAPDH were quanti-
fied by scanning densitometry.

RESULTS

A metal wire-induced inflammation in mice

A Nj, Co, Fe, or Al wire was implanted subcutane-
ously into the dorsum of C57BL/6 mice and the
response was observed 3 days later. The Ni wire
caused extreme inflammation but the Co, Fe, and Al
wires did not [Fig. 1(A)]. Edema and infiltration of
leukocytes were observed 8 h after the implantation,
and these responses were markedly increased at
24 h [Fig. 1(B)]. At 3 days, necrosis was observed
around the Ni wire [Fig. 1(B)].
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Ni wire-induced plasma exudation

The amount of Evans blue that leaked in a 30-min
period was determined 4, 8, and 24 h after the
implantation of the Ni or Al wire. A quantitative
analysis revealed that the Ni wire significantly
increased plasma leakage from 8 to 24 h (Fig. 2). In
contrast, the Al wire did not increase plasma leakage
during the experimental periods (Fig. 2).

Induction of COX-2 mRNA and HDC mRNA
expression by the Ni wire

To clarify whether prostaglandins and histamine
were produced following implantation of the Ni wire,
the expression of COX-2 mRNA and HDC mRNA
was examined. The level of COX-2 mRNA at 4 h was
significantly increased by the implantation of the Ni
wire but not by the Al wire [Fig. 3(A)]. The expression
of HDC mRNA was also detected 4 h after implanta-
tion of the Ni wire [Fig. 3(B)] but not 4 h after implan-
tation of the Al wire (data not shown).

Effect of anti-inflammatory drugs on the Ni
wire-induced plasma exudation

To clarify the involvement of COX-2 and prosta-
glandins in the leakage of plasma during the acute
phase of Ni-induced inflammation, the effects of the
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Figure 2. Plasma exudation induced by Ni and Al wires
A Ni or Al wire was implanted subcutaneously in the dor-
sum of mice. The animals were injected intravenously with
0.2 mL of a 0.5% (w/v) Evans blue solution 4, 8, or 24 h
after the implantation. Thirty minutes later, they were sac-
rificed and the skin was dissected. The Evans blue in the
tissue (diameter: 14 mm) was extracted and quantified by
colorimetric analysis. Values are means for three or four
mice with the SEM shown by vertical bars. Statistical sig-
nificance; *p < 0.05, **p < 0.01 vs. the sham operation
group at the corresponding time point, and *p < 0.05,

p < 0.01 vs. the Al wire implantation group at the corre-
sponding time point.
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Figure 3. Effects of the implantation on the expression of
COX-2 and HDC mRNA in tissue surrounding the wire A
Ni or Al wire was implanted subcutaneously in the dor-
sum of mice. Four hours later, the skin tissues (3 mm X 5
mm) including the cutaneous muscle layer and subcutane-
ous tissue adjacent to the wire were excised. Total RNA
was extracted from the excised tissue and the levels of
mRNA for COX-2 (A) and HDC (B) were determined by
RT-PCR. The level of mRNA for COX-2 was quantified by
scanning densitometry, and the density ratio of COX-2
mRNA or HDC mRNA to GAPDH mRNA was calculated.
The value for untreated skin tissue is set to 1.0. The values
are means for two or three mice with the SEM shown by
vertical bars. Statistical significance; **p < 0.01 vs. the
sham operation group, and *p < 0.01 vs. the Al wire im-
plantation group in C57BL/6 mice. N: no treatment, Sham:
sham operation, Al and Ni: implantation of Al and Ni
wire, respectively.

NSham Al Ni

cyclooxygenase inhibitor indomethacin, the steroidal
anti-inflammatory drug dexamethasone, and the
inhibitor of p38 MAP kinase SB203580 were exam-
ined. Indomethacin and dexamethasone prevented
plasma from leaking in the 30-min period from 8 to
8.5 h after the implantation in a dose-dependent
manner. SB203580 (100 pM) injected adjacent to the
wire just after its implantation also significantly
inhibited any leakage [Fig. 4(A)]. Dexamethasone
and SB203580 reduced the level of COX-2 mRNA in
tissue adjacent to the wire excised 4 h postimplanta-
tion, although indomethacin did not [Fig. 4(B)].

Plasma leakage in histamine receptor-deficient
mice

The Ni wire was implanted subcutaneously in the
dorsum of histamine H1 receptor knockout mice, H2
receptor knockout mice and HDC knockout mice
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and the leakage of plasma from 8 to 8.5 h was deter-
mined. As shown in Figure 5, the leakage was atte-
nuated partially but significantly in H1 receptor
knockout mice and HDC knockout mice, but not
changed in H2 receptor knockout mice.

DISCUSSION

In this study, we developed an animal model of
contact dermatitis by implanting a Ni wire in mice.
We found that the wire triggered extensive induced
inflammation and that PGs and histamine were
involved in the leakage of the plasma early in the
inflammatory process.

The implantation of a metal wire in the dorsum of
mice is comparable to the surgical or orthopedic
application of materials containing metals. Consistent
with clinical observations that Ni has high irritancy,1
only the Ni wire, among the metal wires implanted in
this study, induced necrosis at 3 days in C57BL/6
mice (Fig. 1). Using rats implanted with a Ni wire,
Wataha et al. found that Ni was ionized from the sur-
face of the wire by body fluid and the concentration of
Ni ions around the wire at 7 days was greater than
25 pg/g, resulting in necrosis.” Thus Ni ions are easily
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Figure 4. Effects of indomethacin, dexamethasone, and
SB203580 on the vascular permeability and the expression
of COX-2 mRNA induced by the implantation of a Ni wire
Dexamethasone (0.15 and 1.5 mg/kg) or indomethacin (1,
3, and 10 mg/kg) was orally administered 3 or 1 h before
the implantation of a Ni wire, respectively. SB203580 was
injected into the site of implantation just after the implan-
tation. (A) The exudation of Evans blue from 8 to 8.5 h af-
ter the implantation. Values are the means for five mice
with the SEM shown by vertical bars. Statistical signifi-
cance; *p < 0.05 vs. the sham operation group and "p <
0.05 vs. the Ni wire implantation group. (B) The expres-
sion of the mRNA for COX-2 in the tissue surrounding the
wire 4 h after the implantation. IM; indomethacin (10 mg/
kg), Dex; dexamethasone (1.5 mg/kg), and SB; SB203580
(100 pM).
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