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ABSTRACT

One of the main instigators leading to cell death and brain damage following ischemia is Ca?* dysregu-
lation. Neuronal membrane depolarization results in the activation of voltage-gated Ca®* (Cay) channels
and intracellular Ca?* influx. We investigated the physiological role of the Cay2.1 (P/Q-type) channel in
ischemic neuronal injury using Cay2.1 channel o; subunit mutant mice, rolling Nagoya and leaner mice.
The in vivo ischemia model with a complete occlusion of the middle cerebral artery showed that the
infarct area at 24 h was significantly smaller in rolling Nagoya (27.1 + 3.5% of total brain volume) and lea-
ner (20.1 + 3.5%) mice compared to wild-type (42.9 + 4.5%) mice. In an in vitro Ca®* imaging study, oxy-
gen-glucose deprivation using a hippocampal slice induced a significantly slower rate of increase in
intracellular Ca?* concentration ([Ca®']i) in rolling Nagoya (0.083 +0.007/min) and leaner
(0.062 £ 0.006/min) mice compared to wild-type (0.105 + 0.008/min) mice. These results demonstrate
that the mutant Cay2.1 channel in rolling Nagoya and leaner mice plays a different protective role in a
([Ca%*]i)-dependent manner in ischemic models and indicate that Cay2.1 channel blockers may be used

preventively against ischemic injury.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Voltage-gated Ca®* (Cay) channels allow the entry of Ca®* into a
cell when the membrane is depolarized. In the nervous system, Cay
channels play an important role in regulating diverse neuronal
functions attributed to elevated intracellular Ca?* concentrations
([Ca®*]i) [1]. The Cay channel is a molecular complex consisting
of a4, B, 0x-8, and v subunits [2]. The oy subunit is essential for
proper channel function and determines the fundamental proper-
ties of the channel [1]. At the presynaptic terminal, three major
Cay2 channel types, Cay2.1 (P/Q-type), Cay2.2 (N-type), and
Cay2.3 (R-type), are broadly expressed in the central nervous sys-
tem [3] and are involved in the Ca?*-dependent exocytotic release
of neurotransmitters [4]. Given the pivotal role of Cay2 channels in
controlling specific neurotransmitter production and release, de-
fects in the expression, localization, structure, or modulation of
presynaptic Cay2 channels may result in aberrant synaptic signal-
ing, leading to various patterns of neural network dysfunction.
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An increase in [Ca*]i plays an essential role in the pathogenesis
of ischemic neuronal injury [5-8]. The [Ca?*]i is elevated in ische-
mia via both Ca?* influx from the extracellular space and Ca?* re-
lease from the intracellular store [9]. Because the Cay2 channels
are important as a Ca?* influx route, their involvement in the path-
ophysiology of ischemic neuronal injury is crucial.

To examine Cay2.1 channel functions and disease processes
among Cay2 channels, genetic studies of mice can be useful. Mice
with mutations in the Cacnala gene encoding the pore-forming
o1 subunit of Cay2.1 channels include the knockout strain lacking
Cay2.1 currents and spontaneous strain including rolling Nagoya
and leaner mice exhibiting ataxia as a common symptom [10-
12]. The rolling Nagoya mice have a mutation in the voltage-sens-
ing S4 segment of the third repeat [13], and leaner mice have a
mutation in a splice donor consensus sequence, which results in al-
tered C-terminal sequences [14]. The rolling Nagoya mutant Cay2.1
channel has lowered voltage sensitivity of activation leading to im-
paired synaptic transmission in the cerebellum [15]. The leaner
mutant Cay2.1 channel results in low expression density of the
channels in the cerebellum [16]. Previous studies have also shown
that the reduction in P-type Ca®* currents is greater in the Purkinje
cells of leaner mice (60%) than in rolling Nagoya mice (40%) [13,16].
Using Cay2.1 channel o4 subunit (Cay2.104) knockout mice to
examine the relationship between Cay2.1 channel and ischemic
neuronal injury is impossible because most of the mice do not sur-
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vive past weaning. Although rolling Nagoya and leaner mice exhibit
a normal life span, the severity of ataxia differs significantly, being
more severe in leaner mice than in rolling Nagoya mice. Because the
precise regulation of Ca?* signaling is important for neuronal pro-
cesses, changes in Ca?* currents through different mutant Cay2.1
channels induce different dysfunctions of neurons and circuits.
Thus, a comparison of rolling Nagoya and leaner mice and wild-type
mice could elucidate the physiological role of the Cay2.1 channel in
ischemic neuronal injury.

In the present study, we investigated the role of the Cay2.1
channel in ischemic neuronal injury using an in vivo ischemia
model with complete occlusion of the middle cerebral artery
(MCA) and an in vitro ischemia model with oxygen-glucose
deprivation (OGD) in a hippocampal slice using rolling Nagoya
and leaner mice.

2. Materials and methods
2.1. Animals

All animal procedures were approved by the Animal Experi-
ments Committee of Shanghai Jiao Tong University and RIKEN,
and were conducted in accordance with the Institutional Guide-
lines for Experiments using Animals. The rolling Nagoya mouse
strain was provided by the RIKEN BioResource Center with the sup-
port of the National BioResource Project of the Ministry of Educa-
tion, Culture, Sports, Science, and Technology of Japan and
backcrossed to C57BL/6] mice for 14 generations. The leaner mouse
strain with the C57BL/6] genetic background was provided by the
Jackson Laboratory. The mice were given free access to water and
food pellets (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and were
housed under a 12/12-h light/dark cycle (lights on from 08:00 to
20:00) at 23 +1°C and 55 * 5% humidity. All analyses were con-
ducted by a well-trained experimenter who was blinded to the
mouse genotypes.

2.2. In situ hybridization

Paraffin-embedded blocks and sections of brains from 16-week-
old male mice for in situ hybridization (ISH) were obtained from
Genostaff Co., Ltd. (Tokyo, Japan). Each mouse brain was dissected
after perfusion, fixed with Tissue Fixative (Genostaff), then embed-
ded in paraffin according to proprietary procedures and sectioned
at 6 um. The hybridization protocol was conducted as previously
reported [17]. The probe for a 691 bp cDNA fragment was designed
from positions 6068 to 6748 of the Cay2.1a; subunit cDNA and la-
beled with digoxygenin RNA labeling kit (Roche Diagnostics,
Mannhein, Germany). Coloring reactions were performed with
NBT/BCIP solution (Sigma-Aldrich, St. Louis, MO, USA) overnight
and then washed with PBS. The sections were counterstained with
Kernechtrot stain solution (Mutoh Pure Chemicals, Tokyo, Japan)
and mounted with CC/Mount (Diagnostic Biosystems Inc., Pleasan-
ton, CA, USA).

2.3. Real-time quantitative reverse transcription polymerase chain
reaction

Total RNA was isolated from the olfactory bulb, cerebral cortex,
caudate putamen, hippocampus, cerebellum, and liver of 16-week-
old male mice using TRIzol reagent, according to the manufac-
turer’s protocol (Invitrogen, Carlsbad, CA, USA). To quantify the
mRNA level of the gene of interest, we employed real-time quanti-
tative reverse transcription polymerase chain reaction (qRT-PCR)
using an ABI7700 sequence detection system (Applied Biosystems,
Foster City, CA, USA) as previously reported [18]. To determine the

total amount of both wild-type and mutant Ca,2.10,; gene expres-
sion, the primers used were CT1F (5'-CTGCGCTACTTCGAGATGTG-
3’) and CT1R (5'-AACATAGTCAAAATATCGCAGCAC-3’), and the
probe was MT-probel (5-ATCCTCATGGTCATTGCCATGAGCAG-
CATCGCTCTGGCCGCCGAGGACCCGGTGCAGCCCAACGCACCCC-3").
To confirm equivalent loading, the amount of 18S ribosomal RNA
in each sample was determined using standard primers and Taq-
Man probes (Applied Biosystems). All samples were analyzed in
duplicate and average values were used for the relative quantifica-
tion of gene expression. All samples were analyzed in duplicate.
The mRNA expression level was calculated relative to Ca,2.10y
mRNA expression in wild-type mice.

2.4. MCA occlusion

In vivo ischemia was induced by the MCA occlusion method as
described previously [19]. The 16-week-old male mice were anes-
thetized using isoflurane and body temperature was maintained
(36 £ 0.5 °C) using a water-jacketed heating pad. The skin was in-
cised, and the left occipital and superior thyroid artery, branches
of the external carotid artery (ECA), as well as the pterygopalatine
artery were exposed, electrocoagulated, and cut. After occlusion of
the common carotid artery by microclip, the left ECA was ligated,
coagulated, and cut distally to the cranial thyroid artery. A 21-
mm monofilament nylon suture (5-0, Harvard Apparatus, Hollis-
ton, MA, USA; diameter of the heat-rounded tip: 0.2-0.3 mm)
was inserted into the ECA and gently advanced through the inter-
nal carotid artery until its tip occluded the origin of the MCA. Cor-
rect placement of the suture was confirmed by a sudden drop of
the local cortical blood flow in the left MCA territory to 10-15%
of basal flow as monitored by laser-Doppler flowmetry. After suc-
cessful occlusion, the monofilament was secured in place with lig-
ature, and the skin incision was closed by surgical clips.

2.5. Evaluation of infarct size

Twenty-four hours after MCA occlusion, mice were anesthe-
tized with an overdose of pentobarbital sodium and decapitated.
Brains were removed and were serially sectioned into five coronal
slices (1 mm thick) with a vibratome (VT1000S, Leica Microsys-
tems, Wetzlar, Germany). The sections were immersed in 1%
2,3,5-triphenyltetrazolium chloride (TTC) in saline and incubated
for 30 min at 37 °C. Infarct images and the entire contralateral
hemisphere were captured using a digital camera and areas were
measured using Image software (Win ROOF Version 5.7, MITANI
Corporation, Tokyo, Japan). The infarct area was determined by
subtracting the area of the non-infarcted ipsilateral hemisphere
from the contralateral tissue. The percentage of infarct volume
was calculated by dividing the sum of the area of infarction by
the total contralateral hemisphere as described previously [20].

2.6. Ca®* imaging in oxygen-glucose deprived hippocampal slices

In vitro ischemia was induced as described previously [21]. Hip-
pocampal slices (350 pm) were made from 5-week-old male mice
using a vibratome (VT1000S, Leica Microsystems) and placed in
ice-cold artificial cerebrospinal fluid (ACSF). The ACSF was com-
posed of 137 mM NacCl, 2.5 mM KCl, 21 mM NaHCOs, 0.58 mM
NaH,PO,4, 2.5 mM CaCl,, 1.2 mM MgCl, and 10 mM glucose, and
the pH was 7.4 under saturation with 95% 0,/5% CO,. After 2 h
incubation, the slices were stained with the fluorescent Ca®* indi-
cator Fura-PE3/AM (10 puM, Calbiochem, San Diego, CA, USA) and
0.01% Cremophor EL (Sigma-Aldrich) for 45 min at 37 °C. Then
the slices were thoroughly washed for 30 min to remove any extra-
cellular dye. The slices were superfused (4 mL/min) at 35 °C on a
stage of an inverted epifluorescence microscope (TMD-300, Nikon
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Corporation, Tokyo, Japan) and were alternately excited at 340 and
380 nm wavelengths to capture fluorescence signals (F340 and
F380) every 1 min (Argus50, Hamamatsu Photonics, Shizuoka, Ja-
pan). The [Ca?'[i in CA1 was estimated by mean values of the fluo-
rescence ratio (ratio = F340/F380) from two different regions of the
CA1 stratum pyramidale. To apply OGD, ACSF was saturated with
95% N,/5% CO, and glucose was replaced by 2-deoxy-p-glucose
(10 mM). To standardize a temporal profile of [Ca?*]i increase dur-
ing OGD, a normalized ratio was calculated by dividing each ob-
tained ratio by the baseline ratio (the average of five values
before application of OGD). Then the maximal rate of increase in
the normalized ratio was calculated using running bins in 3-min
intervals.

2.7. Statistical analysis

Data are presented as means * standard error of the mean
(SEM). Statistical analyses for the behavioral and immunocyto-
chemical studies were conducted using Excel Statistics 2006 (SSRI,
Tokyo, Japan). Data were analyzed using repeated measures analy-
sis of variance (ANOVA) followed by Tukey’s post hoc tests.

3. Results
3.1. Expression patterns of Ca,2.10c; mRNA

We performed ISH to assess the localization of Cay2.10y
mRNA in wild-type (n = 6), rolling Nagoya (n=5), and leaner mice
(n=5); they were the same (data not shown). Using the anti-
sense probe, all three mice strains showed a broad expression
of the oy subunit in the brain with strong expression in the
olfactory bulb, cerebral cortex, hippocampus, and cerebellar Pur-
kinje cells. There were no signals in any of the brains using the
sense probe. To expression levels of Cay2.10,; mRNA in the olfac-
tory bulb, cerebral cortex, caudate putamen, hippocampus, cere-
bellum, and liver of the three types of mice (n=10 for each
group), we used real-time qRT-PCR analysis. The relative expres-
sion level of total Cay2.1a,; was not significantly different among
the strains in the olfactory bulb [wild-type, rolling Nagoya, and
leaner: 1.01+0.04, 1.03+0.06, and 1.04 +0.07, respectively;
F(2,27)=0.153, p > 0.05], cerebral cortex [wild-type, rolling Na-
goya, and leaner: 1.03 £ 0.01, 1.03 £ 0.04, and 1.04 + 0.08, respec-
tively; F(2,27)=0.173, p>0.05], caudate putamen [wild-type,
rolling Nagoya, and leaner: 1.02+0.05, 1.03+0.03, and
1.04 £ 0.04, respectively; F(2,27)=0.145, p > 0.05], hippocampus
[wild-type, rolling Nagoya, and leaner: 1.02 +£0.01, 1.05+0.08,
and 1.02 + 0.07, respectively; F(2,27)=0.166, p > 0.05], and cere-
bellum [wild-type, rolling Nagoya, and leaner: 1.02 +0.02,
1.03+0.03, and 1.06+0.03, respectively; F2,27)=0.182,
p > 0.05]. The liver fraction did not yield a detectable PCR prod-
uct in any of the strains (data not shown).

3.2. Decreased stroke volume in Cay2.10; gene mutant mice in an
in vivo ischemia model

The wild-type (n=12), rolling Nagoya (n=11), and leaner
(n=12) mice were subjected to MCA occlusion. The infarct was
identified as an unstrained (white) area surrounded by strained
(red) viable tissue. Fig. 1A shows a representative experiment in
which infarct areas were stained 24 h after permanent occlusion
with TTC. The MCA occlusion resulted in significantly different in-
farct areas among the three mice strains [F(2,32)=98.152,
p <0.01]. The infarct area after stroke was 27.1 + 3.5% of total brain
volume in rolling Nagoya mice (p <0.01) and 20.2 £ 3.5% of total
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Fig. 1. Evaluation of cerebral infarction. (A) Serial brain sections after middle
cerebral artery (MCA) occlusion. Representative 2,3,5-triphenyltetrazolium chloride
(TTC) staining of brain sections from wild-type (left lane), rolling Nagoya (middle
lane), and leaner (right lane) mice. (B) Quantification of the volume of the ischemic
lesion in wild-type (n=12), rolling Nagoya (n=11), and leaner (n=12) mice.
*p <0.01, compared to the appropriate control (Tukey’s test).
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Fig. 2. Profiles of the [Ca?*]i increase induced by oxygen-glucose deprivation (OGD)
in hippocampal slices. Time courses of changes in the normalized ratio induced by
OGD in the pyramidal cell layer of the hippocampal CA1 region from wild-type
(n =14, closed square), rolling Nagoya (n = 14, open circle), and leaner (n = 14, open
triangle) mice. Normalized ratios are plotted against time from 5 min before the
start of OGD to 7 min after the end of OGD. Horizontal black bars indicate the
treatment with OGD. **p < 0.01, compared to the appropriate control (Tukey’s test).

brain volume in leaner mice (p < 0.01) compared to 42.9 + 4.5% in
wild-type mice (Fig. 1B).
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3.3. Decreased [Ca2+]i in Cay2.10; gene mutant mice in an in vitro
ischemia model

To investigate whether the decreased infarct volume in mutant
mice was related to neuronal Ca®* signaling, we examined the
changes in [Ca®']i induced by OGD, an ischemia-like condition,
using a hippocampal slice preparation. The Cay2.1 channel was
strongly expressed in the hippocampal region. Before the applica-
tion of OGD, there were no significant differences observed among
the three mice strains in the basal ratio of the CA1 pyramidal cell
layer (wild-type mice: 0.847+0.011, rolling Nagoya mice:
0.827 £0.022, leaner mice: 0.803 + 0.013). After the start of the
OGD treatment there was a progressive increase in [Ca2*]i in the
strains, and the normalized ratio from 4 min after the start was sig-
nificantly higher in wild-type mice than in rolling Nagoya and lea-
ner mice (Fig. 2). The maximal rate of increase was significantly
different among the three mice strains [F(98,1950)=4.712,
p <0.01]. The rate was 0.083 = 0.007/min in the rolling Nagoya mice
(p<0.01) and 0.062 + 0.006/min in the leaner mice (p < 0.01) com-
pared to 0.105 + 0.008/min in the wild-type mice.

4. Discussion

Although Cay2.20,; and Cay2.30,; gene knockout mice have a
normal life span [22], Cay2.10,-deficient mice die 3-4 weeks after
birth [23]. Among the predominantly neuronal Cay2 channel fam-
ily, which includes Cay2.1, Cay2.2, and Cay2.3, the Cay2.1 channel
appears to be indispensable, suggesting that its involvement in
the pathophysiology of neuronal injury is crucial. The Cay2.10
gene is broadly expressed in the brain including the cerebral cor-
tex, caudate putamen, and hippocampus [14]. In MCA occlusion,
the caudate putamen becomes an ischemic core and the cerebral
cortex comprises the ischemic penumbra area.

We first examined the expression patterns of the mutant
Cay2.10,4 gene in the brain from rolling Nagoya and leaner mice.
ISH studies showed no apparent cells with different expression in
the brain among rolling Nagoya, leaner, and wild-type mice. Then,
we examined the expression levels of the mutant Cay2.10,; gene
in the olfactory bulb, cerebral cortex, caudate putamen, hippocam-
pus, and cerebellum of rolling Nagoya, leaner, and wild-type mice.
There were no significantly different levels in these sites among
them.

Excessive intracellular Ca?* influx is a major instigator of neuro-
nal cell death following cerebral ischemia. The Ca?* influx is med-
iated by a number of important channels and transporters. The
Cay2.1 channel plays an important role in physiological neuro-
transmitter release from mammalian nerve terminals via the influx
of Ca?* after depolarization [1], but its involvement under patho-
logical conditions is not clearly understood. In this study, to ad-
dress the involvement of the Cay2.1 channel in ischemic brain
injury, we evaluated the effects of brain injury in rolling Nagoya
and leaner mice using in vivo and in vitro ischemia models. The re-
sults showed significant protective effects in both models in both
strains. The infarct volumes 24 h after MCA occlusion were 36.4%
and 53.2% lower in rolling Nagoya and leaner mice, respectively,
than wild-type mice. In Ca®" imaging experiments using hippo-
campal slice preparations, OGD-induced [Ca?*]i showed a slower
increase in mutant mice than in wild-type mice. The rate of in-
crease in [Ca®']i was slower in leaner mice than in rolling Nagoya
mice. The focal ischemia model used in the present study usually
forms a predominantly ischemic core and mildly ischemic periph-
eral penumbra areas. In the ischemia stage, [Ca®*[i in penumbra
neurons triggers a Ca*-mediated intracellular signaling cascade
near the threshold level, leading to ischemic neuronal death.
Accordingly, the weakened rate of increase in Ca?* could critically
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Fig. 3. Putative mechanism for mutant Cay2.1 channel mediated neuroprotection in
the ischemia stage. The Cay2.1 channels are important as a Ca?* influx route and
regulate glutamate release. An increase in [Ca®']i plays an essential role in the
pathogenesis of ischemic neuronal injury. During ischemia, different mutant Cay2.1
channels influence different Ca®* currents and glutamate releases, leading to
neuronal damage.

influence the degree of penumbra neurons leading to less cell
death in Cay2.1 mutant mice. During ischemia, Ca%*-dependent
exocytotic glutamates are released from nerve terminals [24,25]
and Ca**-independent release mediates reversal glutamate trans-
porter from nerve terminals or glial cells [26,27]. Ischemic neuro-
nal damage is exacerbated by the action of N-methyl-p-aspartate
(NMDA) receptors [28]. A previous study demonstrated that gene
disruption of the NR2C subunit of the NMDA receptor attenuates
focal cerebral ischemic injury after permanent MCA occlusion
[29]. In addition, physiological glutamatergic synaptic transmis-
sion is regulated by Ca®*-dependent glutamate release regulated
by the Cay2.1 channel [30], suggesting that the ischemic protective
results observed in our study may be produced by the attenuation
of the extracellular glutamate due to Ca®*-dependent exocytotic
release coupled to the mutant Cay2.1 channel, although we have
not confirmed the presence of glutamate release dysfunctions in
rolling Nagoya and leaner mice. Fig. 3 shows a schematic diagram
on the hypothetical mechanisms for mutant Cay2.1 channel medi-
ated neuroprotection in the ischemia stage.

In the present study, we demonstrated that mutation of the
gene for the o subunit of the Cay2.1 channel in rolling Nagoya
and leaner mice protects the brain from ischemic injury. Our re-
sults show that different Cay2.10; gene allelic variants exhibit con-
siderable variability in phenotypes. Thus, a detailed comparison of
allelic variants may be helpful for clarifying the relationships
among the many different biophysical and structural synaptic
abnormalities and observed behavioral deficits.
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