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Abstract: In the context of seeking novel therapeutic targets for treating ischemic stroke, the preconditioning isch-
emia-induced brain ischemic tolerance has been used as a model of endogenously operative, broad-based neuro-
protective mechanisms. Targeting such mechanisms is considered potentially less prone to adverse side effects,
as those seen in many failed clinical trials that focus on single targets using exogenous compounds. Results from
previous studies have revealed an overall decrease in potassium channel activity in tolerance development. The
objective of this study is to identify ion channel genes that are differentially regulated under different brain ischemic
conditions, as a mean to identify those ion channels that are associated with ischemic brain injury and ischemic
tolerance. In mice in vivo, transient focal cerebral ischemia was induced by middle cerebral artery occlusion. In cul-
tured neuronal cells in vitro, simulated ischemia was modeled by oxygen-glucose deprivation. For both in vivo and
in vitro studies, three principal ischemic conditions were included: ischemic-preconditioned, injured and tolerant,
respectively, plus appropriate controls. In these model systems, transcript levels of a panel of 84 neuronal ion chan-
nels genes were analyzed with a quantitative real-time PCR mini-array. The results showed that, both in vivo and in
vitro, there was a predominant down regulation in neuronal ion channel genes under ischemic-tolerant conditions,
and an up regulation in ischemic injury. Similar changes were observed among potassium, sodium and calcium
channel genes. A number of regulated genes exhibited opposing changes under ischemic-injured and ischemic-tol-
erant conditions. This subset of ion channel genes exemplifies potentially novel leads for developing multi-factorial
therapeutic targets for treating ischemic stroke.
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Introduction

Stroke is the 5™ leading cause of death in Nor-
th America. Ischemic stroke accounts for ap-
proximately 87% of stroke cases [1]. However,
to date, there has been only one FDA-approved
therapy for ischemic stroke-the administration
of thrombolytic recombinant tissue plasmino-
gen activator (rtPA), which has severe limita-
tions in that it is applicable to less than 5% of
stroke patients, as it must be administered
within the first few hours after the known onset
of acute stroke symptoms, and may increase
the risks of a secondary, hemorrhagic stroke
[2-4]. The quest for effective neuroprotective
agents for treating ischemic brains has had few
successes in clinical trials, due to, at least par-
tially, the fact that the therapeutic treatments

often focus on a single target or single path-
way (for example, using an antagonist against
NMDA receptor) [4-7]. Such approaches are
therapeutically limited and are prone to devel-
oping adverse side effects. A different approa-
ch is to consider identifying and targeting me-
chanisms that are broad-based, and are ope-
rative endogenously, which potentially can be
more effective and also better tolerated. In this
regard, induced ischemic tolerance provides
an appealing model [8-10], whereby neuropro-
tection is achieved by molecular mechanisms
that have already been encoded in the geno-
me. Previously, using a mouse model of brain
ischemic tolerance, we reported a predominant
down regulation in genomic (transcriptional)
changes [11] and an enriched presence of epi-
genetic gene repressor proteins, namely poly-
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prior to the 60 min MCAO. In differentiated NS20Y cell cultures, the condi- lowering energy demand [11,
tions of preconditioned, injured and tolerant were modeled by subjecting 12, 17]. Other ion channels,
cells to OGD and subsequent recovery incubations for the noted periods of such as acid sensing ion ch-
time, respectively. Controls (sham-operated animals or normoxic cell cul- annels (ASICs) [18, 19] and

tures) followed the time regimes of that of injurious groups, respectively.

comb group (PcG) proteins, among proteomic
changes [12]. PcG proteins are known to silen-
ce a broad range of genes in the genome. Their
exact targets in ischemic brains, however, re-
main elusive. The genomic and proteomic char-
acteristics of brain ischemic tolerance suggest
the involvement of repressive responses of
many potential PcG protein target genes. In
the genomic study, using then available pro-
bes on Affymetrix genechips, a decrease in
transcript levels of Kcnab, a potassium chan-
nel gene, was observed in ischemic tolerance.
Interestingly, in cultured cortical neurons under
simulated, ischemic-tolerant conditions, there
is a decrease in the whole cell potassium cur-
rents [11]. Further, similar decreases in potas-
sium currents can be achieved in neuronal cul-
tures by over expressing a PcG protein without
preconditioning [12]. In the literature, results
from studies on other non-neuronal cell lines
have suggested that PcG proteins may regu-
late the expression of tens of the known po-
tassium channel genes [13, 14]. These obser-
vations raise the question of whether there
are wide-spread changes in potassium chan-
nel genes in brain ischemia, perhaps confer-
ring endogenous neuroprotection.

lon channels play pivotal roles in the pathology
of ischemic stroke and post-stroke recovery.
Extensive efforts have been made in targeting

transient receptor potentiation
channels (TRPC) [20], may also
regulate the outcome of ischemic stroke. In
recent years, there has been an increased
interest in the role of ionic homeostasis in is-
chemic brain injury [21, 22] or preconditioning
[23]. However, as mentioned earlier, the pub-
lished studies in general address the roles of
individual ion channel genes in brain ischemia,
especially under injurious conditions. Little is
known in regard to how many ion channel ge-
nes are categorically involved in ischemic injury
or in its prevention (tolerance), and whether
changes under different brain ischemic condi-
tions may differ.

In this work, using a limited array of quantita-
tive reverse transcription PCR (RT-gPCR) (for
simplicity, referred as mini-array hereafter), we
analyzed expressional changes of a panel of
eighty-four neuronal ion channel genes under
ischemic-preconditioned, ischemic-injured and
ischemic-tolerant conditions, in both mouse
brains in vivo, and in cultured neuronal cells in
vitro. The results showed a down regulation of
most of the voltage-gated potassium channel
genes on the panel in ischemic tolerance. In-
terestingly, a parallel down regulation in many
of the sodium and calcium channel genes was
also observed. Notably, a number of ion chan-
nel genes demonstrated opposing changes
under ischemic-injured and ischemic-tolerant
conditions. To the best of our knowledge, this is
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Table 1. lon channel genes included in the
mini-array analysis and their fold regulations.

*k,kk kk*x
Brains NS20Y cells
PC INJ TOL PC INJ  TOL
Potassium, Delayed Rectifying
Kcnal 143 145 -1.27 -2.25 1.37 -4.66
Kcna2  -1.01 -1.39 -1.82 -2.25 1.37 -4.66
Kcnab 145 6.82 1.34 -2.25 1.37 -4.66
Kcna6  -1.47 -1.41 -1.47 -2.25 137 -4.66
Kenbl  -1.24 -1.24 -1.23 -1.84 -1.51 -2.04
Kenb2  -1.30 -1.25 -1.48 -2.25 1.37 -4.66
Kenh1  -1.21 -1.25 -1.45 -1.67 4.38 -4.47
Kenh2 -2.60 1.04 144 101 297 -2.83
Kengl 1.27 594 116 -2.25 1.71 -4.66
Keng2 -1.14 1.39 -1.06 -1.04 14.12 -1.52
Keng3  -1.56 -1.87 -1.93 -2.25 1.37 -4.66
Average -0.67 0.75 -0.71 -1.75 2.72 -3.95
Potassium, Inward Rectifying
Kenh2 26 1.04 144 101 297 -2.83
Kenhé  -1.52 1.02 1.16 -1.33 1.24 2.77
Kenh7  -1.15 -2.28 -2.23 -1.13 1.37 -1.28
Kenjl 145 6.82 1.34 -2.25 1.37 -4.66
Kenjl11 -1.34 1.01 -1.01 -2.25 1.37 -4.66
Kenjl2 -1.58 -2.20 -1.73 -2.01 1.06 -1.23
Kenj13 2.46 1.05 -1.74 -1.8 3.81 -1.08
Kenj14 145 411 1.19 -2.25 453 1.71
Kenjl5 -2.71 1.73 -1.06 -2.25 1.37 -4.66
Kenj16  1.03 -2.17 -1.96 -2.25 1.37 -4.66
Kcnj2 1.30 1.42 -1.41 -2.25 1.37 -4.66
Kcnj3 -1.42 -2.36 -2.14 -2.25 1.37 -4.66
Kcnj4 1.01 1.25 -2.04 1.99 1442 -1.78
Kcnj5 1.01 4.76 -1.07 -2.25 1.37 -4.66
Kcnj6é -1.10 154 -1.21 -2.25 1.37 -4.66
Kenj9 1.08 1.03 -1.20 -1.17 -1.27 -1.00
Kenkl  -1.04 -1.26 -1.45 1.89 6.06 2.36
Average -0.22 0.97 -0.89 -1.34 2.66 -2.33
Potassium, Calcium-activated
Kecnmal -1.01 -1.54 -1.41 191 4.69 1.69
Kenmb4 -1.02 1.39 -1.39 1.30 3.20 -1.37
Kennl  -1.21 1.38 1.12 -1.77 210 -4.17
Kenn2 1.41 2.68 -1.03 2.38 4.08 -2.03
Kenn3  -1.03 1.23 -1.21 144 1.73 -3.34
Average -0.57 1.03 -0.78 1.05 3.16 -1.84
Potassium, Other Voltage-Gated
Henl 1.05 -1.05 -1.31 -2.25 1.37 -4.66
Hcn2 -1.87 -1.35 -1.19 -1.93 1.14 -3.76
Kenel -1.4 -1.61 -1.52 -1.21 -1.44 -3.41
Kenc2 1.02 -1.30 -1.53 -2.25 1.37 -4.66

194

Kend2 1.22 -1.43 -2.01
Kend3  -1.08 1.27 1.03
Kenh3  -2.04 -2.33 1.17
Average -0.44 -1.11 -0.77
Potassium, Modifier Subunits
Kcnabl -1.04 1.02 -1.57
Kcnab2 1.09 1.52 1.05
Kcnab3 1.13 1.11 -1.23
Kensl 1.04 486 1.44
Average 0.56 2.13 -0.08
Sodium, Amiloride-sensitive
Asicl -1.16 -1.21 -1.21
Asic2 1.24 113 -1.06
Asic3 145 6.82 -1.21
Average 0.51 2.25 -1.16
Sodium, Voltage-gated
Scnl0a 1.95 4.00 2.93
Scnlla 1.45 6.82 1.34
Scnla -1.07 -1.66 -1.95
Scnlb  -1.17 1.21 -1.39
Scn2al 1.19 1.22 -1.34
Scn2b  -1.39 -1.45 -1.38
Scn3a  -1.05 -1.43 -1.72
Scn8a  -1.44 -1.95 -1.75
Scn9a  -1.57 1.21 1.22
Average -0.34 0.89 -0.45
Calcium, Voltage-gated
Cacnala -1.12 -1.22 -1.48
Cacnalb -1.58 -1.44 -1.74
Cacnalc -1.34 -1.18 -1.54
Cacnald -1.64 -2.20 1.05
Cacnalg -1.71 -1.13 1.33
Cacnali -2.99 -1.10 1.00
Cacnbl -1.04 1.20 -1.19
Cacnb2 1.18 -1.41 -1.33
Cacnb3 -1.34 -1.42 -1.16
Cacng2 1.01 -1.20 -1.53
Cacngd -1.16 1.18 -1.03
Average -1.07 -0.90 -0.69
Calcium, Ligand-gated
Ryr3 1.41 -1.06 -1.25
Calcium, TRPC
Trpal 145 6.82 1.34
Trpcl -1.03 -1.45 -1.89
Trpc3 1.16 -1.13 -1.87
Trpc6 1.21 1.88 -1.21
Trom1 1.45 6.82 1.34
Trom2  -1.46 -1.23 -1.12
Trpm6 145 6.82 1.34

-2.25
-2.25
-1.64
-1.97

-1.11
-1.14
1.28
-2.25
-0.81

-1.45
-2.25
-2.03
-1.91

-2.25
-2.25
-1.75
1.03
1.32
-2.25
1.12
-1.88
1.32
-0.62

-2.25
-1.52
-1.33
-2.25
-1.44
-2.64
-1.04
-2.25
-1.23
-2.25
-1.01
-1.75

-2.25

-2.25
-2.25
-2.25
1.97
-2.25
AL AlE
-2.25

1.37
1.84
5.58
1.60

3.78
-1.89
1.13
1.37
1.10

-1.02
1.37
1.18
0.51

1.37
1.37
-1.39
-1.72
2.75
1.37
2.81
9.85
7.46
2.65

1.37
-1.08
1.42
1.37
-1.44
1.78
3.07
1.53
-1.92
1.37
-1.20
0.57

1.37

1.37
1.37
2.99
1.37
1.20
3.20
1.37

-4.66
-3.29
1.713
-4.60

-1.04
-1.68
-1.27
-4.66
-2.16

-1.58
-4.66
-1.6
-2.61

-4.66
-4.66
-4.53
-3.41
=e}el9)
-4.66
-1.72
-1.42
-2.81
-3.47

-4.66
-3.56
1.01
-4.66
-4.63
=821
228
-4.66
-1.74
-4.66

*k k)

-3.31

-4.66

-4.66
-4.66
-4.66
1.09
-4.66
-2.14
-1.61
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Trpm8 145 6.82 1.34 -2.25 1.37 -4.66
Trpvl 145 6.82 1.34 -2.25 9.85 -4.66
Trpv2 -1.10 191 -1.09 193 156 -1.30
Trpv3 -1.09 4.32 -1.18 -2.25 6.23 -4.66
Trpv4 1.45 6.82 3.10 -2.25 14.62 -1.71
Average 0.53 3.77 0.12 -1.46 3.88 -3.19
Chloride
Bestl 1.19 3.51 -1.21 -2.04 157 -4.56
Clcn2 1.00 1.09 1.22 1.09 -1.05 -1.18
Clcn3 113 -1.47 -1.89 146 1.47 -1.06
Clen7 -1.22 1.09 -1.07 -1.47 151 -1.67
Average 0.53 1.06 -0.74 -0.24 0.88 -2.12
Potassium/Chloride Transport
Slc12ab5 -1.65 -1.64 -1.39 -1.85 1.37 -1.95

*Gene groupings are as originally provided by the manu-
facturer of the mini-array kit (Qiagen). **C, values for
individual ion channel genes were normalized with that of
Actb. Comparisons were then made between an ischemic
group and the control using the 222 method. A positive
or negative number indicates an increase or decrease,
respectively, over the appropriate control. The Average fold
regulation for each type or sub-type of ion channel genes
was calculated for the purpose of illustrating direction

of changes categorically, not a statistical comparison.
***The shaded genes are those that showed opposing
changes under ischemic-injured and ischemic-tolerant
conditions in neuronal NS20Y cultures. ****The fold
regulation value for gene Cacng4 at this data point was
-261.38; it was treated as a random error thus excluded
from the calculation of the average.

the first gene expression profiling focusing on
neuronal ion channels under several different
neuronal ischemic conditions.

Materials and methods

Focal cerebral ischemia in mice and simulated
ischemia in neuronal cultures

Transient focal cerebral ischemia was induced
in adult male C57BL/6J mice (20-25 g; Charles
River Laboratories) by middle cerebral artery
occlusion (MCAO) using the suture method, fol-
lowing previously described protocols [12]. All
procedures were approved and monitored by
the Institutional Animal Care and Use Com-
mittee at Morehouse School of Medicine. In
vitro, simulated ischemia was modeled in cul-
tured, differentiated neuroblastoma NS20Y
cells by oxygen-glucose deprivation (OGD) [12],
which was achieved by incubating cells in an
anaerobic chamber (Forma Scientific, model
1025) equilibrated with 85% N,/5% CO,/10%
H,, in a culture medium free of glucose, serum

and glutamate, containing 5 mM Hepes (pH
7.4), 2 mM CaCl,, 135 mM NaCl, 5 mM KCI, 1X
essential amino acids (without L-glutamine), 25
mM 2-deoxyglucose and penicillin/streptomy-
cin. For both in vivo and in vitro studies, three
principal ischemic conditions were included, as
schematically illustrated in Figure 1.

Expression profiling of genes encoding neuro-
nal ion channels

Total RNA was isolated from individual cortic-
es (n=7 each animal group) or NS20Y cultures
(three independent cultures per cell culture
condition) using the SuperPrep RNA/DNA/
Protein Purification kit (Fisher Scientific), follow-
ing the manufacturer’s instruction. The RNA
yield was determined on a NanoDrop spectro-
photometer (Thermo Scientific). Complementa-
ry DNA (cDNA) was prepared from 0.7 pg (cor-
tices) or 1 pg (NS20Y cells) of total RNA using
the RT? First Strand kit (Qiagen). Preparations
of cDNAs from individual cortices or cell cul-
tures were pooled according to their groups.
The pooled cDNAs were then subjected to
RT-gPCR mini-array analysis of a panel of
eighty-four neuronal ion channel genes (com-
plete list in Table 1) with a commercial real ti-
me RT? Profiler PCR Array (Qiagen, Cat. No.
PAMM-036Z), using the RT? SYBR® Green
gqPCR Mastermix (Qiagen). The thermo steps
were performed on a C1000 Thermal Cycler
(Bio-Rad) as follows: hot start at 95°C for 10
min, followed by 40 cycles of 95°C for 15 sec
and 60°C for 60 sec.

Data processing and statistics

Analysis of the cycle threshold (C,) values,
threshold selection, quantitation with the 222
C, method, and establishment of fold regula-
tions of ion channel genes in ischemic sam-
ples over controls were performed using the
online tools provided by the manufacturer (Ge-
ne Globe Data Analysis Center, Qiagen). The
quality of sample preparations (RT efficiency,
reproducibility and DNA contamination) was
assessed with manufacture’s online data an-
alysis tools. The mini-array included five house-
keeping genes (HKGs) as candidate internal
standards, namely Actb, B2m, Gapdh, Gusb
and Hsp90abl. Prior to calculating the expres-
sional changes in ion channel genes, relative
standard deviation (RSD) of C, values were cal-
culated for each of the five HKGs across all
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brain or cell culture conditions, respectively, to
assist the selection of a HKG for data normal-
ization. The commercial RT? Profiler PCR Ar-
ray does not include technical replications by
design, and only pooled samples were ana-
lyzed. Accordingly, fold regulation values repre-
sent single entries. For ion channel genes, a
fold regulation of 1.5 (approximately 3 times
of the RSD of HKGs across different groups)
or greater was accepted as a change. Hie-
rarchical clustering of datasets that enlist fold
regulations of the eighty-four ion channel ge-
nes under different ischemic conditions were
performed using the ClustVis program [24] on-
line (biit.cs.ut.ee/clustvis).

Results

First, we evaluated data for the HKGs on the
mini-array panel as a quality control. Their
RSD values, as calculated from the results of
RT-gPCR analysis, were as follows (gene, bra-
in/cell): Actb, 5.59/5.80; B2m, 4.28/6.73;
Gapdh, 4.86/6.63; Gusb, 4.72/8.05; Hsp-
90ab1, 4.79/5.82. Hence, the results demon-
strated comparable expression levels for all of
the five HKGs across experimental conditions,
in samples from both mouse brains and neuro-
nal NS20Y cultures. For the results described
next, Atbc was used as the internal standard
for data normalization and calculation of fold
regulations of ion channel genes in ischemic
groups over controls.

Wide-spread down regulation in ischemic toler-
ance

Values of fold regulations for all eighty-four ion
channel genes under different ischemic con-
ditions are provided in Table 1. Figure 2 pres-
ents heatmaps of expressional changes in ne-
uronal ion channel genes under the three prin-
cipal ischemic conditions that were included
in this study. Noticeably, as summarized in Fi-
gure 3A, both in mouse brains in vivo and in
neuronal NS20Y cultures in vitro, there were
more down regulated ion channel genes than
up regulated under ischemic-tolerant condi-
tions, whereas under ischemic-injured condi-
tions the changes were predominantly an up
regulation. A greater number of ion channel
genes showed changes in neuronal NS20Y
cells than in mouse brains. For example, of the
forty-three potassium channel genes on the
panel, twelve and thirty three were down regu-
lated in ischemic-tolerant mouse brains and

neuronal NS20Y cells, respectively, while zero
and four, respectively, showed an up regula-
tion (Table 1).

Regulation of potassium, sodium and calcium
channel genes

lon channel genes on the mini-array included
members of potassium, sodium, calcium and
chloride channels (Table 1). Interestingly, as
illustrated in Figure 2, the channel genes that
were down regulated under ischemic-tolerant
conditions comprise large numbers of both
potassium and sodium channel genes, as well
as calcium channel genes, especially in neuro-
nal NS20Y cell cultures, which are homoge-
neous in cell populations. On average, under
each of the three principal ischemic condi-
tions, members of the aforementioned cate-
gories of ion channels demonstrated changes
in the same directions: a decrease in ischemic
tolerance and an increase in ischemic injury
(Figure 3B and 3C). The changes in the pre-
conditioned brains or neuronal cultures were
moderate in general (i.e. the fold regulations
for most genes did not meet the cut off values
to be considered as changed), but neverthe-
less were in the same direction as that seen in
ischemic tolerance. The most robust changes
(greater fold regulations) were seen with volt-
age-gated ion channels (Table 1).

Differential changes under different ischemic
conditions

We were particularly interested in identifying
genes that are differentially regulated under
different ischemic conditions. As shown in
Table 1, in the homogenous neuronal NS20Y
cultures, a number of genes (shaded) demon-
strated opposing changes under ischemic-
injured and ischemic-tolerant conditions. Such
genes include potassium channel genes Kcn-
h1, Kcnh2, Kengl, Keng2, Kenh2, Kenj4, Kenjb,
Kennl, Kenn2, Kenn3, Kend3, Kenh3; sodium
channel genes Scn2al, Scn3a, Scn9a; calcium
channel genes Cacnali, Cacnbl, Cacnb2;
Trpm2, Trpvl, Trpv3, Trpv4; chloride channel
genes Bestl and Clcnl. Worth-noting is that
these genes represent members of all ion ch-
annel categories included in the mini-array.

Discussion

Besides considering thrombolytic or endova-
scular approaches for treatment of ischemic
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Figure 2. Heatmaps of expressional changes in neuronal ion channel genes under the three principal ischemic
conditions. The heatmaps were generated using the fold regulations listed in Table 1 and arranged according to the
tightest clustering. The scale bar indicates the direction of changes (+ and -, an increase or decrease, respectively,
when ischemic groups were compared with the appropriate controls). A. Mouse brains; B. Cultured neuronal NS20Y

cells. PC, INJ, and TOL: Same as in Figure 1.

stroke, most therapeutic research efforts have
focused on neuroprotective agents that may
alleviate excitotoxicity, oxidative stress, inflam-
matory responses, or mitochondrial dysregula-
tion after an ischemic insult to the brain [2,
4-6, 25-28]. As mentioned earlier, the thera-
peutic limitations of regulating a single target
with exogenous drugs have promoted interests
in defining the biology of ischemic tolerance.

While the underlying mechanisms of tolerance
are complex, the selective increases in multi-
target, repressive PcG proteins, which in turn
may lead to the characteristic transcriptional
suppression, and their potential roles in regu-
lating multiple ion channel genes, satisfy the
criteria for an endogenous, broad-based neuro-
protective mechanism in ischemic tolerance.
Here for the first time we offer data focusing on
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Figure 3. Numbers of regulated ion channel genes and directions of their
changes. The bars represent numbers of regulated genes under different
ischemic conditions (A), or average fold regulations for each of the noted
ion channel types under different ischemic conditions (B. mouse brains; C.
NS20Y cells). Positive (open bars) and negative (filled bars) values indicate
up and down regulations, respectively. PC, INJ, and TOL: Same as in Figure

1.

regulation of a panel of neuronal ion channel
genes under contrasting ischemic conditions,
suggesting a role in tolerance induction.

In the present study, in both mouse brains in
vivo and cultured neuronal cells in vitro, the is-
chemic-tolerant condition was marked with a
down regulation of many potassium channel
genes. This provides a possible explanation for

198

cludes more than half of the
known potassium channel ge-
nes, nine of the ten mamma-
lian sodium channel genes,
and members of voltage-gated
calcium channel genes and
TRPC channel genes. A down
regulation in voltage-gated
sodium or calcium channel
genes or TRPC genes in ischemic tolerance was
not surprising, as they have been considered
therapeutic targets using inhibitory or antago-
nistic approaches. Of interest are the similar
changes of these ion channel genes with those
of potassium channel genes. This phenome-
non, if validated with additional molecular bio-
logical (for gene transcript levels), biochemical
(for protein levels) and physiological (for elec-
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trophysiological properties) analyses, would
implicate a regulatory mechanism that oper-
ates genome-wide. In this regard, PcG protein-
mediated epigenetic regulation, previously
shown to be neuroprotective, is promising. Our
recent results (Zhou et al, unpublished data)
suggest a role of PcG proteins in repressing
multiple ion channel genes and regulating sodi-
um currents, following our previously published
observations that an increase in cellular levels
of PcG proteins, as seen in ischemic tolerance,
can result in a decrease in whole cell potassi-
um currents [12].

The present results from analyses of the who-
le cortices do not provide information about
which cell populations in the brain may have
had contributed to the observed changes under
different brain ischemic conditions. It is likely
that changes are not limited to neurons, but
also occur in microglia and astrocytes. Changes
may differ in direction in different cell popula-
tions. These assumptions are supported by the
observations that more robust changes were
seen in neuronal NS20Y cultures than in mouse
brains (Figures 2 and 3, Table 1). Considering
the regulatory roles of ion channels in the
brain’s response to ischemia, it is reasonable
to assume that ion channels that are instru-
mental in neuroprotection in ischemic toler-
ance may change in opposite direction in isch-
emic injury. Interestingly, the present results
indeed showed such opposing changes in a
number of ion channel genes, most of which
are voltage-gated or TRPC channel genes
(Table 1). Results of literature searches on
those genes revealed that some of them have
not been studied in the setting of brain isch-
emia. Hence, the results from the present stu-
dy may direct future studies to establish pa-
nels of ion channels that are characteristics of
brain ischemic injury or neuroprotection.

Conclusion

By means of mini-array RT-qPCR analysis, we
show contrasting changes under different isch-
emic conditions, and note a predominant down
regulation of multiple ion channel genes in is-
chemic tolerance and their upregulation in isch-
emic injury. The results support a potentially
novel hypothesis that endogenous neu-
roprotection against ischemic injury is mediat-
ed by a broad-based repression of multiple
neuronal ion channel genes.
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