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Abstract

It has been shown that intracellular Ca™  in hippocampal CAl neurons is elevated during ischemia and at early

period following reperfusion This Ca ' overload has been suggested to be involved in ischemic brain damage In nomal

CAl neurons the major mechanism allow ing ca’’ entry from the extracellular compartment is the opening of voltage-gated

Ca™ channels The aim of the present study was to explore whether L-type calcium channel in hippocampal CAl neurons

changed at early period of reperfusion after ischemia Transient forebrain ischemia in a duration of 15 min was induced by

the use of the 4-vessel occlusion method in rats
actually dissociated hippocampal CAl neurons

Single L-type calcium curments were recorded in cell-attached patches of
After ischemia

average total patch current of L-type Ca™" channels

significantly increased in CAl neurons when compared with that of control This ischem ia-induced enhancement in channel

function was due to a higher channel open probability Further analysis of single channel kine tics showed a prolonged open

time and an increased opening frequency in postischemic channels

It is suggested that the functional enhancement in

5
L-type calcium channels may partially account for the postischem ic increase in intracellular Ca~ concentration of CAl

neurons following ischem ia

Key words L-type calcium channels

Neurons in the central nervous system are highly
the CAl
pyram idal neurons in the hippocampus are particularly

sensitive to cemrbral ischemia Specially

vulnerable to ischemic insult'”. Ca”" overload has

been suggested to be involved in this selective neuronal
[3 4] . .

damage although the underlying mechanisms are not

fully understood This hypothesis has rceived its best

support from many ca”’ imaging and phamacological

studies For example ca’ influx”

and cytoplasm ic
Ca’ in hippocam pal CAl neurons are increased during
transient ischem ia and can be toxic to neurons at early
71 .

. A variety of dmgs that

damage in

period after rcpcrﬁjsionlﬁ
will be expected to limit
hippocam pus from a Ca” overload are neu rop rotective

neuronal

when present during ischemia and also during early

of repe rusion’ " .

pathways mediating the mraised intracellular Ca’ afer

pe riod However  the influx
ischemia are still unclear Most previous studies on the
role of excessive Ca~ influx in cell death have focused
on Ca’ entry via ligand-gated channels such as NMDA
8]

and AMPA receptors
recognized  that

It is becoming increasingly

voltage-gated calcium  channels

(VGCCs), particularly the L-type can be a route for
toxic levels of Ca ' influx afer a number of
insults . Furthemorg VGCCs mrpresent a major

ca’ entry pathway even during the activation of
1= 13]

ligand-gated Cca” channels' It is also becom ing

clear that Ca~ influx via different routes ( voltage vs

ischemia patch clamp hippocampus rat

ligand-gated channel influx) may not be functionally
[14 15] 24
. L-type Ca

are prevalent in hippocampal

contributing 30% ~ 50

Sqe we speculate L-type calcium channels

inte rchangeable In addition

channels pyram idal
neurons of total calcium
curent'”.
likely play a cmcial role in hippocampal CAl
pyram idal neuronal survival and death after transient
forebrain ischemia in rat The aim of our present study
L-type

currents in CAl pyram idal neurons of rat hippocam pus

was to examine whether calcium channel
were changed after transient forebrain ischemia using

cell-attached configuration of patch clamp techniques
1 Materials and methods

1.1 Animal model
Male adult Wistar rats weighing 200~ 220 g wer
subjected to transient forebrain ischemia (15 min) by
use of the 4-vessel occlusion method '™ "' with some
Briefly
chloral hydmte (1 p,

rats were anesthetized with
35 mg/100 g), and both

m od ifica tion
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common carotid arteries were exposed for subsequent
Both vertebral arteries were
On the next day the
fully awake rats were restrained and the carotid clasps

occlusion of these vessels
electrocauterized pemanently
were tightened to produce 4-vessel occlusion Severe
transient forebrain ischem ia was induced by occluding
both common carotid arteries for 15 min Upon release
of the carotid artery clasps cerbral blood flow resumed
immediately Signs
righting reflex and catatonic postures were thought to

such as unmesponsiveness loss of

be indicative of forebmin ischemia  Rats with
postischem ic convulsions were excluded from study
1.2 Acute-dissociation procedures

Pyramidal cells in hippocampal CAl region wermr
dissociated acutely from rats before ischemia and at
30 min following rmperfusion using procedures as
described previously'm vl Briefly Wistar rats wer
anesthetized with chloral hydrate (i p, 35 mg/100 g)
and then decapitattd Bmins were quickly removed
iced and blocked for slicing The blocked tissue was
cut into 400 Bm thick slices with a Vibroslice whilst
bathed in a low Ca', HEPES-buffered salt solution
containing 140 mmol/L sodium isethionatse 2 mmol/L
KCl 4 mmol/L MgCh, 0.1 mmol/L  CaCl,
23 mmol/L glucosg 15 mmol/L HEPES pH 7.4
(300~ 305 mOsmol/L). Slices were then incubated
forl~ 6 h at room tmperature (20~ 22C) in a
NaHCO; -buffered saline bubbled with 956 O,-5%
CO, containing 126 mmol/L NaCl 2.5 mmol/L KC]
2 mmol/L CaCl, 2 mmol/L MgCh 26 mmol/L
NaHCO;, 1.25 mmol/L  NaH, PO,, 10 mmol/L
glucose pH 7.4 with NaOH (300~ 305 mOsm /L).
Slices were then removed into the low Ca buffer and
CAl region of hippocampus was dissected out under a
dissecting m icroscope and placed into an oxygenated
chamber containing pronase ( Sigma protase Type XV,
1~ 1.5 g/L) in HEPES-buffered HBSS ( Sigma) at
33C. After 30~ 45 min of enzyme digestion tissue
HEPES-
buffered saline and dissociattd mechanically with a

was rinsed three times in the low Ca .,

graded series of fire-polished Pasteur pipettes The cell
suspension was then plated into a 35 mm Lux petri dish
mounted on the stage of a microscope ( Leica DMLFS)
containing HEPES-buffered HBSS After
allowing the cell to settle the solution bathing the cells

saline

was changed to our recording solution
1.3 Single-channel current recording and data
analysis

Cell-attached recording pipettes were pulled from
glass capillary tubes using a m icropipette puller ( model
P-97% Suter Instuments Novatq CA). The pipette
resistance was 6~ 9 MQ and the seal rsistance was in
excess of 5 GQ. Recordings were obtained according to
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standard patch-clamp methods using an Axopatch 200B
amplifier ( Axon Instuments CA), with the current
filtered at 1 kHz and sampled at5 kHz
were delivered at 5 s

Voltage pulses
Linear leak and
digitally
E lectrophysiological recordings were performed at room
temperature (22 ~ 24C).
and current responses were recorded and

inte rvals

capacitive  currents were  subtracted
Voltage commands were
generated
analyzed using a computerized acquisition and storage
systtm ( pCLAMP,
CA).

To determ ine distributions for channel amplitudes
a S0e

determ ine the durations of open events Single channel
conductance was estinated as the slope of the current

version 8.( Axon Instuments

and open times threshold criterion was used to

voltage mrlationship for L-type Ca”" channels recorded
with 110 mmol/L Ba as the chamge carrier Current
voltage curves were generattd using the current
amplitude detem ined from Gaussian fits to amplitude
histograms from individual patches The ignord level
for detecting events was lim ited to 300 Hs

distributions of open durations were exponentially fitted

Logarithm ic

with the use of the Least-Square algorithm method

Ensemble average ( pseudomacroscopic ) current
responses were obtained for each patch from a series of
15 depolarizing pulses (300 ms duration) evoked from
Vo= 50 mV to V; = — 10 mV. Average total patch
current ( I) was detem ined by integrating the leak-
subtracted ensemble average current trace from the zero
baseline to the inward curent envelope during the
pulse and dividing the integral by the duration of the
pulse (300 ms). Overall open probability (P,) in
response to a particular stinulus was calculated by
applicable

including null sweeps

evaluating all sweeps during the entir

recording The total open time
during the analyzed portion of the sweep was divided by
the analysis time period Only these cases included one
level and clearly resolvable L-type openings were
analyzed in open probability open frequency and open
time But for patches that contained more than two of
the same kind of channel were included in calculating
average total current _

The data in text was expressed as (x £s) and
ANOVA ( SPSS) was used for statistical analysis
Statistical significance was at P< 0. 03
1.4 Recording solutions and reagents

For cell-attached single-channel patch recording
the extracellular bath solution contained 140 mmol/L
potassium gliconate 3 mmol/L MgCL 10 mmol/L
EGTA 10 mmol/L glucose 10 mmol/L HEPES and
0.001 mmol/L TTX pH 7.4 with KOH. This solution

zeroes the membrane potential The recording pipette
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solution contained 110 mmol/L BaCL, 10 mmol/L
TEA-C] and 10 mmol/L HEPES pH 7.3 with TEA-
OH. Bay K-8644 (500 nmol/L), a potent L-type ca”’
channel agonist was added to the pipette to enhance
recording of L-type channels . The osmolarity of all
recording solutions was adjusted to 320~ 325 mOsmol/L
as necessary by the addition of sucrose All chem icals
were obtained from Sigma Stock solutions of Bay
K-8644 ( RBI Natick MA) and nimodipine ( RBI)
were prepared in 1006 ethanol aliquoted and frozen
at — 20C until subsequent use The final concentration

of ethanol in experimental dmug solutions was 0. 1% .
2 Results

2.1 Comparison of average total patch current
before and after ischem ia

The characteristics of L-type Ca”" channel in cell-
attached patches from both control and ischem ic neurons
were consistent with those of rported pre\,fiomlyIm 2,
high activation threshold no obvious mactivation high
selectivity to Ca3+, unitaty conductance about 27 p§
and high sensitivity to L-type Ca” channel agonist Bay
K-8644 and antagonist nimodipine
reprsentative original current tmces of single L-type

Figure 1 showed

Ca” channel and ave rage total patch current from
patches of CAl
Average total patch current (I) in patches (evoked from
V,=50mV to V.= — 10 mV) was (0. 439 £0. 058) pA

neurons bhefore and after ischemia

in control (n=125) and (1.517£0.312)pA in
(a) )
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Fig. 1 Five representative leak-subtracted record ings from
a cellattached patch on a CAl neuron

(a) shows mecordings from control neuron (b)) shows recordings from

postischemic neuron during repetitive depolarizations ( = S0 mV  to

= 10 mV). All perfectly rcorded patches were used to create an ave rage

total curent for each neuron (shown below the five single trces).

Voltage protocol is shown at the bottom.
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postischemic  cells (n=19),
approximate 4-fold increase at 30 min afer reperfusion
compared with control (P< 0.05).
2.2 Comparison of channel unitary conductance
before and after ischem ia

At fixed membrane potential

representing  an

total patch current

is detemined by the single channel wunitary

the open probability ( P,). To
determine which factors might be responsible for the

conductance and

overall change in total we firstly
unitary after
ischemia Single-channel amplitude (i) was measured

patch current

com pared conductance bhefore and

at multiple test voltages in patches with clearly
resolvable openings and the unitary conductance was
determined by fitting a regression line through the
data  As illustrated in Figure 2
L-type
postischem ic neurons remained unchanged as compared

with that of control neurons (n= 1Q P> 0.05).

the mean slope

conductance  of calcium channels in

VimV

—06 T LI T T T
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Fig. 2 (x £s) values for single-channel current amplitudes
(i) during depolarization pulses to multiple test voltages in
patches from animals before and 30 m in after ischemia
Individual values of [ represent the mean ampliwde of all clearly
resolvable L-type opening during the pulse for each patch ateach voltage
{n= 10 patches per group at each voltage). Mean slope conductance for

each group was calculated from the average of individual patch slope

conductance No significant differences were seen in average single-

channel curment amplitude at any voltage or in slope conductance before
and afier ischemia m — m: contro] ® — @: ischem ia

2.3 Comparison of channel open probability
before and after ischem ia
showed the

channel

Figure 3

L-type
ischem ia

voltage dependence of
after
Individual P,-V curves were fitted by the
V) /K) |,

where K is the membrnane depolarization for an e-fold

calcium activity before and

Boltzmann equation P,= P, [ 1+ exp(( Vi, —
increase in P, and Vi, is the patch potential at which

P, is one-half of the maximum P, (P,.. ). Vi and K
could be obtained by plotting P, /P,,, against membrane
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PIP,,

Fig.3 Comparison of voltage-dependent activation of L-type
calecium channels in control and postischem ic CAl neurons
Voltage dependence of activation represented by P/P, ., plotied against
membrne potential Smooth curves derived from the Bolzmann relation
are given by P/P,, = U1+ exp[ (V,n— V) /K] ).

] m: control @ ®: ischem ia

-
X
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Number of observations

38.0 76.0 114.0
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potential The values of V;,, and K were (6.61 =*
1.36) mVand (6.73 £1.24) mV for control (n= 10),

(=236 £0.69) mV and (7.31 £0.86) mV for
ischemia (n = 10), rmrspectively Statistical analysis
showed that there was not significant difference in the K
value between two groups (P> 0.05) while the value of
Vi» was significantly decreased after ischemia when
compared with control (P < 0.01),
increase in the open probability but without alteration of

indicating an

voltage dependence in postischem ic channels
2.4 Comparison of channel kinetics before and
after ischem ia

Ata given holding voltage the open probability is
dete rm ined by channel open time and open frequency
To understand which one is
to the

before and afier ischem ia

the major component

contributing differences in open probability
kinetics of single L-type
calcium channels were compared between two groups
Figure 4 showed open time histograms constructed from

membrane patches depolarized to — 10 mV.

® 120

100

80

Number of observations

| 1

38.0 76.0 114.0

Lt/ M5

Fig. 4 Distributions for open tine of L-type calcium channels in control (a) and postischem ic neurons (b)
All histograms of dwell time could be well-fitted by a one-exponential function Vy,= - 50mV, Vi= - 10 mV

The distributions of open time of L-type calcium
channels from both groups could be fitted well by
Significant change was

single-exponential function

observed in the open time constants of the L-type
calcium channel after ischemia Open time constants
were (6. 17 £0.26) ms for control (9.42 £0.28) ms
for ischemia (n= 10 P< 0.03 V,=-50mV, V,=
- 10 mV),
30min of rperfusion as compared with control ( P <

0.05) (Figure 5).

The open frequency was also changed at

Control Ischemia
Fig. 5 Comparison of open frequency of L-type calcium
channels in control and post-ischem ic C Al neurons
Open frequency was increased at 30m in of reperfusion as compared
with control * P< 0.03
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3 Discussion

We mport the first recordings of single L-type
calcium channel curents in CAl pyramidal neurons of
adult rat hippocampus prepared 30 min after in vivo
ischemia The principal finding of the present study is
that L-type calcium currents of rat hippocampal CAl
neurons are enhanced due to an increase in channel
open probability at early period of reperfusion after
transient forebrain ischemia The results may partially
account for the postischemic changes in intracellular
Ca’ of CAl neurons following ischem ™ ?l, and
support the Ca” overload hypothesis at least in part
from electrophysiological aspect It has been shown
that in addition to glutamate receptor antagonists the

2
L-type Ca  channel antagonists nifedipine and
verapam il can also inhibit the ischemic Ca”
accumulation and protect the ischem ic neuronal damage

Taken
together it appears that the increase in L-type ca’

in the CAl region of rat hippocampuél“z'_

current at the early phase of reperfusion may be one of

the influx pathways leading to acute postischem ic ca”

overload during this period

Our single channel analysis showing an increased
probability

suggest that

open without alteration of wunitary

conductance one possible mechanism
underlying the enhancement of L-type Ca”" channel
the number and/or the
L-type ca”’

There may be

currents is the changes in

propertiecs of functionally available
channels in postischemic CAl neurons
ischemia may induce the
Actually
it has been shown that the mRNA and protein levels of
L-type ca” is elevated during aging in
cultured hippocam pal ncurons””,

two possibilities Firstly

formation of new channels in CAl neurons

channel
implying that the
expression of this kind of channel could be also
modulated by ischemia However considering the fact
that protein vulnerable
inhibited after

. [4]
reperfusion

synthesis in neurons was

ischemia  especially during early
it is unlikely that the enhancement of
L-type Ca’" channel at the early phase of reperfusion is
due to an increased production of new L-type Ca”

channels Secondly ischemia may lead to activate the
previously silent channels or modulate the previously
That is

availability and properties including open time

functional channels to say the channel
open
frequency and so on may be altered after ischemia It
has been shown that the availability and properties of
L-type calcium channel can be modulatd by oxidant
and mrductor via oxidation and mduction or protein
kinases and phosphatses through phosphorylation and
(2 2 Indeed

dephosphorylation ischemia induces an

Prog Biochem. Biophys + 759-

of mactive free radical

hippocampal CAl neu rons

accumulation species in
and this increase in the
oxidative potential has been suggested as an important
of BK

Momrover

m odulator channels in
125]

ncurons

postischemic CAl
changes in activity or
translocation of protein kinases and phosphatases are
hippocampal CAl afeer

Thereforg it is masonable to assume

observed in

. L[4 26
ischem i !

neurons

that the ischem ia-induced changes in L-type calcium

channels may be mediated by phosphorylation/

dephosphorylation or redox modulation of the channels
Further experiments are needed to clarify these issues

R eferences

1 Kirino T. Delayed neuronal death in geril hippocampus follow ing
ischemia Brain Res 1982 237(1): 57~ 69

2 PulsinelliW A, Brierley JB Plum FE Tempoml profile of neuronal
damage in a model of transient forebmin ischemia  Ann Neurol
1982 11(4). 491~ 498

3 Choi D W. Calcium: still centerstage in hypoxic-ischem ic neuronal
death Trends Neuronsci 1995 18(2) 58~ 60

4 Lipton P Ischem ic cell death in brain neurons Physiol Rey 1999
79(4): 1431~ 1568

5 Andine P. Jacobson | Hagherg H. Enhanced calcium uptake by
CAl pymmidal cell dendrites in the postischemic phase despite

excitatory am ino acid receptor

J Cereh  Blood

subnomal evoked field potentials
dependency and relationship to neuronal damage
Flow Metah 1992 12(5): 773~ 783

6 Silver I A Ewrcinska M lon homeostasis in rat brain in viva  intra-
and extracellular [C:l2+ ] and [H* ]| in the hippocampus during
recovery from short-tem, transient ischemia J Cereb Blood Flow
Metah 1992 12(5): 759~ 772

7 Nakamum T Minamisawa H,

et al Incrased

intmeellular Ca™ concentration in the hippocampal CAl area during

Katayama Y.,

global ischemia and reperfusion in the rat a possible cause of
delayed neuronal death Neuronscience, 1999, 88(1): 57~ 67

8 Choi D W, Rothman § M The role of glutamate neurotoxicity in
hypoxic-ischem ic neuronal death Annu Rev Neuroscj 1990 13
171~ 182

9 Lipton 8 A AIDS-melated dementia and calcium homeostasis  Ann
NY Acad Sci 1994 747 205~ 224

10 Swiver B T Douma B R K Bakker B, et al In vivo protection

NMDA-induced MEK-801 and
nimodipineg combined therapy and temporal course of protection
Neurodegenemtion 1996 5(2): 153~ 159

11 Miyakawa H,

increases in Ca~* concentration in hippocampal CAl pymm idal cells

against neurodegenemation by

Ross W N Jaffe D et al Synaptically activated

are primarily due to voltage-gated Ca™* channels Neuron 1992 9
(6): 1163~ 1173

12 Swant G |
potentials into neocortical pyram idal cell dendries Naww, 1994
367(6458): 69~ 72

13 Magee J C  Johnston D
channels in the dendrites of hippocampal pymmidal neurons
Science 1995 268(5208): 301~ 304

14 Gallin W I Grenberg M E Calcium regulation of gene expression

Sakmann B Active propagation of somatic action

Synaptic activation of voltage-gated

in neurons the mode of entry matters Curr Opin Neurobiol 1995
5(3): 367~ 374

15 Tsien R W, Lipscombe D, Madison I ¢f al Reflections on cat -
channel diversity 1988~ 1994 Trends Neurosci 1995 18(2): 52
~ 54



- 760 EMEZESEYYIBHE Prog Biochem. Biophys 2003 30 (5)

16 McDonough S 1 Swarz K I Mintz IM et al Inhibition of calcium and hippocampal cell death with age in long-tem culure J
channels in rat central and peripheral neurons by omega-conotoxin Neurosci 1997 17(14): 5629~ 5639
MVIIC. ] Neurosci 1996 16(8): 2612~ 2623 22 Kubo T, Yokoi T Hagiwam Y, efal Characteristics of protective

17 PulsinelliW A, Brierdey JB Plum E A new model of bilakeml effects of NMDA antagonist and calcium channel antagonist on
hem ispheric ischemia in the unanesthetized mt Stroke 1979 10 ischem ic calcium accumulation in mt hippocampal CAl mgion
(3): 267~ 272 Brain Res Bull 2001, 54(4). 413~ 419

18 Gong LW, GaoTM LiX etal Enhancement in activities of lange 23 Fearon I M, Palmer A C Balmforth A 1 et al Modulation of
conductance Ca™* -activated potassium channels in CAl pyram idal recombinant human candiac L-type Ca™* channel alphalC subunits
neurons of mt hippocam pus afier tansient forehrain ischemia Brain by redox agents and hypoxia J Physiol 1999 514(3): 629~ 637
Res 2000 884(1): 147~ 154 24 Shen JB Pappano A 1 On the role of phosphatase in regulation of

19 HuP, Li XM LiJG et al Brief ischemia decreases large cardiac L-type calcium curment by cyclic GMP J Phamacol Exp
conductance calcium activated potassium channel activity in CAl Ther 2002 301(2): 501~ 506
pymm idal neurons from rmt hippocampus Prog Biochem Biophys 25 Gong LW, GaoTM, Huang H, efal Tmnsient forehrmin ischem ia
2002 29(5): 714~ 718 induces persistent hype ractivity of large conductance Ca™* -activated
WP, AR, A=, 4%, Rk s SR W R e, 2002 potassium channels via oxidation modulation in rat hippocampal CAl
29(5): 714~ 718 pymm idal neurons Eur J Neurosci 2002 15(4): 779~ 783

20 Thibault Q. Landfield P W. Incrase in singk L-type calcium 26 Gurd J W, Bissoon N Beesley P W, ef al Differential effects of
channels in hippocampal neurons during aging Science 1996 272 hypoxia-ischem ia on subunit expression and tyrosine phosphorylation
(5264): 1017~ 1020 of the NMDA receptor in 7- and 21-day-old mts J Neurochem,

21 Porter NM, Thibault @ ThibaultV, etal Calcium channel density 2002 82(4): 848~ 856

KEREKRMEED CALXEHER
42T LEVEEIRIE BRI
ARY ARE WOF BEW T OH 2L mRET

(5 2 P2 S ) S O 8, AR AR OUE S, 1 510515)

T CATWEFT 2 W 7 i i o 309 v) A% 1 3 fﬂr.'i‘ W, Ty CALHE P &8 040 B P A o S W T e 3 i A A Dy S i it
P T 452 5 1 TE AL 2 . OB 5 A A SRR CATPP R JOEE N IATAY R A S0 S T Sl o - A S S 00

By CAVHEM R &8 70 g He ol bE LAY Juu_mﬂaﬂ: LS R P DY af A P 2 0 R B 1S min 7 e 1M ASE TR o R A it
CAVHREE JC L, L Rt am B s B o o Lé'i'!iu}[s&ﬁﬁ'r’i A5 300 3 LR RO S CALRPER G L R4 R JE (R AT 44 LR
R, S el T ) T BCRE e I B 028 4 AT SR 2 0 A s, I it 0 TR ) A R, 0 T RO R
WO WEFTES Rdor LR S 0 I g 5 LJJRYIJ"J"“Iri‘é@*-’ﬂ"j’:’ﬁkl[ll.hi‘i'fi’% CALHE PRI 28 701 40 e P 5 34 14 T 0.

E4RIA LA, B, B L KR

FESES  RrR743.31

IE A AR S BT ] (30125013), AEPAAS HTFAE LS VBN (010009), I 4 FAREREIE G BAI H (10717), 17 449 FHREL L
SR INIRH (010639)H1HF MK 2 2 3 b v BE B I H

MR R A, Tel 020-61648216 E-mail tgad@ fimmu com

WeBS H . 2003-02-14 #5521 1: 2003-03-21





