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Abstract

Whole-cell patch clamp and polarographic oxygen partial pressure (pO,) measurements were used to establish the sensitivity of high-
voltage-activated (HVA) Ca® " channel subtypes of CA1 hippocampal neurons of rats to hypoxic conditions. Decrease of pO5 to 15—30 mm
Hg induced a potentiation of HVA Ca®* currents by 94%. Using selective blockers of N- and L-types of calcium channels, we found that
inhibition of L-type channels decreased the effect by 54%, whereas N-type blocker attenuated the effect by 30%. Taking into account the ratio
of currents mediated by these channel subtypes in CA1 hippocampal neurons, we concluded that both types of HVA Ca®>* channels are
sensitive to hypoxia, however, L-type was about 3.5 times more sensitive to oxygen reduction.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Voltage-operated calcium channels are essential for
Ca®”" signalling in excitable cells [1-3]. They can also
play a significant role in the development of several brain
pathologies including those at ischemic/hypoxic condi-
tions. Several types of voltage-operated calcium channels
have been described: L-, N-, P-, Q-, R- and T-types (see
Refs. [4—6] for review). As it has been shown in numerous
experiments, different cell types can express various com-
binations of Ca®" channel subtypes and in different
proportions. This determines the precise characteristics of
the voltage dependence and kinetics of the integral calcium
currents. Thus, predominance of L- and N-type Ca’*
channels has been previously shown in CA1l hippocampal
neurons of rats [7,8]. In our previous investigations, we
have shown that HVA Ca currents of CA1l hippocampal
neurons were sensitive to hypoxia at definite experimental
conditions [9]. We found that the degree of Ca channel
sensitivity to hypoxia depended on intracellular and extra-
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cellular Ca®* concentration ([Ca” *];) [7,9,10]. However, in
those experiments, we tested the sensitivity of total HVA
Ca’" current to hypoxia without separation of the current
into the subtypes—its specific components. In the present
study, we investigated how Ca channel subtypes of freshly
isolated CA1l hippocampal neurons respond to hypoxic
exposure.

2. Materials and methods

Hippocampal neurons were dissociated with a modifica-
tion of the method described previously [7]. Wistar rats at
postnatal day P14 were used. At this age, hippocampal
neurons already express high-voltage-activated (HVA) Ca® *
channels, electrophysiological properties of which are sim-
ilar to those in older animals. The rats were deeply anaes-
thetized with ether and decapitated. The brain was removed
and the hippocampus was isolated. Hippocampal slices (500
um) were cut with a blade and transferred to a chamber
containing trypsin (0.02% Type XI, Sigma). Following 30
min of enzymatic treatment, the slices were washed (30
min) before being prepared for recordings. Immediately
before recordings, a hippocampal slice was removed from
the storage chamber and the CA1 region was cut away from
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the remaining tissue. CA1 neurons were acutely isolated by
using a modified vibro-dissociation technique [11]. The cell
suspension was plated on a coverslip in the recording
chamber.

Standard patch clamp method was used to record Ca
currents with PC-ONE amplifier, Dagan, USA) as was
described previously [9]. Standard P/2 pulse protocol was
used to subtract the linear leak and capacity currents on-line:
the protocol using the average of one depolarizing and two
half-magnitude hyperpolarizing pulses. Recordings were
filtered at 2 kHz and digitized at 10 kHz using a multichan-
nel interface controlled by a computer. Ca channel activity
was recorded by 2—4 M() micropipettes manufactured from
borosilicate glass capillary tubes with Micropipette Puller P-
97, Sutter Instrument, USA. Recordings were made from
cells which had the seal resistance greater than 1 G(. All
values are given as means * S.E. Statistical differences were
assessed by analysis of variance (ANOVA) with the level of
significance set at P pointed in the text.

We used an experimental system for combined measure-
ments of transmembrane ionic currents in whole-cell patch
clamp configuration and measurements of pO, in bath
solution by polarographic method. The pO, recordings were
filtered at 1 kHz and digitized at 9 Hz using second current
amplifier and the same multichannel interface as above. We
used platinum electrodes with 0.3 mm active area and Ag—
AgCl reference electrode. The recording potential corre-
sponded to the diffusion plateau of electrode polarogram at
— 700 mV. The pO, was adjusted by displacement of O, by
N, in the solution by bubbling gas mixture. For calibration
of pO, values, we used one-point method described previ-
ously in detail [7,9,12].

The composition of external solution used in this study
was (mM): tetracthylammonium chloride—25, 4-AP—S5,
MgCl,—2, KCl—3, CaCl,—2, HEPES—20, NaCl—100,
TTX—0.001, pH 7.4; pipette solution (mM): CsCl—56,
Cs,S04—47, HEPES—20, MgCl,—1, ATP—4, GTP—0.3,
EGTA—0.5, CaCl,—0.2, pH 7.2. All used chemicals were
purchased from Sigma, USA.

3. Results

Freshly isolated hippocampal neurons were voltage
clamped at — 80 mV holding potential, and were depolar-
ized to membrane potentials — 60 to +40 mV by pulses
with duration 50 ms. Fig. 1 shows the voltage protocol of
these experiments. The neurons exhibited a slow inactivat-
ing integral inward current, carried out by Ca® " ions which
were tested (Fig. 1A). The peak magnitude of Ca®> " current
was variable (ranging between — 150 and — 300 pA) and
the peak of current—voltage relation corresponded to 0 or
+5 mV in different tested cells. Fig. 1B shows the mean of
current—voltage relationship of HVA Ca® " current obtained
from eight cells. The decrease of pO, to mean value
254 +2.5 mm Hg (n=38) from the value measured in
control conditions (pO, =151 mm Hg) induced a remark-
able and reversible increase of the magnitude of Ca®"
currents in all tested hippocampal neurons (n=28) (Figs. 1
and 2). Fig. 2A shows an example of measurements of peak
Ca®" current (lower part) recorded at the same time as pO,
values in bath solution (upper part). As it can be seen, the
curve of Ca” " current magnitude is precisely a mirror image
of the trace showing changes in pO,. In this particular cell,
the initial current was —229 pA, during exposure to
hypoxic solution (pO,=25 mm Hg), the current reached
value of — 515 pA. During the reoxygenation with the
normoxic solution, Ca®* current magnitude returned back to
its initial level (Fig. 2A). Fig. 2B shows the statistical data
of stimulatory action of hypoxia on HVA Ca®>" current. The
mean increase of Ca®” current was equal to 94.1 + 8.9%,
n=2_8 (Fig. 1B).

In the next experiments, we tested the effect of
hypoxia in the presence of selective blockers of HVA
Ca’" channels. Our previous experiments have shown
that in freshly isolated hippocampal neurons, mainly
two types of HVA channels are expressed: N- and L-
types which accounted for about 48% and 25%, respec-
tively (73% together) of total HVA Ca’" current [8].
Therefore, we focused on the effects of hypoxia on main
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Fig. 1. Typical examples of whole-cell HVA calcium current enhancement by hypoxia in freshly isolated hippocampal neurons. (A) Typical examples of whole-
cell HVA calcium currents recorded before (1), 10 min after (2) exposing the cell to hypoxic solution and after reoxygenation (3). The voltage protocol of
experiment is shown in the upper part. (B) Mean current—voltage relations obtained from eight tested cells (open circles—control, dark circles—hypoxia, open

triangles—normoxia). Holding potential — 80 mV.
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Fig. 2. Behavior of magnitude of HVA Ca®" currents during hypoxia in
freshly isolated hippocampal neurons. (A) Example of changes in
magnitude of peak Ca®” currents measured in control conditions
(normalized to its initial level, the initial magnitude of which is pointed
in absolute units, /p). Holding potential was — 80 mV. Upper curve
represents changes in oxygen partial pressure (pO,) in bath solution near
the cell body. (B) Bar graph representing the mean values of Ca® * current in
control and at pO,=25 mm Hg. The pO, traces here and throughout
represent the solid lines through data points measured in the same time as
peak Ca® " current. **P<0.01 compared to control.

contributors to the Ca*>* current-L- and N-type channels.
Other channels we referred to as non-L- and non-N-type.
To block L-type channels, we used nifedipine, a well-
known selective blocker of L-type Ca?" channels in
concentrations of 20 pM to maximally inhibit L-type
Ca®>" channels. Previously, it was shown that nifedipine
blocked the L-type Ca®>* channels with an ICs, about of
0.3 puM [13]. The experiments with nifedipine were
carried out in reduced light in order to avoid the photol-
ysis of this compound. Fig. 3A shows that application of
nifedipine caused a decrease of hypoxic effect on Ca®*
current. An example of changes of Ca®" current magni-
tude in one of the cells is presented in Fig. 3A. The Ca®"*
current magnitude increased from —196 to —255 pA
under the same hypoxic conditions in the presence of
nifedipine. Statistical analysis has shown that the mean
effect of hypoxia on Ca®" current was 39.9 +4.0%
(n=15) in the presence of 20 uM nifedipine (Fig. 3C).

Next we tested the effect of selective blockade of N-
type calcium channel subtype by oCTx-GVIA, a peptide
toxin of snail C. geographus. Previously it was shown
that, omega-CgTx GVIA, a blocker of N-type Ca®*
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Fig. 3. Measurements of Ca®> " currents during hypoxia in freshly isolated
hippocampal neurons in the presence of selective blockers of HVA Ca?*
channels. Examples of changes in magnitude of peak Ca®>"' currents
measured in the presence of 20 pM nifedipine (A) or 0.5 uM @CTxGVIA
(B). pO, of the solution was decreased to 25 mm Hg in both cases, and
represented on corresponding upper parts. (C) Bar graph representing mean
values of effect of hypoxia on HVA Ca® " channels from CA1 hippocampal
neurons measured in control, in conditions of blocked L-type Ca channels
(in the presence of 20 uM nifedipine) or N-type (in the presence of 0.5 pM
oCTxGVIA) are shown. pO, of the solution was decreased to 25 mm Hg in
all cases. Cells were depolarized from — 80 mV holding potential to +5
mV. ¥**¥P<0.01 compared to conditions before hypoxia.
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channels, has an ICsy value of about 28 nM [14]. When
N-type calcium channels were irreversibly blocked by 0.5
uM oCTx-GVIA, the effect of hypoxia accounted for
63.8+1.5%, n=5 (Fig. 3C). An example of measure-
ments from one of the tested cells is presented in Fig. 3B.
In this cell, initial magnitude of Ca® " current (— 171 pA)
was increased to —291 pA by exposure to hypoxic
solution containing the toxin.

Thus, taking into account that hippocampal neurons also
express (in significantly less degree) Q- and P-types, we
calculated the contribution of Ca® " channel subtypes in the
total effect of hypoxia from a system of equations:

EL + Ex +E, = 94.1
Ex+E =399 (1)
EL +E =638

where Ep, Ex and E; are the values of effect of hypoxia on
corresponding L-, N- and r- (residual non-L- and non-N-)
channel subtypes. The first equation represents the value of
the effect in control conditions when all three components
are present, and the two other equations represent the value
of effect of hypoxia without N- or L-components, when
those were abolished by corresponding blocker. In our
calculations, we assumed that different types of Ca®"
channels behave independent of one another regardless of
the degree of oxygenation; there is no cross-reactivity of the
inhibitor between different channel subtypes, independent
of the degree of oxygenation, and that there is no change in
drug sensitivity with hypoxia. Solution of Eq. (1) has shown
that L-type contributed 54.2% (Er), N-type—30.3% (En)
and other types—only 9.6% (E,) to total effect of hypoxia
(Fig. 4A).

The fact that on the one side, the hypoxic effect on
Ca’" current was suppressed by L-type channel blocker
more significantly than by N-type blocker, and on the
other side that the fraction of N-types was greater than L-
type in total Ca®>" current (according to our previous
study [8]), can point to higher sensitivity of L-type to
hypoxia. Therefore, to quantitatively estimate the sensi-
tivity of channel subtypes to hypoxia, we modified Eq.
(1) by considering a ratio of channel subtypes in total
Ca*" current (25%, 49% and 26% for L-, N-types and
residual currents, respectively, as we have shown in our
previous experiments [8]):

aEy + bEN + cE, = 94.1
bEN + cE; = 39.9 (2)
aEy + cE, = 63.8

where a=0.25, b=0.49 and ¢=0.26 are coefficients
representing the fraction of corresponding channel types
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Fig. 4. Summary representation of the effect of hypoxia on HVA calcium
currents. (A) Bar graph representing the mean contribution of HVA channel
subtypes in effect of hypoxia on total HVA Ca® " currents. (B) Sensitivity of
HVA Ca®" channels to hypoxia. The percentage of channel subtype
expression in hippocampal neurons was taken into account.

in total Ca®" current of CA1 hippocampal neurons [8].
According to the Eq. (2), we established that hypoxia
induced a potentiation of L-type by 216.8%, N-type by
61.8% and residual non-L- and non-N-type Ca®" currents
by 36.9% (Fig. 4B).

4. Discussion

Summarizing obtained data, we can conclude that in
comparison to other channel types, L-type of calcium
channels display particularly high sensitivity to hypoxia.
Such exclusive sensitivity of L-type channels to hypoxia
is not surprising, since several studies based mainly on
indirect data have previously reported about the sensitivity
of just these channels to oxygen deprivation. Thus, brief
hypoxia enhanced the activity of L-type Ca® " channels in
brainstem neurons [15] and in rabbit carotid body glomus
cells [16,17]. Ca®" influx via L-type Ca®" channels was
shown to be a route of toxic Ca®" influx into rat optic
axons during anoxia. Immunocytochemical staining dem-
onstrated the localization of «;c and «;p subunits in these
axons, indicating that only L-type Ca’?” channels were
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present there [18]. Potentiation of L-type calcium current
by hypoxia was observed in experiments on pulmonary
myocytes [19]. Our recent data have shown that blocking
of L-type channels by nifedipine substantially reduced the
hypoxia-induced Ca®* growth in sensory DRG neurons
[20]. L-type calcium channel blockers significantly atten-
uated the neuronal injury induced by oxygen deprivation
in cultured hippocampal neurons [21]. Voltage-gated Ca*”"
channel blockade with the L-type antagonist nitrendipine
decreased Ca®" entry and partially preserved CA1 hippo-
campal cell injury in slices during experimental oxygen-
glucose deprivation [22]. However, results described
above contradict the data obtained by Krnjevic et al.
[23] in single-electrode voltage clamp experiments which
have shown significant blockade (by greater than 95%) of
L-type channels by hypoxia in CAl and CA3 neurons in
submerged hippocampal slices. This discrepancy may be
connected with different experimental conditions in terms
of ionic composition, pO, level and especially levels of
intracellular Ca®*, which is crucially important for the
development of the effect of hypoxia [9]. In our previous
experiments, we established that hippocampal neurons
“sensed” hypoxia at pO,=90-100 mm Hg; however,
when pO, become lower then 40 mm Hg, the effect was
critically enhanced [9]. Therefore, we can suppose that
the physiological normoxic range of pO, for CAl hippo-
campal neurons lies above 40 mm Hg.

The high sensitivity of L-type Ca>" channels to hypoxia
could be due to some molecular features of their «; and B
subunits which determine higher metabolic dependence of
L-type channels in comparison with other channel subtypes.
Such properties as high sensitivity to intracellular Ca””"
[24], susceptibility to phosphorylation by protein kinases A,
C, G, CaMII and others [15,17,25-32], regulation by
protein phosphatases [24,33,34], sensitivity to pH [35] were
described primarily for L-type channels. Probably such
functional lability of L-type channels allowing their partic-
ipation in delicate regulation of intracellular Ca®* metabo-
lism could make these channels extremely dangerous in
conditions of oxygen deprivation. Therefore, L-type chan-
nels should not be considered as natural oxygen sensors in
neurons; rather their hypoxic-sensing is a harmful side
effect. Taking into account a substantial role of L-type
channels in response to hypoxia, in further experiments, it
would be of interest to compare the influence of hypoxia on
subtypes of L-type channels formed by different oy subunits
(a1s, aqc, aip, ayp) expressed in other excitable tissues
(cardiac, smooth muscle, endocrine cells) at appropriate
experimental conditions.

Considering the possible pathophysiological role of par-
ticularly high sensitivity of L-type channels to hypoxia, one
should keep in mind the extreme variability of representa-
tion of different types of HVA Ca®" channels in different
types of neuronal and other excitable cells. Therefore, the
damaging effect of hypoxia could also be quite different in
different neuronal structures, as it is indeed observed in

human pathology. Such differences could be amplified by
variable interactions of increased influx of Ca®* via L-type
channels with other factors, first of all with increased
extrusion of glutamate and resulting excitoxicity produced
by secondary Ca’?" influx. Due to their sensitivity to
hypoxia, presence of L-type channels in synaptic structures
may in turn significantly amplify the damaging role of
glutamate-induced Ca® *-overload.
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