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Lidocaine Suppresses the Anoxic Depolarization
and Reduces the Increase in the Intracellular Ca’"

Concentration in Gerbil Hippocampal Neurons
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Background: The movement of ions, particularly Ca®’,
across the plasma membrane of neurons is regarded as an
initial element of the development of ischemic neuronal dam-
age. Because the mechanism by which lidocaine protects neu-
rons against ischemia is unclear, the effects of lidocaine on
the ischemia-induced membrane depolarization, histologic
outcome, and the change in the intracellular Ca*" concentra-
tion in the gerbil hippocampus were studied.

Methods: The changes in the direct-current potential shift
in the hippocampal CA1 area produced by transient forebrain
ischemia for 4 min were compared in animals given lidocaine
(0.8 pmol administered intracerebroventricularly) 10 min be-
fore ischemia and those given saline. The histologic outcome
was evaluated 7 days after ischemia by assessing delayed neu-
ronal death in hippocampal CA1 pyramidal cells in these ani-
mals. In a second study, hypoxia-induced intracellular Ca*'
increases were evaluated by in vitro microfluorometry in ger-
bil hippocampal slices, and the effects of lidocaine (10, 50,
and 100 pum) on the Ca*’ accumulation were examined. In
addition, the effect of lidocaine (100 um) drug perfusion with
a Ca’'-free ischemia-like medium was investigated.

Results: The preischemic administration of lidocaine de-
layed the onset of the ischemia-induced membrane depolariza-
tion (anoxic depolarization) and reduced its maximal ampli-
tude. The histologic outcome was improved by the preisch-
emic treatment with lidocaine. The in vitro hypoxia-induced
increase in the intracellular concentration of Ca’*" was sup-
pressed by the perfusion with lidocaine-containing mediums
(50 and 100 um), regarding the initiation and the extent of the
increase. The hypoxia-induced intracellular Ca*’ elevation in
the Ca’ -free condition was similar to that in the Ca*'-con-
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taining condition. Perfusion with lidocaine (100 um) inhibited
this elevation in the Ca’’-free condition.

Conclusions: Lidocaine helps protect neurons from isch-
emia by suppressing the direct-current potential shift, by in-
hibiting the release of Ca’' from the intracellular Ca*" stores,
and by inhibiting the influx from the extracellular space. (Key
words: Anesthetics, local: lidocaine. Animals: gerbils. Brain:
anoxic depolarization; hippocampus; ischemia. Ions, calcium:
intracellular. Measurement techniques: direct-current poten-
tial; fluorometry.)

THE central nervous system contains no reserve supply
of oxygen and only small stores of glucose or energy-
rich compounds, which are essential to maintain ionic
gradients across the nerve membrane. In cerebral isch-
emia, energy failure triggers the depolarization of the
neuronal membrane because of inadequate active ion
transport.' Various excitatory neurotransmitters are also
released,” * and a marked influx of Ca®" into postsynap-
tic neurons occurs. This, in part, provokes the cata-
strophic enzymatic process leading to irreversible neu-
ronal injury.’

Lidocaine is a local anesthetic that blocks nerve con-
duction.’ In a previous study, we found that lidocaine
reduced the increase in the extracellular concentration
of excitatory amino acids in transient forebrain ischemia
and improved the ischemia-induced neuronal damage.’
Furthermore, this agent influences the action of ryano-
dine receptors, which regulate the efflux of Ca*" from
the endoplasmic reticulum to the cytosol.® The purpose
of the present study was to characterize the in vivo
effects of lidocaine on ischemia-induced alterations in
the direct-current (DC) potential shift (anoxic depolar-
ization [AD]) and histologic outcome in gerbils, and to
investigate the in vitro effects of lidocaine on a hypoxia-
induced increase in the intracellular Ca*" concentration
(€2 )

Materials and Methods

The study was approved by the Committee on Animal
Experimentation at Ehime University School of Medi-
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cine, Ehime, Japan. Male Mongolian gerbils weighing
60-80 g (Seiwa Experimental Animals, Fukuoka, Japan)
were housed in groups in a room controlled at 23 +
1°C and maintained in an alternating 12-h light and 12-
h dark cycle (lights on at 6:00 a.m). Animals were de-
prived of food but not water at least 6 h before ischemia
because of the influence of hyperglycemia on ischemic
brain damage.” All experiments were performed under
spontaneous ventilation. In experiment 1, the changes
in the DC potential shift produced by transient fore-
brain ischemia in the hippocampal CA1 field were moni-
tored in 16 gerbils, and delayed neuronal death 7 days
after the ischemia was studied by light microscopy in
these animals. Another group of ten gerbils was sub-
jected to forebrain ischemia to determine the physio-
logic variables. In experiment 2, microfluorometry was
used to investigate the action of lidocaine on a hypoxia-
induced intracellular Ca** accumulation in gerbil hippo-
campal slices (ten slices for each).

Experiment 1: In Vivo Experiments on the DC

Potential Shift and on Histologic Outcome

Animals were anesthetized and maintained with 2%
halothane and 98% oxygen. Through a ventral middle
cervical incision, both common carotid arteries were
exposed and separated carefully from adjacent nerves
and tissues. Silk threads (4.0) were looped around them.
After the animal was placed in a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA) in the prone
position, the skull was exposed and a small burr hole
was drilled in the left hemisphere 2 mm anterior and
2 mm lateral to the bregma to insert a thermocouple
needle probe (TN-800; Unique Medical Corp., Tokyo,
Japan). The tip of the thermocouple needle probe was
positioned about 2 mm below the brain surface. An
identical probe was inserted into the rectum. Brain and
rectal temperatures were carefully maintained at 37 -
38°C with a heating lamp (Koehler-type illumination
lamp; Olympus, Tokyo, Japan). Two additional burr
holes were drilled — one in the left hemisphere (0.5 mm
posterior and 2 mm lateral to the bregma) to administer
drugs and the other in the right hemisphere (2 mm
posterior and 2 mm lateral to the bregma) to measure
the DC potential shift.

The electrode consisted of a glass micropipette with
a tip diameter of about 4 um, which was filled with 3
v KCI with an Ag/AgCl electrode in the barrel. This
local electrode was implanted in the right hippocampal
CAl field (2 mm posterior and 2 mm lateral to the
bregma, and 2 mm below the brain surface) through
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the burr hole previously described. The remote elec-

trode (Ag/AgCl) was inserted into the subcutaneous

portion of the neck. The DC potential shift was moni-
tored between these electrodes with a model AB-621G

DC amplifier (Nihon Kohden, Tokyo, Japan). After a

stabilization period of 60 min, animals were assigned

to one of two groups. In one, lidocaine (0.8 gmol in

10 pl saline) was administered intracerebroventricularly

through a 27-gauge needle inserted into one burr hole.

Control animals were given 10 ul saline.

Transient forebrain ischemia was achieved by pulling
the threads around the bilateral common carotid arter-
ies with 8-g weights. This was done 10 min after lido-
caine or saline administration while maintaining the
brain and rectal temperatures at 37.5 + 0.2°C."° After
the 4-min period of ischemia, the threads were cut to
restore the blood flow. Rectal and brain temperatures
were maintained at 37 -38°C under halothane anesthe-
sia for 90 min after the reflow. The difference in the
DC potential shift was compared by analyzing its onset
latency (from the start of ischemia to the sudden depo-
larization), amplitude, recovery time of depolarization
to half-maximal amplitude, and duration at half-maximal
amplitude (fig. 1). The thermocouple probes were then
gently removed. After all surgical incisions were care-
fully sutured, the animal was removed from the stereo-
taxic apparatus. The animal was brought to its cage in
a room maintained at constant temperature and allowed
access to food and water ad libitum.

Seven days later, the animals were anesthetized with
an intraperitoneal injection of sodium pentobarbital.
The brains were perfused with heparinized saline and
fixed with 10% buffered formalin. After dehydration
with graded concentrations of alcohol solutions, the
brains were embedded in paraffin. Brain slices, 5 f4m
thick, were stained with hematoxylin and eosin. The
number of pyramidal cells in the hippocampal CA1 field
per constant area (1 X 1 mm) was counted in healthy
animals, and then the number of preserved neurons in
the experimental animals was counted in the corre-
sponding area from the coronal section (1.5 mm poste-
rior to bregma). Then the average of percentages of
necrotic cells on both sides was obtained for each ani-
mal.

Another group of ten gerbils was prepared to deter-
mine the physiologic variables that may influence the
extent of the neuronal damage in ischemia. The animal
was anesthetized with 2% halothane and 98% oxygen.
Five animals were given lidocaine intracerebroventricu-
larly, and the remaining five animals were given saline

_+ i
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Fig. 1. Effects of lidocaine administered intracerebroventricu-
larly 10 min before ischemia on the anoxic depolarization
(AD). The onset latency, amplitude, recovery time, and dura-
tion of AD were analyzed. Each column represents the mean
+ SD for seven to nine animals. Cont = saline-injected control
group; Lido = lidocaine (0.8 pmol)-injected group. *P < 0.05,
P < 0.01 compared with the respective values in the control
group.
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while they were in the prone position using a stereo-
taxic apparatus. With the animal in the supine position,
the animal was prepared for forebrain ischemia. Then,
after making an incision in the abdomen, the abdominal
aorta was exposed, and a 24-gauge Teflon catheter was
inserted into the abdominal aorta to monitor the blood
pressure using a model AP-641G blood pressure ampli-
fier (Nihon Kohden, Tokyo, Japan). Ten minutes after g
the drug was administered, forebrain ischemia for 4 min 3
was induced by clamping the bilateral carotid arteries.
Fifteen minutes after reperfusion, the blood sample was
collected through the catheter to analyze serum glu-
cose, electrolytes, and arterial blood gas levels ac-
cording to routine laboratory procedures (blood glu-
cose testing system by electrode, MPGO1; Daikin,
Osaka, Japan; ABL505 Radiometer; Copenhagen, Den-
mark). The rectal temperature was maintained at 37 -
58 E:

Experiment 2: Measurement of [Caail:
Gerbils were anesthetized with ether and then decapi-
tated. The hippocampi were removed rapidly and §
placed in an ice-cold physiologic medium (124 mm &
NaCl; 5 mm KCI; 2 mm CaCly; 2 mm MgCl; 1.25 mm
NaH,PO,; 26 mm NaHCO;; 10 mm glucose). Hippocam-
pal transverse slices approximately 300 ym thick were
cut with a vibrating slicer (DTK-1000; Dosaka Co., Ky-
oto, Japan). Three to five slices were obtained from
each hippocampus and incubated in the physiologic
medium equilibrated with a 95% oxygen and 5% carbon
dioxide gas mixture for 1 h at 26°C. The slices were
preloaded with a fluorescence indicator, rhod-2 acetox-
ymethyl ester (Dojin, Kumamoto, Japan), which was§
diluted to 20 pm in the physiologic medium and equili—%
brated with a 95% oxygen and 5% carbon dioxide gass
mixture for 45 min at 26°C. After loading, the slices%
were further incubated in the physiologic medium for

at least 30 min at 26°C.

The [Ca’"]; levels were measured using an inverted
fluorescence microscope, a high-performance video
camera, and an image processor system. A low-magnifi-
cation objective lens (X4) and a side illumination sys-
tem were used to visualize the fluorescent image of
the slice. The slice was transferred to a flow-through
chamber (volume ~0.2 ml) mounted on the fluores-
cence microscope equipped with a heat plate stage
(IMT2; Olympus) and superfused at 3 ml/min with the
appropriate medium at 37°C. The temperature of the
medium in the chamber was monitored using a thermo-
couple needle probe (0.4-mm diameter; TN-800; Unique
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Medical Corp.) and a thermocouple meter (TME-300:
Unique Medical Corp.). The slice was excited with 550
nm light produced by an ultraviolet lamp (100 W; Os-
ram, Munich, Germany), filtered by an interference fil-
ter (550 nm; band width, <16 nm) and conducted to
the slice through an optic fiber (5-mm diameter). The
fluorescence signals (>580 nm) were captured on a
silicon intensified target camera (C2400-8; Hamamatsu
Photonics, Hamamatsu, Japan) and processed using an
image processor (Argus-100; Hamamatsu Photonics).

Before [Ca*'], was measured, the slice loaded with
rhod-2 was excited with 550 nm light, and the picture
(on a television monitor) was examined to confirm that
the dye was uniformly distributed throughout the slice.

Slices were evenly divided into the following four
experimental groups. After the slice was placed into
the chamber, the slice was perfused with the normoxic
medium (a physiologic medium equilibrated with a 95%
oxygen and 5% carbon dioxide gas mixture) for 15 min,
and the [Ca*"], in the preischemic state was measured.
In vitro hypoxia was induced by switching the nor-
moxic medium to a glucose-free hypoxic medium equil-
ibrated with a 95% nitrogen and 5% carbon dioxide gas
mixture. The fluorescence intensity was measured in
the image after the induction of in vitro hypoxia. Then
the numerical values (pixels) were divided by the value
of the corresponding element that had been taken be-
fore the measurement. Thus the ratio of [Ca’'], was
obtained every 10 s.

The effects of lidocaine at concentrations of 10, 50,
and 100 pm on the ischemia-like condition were evalu-
ated. After the rhod-2 loading incubation, the slice was
perfused with lidocaine-containing normoxic medium
for 15 min after placement of the slice into the chamber,
and then the medium was switched to the lidocaine-
containing ischemia-like medium.

To investigate the effect of lidocaine in a condition
free from extracellular Ca*’,| the slice was perfused with
Ca’'-free medium that was prepared by replacing CaCl,
with MgCl, in normoxic and ischemia-like mediums.
First, the slice was perfused with the Ca’'-containing
normoxic medium for 15 min after placement of the
slice in the chamber, and then the medium was changed
to the Ca’’-free normoxic medium. After 5 min, the
medium was switched to the Ca*'-free ischemia-like
medium,

Statistical Analysis
The data obtained from measuring the DC potential
were analyzed by unpaired ¢ tests. The data from the
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histologic experiments were evaluated with the Mann-
Whitney test. The data from the fluorometry were ana-
lyzed using repeated two-way analysis of variance to
detect differences among groups. When differences
were found, the Scheffé’'s test was used post hoc to
compare each value with that in the control group.

Results

The forebrain ischemia produced a slow change in
the extracellular membrane potential in the early phase.
Subsequently, a sudden and marked change was ob-
served in the hippocampal CA1 area. The administration
of lidocaine (0.8 ymol) produced a 140% prolongation
of the onset latency of the rapid change in the DC
potential shift. The maximal amplitude of the DC poten-
tial shift was suppressed to 67% of that in the control
group. The recovery time and the duration at half-maxi-
mal amplitude of the depolarization revealed no signifi-
cant differences between the two groups (fig. 1).

Animals in the control group regained consciousness
and righting reflex within 30 min after halothane anes-
thesia was stopped. Similar to the control animals, the
animals treated with lidocaine recovered from anesthe-
sia within 30 min. There were no differences between
the two groups in taking food and water in the 7 days
between ischemia and sacrifice. No seizures were noted
in either group. As shown in table 1, there were no
differences in the physiologic variables between the
two groups.

Histologically, most of the pyramidal cells had degen-
erated after 7 days in the control animals subjected to
forebrain ischemia. In contrast, the intracerebroventric-
ular administration of lidocaine (0.8 gmol) 10 min be-
fore the ischemia significantly reduced the damage
(fig. 2).

When the hippocampal slices were perfused with the
in vitro ischemia-like medium, almost no increase in
the ratio of [Ca®"], was observed in the CA1 field within
240 s after the beginning of the in vitro ischemia. Subse-
quently, an acute and large increase in [Ca’'], spread
throughout the CA1 field, and the ratio reached a pla-
teau (figs. 3 and 4). When slices were perfused with the
lidocaine-containing medium, the extent of the [Ca’' |
increase was dose dependently inhibited, with the ef-
fects becoming significant at concentrations of 50 and
100 pm. The latencies of the onset of the increase in
[Ca*'), in slices perfused with 50 and 100 um lidocaine
were also prolonged significantly, the values being 392

and 400 s (mean, n = 10), respectively
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Table 1. Physiologic Variables

Control Lidocaine
Mean arterial blood pressure
and heart rate
Before ischemia
Blood pressure (mmHgQ) 71 = 14 76 = 10
Heart rate (bpm) 334 + 24 346 + 52
Ischemia
Blood pressure (mmHg) 765513 743 == (5
Heart rate (bpm) 304 + 52 8523230
Ischemia (2 min)
Blood pressure (mmHQ) 78r=519 5¥=19
Heart rate (bpm) 306 = 52 300 = 42
Reperfusion
Blood pressure (mmHg) (52 == )7/ TS T
Heart rate (bpm) 308255 320 + 66
Reperfusion (5 min)
Blood pressure (mmHg) 6585016 78 + 8
Heart rate (bpm) 3il2 =05/ 364 + 54
Reperfusion (10 min)
Blood pressure (mmHg) Tal==89) Bill==51.0
Heart rate (bpm) 342 + 36 382 + 55
Reperfusion (15 min)
Blood pressure (mmHg) 71 == 914 Silll==3112
Heart rate (bpm) 344 + 36 378 + 46
Arterial blood analysis
Glucose (mg/dl) 144 + 14 158 + 39
pH 7.271 = 0.041 72851010119
Paco, (mmHg) 36.7 = 9.9 35.4 + 4.0
Pao, (mmHg) 8925107 A3 25 5145
HCO;™ (mm) 16.4 £ 5.7 111945 2= 140
Base excess (mm) —9.8/ £ 5.9 -104 £ 24
Na* (mm) 100 ==z €7/ 150002 == 7[.8
K" (mm) 3.1+ 09 248 2= 0L/
Ca’" (mm) 114005 25 @98 HOBE==0N8

Lidocaine (0.8 pmol) was administered intracerebroventricularly under halo-
thane anesthesia, and the mean arterial blood pressure was determined be-
fore ischemia, immediately after the start of ischemia, 2 min after the start of
ischemia, immediately after reperfusion, 5 min after reperfusion, 10 min after
reperfusion, and 15 min after reperfusion. Then 1 ml of blood was collected
through the abdominal aorta. Each value represents the mean + SD for five
animals.

When slices were perfused with Ca®’-free in vitro
ischemia-like medium, an increase in [Ca’'], was ob-
served in the CA1 field similar to that seen in the Ca**-
containing condition (fig. 5). The mean value of the
latencies of the increase in [Ca®'], was 236 s (mean, n
= 10). Perfusion with lidocaine (100 pm)-containing
medium produced a gradual and moderate increase in
[Ca®"],. The latency at the beginning of the increase in
[Ca*"]; was markedly prolonged to 384 s (mean, n =
10) by 100 um lidocaine, and the ratio of fluorescence
intensity after 600 s was depressed to 65% of that in
the Ca*'-free control.
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Discussion

We have shown the improvement of the ischemia-
induced neuronal damage by lidocaine: prolongation of
the onset of the AD and suppression of its amplitude.
In addition, inhibition of a hypoxia-induced increase in
[Ca*"], by the lidocaine was observed.

The measurement of the DC potential shift between
an extracellularly placed electrode in the brain and a
remote electrode closely reflects the movement of Na*
K*, CI', and Ca*" across the membrane.' In ccrcbral%
ischemia, the depletion of adenosine 5'-triphosphate in §
the central nervous system and glutamate efflux from‘-z
both neurons and glia progress together'"; then the sud-
den depolarization of the neuronal membrane occurs 2
with a huge Ca’" influx into the neurons.” The latter §
phenomenon causes further adenosine 5'-triphosphate 3
depletion and glutamate efflux. In the present experi-
ment, the intracerebroventricular administration of lido-
caine prolonged the onset of the AD and protected the
neurons. One previous study showed that the incrcuse%
in the extracellular concentration of excitatory umino%
acids such as glutamate and aspartate provoked by isch-g
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Fig. 2. Effects of lidocaine administered intracerebroventricu-
larly 10 min before ischemia on the delayed neuronal death
of CA1 pyramidal cells. CA1 pyramidal cells were examined 7
days after 4 min of ischemia, and the percentage of degener-
ated pyramidal cells (ordinate) was determined. Values ob-
tained from individual animals are shown. Cont = saline-in-
jected control group; Lido = lidocaine (0.8 pmol)-injected
group. *P < 0.01 compared with the control group.
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(A) Control

PR
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Fig. 3. Photographs showing [Ca’']; eleva-
tion induced by in vitro ischemia-like con-
ditions in gerbil hippocampal slices. (4)
the standard ischemia-like medium, (B) li-
docaine (100 pm)-containing ischemia-
like medium. Open rectangles represent
measured areas.

atory neurotransmitters are released on the onset of the
AD, the present preischemic administration of lidocaine
may contribute to the histologic improvement by de-

laying cytosolic glutamate release

In the histologic observation 7 days after the ischemia,
transient forebrain ischemia for 4 min at a brain temper-
ature of 37.5°C produced severe damage in the hippo-
campal CA1 region in control animals. This result corre-
sponds to that in the previous report that transient fore-
brain ischemia for 3 min in normothermic conditions
consistently induced severe damage in the CAl field in

Anesthesiology, V 87, No 6, Dec 1997
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gerbils."” The intracerebroventricular administration of
lidocaine (0.8 pmol) 10 min before the ischemia mark-
edly ameliorated this injury. The CA1 area is innervated
by glutamatergic fibers,'”

which cause neuronal death
in ischemia by their excess release of glutamate,"
mainly by reversing the Na'-cotransport system in a
Ca®"-independent manner.'" Because the blockade of
Na' channels by tetrodotoxin has been shown to re
duce Ca’"-independent excitatory amino acid release,'”
the action of lidocaine by blocking Na' channels may
take part in the inhibition of the release of excitatory

:
\
!
:
|
|

202 Iudy 0z uo 1senb Aq Jpd°92000-000Z | L661-27S0000/60968€/0.L 1/9/.8/4Pd-8]0iHE/ABOjOISBYISBUE/W0D JIEUDIBA|IS ZESE//:dRY WOl papeojumo]




1476

LIU ET AL.

- 371 / . % —
&O l / /T’T
U -
< AT
< / %%
s o/ |
o v /Txx/_.
T 1| on-on—-on-on-0u-*N— *i* i
O L
0 100 200 300 400 500 600

Time after Ischemia-like Condition (s)

Fig. 4. Changes in the ratio of [Ca’']; in slices of the gerbil
hippocampal CA1 field exposedin vitro to ischemia-like condi-
tions. The standard ischemia-like medium (O); 10 um lido-
caine-containing, ischemia-like medium (®); 50 um lidocaine-
containing, ischemia-like medium (A); and 100 um lidocaine-
containing, ischemia-like medium (M) effects are shown. Each
value represents the mean + SD for 10 slices. *P < 0.01, *P <
0.001 compared with the respective values in the standard
ischemia-like group.

amino acids. The diminution of the amplitude of the
AD, which represents the decrease in the ion fluxes,
may also be the result of the inhibition of the glutamate
release. Lidocaine has been shown to reduce ischemic
injury in slices without blocking action potentials, indi-
cating that the amount of lidocaine that needs to im-
prove the damage is less than that required to achieve
neural blockade.'*” ' Furthermore, tetrodotoxin sup-
presses the AD by preventing of the Na' load in the
early stage of ischemia.'” These findings indicate that
the inhibition of initial events in the ischemic cascade
by blocking voltage-dependent Na' channels reduces
the damage provoked by downstream events.

A sudden and large increase in [Ca’ "], in the CA1 area
was observed in the in vitro experiment. This finding
corresponds well with the selective vulnerability in this
area, because the elevation of [Ca’']; in postsynaptic
neurons after an excess release of glutamate is regarded
as a crucial factor in the development of neuronal dam-
age on ischemic attack.”’ Because the administration of
lidocaine dose dependently prevented the increase in
[Ca®"]; on the extent and the onset, the improvement
of the damage by lidocaine in the /7 vivo experiment
may be the result of these inhibitory effects as well as
the blockade of Na® channels.

The elevation of the cytosolic concentration of Ca*"

Anesthesiology, V 87, No 6, Dec 1997

in ischemia is induced by both the influx of Ca*" from
the extracellular space and the release of Ca®" from
intracellular stores such as the endoplasmic reticulum
and mitochondria. In this study, [Ca*']; in the Ca*'-free
ischemia-like medium increased in a manner similar to
that in the Ca®’-containing condition, and the ratio also
attained nearly the same value after 600 s. This may
indicate that most of the increase in [Ca’'], is from
intracellular sources. However, it is unlikely that the
increased amount of cytosolic Ca®" is provided entirely
from the intracellular sources. In the present study, it
is not clear that the extracellular concentration of Ca*"'
in the microenvironment of the slices decreased by
switching the medium to the Ca*'-free medium. In our
previous study on recordings of extracellular DC and
evoked field potentials combined with measurement
of [Ca®"], field excitatory postsynaptic potential (EPSP)
disappeared 4 min after switching the normoxic me-
dium to Ca*'-free normoxic medium, indicating that
synaptic transmission was depressed by removing extra-
cellular Ca*".*' This suggests that the extracellular con-
centration of Ca”" is reduced to negligible levels at this
point on the electrophysiologic aspect. Although the
in vitro hypoxia was induced 5 min after the onset
of perfusion with Ca’’-free normoxic medium in the
present experiment, [Ca’']; in the Ca*'-free ischemia-
like medium increased in a manner similar to that ob-
served in the Ca’*’-containing condition. This similarity
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Fig. 5. Changes in the ratio of [Ca’'], in slices of the hippocam-
pal CA1 field that underwent Ca®'-free in vitro ischemia-like
conditions. The Ca*'-free, in vitro ischemia-like medium (O);
and 100 um lidocaine-containing, Ca*’-free, in vitro ischemia-
like medium (@) effects are shown. Each value represents the
mean + SD for ten slices. "P < 0.01, P < 0.001 compared
with the respective values in the Ca*’-free ischemia-like group.
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may be caused by an insufficient decrease in the extra-
cellular concentration of Ca*" in the microenvironment
of the slices, whereas field EPSP is inhibited at this
concentration. The Ca®" influx is generally presumed
to be caused through voltage-gated Ca®" channels and
through agonist-gated Ca*" channels, mainly N-methyl-
D-aspartate -gated Ca’" channels. Because voltage-
gated Ca®" channels are quickly inactivated during a
maintained depolarization,” the major component of
Ca’" influx induced by in vitro hypoxia may be through
N-methyl-D-aspartate - gated Ca*" channels.

Two mechanisms of the release of Ca*" from the endo-
plasmic reticulum to cytosol have been clarified.?*?**
One is the release through ryanodine receptors, which
exist on the membrane of the endoplasmic reticulum.
When Ca®" flows into the cytosol from the extracellular
space through mainly N-methyl-D-aspartate - gated Ca*"
channels in an ischemic event, the increase in cytosolic
Ca’’ stimulates ryanodine receptors, thereby releasing
Ca®" from intracellular Ca®" stores (Ca’*-induced Ca*'
release). The other mechanism involves the inositol
1,4,5-triphosphate (IP,) receptors on the endoplasmic
reticulum. Stimulation of postsynaptic metabotropic
glutamate receptors enhances the activation of phos-
pholipase C, resulting in the facilitation of phosphatidyl-
inositol turnover. Thus IP; receptor-linked Ca*" chan-
nels open in response to the increase in the intracellular
concentration of IP;, which causes the release of Ca*’
(IPyinduced Ca’" release). However, the mechanism by
which lidocaine reduces the release of Ca*" from the
endoplasmic reticulum was not made clear in the pres-
ent study. There is a report that IP; receptors are highly
localized in pyramidal cells in the hippocampal CAl
area and Purkinje cells in the cerebellum,”” both of
which are vulnerable to ischemia. In contrast, ryano-
dine receptors, which cause Ca*"-induced Ca*’ release,
are widely distributed in the whole brain.”® In another
study, lidocaine was shown to facilitate the affinity for
ryanodine and the rate of ryanodine association with
its binding site in a nonischemic condition.” For these
reasons, lidocaine seems to inhibit the IP; receptor-
mediated Ca’’ release in ischemia.

In this study, lidocaine prevented the increase in
[Ca®"], during ischemia, probably as a result of an inhibi-
tion of the release of Ca*" from the intracellular Ca*’
stores and the inhibition of the influx from the extracel-
lular space. The reduction of [Ca*'], in the carly stage
of ischemia plays an important role in preventing the
cascade leading to neuronal damage, and the present
findings contribute to our understanding of the neuro-
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protective action of lidocaine against ischemia-induced
neuronal damage.
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