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Abstract. We examined the protective effects of the immunosuppressants cyclosporin A (CsA)

and FK506 on abnormal cytosolic Ca** ([Ca*"]c) and mitochondrial Ca** concentration ([Ca®]m)
dynamics induced by ischemia or high L-glutamate concentration in mouse brain slice prepara-
tions. We used fura-4F and rhod-2 as indicators for [Ca®']c and [Ca®']m, respectively, in their ac-
etoxymethylester form. Slice preparations loaded with either of these two indicators were exposed
to ischemic artificial cerebrospinal fluid (oxygen- and glucose-deprived medium) for 12 min or to
aerobic medium with high L-glutamate concentration (isotonic 20 mM L-glutamate) for 5 min.
CsA (1 -10 uM) showed significant protective effects on the maximum increase in ischemia-
induced [Ca**]c and [Ca”Jm. FK506 (10 M) showed significant protective effects on the [Ca* Jm
increase, but not on the ischemia-induced [Ca*"]c increase. Both immunosuppressants showed al-
most equal protective effects on the [Ca**]c and [Ca®"m increases induced by high L-glutamate
concentration. These results suggest that the protective effects of CsA and FK506 on Ca*" over-
loading may be dependent upon the common pharmacological sites of actions relating to their ef-
fects as immunosuppressants. The small, but significant depressant effects of these drugs could
give us important clues for rescuing critical brain damage induced by Ca** overloading.
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Introduction

Since intracellular Ca®>" is widely used as a second
messenger (1), the ion must be rapidly extruded after
performing its function to maintain a suitable intracellu-
lar environment for subsequent signal transduction (2, 3).
Mitochondria, vitally important organelles that function
as centers of energy metabolism, use a Ca®" uniporter
located on the inner membrane to sequester accumulated
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cytosolic Ca?" ([Ca®']c) (4). Mitochondria also work as
decoders of Ca*" signals for energy production (5 — 7).

In highly energy-dependent cells (e.g., neuronal cells),
the deficiency of an energy source disrupts the ion ho-
meostasis of intracellular environments, which subse-
quently induces membrane depolarization and facilitates
Ca’" influx from the extracellular space through opened
voltage-sensitive Ca>" channels (8 —9). Ca®" influx into
neuronal cells is induced by the activation of glutamate
receptors, which are stimulated by a large amount of
glutamate released from neuronal cells themselves fol-
lowing depolarization (10, 11).

The massive increase in Ca®* concentration due to an
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energy deficit in cells eventually saturates the Ca*" ca-
pacity of mitochondria within a few minutes. The satu-
rated mitochondria open channels referred to as mito-
chondrial permeability transition pores (mPTPs), which
are permeable to molecules less than 1500 Da (12 — 16).
Once these mPTPs are opened, mitochondria will lose
their capacity for Ca*" sequestration, resulting in an ab-
normal increase in intracellular Ca** concentration
([Ca*i). The increased [Ca®']i subsequently triggers
Ca®-dependent enzymes associated with superoxide
production (17, 18) and the breakdown of phospholipids
and proteins (19, 20). Following Ca*"-dependent enzyme
activation, these enzymes induce severe breakdown of
functional molecules, the cytoskeleton, and the plasma
membrane, causing acute neuronal cell death (necrosis).
Even if the cells exposed to a sharp increase in [Ca*']i
were to be rescued by a resupply of energy, most of these
cells would die in subsequent slow processes (i.¢e., apop-
tosis) (21, 22).

Clinically, we encounter various types of energy-deficit
induced brain damage, such as damage caused by disrup-
tion and thrombosis in brain blood vessels, asphyxia,
carbon monoxide poisoning, or severe hypoglycemia.
However, drugs that can be used to rescue patients from
such a state are limited.

Cyclosporin A (CsA) and FK506, well known immu-
nosuppressants, have been reported to have protective
effects on experimental brain damage induced by isch-
emia (23 —26). Although there are conflicting reports
regarding their efficacy, these immunosuppressants have
long been expected to yield important clues for develop-
ing new drugs that could rescue the brain from ischemic
damage. CsA and FK506 inhibit the activity of calcineu-
rin, an abundant phosphatase (27). However, the advan-
tageous effects of these drugs on neuronal damage cannot
be ascribed simply to their inhibitory effects on the
enzyme. Since CsA interacts with cyclophilin D, an im-
munophilin and a component molecule of mPTPs (28,
29), the main site of CsA action is the mitochondrion
(30). On the other hand, FK506 interacts with an FK506-
binding protein, a member of the immunophilin protein
family distinct from mPTPs (31, 32).

In the present study, we investigated the underlying
mechanisms of the different effects of CsA and FK506
on brain damage. Specifically, we examined the [Ca*"]c
and mitochondrial Ca** concentrations ([Ca®‘]m) in
mouse brain slice preparations by loading them with fura-
4F and rhod-2, respectively, in their acetoxymethylester
form.

We used “macro” imaging on a device consisting of a
conventional fluorescence microscope with a low mag-
nification objective lens and an image processor (33). By
this method, we could evaluate Ca*" dynamics in wide

areas of the slice preparations when exposed to an isch-
emic condition or high L-glutamate concentration in a
single experiment. The specific vulnerability of the hip-
pocampal CA1 (CAl) region to ischemia and its Ca*"
dependency has been reported as early as 1982 (34), but
the reasons for this phenomenon still remain poorly un-
derstood. We attempted to compare the [Ca®']c and
[Ca® Jm dynamics and the effects of drugs in the cerebral
cortex and CA1 region under abnormal conditions. We
expected to find some clues to explain the regional dif-
ferences in vulnerability and drug effects.

Materials and Methods

Fresh mouse brain slice preparation

The study protocol was approved by the Institutional
Animal Care Committee of Tokyo Medical University,
which follows the “Guidance Principles for the Care and
Use of Laboratory Animals” approved by The Japanese
Pharmacological Society. Male adult C57BL/6N mice
(1 — 3-month-old) were kept in an animal room where
light was artificially controlled from 7:00 AM to 7:00
PM and temperature was maintained at 26°C + 1°C. The
animals were allowed to take food and water ad
libitum.

Mice were decapitated under ether anesthesia. The
whole brain was immediately isolated and kept in ice-
cold aerobic artificial cerebrospinal fluid (ACSF) for 10
min. Then, 300-um horizontal brain slices, including the
ventral hippocampus and lateral cerebral cortex (LC),
were prepared using a tissue slicer (DTK-1000; Dosaka
EM Co., Ltd., Kyoto). The slices were separated into
right and left pieces and used as hemi-brain preparations
randomly.

Staining of slice preparations with Ca’" indicators

Three or four pieces of slice preparations were placed
into ACSF containing either of the fluorescence Ca®*
indicators (5 uM fura-4F/AM or 3 uM rhod-2/AM) at
room temperature (25°C £ 2°C for 45 min. The prepara-
tions were then transferred to fresh ACSF and incubated
for at least 30 min before use. During and after staining,
the ACSF was aerated constantly with 95% O, and 5%
CO; at room temperature.

Ca’" measurement by imaging analysis

Slice preparations stained with either of the Ca*" indi-
cators were placed in a recording chamber that was fixed
on the stage of an inverted microscope (IX71; Olympus
Co., Tokyo), and they were constantly perfused (2 mL/
min) with fresh ACSF aerated with 95% O, and 5% CO,
using a micro tube pump (MP-32; Tokyo Rikakikai Co.,
Ltd., Tokyo).



230 T Yokoyama et al

The fluorescence images of the slice preparations were
detected using a CCD camera (Orca-ER; Hamamatsu
Photonics K.K., Hamamatsu, Shizuoka) through the 4 x
objective lens of the inverted microscope. Two-dimen-
sional images of a hemi-brain slice preparation were
processed by an image processing system using specific
software (Aquacosmos; Hamamatsu Photonics).

The time courses of the changes in [Ca*']i at two re-
gions of interest (ROI), specifically the LC and CA1 re-
gions, were calculated as the average brightness contained
within an area of 50 x 50 pixels (about 1 mm?” of the slice
preparation) of each ROI. For the preparation loaded
with fura-4F, the ratio of the fluorescence (> 500 nm)
induced by alternative excitation at 340 nm versus 380
nm (F340/F380) was calculated. In the rhod-2—stained
preparations, the ratio of the fluorescence (> 580 nm)
induced by an excitation wavelength of 540 nm was
calculated by taking the initial image as a reference.

Composition of experimental medium

Normal aerobic ACSF had the following composition:
124.0 mM NaCl, 26.0 mM NaHCOs3, 2.5 mM KCl, 2.0
mM CaCl,, 1.0 mM MgCl,, 1.25 mM NaH,POs, and 10.0
mM p-glucose; the solution was aerated with 95% O, and
5% CO.. The ischemic ACSF had the following compo-
sition: 124.0 mM NacCl, 26.0 mM NaHCOs, 2.5 mM KCl,
2.0 mM CaCl,, 1.0 mM MgCl,, 1.25 mM NaH,PO,, and
10.0 mM 2-deoxy-p-glucose; the solution was aerated
with 95% N, and 5% CO.,.

L-Glutamate (5 — 30 mM) containing ACSF was pre-
pared by diluting isotonic 100 mM L-glutamate—ACSF,
which was prepared by substituting 100 mM NaCl with
100 mM L-glutamate monosodium salt.

Isotonic 80 mM (80K)) potassium ACSF was prepared
by substituting 77.5 mM NaCl in normal ACSF with
77.5 mM KCIl.

Ischemia (hypoxia and hypoglycemia) was induced by
replacing the normal medium with ischemic ACSF for
12 min. The temperature of the medium was maintained
at 30°C £ 1°C using a self-made temperature control unit
that had been previously tested for reliability.

Evaluation of Ca** dynamics in control and drug-treated
slice preparations during and after exposure to ischemia
and r-glutamate

In the present study, F340/F380 data for fura-4F and
F540/F540 data for rhod-2 were mathematically normal-
ized to 1.0 at the data point just before exposure to isch-
emia. We examined the Ca”>" concentrations in the LC
and CAl regions before, during, and after exposure to
ischemia, and the data obtained in separate slice prepara-
tions were averaged with time. We expressed the maxi-
mum increase in Ca®>" concentration, detected as F340/

F380 (fura-4F) or F540/F540 (rhod-2), during ischemia
as the ratio of increased to resting concentration. We
evaluated the effects of CsA and FK506 by applying
them to the mouse brain slice preparations 10 min before
the induction of ischemia up to the end of the experi-
ments. We added 0.1% DMSO to both ACSF media as a
vehicle control for CsA and FK506.

Evaluation of drug effects on slice preparations exposed
to high glutamate concentrations using Ca’" indicators

We examined the dynamic fluorescence changes dur-
ing exposure to extremely high concentrations of L-glu-
tamate. In this experiment, we exposed the preparation to
5 —30 mM r-glutamate ASCF for 5 min. We examined
the protective effects of CsA and FK506 on the L-gluta-
mate—induced fluorescence dynamics in the slice prepa-
rations loaded with fura-4F or rhod-2. We also investi-
gated the fluorescence dynamics on the slice preparations
loaded with MitoTracker Red (3 uM).

Drugs

CsA (MW 1202.61) and FK506 monohydrate (MW
822.03) were purchased from Sigma (St. Louis, MO,
USA). MitoTracker Red was procured from Lonza
Walkersville, Inc. (Walkersville, MD, USA). These
drugs were dissolved in DMSO (Sigma-Aldrich, Inc., St.
Louis, MO, USA) to make a stock solution (102 M). The
stock solution was diluted with ACSF to the appropriate
concentration for testing. Rhod-2/AM was purchased
from Dojindo Molecular Technologies, Inc. (Kumamoto)
and fura-4F/AM was obtained from Invitrogen Molecular
Probes (Eugene, OR, USA). According to the product
catalogues from Invitrogen, the Ca* affinities of fura-4F
and rhod-2 are 770 and 570 nM, respectively.

Statistical analyses

All data were expressed as means = S.E.M. Statistical
analysis for multigroup data was conducted using
Tukey’s post-hoc analysis. Paired data obtained from the
same slice preparation were analyzed using the paired #-
test. For comparison between two sets of data obtained
in parallel, we employed Student’s #-test. A P-value of
less than 0.05 was considered to indicate a statistically
significant difference.

Results

Ca’" dynamics during ischemia in cytosol and mitochon-
dria of brain slice preparations detected by fura-4F and
rhod-2, respectively

When the slice preparations were exposed to ischemic
ACSF (hypoxia and hypoglycemia) by continuous perfu-
sion, the fluorescence signals for the Ca*" level started to
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increase within 3 min and gradually increased with time
in both [Ca*"]c and [Ca*'Jm (Fig. 1: A and B). As shown
in the representative recordings (Fig. 1: Aa and Ba), the
increase in fluorescence intensity in the LC region oc-
curred earlier than that in the CAl region. The time
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courses of the fluorescence signals in the LC and CA1
regions, expressed as the average response obtained from
12 data, are summarized in Fig. 1, Ab and Bb. The aver-
age time courses of the fluorescence signal changes in
the LC and CA1 regions during ischemia appeared to be
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Fig. 1. Time courses of Ca®
concentration changes in mouse
brain slice preparations during
exposure to ischemic ACSF.
Time course of cytosolic and mi-
tochondrial Ca®* concentration
changes measured using fura-4F
(A) and rhod-2 (B), respectively.
a: Representative pseudocolor ra-
tio images (F340/F380 for A,
F540/F540 for B) before (1), dur-
ing (2, 3), and after ischemia (4).
Squares on the images refer to
ROL. Solid rectangle: lateral cere-
bral cortex (LC) and broken rect-
angle: hippocampal CA1 (CAl).
b: Average time course of Ca*"
concentration  changes  with
S.E.M. bars obtained from 12
experiments. Experimental data
were normalized at the level of
the start of exposure up to 12 min
of ischemia (hypoxia and hypo-
glycemia), as indicated by a solid
horizontal line in each graph.
Numbers on each graph refer to
those images indicated in panel a.
Solid line: LC region and broken
line: CAl region. Inset figure in
B: averaged time course of
changes in [Ca®"Jm with S.E.M.
bars (n = 5) as induced by isotonic
80 mM KCI administered for 10
min. Ordinate: rate of Ca®" in-
crease taking the value at the start
point as 1.0. Abscissa: time in
min. ¢: Time required for the half
maximum increase in the LC and
CA1 regions (average + S.E.M.
of 12 data). Filled column: LC
region and open column: CAI re-
gion. *P < (.05 using the paired
t-test. Arrowheads in the images
labeled “3” and “4” in Ba indicate
the swelling of preparations.
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similar. However, the increase in fluorescence intensity
in the LC region occurred earlier than that in the CA1
region in every slice preparation tested; thus there was a
significant difference in the time for the half-maximum
increase in the LC and CA1 regions, when analyzed by
the paired #-test (Fig. 1: Ac and Bc).

There were no significant differences between the
maximum increases in [Ca®]c and [Ca®']m in both loca-
tions. However, a characteristic difference in [Ca®]c and
[Ca*"Jm was observed in the rate of recovery after reper-
fusion with normal aerobic ACSF. The maximum in-
crease in [Ca*'Jc induced within 12 min of ischemia re-
covered considerably within 15 min of reperfusion.
However, the recovery rate of [Ca*"Jm from its maximum
level after reperfusion with normal ACSF was signifi-
cantly smaller than that of [Ca*']c (Fig. 1: Ab and Bb,
Table 1). We confirmed that the much higher increase in
the rhod-2 fluorescence intensity induced by 80 mM KCl
under aerobic conditions could recover by almost 40%
within 15 min of washing (see the inset in Fig. 1BDb).

We observed a strong positive fluorescence signal at
the edge of the slice preparation during ischemia (arrow
heads, No. 3 and 4 images in Fig. 1Ba). The signal might
be the result of morphological changes due to swelling in
the slice preparation. The signal suggests the develop-
ment of swelling even after washing (Fig. 1Ba, No. 4).

Effects of CsA and FK506 on ischemia-induced Ca’*
dynamics in cytosol and mitochondria

To examine the effects of CsA and FK506 on [Ca®]c
and [Ca®']Jm dynamics in mouse brain slice preparations
during 12 min of ischemia, we administered the drugs 10
min before, during, and after exposure to ischemic ACSF.
The average time course (with S.E.M. bars) in [Ca*"]c
and [Ca’"]m of the vehicle control, CsA (10 uM)-treated,
and FK506 (10 uM)-treated slice preparations is shown
in Fig. 2. Based on the experiments according to the same
experimental protocol by changing the drug concentra-
tion (0 — 10 uM), we obtained the dose-response rela-
tionship to inhibitory effects of CsA and FK506 on the

maximum increase in [Ca*"]c and [Ca”*"Jm in both the LC
and CA1 regions (Fig. 3).

CsA significantly inhibited the maximum increase in
[Ca®"]c and [Ca*Jm at 10 uM when compared with the
vehicle control (Fig. 2: Ab and Bb, Fig. 3: a and c). CsA
at 1 uM showed significant inhibitory effects on [Ca*'Jc
in both the LC and CA1 regions (Fig. 3a) and on [Ca*'Jm
in the CA1 region (Fig. 3¢c). A significant inhibitory ef-
fect of FK506 could be observed only on [Ca?]m in both
the LC and CA1 regions at 10 uM (Fig. 2: Ac and Bc,
Fig. 3d).

CsA and FK506 (10 uM) showed no significant effects
on the time for half-maximum increase in [Ca?']c in the
LC and CAI regions (Fig. 4a). However, both drugs
significantly delayed the time for half-maximum increase
in [Ca’"]m in the LC region (Fig. 4b). CsA significantly
delayed the time for half-maximum increase in [Ca®'m
in the CA1 region, but the effect of FK506 was not sig-
nificant (Fig. 4b) (Tukey post hoc analysis).

Effects of CsA and FK506 on the abnormal increase in
[Ca’*]c and [Ca’ Jm induced by high L-glutamate con-
centration under aerobic conditions

We examined the effects of CsA and FK506 on the
abnormal increase in [Ca*']c and [Ca*Jm induced by
high L-glutamate concentration, which would induce se-
vere damage on neuronal cells under aerobic
conditions.

We determined the dose of L-glutamate that would
induce acute neuronal damage in brain slice preparations.
As shown in Fig. 5a, [Ca®]c increased in a dose-depen-
dent fashion at 5 — 20 mM L-glutamate administered for
5 min, but the responses to 30 mM were apparently
weaker than those obtained at 20 mM. The dose—response
relationships to L-glutamate observed in [Ca*'Jm were
complex (Fig. 5b), which showed a U-shape in the range
of 5 — 30 mM L-glutamate. We chose 20 mM L-glutamate
as the experimental dose to induce acute toxicity in the
brain slice preparations.

As shown in Fig. 5¢, [Ca*']c increased during L-gluta-

Table 1. Ca® dynamics in the cytosol and mitochondria in mouse brain slice preparations following

exposure to ischemic ACSF for 12 min

Cytosol Mitochondria
LC CAl LC CAl
Maximum increase (%) 186.9+7.0 197.1 £8.4 173.2+7.4 169.7+£6.2
Recovery (%) 47.0+7.8 197.1+8.4 21.3 +6.4* 20.3 £9.7*

Maximum increase: the percentage response taking the level at the start of ischemia as 100%. Recovery:
the percentage of recovery from the maximum increase within 15 min reperfusion. Values are expressed
as the average + S.E.M. using 12 data points. *Statistically significant difference (P < 0.05) between the
cytosol and the mitochondria in each location (Student’s ¢-test).
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mate (20 mM) administration for 5 min. After L-glutamate
withdrawal, there were further increases in the LC and
CAl regions. An apparent rebound response was more
obvious in the CA1 region than in the LC region. On the
other hand, the responses in [Ca*'Jm to L-glutamate (20
mM) were more complex. As shown in Fig. 5d, the fluo-
rescence intensity in the CA1 region increased just after
exposure to L-glutamate, but it immediately decreased
transiently and again increased after washing. The time
course of responses to L-glutamate in the LC region was
similar to that in the CA1 region, but the fluorescence
intensity during L-glutamate exposure in each preparation
varied from a small decrease to a pronounced increase.
We examined the effects of CsA and FK506 on the
Ca?" dynamics induced by 20 mM L-glutamate, which
showed reproducible responses in [Ca*']c. As shown in
Fig. 6, CsA and FK506 showed dose-dependent inhibi-
tory effects on responses in [Ca*']c and [Ca*'Jm induced

by L-glutamate (20 mM). Statistically significant inhibi-
tory effects on [Ca®"]c in the LC and CA1 regions were
observed at 10 uM CsA and FK506 (Fig. 6: a and b).
FK506 showed significant inhibitory effects on [Ca*'Jm
in the LC and CA1 regions at 10 uM (Fig. 6d). The drug
also significantly depressed [Ca®']m in the LC region at
1 uM. CsA was less effective on the [Ca’']m increase
induced by L-glutamate, but showed significant inhibi-
tory effects only on the [Ca®*Jm increase in the LC region
(Fig. 6¢).

Characteristic fluorescence signal changes during ad-
ministration of high L-glutamate concentration

We examined the fluorescence signal changes in fura-
4F induced by 340 nm and 380 nm excitation separately.
Although there were evident increases in F340/F380
signals in both the LC and CA1 regions (Fig. 7Aa), the
fluorescence signal induced by 340 nm (F340/F340, Fig.
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glutamate from 5 to 30 mM containing 0.1% DMSO on [Ca®']c (a) and [Ca*']m (b). Ordinates: the rate of increase of [Ca*"]c and
[Ca*]m at the end of L-glutamate administration. Values are expressed as the average + S.E.M. Number of experiments performed
is indicated on each set of columns. Filled columns: LC region and open columns: CA1l region. *P < 0.05, by the paired r-test.
Lower panels: Time course of average rates of [Ca*"]c and [Ca* Jm (with S.E.M. n = 10) in response to L-glutamate (20 mM)
administered for 5 min in fura-4F— or rhod-2—loaded brain slice preparations. Solid line: LC region and broken line: CA1 region.

Ordinates are the same as above.

7Ab), which was expected to increase with [Ca*"]c eleva-
tion, decreased during L-glutamate (20 mM) administra-
tion. The decrease in F380/F380 signals appeared to be
greater than the expected signal owing to an increase in
[Ca*"]c (Fig. 7Ac).

The fluorescence image (F540) in rhod-2—loaded slice
preparations decreased during the administration of -
glutamate (20 mM), but increased after washing. The
responses to L-glutamate were always stronger in the
CA1 region than in the LC region (Fig. 7B).

We examined the effects of L-glutamate (20 mM) on
the slice preparations loaded with MitoTracker Red,
which is taken up by mitochondria. Although the fluores-
cence of the dye should not have any expected substantial
responses to environmental changes, it also decreased
during L-glutamate administration. The response to L-
glutamate was always larger in the CA1 region than in

the LC region (Fig. 7C).

A strong signal due to tissue swelling could be ob-
served on the edge of the slice preparations stained by
each dye (indicated by arrow heads on W-10 images in
Fig. 7: Ab, Ac, B, and C).

Discussion

We set out to examine the protective effects of CsA
and FK506 against the abnormal increase in [Ca*"]c and
[Ca*"Im in mouse brain slice preparations exposed to
ischemic ACSF or high L-glutamate concentration.

Mechanisms of protective effects of CsA and FK506 on
abnormal Ca’®* dynamics induced by ischemia

We confirmed the protective effects of CsA and FK506
on the abnormal increase in [Ca® Jm induced by ischemia.
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Fig. 6. Dose-response relationships of changes in [Ca*"]c and [Ca®"]m as induced by 20 mM L-glutamate in response to CsA and
FK506 treatment. Values for each column are expressed as the average + S.E.M., n = 5 for each dose of L-glutamate, n = 10 for the
vehicle. *P < 0.05, by the Tukey post hoc analysis. a and b: Effects of CsA and FK506 on [Ca*']c. ¢ and d: Effects of CsA and
FK506 [Ca*]m. Filled columns: LC region and open columns: CA1 region. Ordinates are the same as Fig. 5. Abscissae are doses

of CsA or FK506 in uM.

CsA, but not FK506, also significantly protected against
the maximum increase in [Ca’"]c. These drugs signifi-
cantly prolonged the time required to reach the half-
maximum increase in [Ca**Jm, but not in [Ca*]c. These
results suggest the preferential effects of both drugs on
mitochondrial Ca®* dynamics under ischemic disturbance.
CsA was more effective than FK506 in protecting against
abnormal Ca?" dynamics.

The protective effects of CsA and FK506 on neuronal
damage in experimental brain ischemia have been widely
examined, but with conflicting results. Some studies
concluded that either CsA or FK506 could protect against
ischemic brain damage (23, 35— 38). However, one
study showed that CsA was more effective than FK506
in rescuing neuronal cells from ischemia-induced death
(24).

The results of the present study on mouse brain slice
preparations demonstrated that the protective effects of
CsA and FK506 on Ca*" overloading are substantially the
same. The mechanisms of action of these two drugs may

be related to their effects as immunosuppressants.

The data obtained by our in vitro study could not be
compared directly to the data obtained by in vivo studies,
in which the different effects might come from other
methodological factors, such as routes of drug adminis-
tration, methods for inducing focal ischemia, or the tim-
ing of evaluation of drug effects.

Reliability of estimation of [Ca’']Jm in rhod-2-loaded
mouse brain slice preparations

As an indicator for [Ca? ]m, we used rhod-2, which is
taken up into mitochondria because of its positive charge
(39). Although some fraction of rhod-2 may remain in
the cytosolic compartment after staining, a large part of
the signal from rhod-2 will represent the mitochondrial
Ca®* dynamics. To determine the actual [Ca®"]m, the data
obtained using the rhod-2—loaded preparations should be
compared with those obtained from the preparations
treated with a protonophore, carbonyl cyanide p-
(trifluoromethoxy) phenylhydrazone, which causes the



Ca®" Dynamics During Ischemia

Glu 20 mM

0 5 10 15

Glu 20 mM

Glu 20 mM

Fig. 7. Fluorescence intensity changes using fura-4F, rhod-2, or MitoTracker Red. A: Ratio imaging of fura-4F—loaded brain
slice preparations before (“0” label), after 5 min exposure to L-glutamate (20 mM) (“5” label), and after 10 min of washing-out of
L-glutamate (20 mM) (“W-10" label). Fluorescence images (> 500 nm) were obtained by alternative excitation at 340 nm and 380
nm. Three different ratio images were obtained: a) F340/F380, b) F340/F340, and ¢) F380/F380. B: Ratio imaging of thod-2—loaded
brain slice preparations before (“0” label), after 5 min exposure to L-glutamate (20 mM) (“5” label), and after 10 min of washing-
out of L-glutamate (20 mM) (“W-10" label). Fluorescence images (> 580 nm) obtained at 540 nm excitation (F540) were divided
by the image obtained at time 0 (F540/F540). C: Ratio imaging of MitoTracker Red—loaded brain slice preparations (F540/F540).
Arrowheads in the images labeled “W-10" in Ab, Ac, B, and C indicate the swelling of preparations. The time courses of the
changes in fluorescence intensities in the LC and CA1 regions are shown in the right panel. Solid line: LC region and broken line:
CAL region.
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mitochondrial membrane potential to collapse (40). Al-
though this method would be effective in cultured cells,
it could not be applied to our mouse brain slice prepara-
tions because it results in serious damage to the viability
of the slice preparations. Instead of using such a drastic
method, we estimated [Ca*'Jm by comparing the results
obtained using rhod-2 with the results obtained using
fura-4F, a [Ca*"]c indicator, in parallel experiments.

The [Ca*'Jm level observed during ischemia recovered
partially (20%) by reperfusion with aerobic ACSF, but
the recovery rate was significantly smaller than that of
[Ca®]c. This poor recovery rate may be ascribed to the
affinity of rhod-2, which might be saturated when there
is a maximum increase in [Ca®"]m during the ischemic
state. We observed that the maximum [Ca®']m induced
by 80 mM KCI under aerobic conditions was almost the
same or larger than that induced by ischemia, but it re-
covered by more than 40% after reperfusion with normal
ACSF. These results suggest that the poor recovery from
maximum [Ca®']m after ischemia might be due to mito-
chondrial deterioration.

Effects of CsA and FK506 on acute toxicity of
L-glutamate

Lang et al. (11) reported that the extracellular gluta-
mate concentration reaches up to 0.2 — 0.5 mM during
ischemia, which is 40 — 60 times higher than the resting
level (about 5 4M). In the present study, we attempted to
examine L-glutamate—induced acute toxicity in mouse
brain slice preparations. We found that an extremely high
concentration of L-glutamate was required to achieve
apparent immediate acute toxicity under aerobic ACSF
conditions, in which L-glutamate will be potentially taken
up into astrocytes through excitatory amino acid trans-
porters (EAAT) such as GLAST (EAATI) and GLTI1
(EAAT2) (41). We obtained striking responses to L-glu-
tamate in [Ca*"]c and [Ca®"]Jm at 20 mM, which appeared
excessive compared to the ischemia-induced perturba-
tion. However, we intended to use this concentration as
a strategy for elucidating the extreme features of intracel-
lular Ca** dynamics under aerobic conditions. In this
experiment, CsA and FK506 showed almost the same
protective effects on both [Ca®*]c and [Ca*'m.

The apparent decrease in fluorescence signals in rhod-
2 and fura-4F might be dependent on the increased vol-
ume of organelles or cells due to the massive water influx
in edematous states, and thus the actual concentration of
the indicator would be diluted. The results using
MitoTracker Red, a marker for living mitochondria, can
serve as evidence to demonstrate the transient decrease
in fluorescence signals, which is dependent on mitochon-
drial swelling. A leak of the indicator from the cell or
mitochondria would also contribute to the decrease in

fluorescence signals. Since the fluorescence signal of
fura-4F decreased with only a small recovery, the cellular
swelling induced by L-glutamate would persist even after
washing out the agent, or some fraction of the loaded
indicator might leak out through the edematous cell
membrane.

As for mitochondria, mPTPs allow the movement of
molecules less than 1500 Da (16). The indicator loaded
into mitochondria would leak out through these pore
complexes. The fluorescence signals of rhod-2 and
MitoTracker Red were reversible by washing with nor-
mal ACSF. MitoTracker Red remains inside mitochon-
dria by combining with proteins (42). The similar fluo-
rescence behavior of thod-2 to MitoTracker Red indicates
that part of rhod-2 may remain inside mitochondria even
during mPTP opening. These data indicate that the in-
crease in [Ca’’Jm observed using rhod-2-loaded slice
preparations might be distorted by mitochondrial
swelling.

Brain edema, which is induced by ischemic or trau-
matic insult, is an important parameter to evaluate tissue
viability. In the present study, we considered the occur-
rence of edema as swelling in a slice preparation from the
false-positive ratio images observed at the edge (note
arrowheads in Fig. 1Ba and Fig. 7). The fluorescence
intensity tended to increase even after ACSF reperfusion,
which had been demonstrated previously by using a
specific method (43, 44). CsA and FK506 showed no
significant protective effects on the morphological dy-
namics in cells and mitochondria.

Regional differences in cytosolic and mitochondrial Ca’*
homeostasis

Jean-Quartier et al. have reported the cell type speci-
ficity of mitochondrial Ca** uptake (3). On the other
hand, we previously demonstrated the difference in the
Ca®™ capacities of isolated mitochondria between spinal
cord and cerebral cortex preparations (45). The present
study showed distinct regional differences in Ca®" dy-
namics between the LC and CA1 regions during ischemia
and L-glutamate administration.

Since the preferential vulnerability of the CA1 region
to ischemia has already been reported (34), we expected
a faster and larger increase in [Ca®']c and [Ca*"]m in the
CA1 region during exposure to ischemia. Contrary to our
prediction, the time course of Ca** increase during isch-
emia in the CAl region was significantly slower than
that in the cerebral cortex. Although this is an interesting
result, we have no further evidence to explain the mean-
ing of the discrepancy. There were no evident differences
in the effects of CsA and FK506 on those areas.
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Implications of the present results

Although CsA and FK506 showed significant inhibi-
tory effects on the abnormal Ca’* dynamics induced by
ischemia and high L-glutamate concentration, the effects
appeared to be rather small. However, the result was not
disappointing for us, because the small but significant
depressant effects of the drugs on Ca?* overloading under
extreme experimental conditions suggested to us that
these drugs could still rescue the penumbral region
around the damaged area from further deterioration.
Furthermore, the depressive effects on the maximum
increase and on the time course of increase in [Ca*]i
would delay the process of acute neuronal cell death, and
the delay could give us the small, but important chance
to rescue the brain from critical damage.

Although our findings based on in vitro Ca*" imaging
studies indicated the protective effects of CsA and FK506
on abnormal Ca?" dynamics, further in vivo studies are
required to examine whether effective amounts of these
drugs are actually delivered into the brain through the
blood brain barrier.
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