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Abstract

The role of polyhydroxylated Ceq (fullerenol), a novel free-radical trapper, in prevention of hydrogen peroxide-
and cumene hydroperoxide-elicited damage was studied in hippocampal slices from the rat in-vitro. The
interactions of polyhydroxylated Cg, adenosine and 6,7-dinitroquinoxaline-2,3-dione (DNQX) were also
compared.

Hydrogen peroxide (0-006-0-02%) and cumene hydroperoxide (0-5—-1-0 mM) both reversibly reduced the
amplitudes of CA1l-evoked population spikes in the hippocampal slices. Deferoxamine (1 mM) had little effect
on the population spikes. Deferoxamine (1 mM) significantly prevented the hydrogen peroxide (0-006%)-
elicited inhibition of the population spikes. Polyhydroxylated Cgo (0-1 mM) significantly prevented hydrogen
peroxide- or cumene hydroperoxide-elicited reduction of the population spikes and also prevented the effects of
hydrogen peroxide and cumene hydroperoxide on paired-pulse facilitation in the hippocampal slice. Adenosine
reduced the amplitude of population spikes and promoted paired-pulse facilitation in the CAl region of the
hippocampus. Polyhydroxylated Cgo did not alter either of the effects of adenosine on the population spikes.
DNQX reduced the amplitude of the population spikes in the CA1 region but did not affect the ratio of paired-
pulse facilitation. Fullereno! did not alter either effect of DNQX on the population spikes.

These results suggested that polyhydroxylated Cey prevented hydrogen peroxide- and cumene hydroper-
oxide-elicited damage in the hippocampus slices. These effects might be associated with the free-radical

scavenging activity of polyhydroxylated Ceo.

Evidence is growing that free radicals are involved in the
pathophysiology of ischaemia/reperfusion injury (Cooper et al
1980; Rehncrona et al 1980) and in other neurological condi-
tions including epilepsy (Abbott et al 1990) and Parkinson’s
disease (Adams & Odunze 1991). The hippocampus has been
used as a model of local connectivity patterns (Bernard &
Wheal 1994). The electrophysiological consequences of free-
radical exposure have been extensively examined in hippo-
campal slice preparations by use of a variety of generating
systems (Pellmar 1986, 1987; Colton et al 1989; Pellmar et al
1992). Exposure of hippocampal tissue to hydrogen peroxide
resulted in the production of free radicals through the Fenton
reaction (Pellmar et al 1989). It is assumed that the hydroxyl
radical, and not peroxide, causes the reduction in synaptic
potentials and the ability of synaptic potentials to generate
action potentials because dimethylsulphoxide (DMSO, Trolox-
C; a free-radical scavenger) and deferoxamine (an iron
chelator) prevented most of the peroxide damage (Pellmar et al
1989). These electrophysiological deficits were reversible if
the damage was not too severe. Cumene hydroperoxide is also
widely used as a free radical generator because it has been
reported to cause lipid peroxidation by a free-radical
mechanism and electrophysiological alterations in isolated
cardiac tissue (Nakaya et al 1987; Gill et al 1995).
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Cage molecules, e.g. (60) fullerene (Cgp) and analogues
show high reactivity toward organic radical addition (Krusic et
al 1991; Taylor & Walton 1993). This reactivity was, pre-
sumably, correlated with the intrinsically large electro-
negativity of Cgy. We recently synthesized the water-soluble
polyhydroxylated Cgy by a sequence of reactions involving, as
the key step, the electrophilic attack of nitronium tetra-
fluoroborate on fullerenes in the presence of carboxylic acid
(Chiang et al 1992b). By chemical derivatization to fullerene
oxide, Cgp (Fig. 1) was structurally characterized as containing
18-20 hydroxy! groups on average (Chiang et al 1992a, 1993).
The reduced chemical reactivity of the remaining, conjugated
double bonds in polyhydroxylated Cg certainly reduced their
inherent biological toxicity to less than that of the parent Cep.
Combination of the moderate electron affinity and the allylic
hydroxyl functional groups of C¢y made it an appropriate
candidate for applications such as a free-radical remover or a
water-soluble antioxidant in biological systems. Although we
demonstrated that polyhydroxylated Cgq showed extremely
efficient superoxide-radical scavenging activity (Chiang et al
1995), it is unclear whether polyhydroxylated Ceo can provide
protection against free-radical-induced damage in biological
systems.

In this study hydrogen peroxide and cumene hydroperoxide
were used as free-radical-generating systems to evaluate the
preventive effect of polyhydroxylated Cgy on free-radical-
induced damage in the hippocampus in-vitro.
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Fic. 1. The chemical structure of polyhydroxylated Cgo (fullerenol).

Materials and Methods

Preparation and maintenance of slices

Male Wistar rats, 100-140 g, were anaesthetized with ether
and decapitated. The hippocampi were rapidly removed and
placed in ice-cold, oxygenated (95% O, and 5% CO,) artificial
cerebrospinal fluid of composition (mM): NaCl 124, KCl 4,
KH,PO, 1-0, MgCl,-6H,0 1.0, CaCl, 2.5, NaHCO; 26, glu-
cose 10 (Smith et al 1993). Slices 400 um thick were cut from
the mid-septo-temporal regions of both hippocampi, perpen-
dicularly to the long axis of this structure, with a Sorval tissue
chopper, then placed in a recording chamber which was kept at
33-35°C. Ninety-five % O, and 5% CO, was bubbled through
the water bath surrounding the chamber, and the fluid level was
maintained above the upper surface of the slice. The perfusion
rate was 6 mL min~'. The slices were incubated for 1h
before use (Dunwiddie & Lynch 1978). Drugs were adminis-
tered through a three-way tap and complete exchange of the
chamber volume occurred in 3 min.

Electrophysiology
Stimulation and recording paradigms in the hippocampal slice
were followed. Bipolar stimulating electrodes consisted of
300 um-diameter Teflon-insulated stainless-steel wire, with
the return path provided by an Ag-AgCl wire in the bath.
Stimulation electrodes were positioned, with visual guidance
by use of a dissecting microscope, in the stratum radiatum for
orthodromic stimulation of the Schaffer collateral pathway to
the CAl pyramidal cells (Pellmar 1986; Bernard & Wheal
1994). Stimulation conditions were 0-1 ms rectangular pulses
of 5-15 V. Low-frequency stimulation was elicited at a fre-
quency of 0-2 Hz. Extracellular recording electrodes with a tip
resistance of 1-5 MQ were filled with 2 mM NaCl and placed
in the cell body layer of CA1l to record the somatic response.
The amplitude of the population spikes was a function of sti-
mulus intensity. Increasing the intensity of the stimulation also
increased the amplitudes of the population spikes. In these
experiments the stimulation intensity which elicited half-
maximum amplitudes was used. The intensity of the stimula-
tion was maintained constant throughout the experiment. For
the paired-pulse stimulation an interval of 50 ms was used.
The value for facilitation (paired-pulsed facilitation) was
obtained by finding the difference between the amplitudes of
the second and the first population spikes; it was recorded as
the percentage increase (Nathan et al 1990).

Recorded signals were amplified via a Grass HIPS probe and
Grass P5 AC preamplifier (Model P511) and monitored by

means of a Hameg, HM-205-3 oscilloscope. The wave forms
were then printed by use of a Hameg HD 148 graphic printer or
measured with a Data 6500 (sampling frequency 3-5 kHz).
The criterion for accepting a slice and starting a recording
session was that maximum stimulation evoked a single popu-
lation spike with an amplitude at least 5 mV. Stimulation
voltages adjusted to elicit baseline population spike amplitudes
of half-maximum were approximately 3 to 5§ mV (Dunwiddie
& Hoffer 1980). The amplitude of the population spike was
measured as the distance from the negative peak to the fol-
lowing positive peak (Matsuoka et al 1993).

The mean amplitudes of the population spikes after various
treatments were compared by means of Student’s two-tailed ¢-
test. Differences were considered significant at P < 0-05.

All applications of drugs for electrophysiological studies
were made through the medium perfused. Except for DNQX
and cumene hydroperoxide, all drugs were water-soluble.
Stock solutions of drugs were often prepared at high con-
centrations in distilled water (10 mM) and frozen until use.
DNQX and cumene hydroperoxide were dissolved in DMSO
and ethanol, respectively, and diluted to the concentration
used. The final concentration of DMSO and ethanol in the
physiological solution were both 0-1%, which had no effects
on the amplitudes of the population spikes.

Adenosine, cumene hydroperoxide, deferoxamine mesylate
and hydrogen peroxide were purchased from Sigma (St Louis,
MO). 6,7-Dinitroquinoxaline-2,3-dione (DNQX) was pur-
chased from Biomol Research Laboratories (Campus Drive,
Plymouth Meeting, PA).

Results

Effects of hydrogen peroxide on the evoked population spikes
on the CAl region of hippocampal slices

The amplitudes of the CA1 population spikes recorded were
3:9+0-2 mV (from 3-0 to 59 mV, n=13). The population
spikes remained at the same level even after 200 min incu-
bation. Hydrogen peroxide reduced the amplitudes of CAl-
evoked population spikes in hippocampal slices in a con-
centration-dependent manner. Hydrogen peroxide at con-
centrations higher than 0-006% reduced the amplitudes of the
population spikes. Ten minutes after administration of hydro-
gen peroxide (0-006%, 0-008% and 0-02%), the amplitudes of
the CAl-evoked population spikes were reduced to
323+49% (n=38), 152+2-8% (n=3) and 82+2.9%
(n=3), respectively, compared with pre-drug control. The
effects of hydrogen peroxide (0-006% and 0-008%) on the
CA1l-evoked population spikes were reversible. After 40 min
continuous washing with normal physiological solution, the
amplitudes of the population spikes recovered to 914133
m=6) and 90-5+4.7% (n=3), respectively. Lower con-
centrations of hydrogen peroxide did not significantly alter the
amplitudes of the population spikes. Ten minutes after
administration of hydrogen peroxide (0-004%), the amplitudes
of the CAl-evoked population spikes were 98:0+1-0% (n=3)
compared with pre-drug control. Hydrogen peroxide at 0-004%
did not significantly affect the amplitudes of the CAl-evoked
population spikes in hippocampal slices. If, however, hydrogen
peroxide was administered at a higher concentration, e.g.
0-02%, it caused irreversible damage to the population spikes.
After 40 min continuous washing with normal physiological
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F1G. 2. Effects of polyhydroxylated Cgy on the depressant effect of
hydrogen peroxide in hippocampal slices. a, b, ¢ were the continuous
recordings of spikes from the same hippocampal slice. Aa, control, the
population spike before treatment of hydrogen peroxide; Ba, saline
added for 5 min; Ca, Da and Ea, the CAl-evoked population spikes in
hippocampal slice after 5, 8 and 10 min perfusion of hydrogen
peroxide (0-006%), respectively; Ab, the CAl population spike after
40 min continuous washing after Ea; Bb, 5 min after addition of
polyhydroxylated Cgo (0-1 mM); Cb, Db and Eb, the CAl-evoked
population spikes after further addition of hydrogen peroxide (0-006%)
for 5, 8 and 10 min, respectively; Ac, the CA1 population spike after
40 min continuous washing after Eb; Bc, 5 min after addition of saline;
Cc, Dc and Ec, the CAl-evoked population spikes after addition of
hydrogen peroxide (0-006%) for 5, 8 and 10 min, respectively. Note
that hydrogen peroxide reversibly reduced the amplitudes of popula-
tion spikes. Polyhydroxylated Cg had no effect on the amplitudes of
population spikes but prevented hydrogen peroxide-elicited depression
on the amplitudes of population spikes.

solution, the amplitudes of the population spikes recovered to
only 35-3+5-2% (n=3) compared with pre-drug control.

The effects of hydrogen peroxide on the CAl population
spikes were also dependent on the duration of hydrogen per-
oxide administration. Hydrogen peroxide at 0-006% caused
irreversible inhibition of the CAl-evoked population spikes if
it was administered for 20 min. Twenty minutes later the
amplitudes of the CAl-evoked population spikes were reduced
to 8:3+5-3% (n=3) compared with pre-drug control. After
40 min continuous washing with normal physiological solution
the amplitudes of the population spikes recovered to only
61:3 +4-0% (n =3) compared with pre-drug control. Although
hydrogen peroxide at 0-006% caused irreversible inhibition of
the CAl-evoked population spikes if it was perfused for
20 min or longer, the population spikes almost recovered to
control level if hydrogen peroxide at 0-006% was incubated for
10 min.

Effects of polyhydroxylated Cgg on the inhibition of population
spikes in hippocampal slices by hydrogen peroxide

The effects of polyhydroxylated Cgp (0-1 mM) on the hydrogen
peroxide-elicited inhibition of population spikes in hippo-
campal slices is shown in Figs 2 and 3 and Table 1. Poly-
hydroxylated Cg (0-1 mM) had no significant effect on the
amplitude of the CAl-evoked population spikes in hippo-
campal slices. The amplitudes of CAl-evoked population
spikes were 103-5+0-5%(n=35), 105-5+0-5% (n=3) and
106-5+1-5% (n=3), compared with control level, after
administration of polyhydroxylated Cg for 5, 10 and 15 min,
respectively. Polyhydroxylated Cgg significantly prevented the
inhibitory effects of hydrogen peroxide (0-006%) on the
population spikes of hippocampal slices, however. Ten min-
utes after administration of hydrogen peroxide (0-006%}), the
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FIG. 3. Responses of population spikes to hydrogen peroxide
(0-006%) (@), to polyhydroxylated Csg (0-1 mm) (M) and to hydrogen
peroxide (0-006%) + polyhydroxylated Ce (0-1 mM) (V). Amplitudes
of population spikes were expressed as a percentage of control spikes
measured at the start of each line. Hydrogen peroxide (0-006%) was
administered at the point indicated by the long arrow and polyhy-
droxylated Cgo (0-1 mM) at the point indicated by the short arrow. Each
point reflects the mean + s.e.m. of 3 to 5 preparations. Where no s.e.m.
appears, the value is too small to be shown. Note that polyhydroxylated
Ceo prevented hydrogen peroxide-induced depression of population
spikes in hippocampus slices and polyhydroxylated Cq itself had little
effect on the amplitudes of population spikes.

Table 1. Effect of pre-treatment with polyhydroxylated Cgq (full-
erenol) on hydrogen peroxide-, cumene hydroperoxide-, adenosine-
and DNQX-elicited changes of the amplitudes of evoked CA1l popula-
tion spikes in hippocampal slices.

Percentage of control*

Without With

fullerenol fullerenol
Hydrogen peroxide (n=35) 3248 74 + 6%
Cumene hydroperoxide (n=4) 35+6 74 £ 4%
Adenosine (n=3) 25+1 25+2
DNQX (n=3) 24+4 22+5

The values represent percentage (mean +s.e.m.) of the amplitudes
of population spikes compared with the pre-drug control. Values were
measured 10 min after administration of hydrogen peroxide (0-006%),
adenosine (30 mM) or DNQX (2 uM) or 15 min after administration of
cumene hydroperoxide (1 puM), either alone or with fullerenol
(0-1 mM). *P <0-05, statistically significant by use of the paired -
test. Note that polyhydroxylated Cgo prevented the hydrogen peroxide-
and cumene hydroperoxide-induced depression of the CAl-evoked
population spikes but had little effect on adenosine- and DNQX-
induced depression.

amplitude of the population spikes was reduced to 32-3 £4.9%
(n = 8) compared with the pre-drug level. If polyhydroxylated
Ceso was incubated for 5 min before hydrogen peroxide
(0-006%) administration, the amplitude of the population
spikes was 103-0 £ 0-5% (n =5) compared with pre-drug level.
Ten minutes after further administration of hydrogen peroxide
(0-006%), the amplitude of the population spikes was reduced
to 74-6 £5-5% (n=>5) only. An example of the interactions
between hydrogen peroxide and polyhydroxylated Cgo are
shown in Fig. 2.



FULLERENOL PREVENTED RADICAL DAMAGE IN HIPPOCAMPUS IN-VITRO 441

Effects bf hydrogen peroxide on paired-pulse facilitation of the
CAl-evoked population spikes

Paired-pulse facilitation, that is the increase in amplitude of the
second population spikes in response to a pair of equal size
stimulation pulses (Nathan et al 1990; Kahle & Cotman 1993)
was examined at an interval of 50 ms. The effects of hydrogen
peroxide (0-006%) on the paired-pulse facilitation of popula-
tion spikes of hippocampal slices is shown in Table 1. A value
for facilitation was obtained by finding the difference in
amplitude between the first and second population spikes. In
the control preparation, the ratio of the amplitude of the second
population spike to the first was 119-0£2.9% (n=9). Ten
minutes after administration of hydrogen peroxide (0-006%),
the ratio was increased to 170-2+7-2% (n=3). Hydrogen
peroxide significantly increased the ratio of the paired-pulse
facilitation of the spikes.

Polyhydroxylated Cgsy prevented the effects of hydrogen
peroxide on paired-pulse facilitation of the CAl-evoked
population spikes

Polyhydroxylated Cgo (0-1 mM) had no significant effect on
paired-pulse facilitation of the population spikes in hippo-
campal slices. The ratio of the facilitation of population spikes
in the control and 5 min after administration of poly-
hydroxylated Cgo were 120-5+£2.7% and 1163+2-5%
(n=4), respectively. If pre-treatment with polyhydroxylated
Ceo (0-1 mM) was performed for 5 min and hydrogen peroxide
(0-006%) was then administered for 10 min, the ratio of
paired-pulse facilitation was 138-3+10-7% (n=4). The ratio
was significantly reduced compared with the ratio of
170-2 £7-2% (n = 3) for the preparation incubated in hydrogen
peroxide for 10 min without pre-administration of poly-
hydroxylated Cgo; data not shown). It seemed that hydrogen
peroxide (0-006%) increased the paired-pulse facilitation of
hippocampal slices and this effect was prevented by poly-
hydroxylated Cg, which had no effect on paired-pulse facil-
itation.

Effects of deferoxamine (1 mM) on the hydrogen peroxide-
elicited reducing effect on population spikes in hippocampal
slices

Deferoxamine (1 mM) had no significant effect on the ampli-
tudes of the CAl-evoked population spikes in hippocampal
slices. The amplitudes of CAl-evoked population spikes were
97.5 +0-3% (compared with control level; n = 3) after 30 min
administration of deferoxamine. Deferoxamine, however, sig-
nificantly prevented the inhibitory effects of hydrogen per-
oxide (0-006%) on the population spikes of hippocampal
slices. Ten minutes after administration of hydrogen peroxide
(0-006%), the amplitudes of the population spikes were
reduced to 32-3 +4-9% (n = 8) compared with pre-drug level.
If deferoxamine was incubated for 30 min before hydrogen
peroxide (0-006%) administration, the amplitude of the popu-
lation spikes was 97-5 £+ 0-3% (n=3) compared with pre-drug
level. Ten minutes after further administration of hydrogen
peroxide (0-006%), the amplitude of the population spikes was
reduced to 85-6 = 1-0% only (n=23). It seemed that deferox-
amine almost completely prevented the effects of hydrogen
peroxide on the population spikes if deferoxamine was admi-
nistered previously, that is, before hydrogen peroxide appli-
cation.
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FiG. 4. Effects of deferoxamine on hydrogen peroxide-elicited
changes of the amplitudes of paired-pulse facilitation of CAl-evoked
population spikes in hippocampal slices. The population spikes were
elicited by twin-pulse stimulation with an interval of 50 ms. Aa and Ab
were the amplitudes of control and 5 min after normal physiological
solution perfusion, respectively. Ca, Da and Ea were the amplitudes 5,
8 and 10 min, respectively, after hydrogen peroxide (0-006%) admin-
istration. Ab was the amplitude after 40 min washing after Ea. Bb was
the amplitude 30 min after deferoxamine (1 mM) application. Cb, Db
and Eb were the amplitudes 5, 8 and 10 min, respectively, after
combined administration of deferoxamine (1 mM) and hydrogen per-
oxide (0-006%). Note that hydrogen peroxide reduced the amplitudes
of CAl-evoked population spikes reversibly and also increased the
paired-pulse facilitation of CAl-evoked population spikes. Deferox-
amine (1 mM) prevented both the reducing effects of hydrogen
peroxide on the amplitude of population spikes and the increasing of
the paired-pulse facilitation of the spikes.

Deferoxamine prevented the effects of hydrogen peroxide on
paired-pulse facilitation of the CAl-evoked population spikes
The effects of deferoxamine (1 mM) on the hydrogen peroxide-
elicited increase of paired-pulse facilitation of population
spikes in hippocampal slices is shown in Fig. 4. Deferoxamine
itself had no significant effect on paired-pulse facilitation of
the population spikes in hippocampal slices. The ratio of the
facilitation of population spikes in control and 30 min after
administration of deferoxamine were 115-0+5-0% and
1150+ 7-9% (n=3).

Hydrogen peroxide did not increase the ratio of paired-pulse
facilitation in preparations pre-treated with deferoxamine.
Treatment with deferoxamine for 5 min, then hydrogen per-
oxide (0-006%) for 10 min, gave a ratio of paired-pulse
facilitation of 120-0 %+ 6-6% (n = 3), not significantly different
from the ratio in the presence of deferoxamine alone. It seemed
that hydrogen peroxide (0-006%) increased the paired-pulse
facilitation of hippocampal slices, but that this effect was
prevented if the preparation was pre-treated with deferox-
amine.

Effects of cumene hydroperoxide on the evoked population
spikes on CAl region in hippocampal slices

Cumene hydroperoxide reduced the amplitudes of CAl-
evoked population spikes in hippocampal slices in a con-
centration-dependent manner. Fifteen minutes after adminis-
tration of cumene hydroperoxide (0-5, 1 mM), the amplitude of
the CAl-evoked population spikes was reduced to 70-5 +2-4%
(n=23) and 34.5+5-4% (n=>5), respectively, compared with
the pre-drug control. The effects of cumene hydroperoxide (0-5
and 1 mM) on the CAl-evoked population spikes were rever-
sible. After 40 min continuous washing with normal physio-
logical solution the amplitudes of the population spikes
recovered to 94.8+4.0 (n=3) and 90-5+4.7% (n=3),
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respectively. Cumene hydroperoxide at a concentration of
0-01 mM did not significantly affect the amplitude of the
evoked population spikes 30 min after perfusion.

The effects of cumene hydroperoxide on the CA1 population
spikes were also dependent on the duration of cumene
hydroperoxide administration. Cumene hydroperoxide, at
0-01 mM, did not alter the amplitudes of the CAl-evoked
population spikes after 30 min incubation. At 1 mM,
however, cumene hydroperoxide caused irreversible inhibi-
tion of the CAl-evoked population spikes if it was incubated
for 25 min.

Effects of polyhydroxylated Cgsp (0-1 mM) on the cumene
hydroperoxide-elicited reducing effect on population spikes
in hippocampal slices

Polyhydroxylated Cgo (0-1 mM) significantly prevented the
reducing effects of cumene hydroperoxide (1 mM) on the
population spikes of hippocampal slices (Table 1). Fifteen
minutes after administration of cumene hydroperoxide, the
amplitude of the population spikes was reduced to 36-1 +5-2%
(n=4) compared with pre-drug level. If polyhydroxylated Cgq
was incubated for 5 min before administration of cumene
hydroperoxide, the amplitude of the population spikes was
102-8+1.9% (n=4) compared with the pre-drug level. Fif-
teen minutes after further administration of cumene hydro-
peroxide, the amplitude of the population spikes was reduced
to 75:6 £3-1% (n=4). It seemed that cumene hydroperoxide
reduced the amplitudes of the CAl-evoked population spikes
and this inhibitory effect was prevented by polyhydroxylated
Ceo (Table 1)

The effects of cumene hydroperoxide on paired-pulse
facilitation of the CAl-evoked population spikes

The effects of cumene hydroperoxide on paired-pulse facil-
itation of population spikes in hippocampal slices are shown in
Fig. 5. In the control preparation, the ratio of the second and
the first amplitudes of the population spikes was 121-3 +4.1%
(n=3). Fifteen minutes after administration of cumene
hydroperoxide (1 mM), the ratio was increased to
177.616:1% (n=3). Cumene hydroperoxide significantly
increased the ratio of the paired-pulse facilitation.

Polyhydroxylated Cgp prevented the effects of cumene
hydroperoxide on paired-pulse facilitation of the CAl-evoked
population spikes

Paired-pulse facilitation was examined at an interval of 50 ms.
The effects of polyhydroxylated Cgo on the paired-pulse
facilitation of the CAl-evoked population spikes elicited by
cumene hydroperoxide (1 mM) are shown in Fig. 5. In the
control preparation, the ratio of the second and the first
amplitudes of population spikes was 122.9+2-4% (n=7).
Fifteen minutes after further administration of cumene
hydroperoxide and polyhydroxylated Cgo (0-1 mM), the ratio
was 1459+9.1% (n=3), compared with 177-6+6-1%
(n=3) in the presence of cumene hydroperoxide. Poly-
hydroxylated Cg significantly reduced the paired-pulse facil-
itation elicited by cumene hydroperoxide. It seemed that
cumene hydroperoxide increased the paired-pulse facilitation
of hippocampal slices and that this effect was prevented by
polyhydroxylated Cgq.
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FIG. 5. Effects of polyhydroxylated Cgo on cumene hydroperoxide-
elicited changes of the amplitudes of paired-pulse facilitation of CA1-
evoked population spikes in hippocampal slices. The population spikes
were elicited by twin-pulse stimulation with an interval of 50 ms. Aa
and Ab were the amplitudes of control and 5 min after normal
physiological solution perfusion, respectively. Ca, Da and Ea were
the amplitudes 5, 10 and 15 min, respectively, after cumene hydro-
peroxide (1 mM) administration. Ab was the amplitude after 40 min
washing after Ea. Bb was the amplitude 30 min after administration of
polyhydroxylated Cgg (0-1 mM). Cb, Db and Eb were the amplitudes 8,
10 and 15 min, respectively, after administration of polyhydroxylated
Cep (0-1 mM) and cumene hydroperoxide (1 mm). Note that cumene
hydroperoxide (1 mM) reduced the amplitudes of CA1-evoked popula-
tion spikes reversibly and also increased the paired-pulse facilitation of
CAl-evoked population spikes. Polyhydroxylated Cgo (0-1 mM) pre-
vented both the reducing effects of cumene hydroperoxide on the
amplitude of population spikes and the increasing of the paired-pulse
facilitation of the spikes.

Effects of adenosine on evoked population spikes in
hippocampal slices

The effects of adenosine, a pre-synaptic modulator (Kahle &
Cotman 1993; Wu & Saggau 1994), on the evoked population
spikes and the interactions between polyhydroxylated Cg
(0-1 mM) and adenosine on the population spikes were tested.
Ten minutes after adenosine (30 uM) administration, the
amplitude of the population spikes was reduced to 26-7 +0-4%
compared with pre-drug level. Adenosine significantly reduced
the evoked population spikes in hippocampal slices.

Effects of polyhydroxylated Cgp (0-1 mM) on the adenosine-
elicited reducing effect of the evoked population spikes in
hippocampal slices

Polyhydroxylated Cgo alone had no significant effect on the
evoked population spikes. In preparations pre-treated with
polyhydroxylated Cgo for 5 min then addition of adenosine
(30 mM) to the slices for 10 min, the amplitude of the popu-
lation spikes was 26-6 £ 1-3% (n=23) compared with control
(Table 1). It seemed that adenosine significantly reduced the
amplitudes of the population spikes in the hippocampus slice at
the CAl region and polyhydroxylated Cgy did not alter the
reducing effects of adenosine on the population spikes of the
hippocampal slices.

Effects of adenosine on paired-pulse facilitation of the CAl-
evoked population spikes

The effects of adenosine on the paired-pulse facilitation of
CAl-evoked population spikes in hippocampal slices were
examined at an interval of 50 ms (Fig. 6). Adenosine (30 uM)
significantly increased the paired-pulse facilitation of popula-
tion spikes. The ratio of facilitation of population spikes in
control was 109-0 +3-5% (n=3). The ratio was increased to
19524+ 15-0% (n=3) 10 min after administration of adeno-
sine (30 mM).
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FIG. 6. Effects of adenosine (30 uM) and polyhydroxylated Cgo
(0-1 mM) on the paired-pulse facilitation of CAl-evoked population
spikes in hippocampal slices. a and b were from the same hippocampal
slice. Aa and Ba were the amplitudes of control and 5 min after
perfusion with physiological solution, respectively. At Ca and Da,
adenosine (30 uM) was applied for 8 and 10 min, respectively. At Db,
adenosine (30 uM) was washed off for 15 min. At Bb, polyhydroxy-
lated Cgp (0-1 mM) was applied for 5 min. At Cb and Db, polyhy-
droxylated Cgp (0-1 mM) and adenosine (30 uM) were added for 8 and
10 min, respectively. Note that polyhydroxylated Cgq did not alter the
effects of adenosine on the population spikes and the paired-pulse
facilitation.

Failure of polyhydroxylated Cgp to prevent the effects of
adenosine on paired-pulse facilitation of the CAl-evoked
population spikes

In the preparation pre-treated with polyhydroxylated Cgo
(0-1 mM) for 5 min then treated with adenosine (30 uM) for a
further 10 min, the ratio of paired-pulse facilitation was
197-1 £ 3-0% (n=3). Compared with the preparation treated
with adenosine (30 uM) alone, it seemed that adenosine
increased the paired-pulse facilitation of hippocampal slices
and that polyhydroxylated Cgy did not alter the effects of
adenosine on paired-pulse facilitation (Fig. 6).

Effects of DNQX on evoked population spikes in hippocampal
slices

The effects of DNQX, a non-NMDA receptor antagonist, on
the evoked population spikes in hippocampal slices were tes-
ted. Ten minutes after administration of DNQX (2 uM), the
amplitude of the CAl-evoked population spikes was reduced
to 26-1 +=4-5% (n = 3), compared with pre-drug control (Table
1). Twelve minutes after DNQX administration, the amplitudes
of the CAl-evoked population spike was completely abolished.
The effect of DNQX on the evoked population spikes was
reversible. After 60 min washing with normal physiological
solution to remove DNQX, the amplitudes of the population
spikes recovered to control level.

Effects of polyhydroxylated Cgy (0-1 mM) on the DNQX-
elicited reducing effect of evoked population spikes in hippo-
campal slices

Polyhydroxylated Cgo alone had no significant effect on the
evoked population spikes. In the preparation pre-treated with
polyhydroxylated Cgo for 5 min then treated with DNQX
(2 uMm) for a further 10 min, the amplitudes of the population
spikes were 23:4+4.-6% compared with pre-drug control
(Table 1). Compared with the population spikes in the presence
of DNQX alone, as shown previously, it seemed that poly-
hydroxylated Cgo did not alter the effects of DNQX on the
CAl-evoked population spikes in hippocampal slices. After
12 min administration of DNQX (2 uM) the amplitudes of the

A B C D E F

Control Saline DNQX

5 8 10 12 min
a r_.”*w\‘.“ q\‘-r"\/\— Ry R P

Control Cso Ceo + DNQX

R

Control Saline Hz03
A
S s e
Control Ceo Ceo + H20:2

d rk—ﬂ\rh =~ ww\ﬁ'-nr—n\% r{\—-qv‘-1 gl mv

FIG. 7. Effects of DNQX, hydrogen peroxide and polyhydroxylated
Ceo on the population spikes and paired-pulse facilitation elicited of
CAl-evoked population spikes. a, b, ¢ and d were continuous record-
ings from the same hippocampal slice. Aa and Ba were the spikes of
control and 5 min after saline administration, respectively. Ca, Da, Ea
and Fa were the spikes 5, 8, 10 and 12 min, respectively, after DNQX
(2 M) administration. Ab was after 60 min continuous washing after
Fa. Bb was 5 min after administration of polyhydroxylated Cgg
(0-1 mM). Cb, Db, Eb and Fb were the spikes 5, 8, 10 and 12 min,
respectively, after administration of DNQX (2 uM) and polyhydroxy-
lated Cgp (0-1mM). Ac was the amplitude after 60 min washing after
Fb. Cc, Dc and Ec were the amplitudes 5, 8 and 10 min after
application of hydrogen peroxide (0-006%). Ad was after 40 min
washing after Ec. Cd, Dd and Ed were 5, 8 and 10 min, respectively,
after application of polyhydroxylated Cgp (0-1 mM) and hydrogen
peroxide (0-006%). Note that polyhydroxylated Cgy did not prevent
the effects of DNQX on the population spikes yet did prevent the
effects of hydrogen peroxide on the spikes.

CAl-evoked population spikes were completely abolished
although polyhydroxylated Cgp was still being continuously
perfused.

Effects of DNQX on paired-pulse facilitation of the CAl-
evoked population spikes

The effects of DNQX on the paired-pulse facilitation of CA1l-
evoked population spikes in hippocampal slices were exam-
ined at an interval of 50 ms. The ratio of the paired-pulse
facilitation in the control and in preparations pre-treated with
DNQX (2 uM) for 10 min were 118.5+2.5% (n=3) and
118-5+0-5% (n=3), respectively. DNQX did not alter the
paired-pulse facilitation of the population spikes. Examples of
the effects of polyhydroxylated Cgg (0-1 mM) on the DNQX-
elicited paired-pulse facilitation of the CAl-evoked population
spikes in hippocampal slices are shown in Fig. 7. In the pre-
parations pre-treated with polyhydroxylated Cgo (0-1 mM) for
5 min then treated with DNQX (2 uM) the ratio of paired-pulse
facilitation was 117-0+4-0% (n=3). Polyhydroxylated Cgq
(0-1 mM) did not affect the effect of DNQX on paired-pulse
facilitation.

Discussion

In this study hydrogen peroxide (0-006%) reversibly reduced
the amplitudes of the population spikes in the hippocampus
slices. Although deferoxamine alone had little effect on the
amplitudes of the CAl-evoked population spikes, it almost
completely prevented hydrogen peroxide-elicited damage of
the population spikes.

Hydrogen peroxide had been used as a model for free-
radical damage in a number of systems. Hydroxyl radicals
could be generated in-vitro through the Fenton reaction; per-
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oxide reacted with iron intrinsic to the tissue to produce this
very reactive free radical (Mello Filho et al 1984; Pellmar
1986, 1987). Free-radical scavenger (dimethylsulphoxide,
Trolox-C) and an iron chelator (deferoxamine) prevented most
of the peroxide damage, suggesting that hydroxyl radicals, and
not the peroxide itself, were the reactive oxygen species
(Pellmar et al 1989).

Deferoxamine is a very effective iron chelator that can make
the metal completely inaccessible to the Fenton reaction (Graf
et al 1984). It was reported to protect against hydrogen per-
oxide-induced synaptic damage, impaired spike generation,
and lipid peroxidation in hippocampus slices from the guinea-
pig (Pellmar et al 1989). To check whether the hydrogen
peroxide-elicited reducing effect on population spikes in the
current study was mediated by free radicals produced from the
Fenton reaction, the effects of deferoxamine on the reducing
actions of hydrogen peroxide on the population spikes were
tested. Our studies revealed that deferoxamine also protected
against the effects of hydrogen peroxide on the population
spikes in hippocampal slices. It seemed that the hydrogen
peroxide-elicited damage in this study might be mainly caused
by hydroxyl radicals. We also found that polyhydroxylated Cg,
(0-1 mM) reversibly prevented the hydrogen peroxide-elicited
damage to the CAl-evoked population spikes.

Cumene hydroperoxide has been reported to cause lipid
peroxidation by a free-radical mechanism that provokes elec-
trophysiological alteration in isolated cardiac tissue (Nakaya et
al 1987; Gill et al 1995). In the current study we also found
that cumene hydroperoxide (1 mM) reversibly reduced the
CAl-evoked population spikes and that polyhydroxylated Cg
(0-1 mM) prevented the reduction in population spikes elicited
by cumene hydroperoxide.

There are several compounds, such as adenosine and DNQX
which reduced the population spikes by mechanisms other than
free-radical-elicited damage. Adenosine inhibited the evoked
synaptic transmission in region CA1 of the hippocampus pri-
marily by reducing presynaptic calcium influx (Wu & Saggau
1994). DNQX blocked the CA1 field-evoked excitatory post-
synaptic potentials and orthodromic population spikes
(Andreasen et al 1989; Herreras et al 1989) and was a potent
non-NMDA receptor (Daw et al 1993) antagonist (Drejer &
Honore 1988; Honore et al 1988). In the current study we
found that adenosine and DNQX also reduced the amplitudes
of the CAl-evoked population spikes. Pre-administration of
polyhydroxylated Cep (0-1 mM) did not, however, prevent the
reducing effects of adenosine and DNQX on the amplitudes of
the population spikes. The results supported the view that the
blocking effects of adenosine and DNQX on the population
spikes were a result of calcium influx as well as on the non-
NMDA receptor, and not through free-radical damage.

Paired-pulse facilitation of population spikes was tested by
twin-pulse stimulation. When synapses in the hippocampus
were stimulated twice in rapid succession, there was facilita-
tion of the second response in comparison with amplitude of
the initial response (Andersen 1960a, b; Dunwiddie & Lynch
1978). Manipulations that reduced transmitter release (e.g.
reduced calcium in the perfusion medium), had been shown to
increase synaptic facilitation in the hippocampal CA1 region
(Creager et al 1980). Adenosine was found to reduce synaptic
transmission yet increase paired-pulse facilitation in the CAl
region (Dunwiddie & Haas 1985). In these studies we also

found that adenosine (30 mM) reduced the CAl-evoked
population spikes yet increased paired-pulse facilitation. It was
notable that DNQX, which apparently acted on postsynaptic
sites, reduced the CAl-evoked population spikes although it
did not alter paired-pulse facilitation. It is interesting to note
that polyhydroxylated Cg did not alter the paired-pulse facil-
itatory effects elicited by both adenosine and DNQX. The
results also supported the view that polyhydroxylated Cg, did
not interfere with the actions of adenosine and DNQX on the
amplitudes of population spikes.

In CAl pyramidal cells of the hippocampal slice prepara-
tion, intracellular recorded excitatory postsynaptic potentials
and inhibitory postsynaptic potentials were significantly
reduced by exposure to peroxide, whereas responses to ion-
tophoretically applied GABA and glutamate were unaffected.
It has been suggested that peroxide has presynaptic actions on
the CAl region of hippocampus (Pellmar 1987). In the current
studies, hydrogen peroxide (0-006%) reduced the amplitudes
of population spikes yet increased the ratio of paired-pulse
facilitation of hippocampal slices. It was possible that the
process involved was interference with a presynaptic process
to reduce transmitter release. Polyhydroxylated Cgq also pre-
vented the paired-pulse facilitation elicited by hydrogen per-
oxide, although paired-pulse facilitation is also modulated by
recurrent inhibition. The sites of action of polyhydroxylated
Ceo on the hippocampal slices remains the subject of further
studies.

Cage molecules, e.g. (60) fullerene (Cgp) and analogues
exhibited high reactivity toward organic radical addition (Krusic
et al 1991; Taylor & Walton 1993). The newly synthesized
polyhydroxylated Ceo has been demonstrated to show extremely
efficient superoxide radical scavenging activity (Chiang et al
1995). In the current study polyhydroxylated Cgo prevented
hydrogen peroxide- and cumene hydroperoxide-induced
depression of CAl-evoked population spikes whereas it had
little effect on adenosine- and DNQX-induced depression.

Free radicals are involved in many neurological diseases
(Adams & Odunze 1991). Hydroxyl radicals attack membrane
lipids and cellular proteins, and thus disrupt cell function. The
protective mechanisms of polyhydroxylated Cgo on peroxide-
elicited damage of the neuronal membrane requires further
study. The pharmaceutical and pharmacological applications
of polyhydroxylated Cgy against free-radical-elicited damage,
and the therapeutic value of the material are interesting sub-
jects for further testing.

Acknowledgements

We are grateful to Professors Howard V. Wheel of the Uni-
versity of Southampton and Thomas V. Dunwiddie of the
Department of Neurology, University of Colorado, for gener-
ous technical assistance with the preparation of the slices. This
work was supported by grants NSC-85-2331-B-002-278-M29
and NSC-86-2316-B-002-013-M29 from the National Science
Council, Taipei, Taiwan.

References

Abbott, L. C., Nejad, H. H., Bottje, W. G., Hassan, A. S. (1990)
Glutathione levels in specific brain regions of genetically epileptic
(tg/tg) mice. Brain Res. Bull. 25: 629-631

Adams Jr, I. D., Odunze, I. N. (1991) Oxygen free radicals and
Parkinson’s disease. Free Radical Biol. Med. 10: 161-169



FULLERENOL PREVENTED RADICAL DAMAGE IN HIPPOCAMPUS IN-VITRO 445

Andersen, P. (1960a) Interhippocampal impulses. II. Apical dendritic
activation of CA1 neurons. Acta Physiol. Scand. 48: 178-208

Andersen, P. (1960b) Interhippocampal impulses. III. Basal dendritic
activation of CA3 neurons. Acta Physiol. Scand. 48: 209-230

Andreasen, M., Lambert J. D. C., Jensen, M. S. (1989) Effects of new
non-N-methyl-D-aspartate antagonists on synaptic transmission in
the in-vitro rat hippocampus. J. Physiol. (London) 414: 317-336

Bemard, C., Wheal, H. V. (1994) Model of local connectivity patterns
in CA3 and CALl areas of the hippocampus. Hippocampus 4: 497-
529

Chiang, L. Y., Swirczewski, J. W., Hsu, C. S., Chowdhury, S. K.,
Cameron, S., Creegan, K. (1992a) Multi-hydroxy additions onto Cgp
fullerene molecules. J. Chem. Soc. Chem. Commun. 24: 1791-1793

Chiang, L. Y., Upasani, R. B., Swirczewski, J. W. (1992b) Versatile
nitronium chemistry for Cgo fullerene functionalization. J. Am.
Chem. Soc. 114: 10154-10157

Chiang, L. Y., Upasani, R. B., Swirczewski, J. W., Soled, S. (1993)
Evidence of hemiketals incorporated in the structure of fullerols
derived from aqueous acid chemistry. J. Am. Chem. Soc. 115:
5453-5457

Chiang, L. Y., Lu, H. J,, Lin, J. T. (1995) Free radical scavenging
activity of water-soluble fullerenols. J. Chem. Soc. Chem. Commun.
1995: 1283-1284

Colton, C. A, Fagni, L., Gilbert, D. (1989) The action of hydrogen
peroxide on paired pulse and long-term potentiation in the hippo-
campus. Free Radical Biol. Med. 7: 3-8

Cooper, A. 1. L., Pulsinelli, W. A., Duffy, D. (1980) Glutathione and
ascorbate during ischemia and postischemia reperfusion in rat brain.
J. Neurochem. 35: 1242-1245

Creager, R., Dunwiddie, T., Lynch, G. (1980) Paired-pulse and
frequency facilitation in the CA1 region of the in-vitro rat hippo-
campus. J. Physiol. (Lond) 299: 409-424

Daw, N. W,, Stein, P. S,, Fox, K. (1993) The role of NMDA receptors
in information processing. Annu. Rev. Neurosci. 16: 207-22

Drejer, J., Honore, T. (1988) New quinoxalinediones show potent
antagonism of quisqualate responses in cultured mouse cortical
neurons. Neurosci. Lett. 87: 104-108

Dunwiddie, T. V., Haas, H. L. (1985) Adenosine increases synaptic
facilitation in the in-vitro rat hippocampus: evidence for a presy-
naptic site of action. J. Physiol. (London) 369: 365-377

Dunwiddie, T. V., Hoffer, B. J. (1980) Adenine nucleotides and
synaptic transmission in the in-vitro rat hippocampus. Br. J. Phar-
macol. 69: 59-68

Dunwiddie, T. V., Lynch, G. S. (1978) Long-term potentiation and
depression of synaptic responses in the rat hippocampus: localiza-
tion and frequency dependency. J. Physiol. (London) 276: 353-367

Gill, J. S., McKenna, W. J., Camm, A. J. (1995) Free radicals
irreversibly decrease Ca®* currents in isolated guinea-pig ventricu-
lar myocytes. Eur. J. Pharmacol. 292: 337-340

Graf, E., Mahoney, J. R., Bryant, R. G., Eaton, J. W. (1984) Iron-
catalyzed hydroxyl radical formation. Stringent requirement for free
iron coordination site. J. Biol. Chem. 259: 3620-3624

Herreras, O., Menendez, N., Herranz, A. S., Solis, M., Del Rio, R. M.
(1989) Synaptic transmission at the schaffer-CAl synapse is
blocked by 6,7-dinitroquinoxaline-2,3-dione, an in-vivo brain dia-
lysis study in the rat. Neurosci. Lett. 99: 119-124

Honore, T., Davies, S. N., Drejer, J., Fletcher, E. J., Jacobsen, P.,
Lodge, D., Nielsen, F. E. (1988) Quinoxalinediones: potent compe-
titive non-NMDA glutamate receptor antagonists. Science 241:
701-703

Kahle, J. S., Cotman, C. W. (1993) Adenosine, L-AP4, and baclofen
modulation of paired-pulse potentiation in the dentate gyrus: inter-
stimulus interval-dependent pharmacology. Exp. Brain Res. 94: 97—
104

Krusic, P. J., Wasserman, E., Keizer, P. N., Morton, J. R., Preston, K.
F. (1991) Radical reaction of Cgg. Science 254: 1183-1185

Matsuoka, N., Yamaguchi, 1., Satoh, M. (1993) Role of somatostatin in
the augmentation of hippocampal long-term potentiation by
FR121196, a putative cognitive enhancer. Eur. J. Pharmacol. 241:
27-34

Mello Filho, A. C., Hoffmann, M. E., Meneghini, R. (1984) Cell killing
and DNA damage by hydrogen peroxide are mediated by intracel-
lular iron. Biochem. J. 218: 273-275

Nakaya, H., Tphse, N., Kanno, M. (1987) Electrophysiological
derangements induced by lipid peroxidation in cardiac tissue. Am.
J. Physiol. 253: H1089-H1097

Nathan, T., Jensen, M. S., Lambert, J. D. C. (1990) GABAg receptors
play a major role in paired-pulse facilitation in area CA1 of the rat
hippocampus. Brain Res. 531: 55-65

Pellmar, T. C. (1986) Electrophysiological correlates of peroxide
damage in guinea-pig hippocampus in-vitro. Brain Res. 364: 377-
381

Pellmar, T. C. (1987) Peroxide alters neuronal excitability in the CAl
regions of guinea-pig hippocampus in-vitro. Neuroscience 23: 447-
456

Pellmar, T. C., Neel, K. L., Lee, K. (1989) Free radicals mediate
peroxidative damage in guinea-pig hippocampus in-vitro. J. Neu-
rosci. Res. 24: 437444

Pellmar, T. C., Roney, D., Lepinski, D. L. (1992) Role of glutathione
in repair of free-radical damage in hippocampus in-vitro. Brain Res.
583: 194-200

Rehncrona, S., Folbergrova, J., Smith, D. S., Seijo, B. K. (1980)
Influence of complete and pronounced incomplete cerebral ische-
mia and subsequent recirculation on cortical concentrations of
oxidized and reduced glutathione in the rat. J. Neurochem. 34:
477-486

Smith, D. A., Browning, M., Dunwiddie T. V. (1993) Cocaine
inhibits hippocampal long-term potentiation. Brain Res. 608:
259-265

Taylor, R., Walton, D. R. M. (1993) The chemistry of fullerenes.
Nature 363: 685-693

Wu, L. G, Saggau, P. (1994) Adenosine inhibits evoked synaptic
transmission primarily by reducing presynaptic calcium influx in
area CA1 of hippocampus. Neuron 12: 1139-1148



