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Abstract

The possible cyclosporin A application for rheumatoid arthritis that develops preferentially in middle-aged women raises concerns
about adverse effects of cyclosporin A, including neurotoxicity in patients with climacterium. The present study was aimed at elucidating

Ž .the effect of cyclosporin A on the convulsive activity and g-aminobutyric acid GABA neural activity of the hippocampus in
ovariectomized rats, as a menopauserclimacterium model. Ovariectomy markedly aggravated the effect of repeated administration of

Ž .cyclosporin A 40 mgrkg, once a day for 5 or 6 days , convulsions and reduction of the basal GABA levels and aminooxyacetic
acid-evoked GABA accumulation. These aggravations were blocked by estradiol replacement. The present findings demonstrated that
ovariectomy increased the susceptibility to cyclosporin A-induced convulsions by accelerating an inhibitory action of cyclosporin A on
GABA neural activity in the hippocampus, this being blocked by estrogen replacement. Menopauserclimacterium is, therefore, included
in the risk factors for cyclosporin A-induced neurotoxicity and this risk is lowered by estrogen replacement therapy. q 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Cyclosporin A, a cyclic 11-amino acid peptide, is widely
used as a potent immunosuppressant to prevent allograft
rejection in solid organ transplantation and in fatal graft-
versus-host disease after bone marrow transplantation and
to treat various autoimmune diseases including rheumatoid

Žarthritis, psoriasis and idithic nephrotic syndrome Kahan,
.1989 . Recently, the use of cyclosporin A was extended

to atopic dermatitis and systemic lupus erythematosus
Ž .Naeyaert et al., 1999; Klein et al., 1999 . Despite its high
efficacy, cyclosporin A induces adverse effects inclu-
ding impaired renal function, cardiovascular disorders, gas-
trointestinal disorders and neurological complications.
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These events were found to occur with a relatively
Ž .high frequency 20–40% in organ-transplanted patients

ŽGijtenbeek et al., 1999; Pirsch et al., 1997; U.S. Group,
.1994 . The adverse neurological effects of cyclosporin A

including tremor, seizure and encephalopathy were sug-
gested to be triggered by dysfunction of the P-glyco-
protein, a multi-drug efflux pump, and hyperpermeability

Žof the brain capillary endothelial cells Dohgu et al., 2000;
.Kochi et al., 1999 . We previously reported that cy-

closporin A produced convulsions by inhibiting the neural
Ž .activity of g-aminobutyric acid GABA and binding prop-

Ž .erties of GABA receptors Shuto et al., 1999 . A facilita-A

tory action of cyclosporin A on stimulation-evoked nitric
oxide production in glial cells was also attributed to the

Ž .occurrence of neurotoxicity Ikesue et al., 2000 .
The menopause or climacterium is a critical risk factor

Ž .for cardiovascular diseases Greendale et al., 1999 , osteo-
Ž .porosis and mental disorders Pearce and Hawton, 1996 .

Estrogen treatment of males and females was reported to
counter the development of neurological symptoms due to
ischemia, stroke epilepsy, Alzheimer’s disease and Parkin-

Žson’s disease Garcia-Segura et al., 2001; Green and Simp-
.kins, 2000 . In rats with ovariectomy, 17b-estradiol de-
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layed the onset of kainic acid-induced clonic seizures and
remedied the neuronal kainic acid-induced degeneration in

Ž .the hippocampus Veliskova et al., 2000 . These findings
suggest that the extremely low level of estrogen at the
menopause may aggravate the risk of cyclosporin A-in-
duced neurotoxicity. Furthermore, the possible cyclosporin
A application for the rheumatoid arthritis that develops
with high incidence in middle-aged women suggested con-
cerns about cyclosporin A-induced adverse effects includ-
ing neurotoxicity for patients during menopause or climac-
terium.

In the present study, we investigated the effect of
cyclosporin A on convulsive activity and GABA neural
activity in the hippocampus, known to be responsible for

Ž .the induction of seizures Green, 1986 in ovariectomised
rats, as a menopauserclimacterium model.

2. Materials and methods

2.1. Animals

Female Wistar rats weighting 160–200 g were pur-
Ž .chased from Kyudo Saga, Japan . The animals were main-

Ž .tained on a 12-h lightrdark schedule lights on 7:00 a.m.
at a temperature of 23"2 8C with free access to food and
water. This study was reviewed by the ethics committee
regarding animal experiments at the Faculty of Medicine,
Kyushu University and was performed according to the
Guidelines for Animal Experiments in the Faculty of

Ž .Medicine, Kyushu University, and the law No. 105 and
Ž .notification No. 6 of the Japanese Government.

2.2. Drugs

The pharmaceutical formulations of the immunosup-
pressant agent and estradiol used were as follows: cy-

Ž wclosporin A Sandimmun injection, 250 mgr5 mlramp-
.ule, Novartis Pharma, Tokyo, Japan and estradiol valerate

Ž wPelanin Depot , 10 mgrmlrampule, Mochida Pharma-
.ceutical, Tokyo, Japan . O-Phthalaldehyde and 2-mer-

Ž .captoethanol were purchased from Wako Osaka, Japan .
Aminooxyacetic acid and 3-mercaptopropionic acid were

Ž .from Sigma St. Louis, MO, USA . The vehicle solution
for cyclosporin A consisted of 13% polyoxyethylene castor

Ž w .oil Cremophor EL , Sigma , 7% ethanol and 80% saline
Ž wthe same mixture as the vehicle of the Sandimmun

.injection . The original cyclosporin A injection was diluted
with saline immediately before use.

2.3. OÕariectomy and estradiol treatment

Rats were bilaterally ovariectomized rats or sham-oper-
Ž .ated rats sham rats under sodium pentobarbital anesthesia

Ž .50 mgrkg, i.p. . At 7 days post-operation, ovariectomized
rats were divided into two groups and the treatment of

Ž .each group with vehicle sesame oil or estradiol valerate
Ž .1.0 mgrkg was initiated estradiolrovariectomized rats .

Vehicle and estradiol were injected intramuscularly in a
volume of 0.1 mlr100 g body weight once per week for 3
weeks starting 7 days post-operation. Sham rats were
treated with vehicle from 7 days after operation. At 28
days post-operation, the animals were used for the behav-
ioral and biochemical experiments.

2.4. ConÕulsions tests

Ž .Cyclosporin A 20 and 40 mgrkg or vehicle was
Ž .intraperitoneally i.p. administered once a day for 6 days

to rats in a volume of 0.5 mlr100 g body weight. Sixty
minutes after the 6th injection of cyclosporin A or vehicle,
each rat was placed individually in a transparent plastic

Ž .cage 28=44=18 cm and the root of the tail was
pinched with the forceps for 10 s. Behaviour was observed
for 60 min. The intensity of convulsions was scored using
the five-point semiquantitative rating scale described by

Ž . ŽLoskota et al. 1974 with a minor modification Shuto et
.al., 1999 as follows: 0, no convulsion; 1, mild convulsions

Ž .motor arrest with more pronounced convulsions ; 2, mod-
Ž .erate convulsions posture restraint, rigidity of extremities ;

Ž3, severe convulsions clonic–tonic seizure with loss of
.righting reflex ; 4, lethal seizure.

2.5. Estimation of GABA neural actiÕity in the hippocam-
pus

Effects of single and subchronic treatment with cy-
closporin A on GABA neural activity in the rat hippocam-
pus was estimated by measuring the basal GABA levels
and GABA accumulation at 60 min after the injection of
aminooxyacetic acid, a GABA-transaminase inhibitor as

Ž .previously described Grattan and Selmanoff, 1994 . Rats
Žwere subjected to single and subchronic once a day for 5

. Ž .days treatment with cyclosporin A 40 mgrkg, i.p. or
vehicle. Sixty minutes after the single or 5th injection,

Žeach of four separate groups single vehicle, single cy-
closporin A, subchronic vehicle and subchronic cy-

.closporin A injection was divided into two sub-groups;
one was decapitated to obtain the basal GABA levels 60
min after vehicle or cyclosporin A injection and the other

Ž .was injected with aminooxyacetic acid 100 mgrkg, i.p.
60 min after vehicle or cyclosporin A injection followed
by decapitation after 60 min to measure GABA accumula-
tion. To prevent non-specific postmortem synthesis of
GABA, the rats were injected with 3-mercaptopropionic

Ž .acid 1.2 mmolrkg i.p. 2.5 min before decapitation to
block glutamic acid decarboxylase, the rate-limiting en-
zyme of GABA synthesis. The brain was removed imme-
diately after decapitation and the hippocampus was dis-
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sected on an ice-cold glass plate. The tissues were rapidly
frozen in liquid nitrogen and stored at y80 8C. The frozen
tissue was homogenized in 1.8 ml of 0.1 M perchloric
acid, with a part stored at y80 8C until assay of tissue
protein content using a Bio-Rad DC protein assay kit
Ž .Bio-Rad Laboratories, Hercules, CA, USA . The homoge-
nized mixture was centrifuged at 20,000=g at 4 8C for 15
min. The supernatant was filtered through a membrane

Ž .filter 0.45 mm and stored at y20 8C. GABA concentra-
tions were determined in a high-performance liquid chro-

Ž .matography HPLC system with fluorometric detection
after pre-column derivatization with O-phthalaldehyde and
2-mercaptoethanol. Fifty microliters of filtrate was reacted
with 10 ml of 0.1 M carbonate buffer containing 4 mM
O-phthalaldehyde and 5.7 mM 2-mercaptoethanol for 5
min. The reaction mixture was injected into a HPLC

Žsystem consisting of two multi-pumps CCPM-II, Tosoh,
. Ž .Tokyo, Japan , a controller PX-8020, Tosoh , a degasser

Ž . ŽSD-8023, Tosoh , a reversed phase column Eicompak
.MA-5ODS, 4.6=150 mm, Eicom, Kyoto, Japan , and

Ž .fluorometric detector RF-550, Shimadzu, Kyoto, Japan .
The excitation wavelength was 340 nm and the emission
wavelength was 445 nm. The mobile phase was 0.02 M

Ž .acetate buffer containing 35% acetonitrile pHs4.1 , and
flow rate was 1.0 mlrmin.

2.6. Statistical analysis

Values are shown as the means"S.E.M. The behav-
ioral data were analyzed by the Kruskal–Wallis rank test,
and individual comparisons were performed using the
Mann–Whitney U-test, if a significant difference was
shown in the Kruskal–Wallis rank test. GABA neural
activity was analyzed by one-factor analysis of variance
Ž .ANOVA followed by post-hoc Scheffe’ F test. Statistical
significance was defined as P-0.05.

3. Results

3.1. Effect of oÕariectomy on cyclosporin A-induced con-
Õulsions

Fig. 1A shows the time course of subchronic treatment
Ž .with cyclosporin A 40 mgrkg, once a day for 6 days -in-

duced convulsions in sham-, ovariectomized- and estra-
diolrovariectomized rats. Convulsions appeared gradually
and the intensity of convulsions increased with time from
the 4th to 6th injection. In ovariectomized rats, cyclosporin
A significantly increased the convulsion score at the 5th
injection, reaching a maximum at the 6th injection. The
effects of ovariectomy and estradiol replacement on con-

Ž .vulsions induced by subchronic treatment 1=6 days
with cyclosporin A are shown in Fig. 1B. Cyclosporin A
Ž .20 and 40 mgrkg dose-dependently produced convul-

Ž .sions score 0.2 and 1.5, respectively in sham rats.
Ovariectomy markedly increased the intensity of cy-

Ž .closporin A 20 and 40 mgrkg -induced convulsions to
3.5- and 2.5-fold convulsion scores in sham rats, respec-

Ž .tively. A significant difference between sham- 1.5"0.4
Ž .and ovariectomized- 3.8"0.2 rats was observed for

Ž .cyclosporin A 40 mgrkg -induced convulsions. When
ovariectomized rats were injected intramuscularly with
estradiol valerate 1.0 mgrkg once per week for 3 weeks
before the start of subchronic treatment with cyclosporin
A, no facilitatory effect of ovariectomy on cyclosporin
A-induced convulsions was observed and the score was
decreased significantly to the level of that for sham rats
Ž .1.4"0.4 in estradiolrovariectomized rats .

3.2. Effect of oÕariectomy on cyclosporin A-decreased
GABA neural actiÕity in the hippocampus

The basal GABA levels just before aminooxyacetic acid
injection in the hippocampus were 5.2"0.9, 3.6"0.5 and

Ž . Ž .Fig. 1. Time course for the intensity of convulsions induced by subchronic treatment once a day for 6 days with cyclosporin A CsA, 40 mgrkg in
Ž . Ž . Ž . Ž .sham-operated sham , ovariectomized ovx and estradiol-treated ovariectomized rats ESTrovx A and effects of ovariectomy and estradiol replacement

on convulsions 60 min after the 6th injection of cyclosporin A in rats. Open circles in panel B represent convulsion score for each rat. Values are the
means"S.E.M. for six to eight rats. )P-0.05 and )))P-0.001; significant difference between ovariectomized rats and sham rats.
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Ž . Ž . ŽFig. 2. Effect of single treatment with cyclosporin A 40 mgrkg on the basal GABA levels A and the aminooxyacetic acid AOAA, 100
. Ž . Ž . Ž .mgrkg -induced GABA accumulation during a 60-min period B in the hippocampus of sham-operated sham , ovariectomized ovx and estradiol-treated
Ž .ovx rats ESTrovx . The basal levels and aminooxyacetic acid-induced accumulation of GABA were measured 60 min after, and during a period of 60 to

120 min, after cyclosporin A injection, respectively. Values are the means"S.E.M. for five to six animals.

5.1 " 0.6 mgrmg protein in vehicle-treated sham-,
ovariectomized- and estradiolrovariectomized rats, respec-

Ž .tively Fig. 2A . Ovariectomy moderately, although non-
significantly, decreased GABA levels to 70% of those of
sham rats, and this event was blocked by estradiol replace-

Ž .ment. Single treatment with cyclosporin A 40 mgrkg
failed to influence the hippocampal GABA levels in any of
the three groups, when compared with the effect of each
corresponding vehicle. The amounts of GABA accumula-
tion including basal at 60 min after aminooxyacetic acid
injection in vehicle-treated sham-, ovariectomized- and
estradiolrovariectomized rats were 13.4"0.8, 10.5"0.7

Ž .and 12.6"1.8 mgrmg protein, respectively Fig. 2B .
Cyclosporin A decreased GABA levels by 17–20% of that
with the vehicle at 60 min after aminooxyacetic acid
injection in all three groups. There was no significant

difference among these groups for the decrease of GABA
accumulation induced by a single injection of cyclosporin
A.

Ž .Subchronic treatment 1=5 days with vehicle induced
the same changes in the basal levels and aminooxyacetic

Ž .acid-induced accumulation of GABA Fig. 3 as those
obtained with single vehicle injection in each of the three

Ž .groups Fig. 2 . The repeated administration of cyclosporin
Ž .A 40 mgrkgrday=5 days in ovariectomized rats signif-

icantly decreased the basal GABA levels to 61.7q2.7%
of those with the vehicle, but this effect was not observed

Ž .in sham- and estradiolrovariectomized rats Fig. 3A .
Cyclosporin A-treated sham-, ovariectomized- and estra-
diolrovariectomized rats had 8.6"1.2, 4.0"0.4 and 8.1
"0.4 mgrmg protein for GABA accumulation, including
the basal level at 60 min after aminooxyacetic acid injec-

Ž . Ž .Fig. 3. Effect of subchronic treatment with cyclosporin A 40 mgrkg once a day for 5 days on the basal GABA levels A and the aminooxyacetic acid
Ž . Ž . Ž . Ž .AOAA, 100 mgrkg -induced GABA accumulation during a 60-min period B in the hippocampus of sham-operated sham , ovariectomized ovx and

Ž .estradiol-treated ovx rats ESTrovx . The basal levels and aminooxyacetic acid-induced accumulation of GABA were measured 60 min after and during a
period of 60 to 120 min after, the 5th injection of cyclosporin A, respectively. Values are the means"S.E.M. for five to eight animals. )P-0.05 and
))P-0.01; significant difference from each corresponding vehicle-treated group. aP-0.05; significant difference from cyclosporin A-treated sham rats.
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Ž .tion, respectively Fig. 3B . Subchronic treatment with
cyclosporin A significantly inhibited aminooxyacetic acid-
induced increase in GABA levels by 65% in ovariec-
tomized rats. This inhibition was attenuated by estrogen
replacement.

4. Discussion

In the present study, ovariectomy markedly increased
the convulsions induced by subchronic treatment with
cyclosporin A, when compared to those in sham rats.
Estradiol replacement blocked cyclosporin A-increased
convulsions in ovariectomized rats. The mechanisms medi-
ating cyclosporin A-induced neurotoxicity are still not
understood. Permeation of cyclosporin A across the
blood–brain barrier is restricted by a drug efflux pump,
P-glycoprotein, on the luminal membrane of the cerebral
capillary endothelial cells. However, prolonged of mouse
brain endothelial cells to cyclosporin A inhibited the func-

Ž .tion and expression of P-glycoprotein Kochi et al., 1999 .
Astrocytes are known to positively maintain the barrier

Ž .function of cerebral endothelial cells Cancilla et al., 1993 .
It was shown that 17b-estradiol protects astrocytes against

Ž .glutamate-induced cell death Shy et al., 2000 . Therefore,
ovariectomy may lower the function of the blood–brain
barrier, to cause a rise in brain cyclosporin A concentra-
tions andror an extravasation of fluid and proteins into the
brain, leading to aggravation of neurotoxicity, including
convulsions and encephalopathy.

In the present study, ovariectomy moderately decreased
the basal GABA levels and aminooxyacetic acid-induced
GABA accumulation in the rat hippocampus, a decrease
that was restored to the level in sham rats by estradiol
replacement. A single cyclosporin A injection decreased
GABA accumulation in sham-, ovariectomized- and estra-
diolrovariectomized rats. Interestingly, subchronic treat-
ment with cyclosporin A significantly lowered the basal
GABA levels in ovariectomized rats but not in sham or in
estradiolrovariectomized rats. The inhibitory action of
cyclosporin A on aminooxyacetic acid-induced GABA ac-
cumulation was accelerated by subchronic administration
in all three groups, this being most apparent in ovariec-
tomized rats. We previously reported that cyclosporin A
inhibited GABA neural activity in the mouse brain and
binding properties of the GABA receptor in the culturedA

Ž .rat cerebellar granule cells Shuto et al., 1999 . These
findings suggest that ovariectomy facilitates the cy-
closporin A-induced inhibition of the hippocampal GABA
neural activity, thereby elevating the susceptibility to cy-
closporin A-induced convulsions. This notion is further
supported by the present findings that a time-dependent
increase in subchronic cyclosporin A injection-induced
convulsions was well correlated with the development of
cyclosporin A-induced suppression in GABA neural activ-

ity in ovariectomized rats. In the hippocampal CA1 sub-
fields of ovariectomized rats, estradiol increased the levels
of mRNA for glutamic acid decarboxylase, the rate-limit-

Ž .ing enzyme of GABA synthesis Weiland, 1992 ; these
mRNA levels are known to be dependent on the degree of

Ž .GABA neuronal activation Erlander and Tobin, 1991 .
The findings of the present study suggest that ovariectomy
led to a decreased GABA neural activity in the hippocam-

Ž .pus. Schumacher et al. 1989 demonstrated that estradiol
w3 xincreased H muscimol binding to GABA receptors inA

specific regions of the hippocampal CA1 subfields which
paralleled the localization of the estrogen receptors in
ovariectomized plus adrenalectomized rats, suggesting that
ovariectomy induces down-regulation of the GABA re-A

ceptors. The present findings taken together with these
previous observations suggest that cyclosporin A can de-
crease the low activity in the hippocampal GABA neuro-
transmission in ovariectomized rats to a level under the
threshold for the induction of convulsions more easily than
the moderate activity maintained in sham and estradiolr
ovariectomized rats. There is a report that estrogen pro-
duces negative modulation of the NMDA receptor of rat
hippocampal neurons and protects neurons against NMDA

Ž .excitotoxicity Weaver et al., 1997 . Therefore, the possi-
bility that this antagonistic action on NMDA receptors
contributes to raising the threshold level for the induction
of convulsions in estradiolrovariectomized rats cannot
be excluded. Not only estrogen but also progesterone is
depleted by ovariectomy, this phenomenon being accom-
panied by a rise in follicle-stimulating hormone and lutei-

Ž .nizing hormone Rannevik et al., 1995 . Progesterone syn-
thesized by endocrine glands in the periphery and glial
cells in the brain has the potential to influence the activity

Ž .of GABA receptors Lambert et al., 1995 . Clinical studyA

suggests that progesterone therapy is effective in the man-
Ž .agement of women with epilepsy Herzog, 1995 . Al-

though the present findings demonstrated that estrogen
replacement significantly protected against exacerbation of
cyclosporin A-induced convulsions in ovariectomized rats,
ovariectomy-induced progesterone depletion may be con-
sidered in the mediation of the effect of ovariectomy
observed here. Tacrolimus and cyclosporin A inhibit neu-
rotoxicity of NMDA in primary cultures of rat cortical

Ž .neurons Dawson et al., 1993 and protect the cortex from
Ž .focal cereberal ischemia in rats Butcher et al., 1997 . The

clinical relevance of these findings is still being evaluated.
Contrary to these findings, cyclosporin A induced neuronal
apoptosis and selective oligodendrocyte death in mouse

Ž .cortical cultures McDonald et al., 1996 , supporting the
clinical observation of cyclosporin neurotoxicity, using
computed tomography and magnetic resonance imaging
Ž .Gijtenbeek et al., 1999 . Cyclosporin A aggravates con-
vulsions induced by pentylentetrazol and electroshock in

Ž .rats Asanuma et al., 1995; Racusen et al., 1990 . In fact,
cyclosporin A induces neurological side-effects including
convulsions and encephalopathy in up to 40% of patients
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Ž .Gijtenbeek et al., 1999 . Therefore, the neuroprotective
action of cyclosporin A remains controversial.

Cyclosporin A, when which binds to cyclophilin, in-
hibits the activity of calcineurin, a calcium- and calmod-

Ž .ulin-dependent protein phosphatase Yakel, 1997 . Im-
munosuppressant inhibition of calcineurin either facilitates
or suppresses neurotransmitter release and synthesis, the
effect depending on which calcineurin substrate phospho-
proteins, including synaptic vesicle-associated proteins and

Ž .nitric oxide synthase, are affected Snyder et al., 1998 .
Various mechanisms including inhibition of GABA syn-
thesis, release and uptake are involved in mediating the
reduction of basal levels and accumulation of GABA
induced in the hippocampus by subchronic treatment with
cyclosporin A. Further studies will be required to clarify
its precise mechanisms.

In conclusion, the present findings demonstrated that
ovariectomy elevated the susceptibility to cyclosporin A-
induced convulsions by accelerating the inhibitory action
of cyclosporin A on GABA neural activity in the hip-
pocampus and that this was blocked by estrogen replace-
ment. The possibility that menopauserclimacterium is
included in the risk factors for cyclosporin A-induced
neurotoxicity and that this risk is lowered by estrogen
replacement therapy should be considered.
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