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In this investigation, 40 mg/kg of the excitatory
neurotoxin kainic acid (KA) was subcutaneously ad-
ministered to CD2-F1 mice. In this mouse strain
morphological damage induced by KA in the hippo-
campus was markedly concentrated in the CA3 pyra-
midal neurons. Neuronal injury was accompanied by
several pathological neurobehavioral activities includ-
ing arching of tail, tremors and seizures, and by
certain biochemical changes, i.e., increased lipid per-
oxidation products (LPO) in the brain. When melato-
nin was injected intraperitoneally at a single dose of 5
mg/kg 10 min before KA administration, it signifi-
cantly reduced these pathological neurobehavioral
changes and almost completely attenuated the in-
crease in LPO and morphological damage induced by
KA. The neuroprotective effect of melatonin against
KA-induced brain damage in mice is believed to be in
part related to its oxygen radical scavenging proper-
ties as well as its antiepileptic and GABA receptor
regulatory actions. Considering melatonin’s relative
lack of toxicity and ability to enter the brain, these
results along with previous evidence suggest that
melatonin, which is a natural substance, may be useful
in combating free radical-induced neuronal injury in
acute situations such as stroke and brain trauma as
well as neurodegenerative diseases such as Alzhei-
mer’s disease and Parkinson’s disease that have free
radicals as causative factors. J. Neurosci. Res. 54:382–
389, 1998. r 1998 Wiley-Liss, Inc.
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INTRODUCTION
Kainic acid (KA) is an excitatory, neurotoxic sub-

stance. It binds and stimulates a subtype of ionotropic
receptor of the brain neurotransmitter glutamate and
results in transmembrane ion imbalance, especially caus-
ing calcium influx, which in turn generates reactive
oxygen species including H2O2, superoxide anion (O2-.)

and the hydroxyl radical (OH.). These free radicals
actively attack macromolecules within neurons, resulting
in membrane lipid peroxidation, structural and functional
changes in proteins, and DNA strand breaks, which may
result in neuronal dysfunction and death. The prominent
role that oxygen free radicals play in KA-induced neuro-
nal injury is more than suggestive and indeed there is
good evidence that antioxidants/free radical scavengers
can counteract the damage induced by KA to neurons
(Dykens et al., 1987). Schulz et al. (1995) provided direct
in vivo evidence that the KA-induced neuronal damage
was a result of free radicals.

It was recently reported that the pineal secretory
product melatonin is a potent, endogenous OH. scavenger
(Tan et al., 1993a; Reiter et al., 1994), and a broad
spectrum antioxidant (Reiter et al., 1998a); in some
studies it was suggested that melatonin is more effective
than either glutathione, mannitol, or vitamin E in its
scavenging ability in vitro (Tan et al., 1993a; Pieri et al.,
1994). Melatonin has been shown to protect against
oxidative damage, such as that which occurs following
carcinogen (safrole) treatment (Tan et al., 1993b, 1994),
KA-induced DNA-adduct formation (Tang et al., 1998),
paraquat-induced lipid peroxidation (Melchiorri et al.,
1994), and free radical-induced membrane rigidity (Gar-
cia et al., 1997, 1998). Furthermore, the neurotoxic action
of KA in primary neuronal cultures is reportedly counter-
acted by the addition of the pineal secretory product,
melatonin (Giusti et al., 1995). In a follow-up experi-
ment, this group also found that melatonin is capable of
reducing KA-induced neurotoxicity in vivo, i.e., melato-
nin modified the behavioral response of rats towards the
neurotoxicity of KAand also prevented neuro-morphologi-
cal injury in rats (Guisti et al., 1996a, b). At the same
time, several other groups found that both in vivo or in
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vitro, melatonin reduced neuronal damage induced by
KA as indicated by behavioral, biochemical and morpho-
logical measurements in a rat model (Melchiorri et al.,
1995, 1996; Uz et al., 1996; Floreani et al., 1997).

To date, there have been no reports on melatonin’s
effect on neuronal injury induced by KA in a mouse
model. Considering that mice are a frequently used
experimental animal specie in neurological research and
the fact that different species may exhibit different
response towards neuronal toxicity of KA treatment,
especially considering this response is a consequence of
receptor-mediated free radical generation, it was deemed
important to examine the effect of melatonin on KA-
treated mice. Hence, in this study, we investigated
melatonin’s effects on neurobehavioral, biochemical, and
morphological changes in mice treated with the neuro-
toxin KA.

MATERIALS AND METHODS

Melatonin was a gift from the Helsinn Co. (Biasca,
Switzerland). Melatonin was first dissolved in absolute
ethanol and then diluted with 0.9% NaCl solution. The
final concentration of ethanol was 0.5% (v/v). Kainic acid
was purchased from Sigma (St. Louis, MO) and was
dissolved in 0.9% NaCl. Both chemicals were freshly
prepared before use. Male CD2-F I mice (26–30 g) were
purchased from Harlan (Houston, TX) and housed in
Plexiglas cages with five animals per cage. The animal
room was windowless with automatically regulated tem-
perature (226 2°C) and lighting ( light on at 07.00 hr and
light off at 21.00 hr daily, i.e., 14 hr light/ 10 h dark). The
mice received standard laboratory chow and water ad
labium. The experimental protocol was reviewed and
approved by the Institutional Animal Care and Use
Committee.

The animals were randomized into four groups.
Group 1 (7 mice) received vehicle (0.9% NaCl solution
contained 0.5% ethanol) alone; Group 2 (7 mice) received
melatonin (5 mg/kg) ip alone; and Group 3 (15 mice)
received a single subcutaneous injection of KA Group 4
(15 mice) received KA plus melatonin, i.e., mice received
5 mg/kg melatonin i.p 10 min before KA (40 mg/kg)
subcutaneously administration. The volume for all of
these injections was adjusted to 0.1 ml/30 g body weight.

Immediately following the injections, neurobehav-
ioral changes were monitored. Classical signs of KA
administration including arching of the tail, tremors, and
seizures were selected as altered neurobehaviors; in
addition the onset time of the first altered neurobehavioral
sign was recorded. The observation period extended for 4
hr following the injections. The death rate at 48 hr was
also recorded.

Since irreversible brain changes developed 24 hr
and later after KA administration and the changes were
restricted to the pyriform cortex, amygdala, hippocam-
pus, gyrus olfactorius lateralis, bulbus olfactorius, and
tuberculum olfactorium (Sperk et al., 1983), 48 hr after
the injections, five mice of each group were sacrificed by
decapitation. and the cerebral cortex was excised and
immediately placed on dry ice and stored at -80°C for the
LPO assay. On the day of the assay, 150 mg cerebral
cortex from each mouse was homogenized in ice cold 50
mM Tris buffer, pH 5 7.4, using a Euro Turrax T20B
homogenizer. The assay used to measure level of lipid
peroxidation products [malondialdehyde (MDA) and 4-hy-
droxyalkenals (4-HDA)] is described in a kit available
from Calbiochem (LA Jolla CA). Lipid peroxidation was
expressed as MDA1 4-HDA nmol per mg protein. The
protein concentration was measured using the method
described by Bradford (1976) using bovine albumin as
the standard.

Seven days following the injections [obvious neuro-
nal loss in the rat hippocampus is not observed until 6
days after KA injection (Giusti et al., 1996)], two mice in
each group were sacrificed by decapitation. The brains
were immersed in buffered neutral formalin solution
containing 37% formaldehyde (100 ml), sodium phos-
phate dibasic (anhydrous) (6.5 g), sodium phosphate
monobasic (4 g), and 900 ml of distilled water. The brains
were fixed for 7 days and then transferred to a 70%
ethanol solution for another 10 days. The hippocampi and
surrounding tissue were dissected from the whole brain,
cut, and stained with hematoxylin and eosin. The morpho-
logical assessment of neuronal damage was determined
by using light microscopy.

The onset time of the first neurobehavioral change
was expressed as mean6 SEM. Statistical analyses were
carried out by means of ANOVA followed by the t-test.
The neurobehavioral activities were expressed as average
frequency of occurrence. Thex2 test of 23 two tables
was used to obtain the statistical difference of these
frequencies. The level of significance was established at
P, 0.05.

RESULTS

Mice that received the vehicle (7 each) or melatonin
injection alone (7 each) did not show any visible neurobe-
havioral changes and all of them survived throughout the
experimental period. By contrast, all of the mice (15
each) that received KA treatment alone developed some
of the neurobehavioral changes, including arching of the
tail, tremors, and seizures (Table I). The death rate in
mice that received KA treatment alone was 33% within
48 hr. In the KA plus melatonin-treated mice, the
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incidence of tail arching decreased to 33% (P 5 0.009) as
compared to 86% in the KA-treated mice. Tremors and
seizures decreased from 100% in the KA-treated mice to
40% (P 5 0. 001), respectively, and the death rate was
reduced to 20%. In addition, the onset time of the first
altered neurobehavioral sign in the KA1 melatonin-
treated mice was significantly delayed as compared to
that of the KA-treated mice (Table I).

The level of LPO in the cerebral cortex of mice that
received vehicle injection alone was 3.4760.18 nmol/mg
protein (Fig. 1). Melatonin by itself did not change the
basal level of LPO (3.216 0.11 nmol/mg protein). In
KA-injected mice, the level of cerebral cortical LPO was
increased to 4.426 0.27 nmol/mg protein. This increase,
when compared to the vehicle-treated mice, was greater
than 27% (P , 0.05). In the KA plus melatonin group, the
level of LPO in the cerebral cortex was reduced to 3.546
0.18 (P , 0.05 vs. KA-treated animals). Thus, the
injection of melatonin in combination with KA had
significantly reduced lipid damage caused by the neuro-
toxin KA.

The morphological changes were consistent with
these findings. Of particular interest was the status of the
pyramidal neurons (CA1–CA4) in the hippocampus,
since these cells are typically damaged by KA (Schwarzer
et al., 1997). In the brains of mice treated with either
vehicle or melatonin, the pyramidal neurons appeared
intact and viable (Fig. 2A,B). By contrast, these neurons
in the hippocampus of KA-treated mice appeared se-
verely damaged. The induced neuronal damage was
concentrated in the hippocampal CA3 area. The total
histological architecture of the CA3 area was altered (Fig.
2C1). Virtually all of the pyrimadal neurons in the CA3
area in the KA-treated mice appeared damaged (Fig.
2C2). The cell membranes appeared to be destroyed and
the nuclei of the cells were condensed and pyknotic.
These changes are consistent with cell death. On the other
hand, in the KA plus melatonin-treated mice, the cytoar-
chitecture of the hippocampal CA3 area was still intact
(Fig. 2D1). Only a few damaged neurons were observed
microscopically in this area (Fig. 2D2).

Fig. 1. Effect of melatonin on brain lipid proxidation in mice
treated with kainic acid. Lipid proxidation is expressed as
MDA 1 4-HDA per mg protein. Data are expressed as mean6
SEM, n5 5. KA, kainic acid; Mel, melatonin; *P , 0.05, KA
group vs. other groups.

Fig. 2. Protective effect of melatonin on KA-induced morpho-
logical changes in the hippocampus of mice.A1,A2: Photo-
graphs of the hippocampus of a control mouse. A1 is an
overview photograph, while A2 shows the details of pyramidal
neurons in the hippocampal CA3 subregion. In these micro-
graphs the pyramidal neurons of the hippocampus proper
appear normal and the bulk of the pyramidal neurons appear
functional.B1,B2: Photomicrographs of the hippocampus of a
mouse treated with melatonin only. The neurons in these
photographs appear similar to those in Figures A1 and A2,
respectively.C1,C2: The hippocampus of a mouse treated with
KA. The arrow heads (C1) identify the area where the
pyramidal neurons are damaged. The morphological architec-
ture of neurons in the hippocampal CA3 region were destroyed.
Under high-power magnification, the neuronal membranes are
difficult to identify, the nuclei are pyknotic and virtually all
neurons appear to be in a state of degeneration.D1,D2:
Sections of the hippocampus of a mouse treated with KA plus
melatonin. While the integrity of most of the neurons seems
preserved, a few neurons may exhibit some damage (D2, arrow
head).

TABLE I. Effects of Melatonin on KA-Induced Neurobehavioral Activities and Death in Mice *

Group n

Incidence (%) Onset time of
first sign (min)Tail arch Tremors Seizures Death

Control 7 0 0 0 0 —
Melatonin 7 0 0 0 0 —
KA 15 86 100 100 33 226 2.9
KA 1 melatonin 15 33** 40** 40** 20 466 7.1*

*KA, kainic acid. The onset time is expressed as mean6 SEM.
*P , 0.05.
** P , 0.001.
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Figure 2.
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DISCUSSION
In this study, we found that the pineal secretory

product melatonin slightly reduced the death rate, signifi-
cantly modified neurobehavioral activities, and preserved
brain architectural changes induced by the subcutaneous
administration of 40 mg/kg KA in mice. The protective
effects of melatonin against KA-induced neuronal dam-
age is likely due, in part, to its free radical scavenging and
antioxidant properties. To test this possibility, cerebral
cortical LPO was measured. LPO is the most commonly
used index to indirectly indicate reactive oxygen radical
damage to the cell membrane. Clearly, in the present
study, LPO levels were higher in the cerebral cortex of
KA-treated mice than that in the vehicle-treated mice
(P , 0.05). In contrast, the cerebral cortical LPO levels of
both the KA plus melatonin and the melatonin alone-
treated mice were in the same range as those of the
vehicle injected animals. This clearly indicates that
melatonin prevents KA-induced lipid damage in the
cerebral cortex of mice and suggests that the free radical
scavenging and antioxidative properties of melatonin
could provide a partial explanation for melatonin’s af-
forded protection against KA-induced neural damage.
This is consistent with previous studies in rats in which
the protective effect of melatonin against toxic neuronal
injury was attributed to its free radical scavenging
properties (Lipartiti et al., 1996). Furthermore, based on
in vitro studies, Giusti et al. (1996) have suggested that
the melatonin-related neuroprotection from KA-induced
excitotoxicity is not a result of an inhibitory action of
melatonin on either non-N-methyl-D-aspartate ionotropic
glutamate receptors, gamma-aminobutyric acid (GABA)
receptors, or melatonin receptors but is attributed to its
free radical scavenging function.

Perhaps melatonin’s neuro-protective actions against
KA may also involve several other mechanisms. Systemi-
cally administration of KA results in neurobehavioral
changes in the first few hours, which includes arching of
the tail, tremors, and seizures. These symptoms are
accompanied with early partially reversible pathological
changes in brain. These changes consist of shrinkage and
pyknosis of neuronal perikarya, together with swelling of
dendrites and axonal terminals as well as generalized
signs of edema throughout the brain (Speark et al., 1983).
Thus, KA administration represents a widely used animal
model of human temporal lobe epilepsy (Schwarzer et al.,
1997; Buckmaster et al., 1997). In a variety of experimen-
tal situations, melatonin is a well-documented antiepilep-
tic substance. Decades ago, Reiter et al. (1973) reported
that removal of pineal gland from parathyroidectomized
rats caused seizures and often death, and suggested that
melatonin may have a protective effect in the pathological
neurobehavior of seizures. Champney et al. (1996) subse-
quently reported that the administration of melatonin

diminishes seizures induced by pentylenetetrazol (PTZ)
in gerbils. Recently it was reported that the systemic
administration of melatonin inhibited iron-induced epilep-
tic discharges in the rat brain and protected against
iron-induced seizures (Kabuto et al., 1998) as well as
seizures in a child with chronic myoclonic epilepsy
(Molina-Carballo et al., 1997). Seizures are often a
clinical emergency and are usually accompanied with
brain damage (Lipartiti et al., 1996). Seizures, induced by
either KA or PTZ, are believed to be mediated by altered
GABA neurotransmission (Lipartiti et al., 1996;
Champney et al., 1996). In vivo investigations have
confirmed melatonin’s ability to increase GABA content
of the brain, influence GABA receptor activity, and
exhibit anticonvulsant activity (Albertson et al., 1981;
Acuna-Castroviejo et al., 1995; Champney et al., 1996).

In the current study, a interesting phenomenon was
observed, i.e., in mice, the injury was localized in CA3
area of the hippocampus, where the pyrimadal cells were
almost completely destroyed. By comparison, in the rat
hippocampus, the neuronal morphological injury induced
by KA appears to occur most markedly in the CA1 area
(Sperk et al., 1983; Giusti et al., 1996), while the
pyrimadal cells of CA3 area remain intact. Since neurons
containing KA receptors are influenced by exogenous KA
administration and neurons lacking these receptors are
not involved in KA-induced injury (Cazevieille et al.,
1997), it is presumed that in these two species, the KA
receptor distribution in the hippocampus is different, or
the receptors on different pyramidal neurons are differen-
tially sensitive to KA. Currently, there are no reports that
compare the different distributions of NMDA receptors
on pyramidal neurons in the hippocampus of rats and
mice.

As shown here, a single injection of melatonin (5
mg/kg), 10 min before a 40 mg/kg KA administration was
sufficient to reduce KA-induced biochemical and neuro-
morphological changes in mice. This strongly suggests
that melatonin is capable of quickly crossing the blood-
brain-barrier and accumulates in significantly high concen-
trations in neurons to reduce any damage. Indeed, Menen-
dez-Pelaez et al. (1993a) found that 30 min after
subcutaneous injection of 0.5 mg/kg melatonin, the
nuclear concentrations of melatonin in rat cerebral cortex
and cerebellum were five times higher than that of control
rats. This is the direct evidence showing that melatonin
enters the brain with relative ease. A often raised question
is how can a single dose of melatonin administration
produce what appears to be such prolonged neuroprotec-
tive effects? The dosage of melatonin (5 mg/ kg) used in
this study, of course, was pharmacological compared to
the physiological levels of mice at the secretory peak at
night (about 50 pg/ml plasma). However, melatonin’s
half-life in the blood is relatively short (20–40 min) while
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the effects of KA can persist for weeks (Mink et al., 1991;
Zaaroor et al., 1997) because it is a non-degradable
glutamate receptor analogue. This indicates that the blood
levels of melatonin may not be a suitable indicator of
tissue levels of this constituent (Menendez-Pelaez et al.,
1993b). Thus, it is possible that tissue levels of melatonin
may remain higher than physiological levels when blood
melatonin concentrations fall after administration of a
pharmacological dose of melatonin. Another means by
which melatonin could have prolonged beneficial effects
is via its enhancement of other protective agents. In this
context, melatonin has been reported to increase the
activities of certain antioxidative enzymes, including
glutathione peroxidase and glutathione reductase (Barlow-
Walden et al., 1995; Pablos et al., 1998), glucose-6-
phosphate dehydrogenase (Pierrefiche et al., 1995), and
superoxide dismutase (Antolin et al., 1996; Rodriquez et
al., 1998). Also, melatonin has been shown to inhibit a
prooxidative enzyme, nitric oxide synthase (NOS) (Pozo
et al., 1997; Bettahi et al., 1998). The product of NOS
activity is nitric oxide (NO.) which is involved in
KA-induced neuronal damage. Besides melatonin reduc-
ing NOS, melatonin also scavenges NO. (Noda et al.,
1998) as well as its metabolite the peroxynitrite anion
(ONOO-), which is also highly toxic (Cuzzocrea et al.,
1998). Finally, melatonin’s protective actions against
toxins may also involve yet unidentified mechanisms by
which melatonin may prepare cells to response to stress-
ful stimuli.

Free radical damage in neurons has been linked to a
number of age-related neurological diseases and to the
normal aging processes of the central nervous system.
Contrary to what might be expected, the nervous system
is relatively poorly protected from and is also highly
susceptible to the constant bludgeoning by active oxygen
free radicals. This may relate to the fact that the brain uses
a disproportionately large amount of O2 for its size and
contains high amounts of non-heme iron, ascorbic acid,
and easily oxidizable lipids (Reiter, 1995). Both iron and
ascorbic acid under certain conditions can serve as strong
prooxidants. Alzheimer’s disease (AD) is generally ac-
cepted as having a free radical component with the
oxidants being generated by the neurotoxin amyloid-b
(Ab) protein. Recently, it was reported that systemic
administration of KA induces Ab in rat brain (Ong et al.,
1997; Shoham and Ebstein, 1997). The mechanism by
which this process occurs may be through a free radical
mediated pathway which activates gene expression. The
generated Ab, in turn, accelerates further free radical
generation, thus creating a reoccurring cycle. In the
mouse model used in this study, the damage induced by
KA was concentrated in the hippocampal CA3 subregion.
It is well established that the pyramidal cells in this area
are related to short-term memory functions. Damage

occurring in this region of the brain results in the lost of
short term memory such as in AD patients (Davies, 1985;
Kesner, 1985). This is a serious problem since many
factors such as stress, stroke, air pollution, and food and
water contaminated with chemicals mimic the action of
KA in generating free radicals. Fortunately, melatonin
shows a direct function in protecting against Ab-induced
lipid peroxidation and cell damage in different cell
cultures (Pappolla et al., 1997; Daniels et al., 1998). Thus,
melatonin may be capable of breaking the cycle referred
to previously.

Melatonin, not only protects the brain of different
species against KA-induced injury but also protects
against a broad spectrum of neurological injuries pro-
duced by agents or actions such as trauma (Mesenge et
al., 1998), stroke (Manev et al., 1996), potassium cya-
nide, L-cysteine (Yamamoto and Tang, 1996a,b), and
aging (Reiter, 1995). However, in most of the investiga-
tions including this study, melatonin was administered in
advance of the challenge to achieve the preventive effect.
Little is known as to whether melatonin still can achieve a
protective effect if it was administered after such chal-
lenges. Since in the clinical situation it is likely that
melatonin would be administered after the challenge,
future work could be directed at administering melatonin
after the damage was initiated to define the window of
efficacy.

Considering melatonin’s apparently low acute and
chronic toxicity and its ability to readily penetrate the
blood-brain-barrier and enter all neurons, melatonin may
find utility in preventing and treating neurological dis-
eases such as stroke and brain trauma as well as
neurodegenerative diseases such as Alzheimer’s and
Parkinson’s diseases, which have free radicals as caus-
ative factors (Reiter et al., 1997, 1998b).
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