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neurons induced by enhanced excitatory
neurotransmission and the nitridergic pathway
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ABSTRACT The mechanisms by which neurons die
after stroke and status epilepticus and related neu-
ropathological conditions are unclear, but may in-
volve voltage-dependent Na® channels, glutamate
receptors, and nitric oxide (NO-). These questions
were investigated using an in vitro primary cell cul-
ture model in which hippocampal pyramidal neurons
undergo a gradual and delayed neurodegeneration
induced by enhanced excitatory neurotransmission.
When cells were treated with Mg®*-free, glycine-sup-
plemented medium for a brief period (15 min) and
examined 24 h later, ~30-40% of the neurons had
died. Cell death could be inhibited by blockers of
voltage-sensitive Na" channels and by N-methyl-D-
aspartate receptor antagonists. Application of ei-
ther the endogenous antioxidant melatonin (ECs:
19.2+2.8 uM) or the NO- synthase inhibitor N“-nitro-
L-arginine after, but not during, Mg**-free exposure
protected against delayed neuronal death; significant
neuroprotection was observed when the addition was
delayed for up to 4 h. This operational time window
suggests that an enduring production of NO- and re-
active oxygen species from neuronal sources is re-
sponsible for delayed cell death. A role for reactive
oxygen species in this injury process was strength-
ened by the finding that, whereas neurons cocultured
with astroglia were more resistant to killing, agents
capable of lowering intracellular glutathione negated
this protection. Because secretion levels of melatonin
are decreased with aging, reductions in this pineal
hormone may place neurons at a heightened risk for
damage by excitatory synaptic transmission.—Ska-
per, S. D., Ancona, B., Facci, L., Franceschini, D.,
Giusti, P. Melatonin prevents the delayed death of
hippocampal neurons induced by enhanced excita-
tory neurotransmission and the nitridergic pathway.
FASEB J. 12, 725-731 (1998)
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SINCE THE INITIAL observation that glutamate and its
analogs could kill neurons in the brain (1), it has
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been suggested that endogenous glutamate may me-
diate neuronal death in a variety of pathological con-
ditions, including stroke and status epilepticus (2, 3).
This process has come to be known as ‘excitotoxicity’.
Local injection of excitatory amino acid (EAA)® re-
ceptor agonists and stimulation of EAA afferent path-
ways produce a pattern of acute and chronic
morphological changes in the brain similar to those
found in patients with epilepsy (4, 5). Antagonists of
EAA receptors possess anticonvulsant properties and
prevent the morphological changes associated with
seizures (6, 7). Enhanced excitatory synaptic trans-
mission can also damage hippocampal neurons
in culture via activation of N-methyl-D-aspartate
(NMDA) receptors (8, 9).

Several lines of evidence suggest that reactive oxy-
gen species (ROS) play a pivotal role in the patho-
genesis of excitotoxic death (10). Neurotoxicity
associated with overstimulation of NMDA receptors
is thought to be mediated by an excessive Ca*" influx,
leading to a series of potentially neurotoxic events
(11). One such event is the activation of nitric oxide
synthase and the subsequent production of nitric ox-
ide (NO-¢) (12); another is the stimulation of phos-
pholipase A; or Ca*" overload of mitochondria,
leading to the generation of superoxide anion
(O2-7) (13). NO- can react with O,-~ to form per-
oxynitrite (14), which results in dose-dependent neu-
ronal damage (15).

We used primary cultures of rat hippocampus, a
brain area highly vulnerable to cerebral ischemia and
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epileptic injury, as a model to understand the roles
of and relationships among Na* channels, NO-, and
ROS in the neurodegenerative cascade triggered by
endogenous NMDA receptor activation. In this para-
digm, placing hippocampal pyramidal neurons in a
Mg**-free, glycine-supplemented medium for brief
periods of time increases cell death considerably 24
h later (8, 9, 16), a result of seizure-like activity (8,
9). Not unexpectedly, cell death could be inhibited
by NMDA receptor antagonists and blockers of volt-
age-dependent Na® channels applied either during
or after removal of Mg*". The cytoprotective antiox-
idant melatonin (17-19) and inhibitors of neuronal
NO- synthase were neuroprotective when applied af-
ter but not during exposure to Mg**-free, glycine-
supplemented medium, proposing a protracted
production of NO- and ROS as participants in de-
layed neuronal death. Astrocytes appeared to contain
significant antioxidant defense stores for hippocam-
pal neurons.

MATERIALS AND METHODS
Cell culture

Hippocampi were removed from embryonic day 18 Sprague-
Dawley rat fetuses (Harlan, S. Pietro al Natisone, UD, Italy)
and dissociated in culture medium as described (20). Culture
medium consisted of a 1:1 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s F12 medium supplemented to
contain 2 mM glutamine, 30 mM glucose, 20 mM KCl, 1 mM
sodium pyruvate, 1% heatinactivated fetal calf serum
(BIO-SPA, Wedel, Germany), N1 components (100 pg/ml
transferrin, 25 pug/ml insulin, 60 UM putrescine, 20 nM pro-
gesterone, 30 nM sodium selenite) (21), 100 U/ml penicillin,
and 100 pug/ml streptomycin. The cell suspension was placed
in 48-well plates 9 mm in diameter (Falcon, Oxnard, Calif.)
coated with 10 pg/ml poly-L-lysine (mol wt 68,000, Sigma, St.
Louis, Mo.), 1 X 10° cells/cm?in 0.3 ml medium. The cultures
were maintained at 37°C in a humidified atmosphere of 5%
CO9—95% air. Cytosine arabinoside (5 uM) was added after 5
days to inhibit nonneuronal cell growth. Medium glucose was
renewed every 7 days by adding fresh glucose to 5 mM. Cul-
tures were used between 13 and 17 days without a change in
medium.

Neurotoxicity assays

Culture-conditioned medium was removed and saved. The
cultures were washed with Locke’s solution (19), with or with-
out 1 mM MgCl,. The Mg**-free Locke’s solution contained 1
uM glycine. Drug treatments were carried out for 15 min (23—
25°C) in Mg®*-free, glycine-supplemented Locke’s solution in
a final volume of 0.3 ml. After treatment, the hippocampal
cell monolayers were washed with complete Locke’s solution
and returned to their original culture medium. Twenty-four
hours later, cultures were fixed with 2% paraformaldehyde.
Neuronal death was assessed by microscopic examination of
representative fields under phase contrast optics at 200X. Cy-
totoxicity was evidenced by neurons that underwent disinte-
gration in the 24 h interval after initiating treatment (8, 9,
16). Viable pyramidal-like neurons had a soma that was phase-
bright and round to oval in shape, with smooth, intact neuri-
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tes. Neurons were considered nonviable when they exhibited
neurite fragmentation and ‘beading’ and when their soma ex-
hibited swelling and vacuolation. Cell counts were made from
at least five such fields in triplicate wells in three independent
experiments. Control experiments showed that the loss of vi-
able neurons assessed in this manner was proportional to the
number of neurons damaged, as estimated by trypan blue
staining (22).

Materials

Culture media, N1 supplements, antibiotics, cytosine ara-
binoside, aminoguanidine, melatonin, N®nitro-L-arginine
(NNA), N-tert-butyl-o-phenylnitrone (PBN), and tetrodotoxin
(TTX) were purchased from Sigma; 3-((RS)-2-carboxypiper-
azin-4-yl)-propyl-1-phosphonic acid (CPP) and 6,7-dinitroqui-
noxaline-2,3-dione (DNQX) were from Tocris Cookson Ltd.
(Bristol, U.K.).

Statistical analysis

Comparisons were made by one-way analysis of variance with
the Student-Newman-Keuls post hoc test for differences be-
tween groups. Differences were considered statistically signif-
icant at P < 0.05.

RESULTS
Pharmacology of neurodegeneration

Exposure of hippocampal cell cultures, which are
predominantly pyramidal neurons from this age of
embryonic rodent (23), to a Mg**-free, glycine-sup-
plemented solution for 15 min produced a consid-
erable increase in cell death assessed 24 h later
(Table 1). Comparable levels of cell death have been
reported in earlier studies under similar culture con-
ditions (9, 16). This injury very likely is a conse-
quence of enhanced excitatory neurotransmission in
a Mg**-free environment (24) since TTX, which
blocks voltage-gated Na® channels, was protective
when added either simultaneously with Mg** removal
or immediately after returning the cells to a Mg**-

TABLE 1. Pharmacology of delayed hippocampal pyramidal cell
death after 15 min exposure to a Mg®* ~free solution”

% Cell death

Addition Simultaneous After
None 384+ 39 —
MK 801 (1 uM) 0 5.3 + 3.6%
CPP (10 uM) 0 n.d.
TTX (1 uM) 0 247 + 3.3"
DNQX (10 uM) 343 £ 5.7 43.2 + 4.0

“ Cultures were incubated for 15 min in Mg**-free/glycine-sup-
plemented Locke’s solution. Drugs were added either at this time
(‘simultaneous’) or immediately after the cultures were returned to
their original medium (‘after’). Neuron survival was monitored 24 h
later. Values are means = SD (three experiments). n.d., not de-
termined. * P < 0.01," P< 0.05 vs. Mg?*-free alone (none).
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containing medium (Table 1). Activation of NMDA
receptors appeared to be a key ingredient of the in-
jury process, as competitive (CPP) and noncompeti-
tive (MK-801) NMDA antagonists abolished cell
death when added to the Mg**free incubation or im-
mediately thereafter (Table 1). In contrast, the selec-
tive kainate/AMPA receptor antagonist DNQX was
without effect (Table 1).

NO- and neurodegeneration

NO- has been implicated as a mediator of excitotox-
icity, particularly that mediated by NMDA receptors
(12). To test for the participation of NO-, hippocam-
pal cultures were treated with the NO- synthase in-
hibitor NNA (100 uM). If the inhibitor was added
immediately after termination of the Mg**-free in-
cubation, a substantial degree of neuroprotection,
quantitatively similar to that produced by NMDA an-
tagonists (e.g., MK 801), was achieved (Fig. 1, left).
However, NNA was not neuroprotective if applied
only during the Mg**-free exposure (Fig. 1, left). Dis-
sociation of NNA from NO- synthase is quite slow
(25), and inhibition by NNA of the enzyme is ex-
pected to be sustained well beyond its washout from
the incubation medium. Moreover, significant pro-
tection was observed when addition of the NO- syn-
thase inhibitor was delayed for up to 4 h after
concluding the Mg**-free challenge (Fig. 1, right).
These findings suggest that late NO- formation,
rather than that occurring during or shortly after
Mg2+ removal, was associated with neurodegenera-
tion.

Neurodegeneration triggered by brief NMDA re-
ceptor activation could be effected by expression of
the inducible form of NO- synthase, which conceiv-
ably (e.g., through activation of gene transcription)
could depend on NMDA receptor activity (26). This
possibility was tested pharmacologically because neu-
ronal and inducible NO- synthase isoforms are dif-

ferentially sensitive to NNA and aminoguanidine,
respectively (27). In contrast to NNA, aminoguani-
dine failed to inhibit cell death triggered by Mg*"
removal (Fig. 1, left).

Melatonin prevents death of hippocampal neurons
caused by enhanced synaptic activity

NO- toxicity may arise from inhibition of mitochon-
drial respiration and/or reaction with O,-~ to form
the prooxidant species peroxynitrite, which can fur-
ther degrade into a highly reactive and lipid-destroy-
ing hydroxyl or hydroxyl-like radical (14, 26). On this
basis, a protective role for ROS scavengers would be
predicted in the present injury paradigm. The pineal
secretory product melatonin has antioxidant effects
directed to different ROS, including hydroxyl radi-
cals (19, 28, 29), and protects against ROS-mediated
neuronal death (17, 18, 30). In contrast to
conventional antioxidants, this hormone has a pro-
posed physiological role in neuropathological set-
tings (31). Addition of melatonin to hippocampal
cultures in the absence of Mg®" did not reduce cell
loss (see Fig. 3, left). Melatonin, however, concentra-
tion-dependently (ECs,: 19.2%+2.8 uM, three inde-
pendent determinations) reduced neuronal death by
more than 75% when added immediately after the
end of the Mg**-free incubation (Fig. 2). PBN, a
chemically unrelated free radical scavenger, also lim-
ited hippocampal neuron death under Mg**free
conditions when added immediately after, but not
during, the period of Mg*" removal (Fig. 3, left).
To investigate the time window over which mela-
tonin neuroprotection was effective, the pineal hor-
mone (100 uM) was applied at various intervals after
returning the Mg**-free cultures to their original me-
dium. Significant neuroprotection was observed
when addition of melatonin was delayed for up to 4
h after exposure to Mg**-free, glycine-supplemented
solution, but by 6 h the effect was lost (Fig. 3, right).

Figure 1. Inhibition of NO-* synthase protects

] hippocampal pyramidal cells from death in-
40 4 L duced by Mg2+ withdrawal. Left: Cultures were
| NNA exposed to Mg®*free, glycine-supplemented
::::: Locke’s solution (15 min) in the presence
t 30 :;:? (‘sim.”) or absence of NNA (100 uM) and al-
° . ::::: lowed to recover for 24 h in their original me-
= 20 4 K dium, without or with NNA (100 uM) =
O ::::: * L-arginine (L-Arg, 1 mM) or aminoguanidine
® 1 ::::: * (AG, 100 pM), before culture viability was mea-
10 7 R . sured. Right: Cultures were exposed to Mg**-
K free, glycine-supplemented Locke’s solution
oo » 8ly pPp
0 4 @ K @ % ‘ (15 min) and allowed to recover for various
. ) - _ _ o 1 > 4 s periods of time before addition of NNA (100
o E g 2 2 uM). Culture viability was assessed after 24 h.
= : : 5; (‘; Time after no MaZ* (h] All values are means * sD of three indepen-
o .
Z z = F < 9 dent experiments (three culture wells/treat-
-
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ment per experiment). *P<0.05 or *P<0.01 vs.
no Mg**.
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Figure 2. Melatonin concentration-dependently rescues hip-
pocampal pyramidal cells from death induced by Mg**
withdrawal. Cultures were exposed to Mg®*-free, glycine-sup-
plemented Locke’s solution (15 min) and allowed to recover
for 24 h in their original medium with the indicated concen-
trations of melatonin before culture viability was measured.
Cell death in the absence of melatonin was 36.2 = 2.7%. All
values are means * sD of three independent experiments
(three culture wells/treatment per experiment).

Luzindole (30 uM), a highly specific melatonin re-
ceptor antagonist (32), did not inhibit the neuropro-
tective action of melatonin (30 uM) (38.7+1.4%,
19.4+3.2%, and 15.0%£5.3% cell death, respectively,
for no Mg**, no Mg** with delayed melatonin, or no
Mg** with delayed melatonin and luzindole; n=3).

Astroglia and the glutathione system in
neuroprotection

In the central nervous system, the antioxidant gluta-
thione (GSH) is concentrated within glial cells, and
perhaps in axons and nerve terminals, but is sparse
in neuronal cell bodies (33). Glial cells have been
shown to play a key role in the maintenance of neu-
ronal GSH (34) and to protect brain neurons from
oxidative stress (35-37). We therefore explored the
influence of astrocytes on hippocampal neuron in-

jury induced by Mg** removal. Neuron-astroglia co-
cultures were generated by omission of cytosine
arabinoside from the culture medium (38). Neuron
death precipitated by brief omission of Mg*" was
markedly reduced 24 h later in astrocyte-rich cultures
(Table 2). Inclusion of diethyl maleate (1 mM) to
bind the free sulfhydryl groups of GSH (39) during
the Mg**-free incubation significantly reduced the
improvement in hippocampal neuron survival medi-
ated by astrocytes (Table 2). Diethyl maleate had lit-
tle influence on neuron vitality in Mg**-containing
cultures, independent of the presence of astrocytes
(Table 2). These results suggest that astrocytes act to
maintain neuronal oxidant homeostasis under con-
ditions where ROS levels become toxic. Astroglial up-
take of glutamate protects cultured cortical neurons
from glutamate toxicity (40). L(-)-Threo-3-hydroxyas-
partic acid, a potent inhibitor of glutamate transport,
however, did not antagonize the astrocyte protective
effect for hippocampal neurons exposed to a Mg**-
free solution (data not shown).

DISCUSSION

These studies illustrate that under Mg**-free, glycine-
supplemented conditions, mature hippocampal py-
ramidal neurons undergo a clear decrease in cell
viability over 24 h. The inhibitory effects of TTX,
CPP, and MK 801 all support the view that the cell
death observed is triggered by synaptically activated
NMDA receptors (9, 16) and is not the result of the
activation of metabotropic glutamate receptors and
Ca?' mobilization from intracellular stores (41). The
delayed injury mechanism involved a cycle of Na*
channel activation, NMDA-sensitive glutamate recep-
tors, and NO- production from neuronal sources.
Generation of NO-« and ROS appeared to be an en-
during process, as both neuronal NO- synthase in-
hibitors and the antioxidant melatonin displayed
similar kinetics in protecting against delayed neu-

Figure 3. Kinetics of melatonin protection
against hippocampal pyramidal cell death in-
duced by Mg®* withdrawal. Left: Cultures were
exposed to Mg**free, glycine-supplemented
Locke’s solution (15 min) in the presence
(‘sim.”) or absence of either melatonin (Mel,
100 uM) or PBN (100 uM) and allowed to re-
cover for 24 h in their original medium, with-
out or with melatonin (100 uM) or PBN (100
uM), before culture viability was measured.
Right: Cultures were exposed to Mg”*-free, gly-
cine-supplemented Locke’s solution (15 min)

and allowed to recover for various periods of
time before addition of melatonin (100 uM).
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Culture viability was assessed after 24 h. All val-
ues are means * SD of three independent ex-
periments (three culture wells/ treatment per
experiment). *P<0.05 or *P<0.01 vs. no Mg**.
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TABLE 2. Astrocytes buffer oxidative stress in hippocampal
pyramidal cells incubated in Mg®*-free solution*

% Cell survival

Culture condition Astrocyte-poor Astrocyte-rich

Control 100 1145 + 3.4
—Mg?**/+glycine 62.1 = 4.6 102.6 = 5.2*
Control plus DEM (1 mM) 93.8 + 3.5 110.8 £ 5.9
—Mg?**/ +glycine plus DEM

(1 mM) 51.7 + 0.4 69.2 + 0.9"

“ Cultures maintained in the presence (‘astrocyte poor’) or ab-
sence (‘astrocyte-rich’) of cytosine arabinoside (5 uM) were incubated
15 min in Mg®*-containing (control) or Mg®*-free/glycine-supple-
mented Locke’s solution. In some groups, diethyl maleate (DEM, 1
mM) was added at this time. Neuron survival was monitored 24 h later.
Values are means *= SD (three experiments). * P < 0.01 vs. the
corresponding Mg®*-free, astrocyte-poor culture. P < 0.05 and
¥ P < 0.01 vs. the corresponding Mg®*-free culture without DEM.

ronal death when added up to 4 h after, but not si-
multaneously with, removal of Mg*". The data also
provide support for a glial contribution in protecting
neurons from oxidative stress.

NMDA receptor-mediated neurotoxicity may de-
pend in part on the generation of NO- and O,-~,
which react to form peroxynitrite. This form of neu-
rotoxicity is thought to contribute to a final common
pathway of injury in a wide variety of acute and
chronic neurologic disorders, including focal isch-
emia, trauma, epilepsy, Huntington’s disease, Alzhei-
mer’s disease, and amyotrophic lateral sclerosis (42,
43). The introduction of selective pharmacological
tools and the development of transgenic knockout
mice specific for the different isoforms of NO- syn-
thase have helped to clarify the role of NO- in exci-
totoxic brain injury (42). NO- participation in
neuronal death induced by brief NMDA exposure
has been observed (44, 45), although NO- synthase
inhibitors were effective solely for the duration of the
initial NMDA challenge (44) or during the postex-
posure period (45). The paradigm described here, in
contrast, relies on neurotoxicity precipitated by the
endogenous activation of NMDA receptors, and thus
more faithfully mimics the injury process linked to
excessive synaptic transmission (8). It has been re-
ported recently that peroxynitrite and NO+ donors
induce neurodegeneration by eliciting autocrine ex-
itotoxicity at NMDA receptors (46). This finding is
consistent with the current data and suggests a feed-
forward mechanism in which delayed neuronal death
begins with Mg** removal and NMDA receptor stim-
ulation, activation of TTX-sensitive Na* channels,
glutamate release, and additional NMDA receptor ac-
tivation, leading ultimately to a protracted produc-
tion of NO-. A similar cycle has been proposed for
the delayed death of cultured striatal neurons after a
brief challenge with NMDA (45).

The pineal secretory product melatonin is known
to possess widespread free radical scavenging and an-
tioxidant activities (19) and is neuroprotective in vivo
and in vitro against kainic acid-induced lesions (17),
GSH depletion (18), and ROS-mediated apoptotic
death (30). Melatonin is believed to work via electron
donation to directly detoxify free radicals such as the
highly toxic hydroxyl radical, which is a probable
end-product of the reaction between NO- and per-
oxynitrite. Melatonin is also reported to scavenge
peroxynitrite (47, 48). Furthermore, melatonin limits
NO-induced lipid peroxidation (49) and inhibits
cerebellar NO- synthase (50). Thus, the cytoprotec-
tive action of the pineal hormone in the present sys-
tem could be attributed to one or several of these
pathways. The kinetics of neuroprotection afforded
by the delayed addition of melatonin closely mirror
those for NO- synthase inhibitors, which lends sup-
port to this premise.

Melatonin function as a free radical scavenger and
antioxidant is likely facilitated by the ease with which
it crosses morphophysiological barriers (e.g., the
blood-brain barrier) and enters cells and subcellular
compartments (19, 51). Most studies have used phar-
macological concentrations of melatonin to protect
against free radical damage, although physiological
levels of the indole have been shown to be beneficial
in preventing the death of neuroblastoma cells ex-
posed to the Alzheimer amyloid peptide (52). Some
evidence indicates that pinealectomy, which elimi-
nates the nighttime rise in circulating and tissue mel-
atonin levels, exacerbates ROS-mediated tissue
damage (19) and increases brain damage after focal
brain stroke and excitotoxic seizures (31). The mel-
atonin prevention of neurodegeneration linked to
excitatory synaptic transmission is consistent with the
last study. A decreased secretion of melatonin with
aging has been documented (53), which may be ex-
aggerated in populations with dementia (54).

The literature contains ample evidence to support
a role for glial cells in antioxidant defense mecha-
nisms (35-37). Astrocytes limited the excitotoxic
neurodegeneration induced by Mg** withdrawal, and
intracellular GSH-lowering agents reversed the glial
protective effect. Astrocytes have a higher GSH con-
tent than neuronal cells (ref 34; M. Floreani, P. Giusti
and S. D. Skaper, unpublished observations). GSH,
which normally is present in high concentrations in
the brain, functions as a major antioxidant in tissue
defense against oxidative stress (55). Glial cells influ-
ence neuronal GSH levels in culture by effectively
transporting cystine from the medium and convert-
ing it to cysteine (34). Cysteine is then released in the
medium, taken up by the neurons, and used in the
synthesis of GSH. A recent study suggests that the
neuronal mitochondrial respiratory chain is dam-
aged by sustained exposure to NO- and that GSH may
be an important defense against such damage (56).
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Melatonin can alter the activities of enzymes that im-
prove the total antioxidative defense capacity of the
organism (e.g., superoxide dismutase, glutathione
peroxidase, glutathione reductase) (19). Pharmaco-
logical treatment with the pineal hormone may con-
ceivably elicit an indirect neuroprotective action via
the glial cell as well. Experiments are now planned
to address this question.

In patients with epilepsy or in animal models of
seizure activity, prolonged seizures (as in status epi-
lepticus) may cause necrosis of neurons, including
those in the hippocampus (4, 5). It might be pre-
dicted that drugs that control the release of gluta-
mate or block its receptors during seizure activity
would be beneficial and reduce the accompanying
neuronal degeneration. The experiments reported
here suggest several approaches to achieving these
goals. One is the use of NMDA blockers (2). A second
approach might be to use drugs that would reduce
synaptic transmission (9). Finally, our results also pro-
pose the utility of examining the actions of antioxi-
dants. Melatonin may be especially promising, as it
readily enters the brain from the circulation and pro-
duces only minimal adverse effects in humans (19).
The observation that melatonin deficiency can
worsen seizure-induced neurodegeneration (31)
strengthens this premise.

This work was supported in part by ‘Programma Biotecnol-
ogie: Azioni previste dalla Legge No. 95 del 29-3-1995" and
‘Ricerca Sanitaria Finalizzata-Anno 1997, Regione Veneto’.
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