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NMDA Antagonists Differentiate Epileptogenesis 
from Seizure Expression in an in Vitro Model 

In an electrographic model of seizures in the hippocampal slice, both of the N-methyl- 
D-aspartate (NMDA) antagonists 2-amino-5-phosphonovaleric acid and 5-methyl- 
10,11-dihydro-5H-dibenu,(a,d)cyclohepten-5,10-imine maleate (MK-801) prevented 
the progressive development of seizures but did not block previously induced seizures. 
Thus, a process dependent on the NMDA receptor-ionophore complex establishes a 
long-lasting, seizure-prone state; thereafter the seizures depend on non-NMDA 
receptor-ionophore mechanisms. This suggests that there is an important distinction 
between epileptogenesis and seizure expression and between antiepileptogenic and 
anticonvulsant pharmacological agents. 
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healthy neural networks in another region to 
develop epileptic activity (1, 2). Researchers 
in our laboratory have used an in vitro 
hippocampal slice model in which repeated 
electrical stimulation produces spontaneous 
and triggered bursts of population spikes; 
others have studied very similar systems (3, 
4). Like many models of epilepsy, all these 
systems exhibit a short-duration (100-ms) 
spontaneous burst, which is a probable cor- 
relate of the in vivo interictal spike (11s). 
However, clinical treatment of epilepsy fo- 
cuses on preventing the occurrence of sei- 
zures rather than interictal events. We have 
now shown that repeated electrical stimula- 
tion of hippocampal slices from rats 22 to 
32 days of age produces electrical afterdis- 
charges, lasting 30 to 60  s, that resemble the 
electrical activity recorded during in vivo 
seizures (5 ) .  These electrographic seizures 
(EGSs) develop gradually (Fig. 1A). They 
display tonic and clonic-like phases as well as 
all-or-none triggering about a narrow stimu- 
lus threshold ( 6 ) .  Once induced, they may 
be evoked for the life of the preparation, 
even after extended stimulus-free periods 
(Fig. 1B) (7). 

To study the role of NMDA receptors in 
the induction of EGSs, we bath-applied the 
NMDA antagonist D-2-amino-5-phospho- 
novaleric acid (D-APV) at concentrations of 

20 pM (n = 4 )  or 50 pM (n = 6 )  for 10 to 
15 min before the first stimulus train. Under 
these conditions, six to ten trains typically 
elicited only minimal afterdischarges and 
there was little progression in their duration 
or pattern (Fig. 2A) (8). D-APV also pre- 
vents the induction of spontaneous interictal 
bursts (9). After a 10-min washout period, 
repeated stimulus trains induced interictal 
bursts and EGSs in seven of eleven slices 
(Fig. 2B) (10); thus, the temporary blockade 
of NMDA receptors did not compromise 
the capacity of these slices to develop EGSs 
or interictal bursts in the standard artificial 
cerebrospinal fluid (ACSF) . 

To assess its anticonvulsant potential 
against established EGSs, we bath-applied 
D-APV after EGSs had been induced and 
had remained stable for at least three stimu- 
lus trains in standard ACSF; D-APV [20 pM 
(n = 5), 50 pM (n = 8), or 100 pM 
(n = 5)] failed to substantially alter the ton- 
ic-clonic pattern or the total duration of 
EGSs (Fig. 3). Individual population bursts 
within an EGS were often shorter than in 
standard ACSF, but this did not affect the 
overall pattern and duration of EGSs. The 
occurrence of interictal bursts is little altered 
by D-APV (9). 

Thus, although D-APV prevented the in- 
duction of EGSs by stimulus trains, it did 
not suppress them once they were estab- 
lished. There are several explanations for this 

reduced; (iii) the NMDA receptor-coupled 
channel may have become uncoupled from 
the NMDA receptor, such that the channel 
was activated by some other pathway; or 
(iv) the NMDA channel may not have been 
necessary for the maintenance of EGSs. 

To distinguish among these possibilities, 
we repeated the above experiments with the 
noncompetitive NMDA channel blocker 5- 
methyl-l0,ll-dihydro- 5H-dibenzo(a,d)cy- 
clohepten-5,lO-imine maleate (MK-801) 
(11). In the first set of experiments, MK-801 
(10 pM) was applied for at least 90 min 
before stilnulation to allow use-dependent 
block to take place (12). This concentration 
effectively blocks long-term potentiation 
(LTP), as well as the NMDA receptor- 
mediated component of synaptic transmis- 
sion in l o w - ~ g * +  media in the hippocampal 
slice (12). Although there was no suppres- 
sion of single stimulus-evoked fields, MK- 
801 effectively prevented any afterdischarges 
during a series of ten stimulus trains 
(n = 5). As with D-APV, no interictal bursts 
developed. 

On the other hand, as with D-APV, when 
EGSs were first induced in standard ACSF, 
the subsequent application of MK-801 (10 
pM) for 30 to 127 min failed to significantly 
alter the course of the established EGSs or 
interictal bursts. Individual bursts within an 
EGS were affected as with D-APV (13). 
Thus, our results with MK-801 are consist- 

A loss of sensitivity: (i) increased release of ent with the interpretation that the NMDA 
I 1 endogenous glutamate or aspartate may channel itself is not required to maintain 

have overwhelmed the competitive antago- EGS expression. Although any of the first 
2 2 u- nism of D-APV; (ii) the afinity of the three changes in NMDA receptor effective- 

NMDA receptor for D-APV may have been ness proposed above (increased glutamate 
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Fig. 1. Induction of electrographic seizures. (A) 
Field recordings from area CA3 of the hippocam- 
pal slice show the progressive enhancement of 
afterdischarges that follows successive stimulus 
trains (bars) (26). After two to ten trains, these 
develop into a stereotypical pattern characterized 
by a constant duration and two distinct phases 
and are then designated as electrographic seizures 
(EGSs). (8) Recordings from another slice (up- 
per traces) show that seizures were concurrent in 
CA3 and CA1 and illustrate more clearly the tonic 
(T) phase of rapidly firing population spikes and 
the clonic-like (C) phase of less frequent and 
sometimes clustered population bursts. (Lower 
traces) After more than an hour (72 min) without 
additional stimuli, a similar seizure was elicited. 

I 2 s - 
Fig. 2. D-APV prevents EGS induction. (A) When slices were incubated with the competitive NMDA 
receptor antagonist D-APV (50 phi), repeated stimulus trains induced little enhancement of afterdis- 
charges (no significant difference in the number of discharges after the first and last stimulus trains, at 
20 pM (n = 4, P > 0.5) or 50 pM (n = 6; 0.2 < P < 0.4, paired t test). ( 8 )  After the washout of D- 

APV with ACSF, the same slice showed the typical development of EGSs. Bar indicates stimulus train 
in (A) and (B). 
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or aspartate release, decreased affinity, or  
uncoupling) may have accompanied epilep- 
togenesis, such changes must have made 
little difference to EGS expression, because 
EGSs continued to occur despite direct 
blockade of the channels to which these 
receptors are coupled. 

Therefore, our results indicate that 
NMDA channels are necessary for the in- 
duction of EGSs but not for the mainte- 
nance of the seizure-prone state (14). It is 
conceivable that the induction process 
caused a permanent change in the NMDA 
channel (for example, a conformational 
change) such that (i) MK-801 no longer 
effectively blocked the channel and that 
simultaneously (ii) D-APV no longer effec- 
tively blocked the associated receptor, or the 
channel became coupled to a non-NMDA 
receptor (for example, the kainate-quisqua- 
late receptor). However, it seems unlikely 
that both of these processes would occur 
together. 

It seems more likely that NMDA channels 
induce the seizure-prone state by activating 
or inactivating a separate system for seizure 
expression that is then no longer dependent 
on NMDA channels. Indeed, there is evi- 
dence that NMDA receptor activation via 
electrical stimulation can effect several last- 
ing changes in inhibition and excitation 

ACSF control 

I 50 BM D-APV (32 min) 

100 pM D-APV 27 min 

, ACSF wash (10 min) 

Fig. 3. D-APV does not block established EGSs. 
Stable EGSs were first induced in the standard 
medium, ACSF (top trace). The subsequent ap- 
plication of D-APV (20,50, or 100 p,M) failed to 
suppress them (no significant change in discharge 
number at any concentration; P > 0.01, paired t 
test), despite the fact that individual discharges 
were of shorter duration (compare at arrows). No 
significant change in seizure pattern was noted 
after washout of D-APV (bottom trace). Bars 

(15). On the other hand, we and other 
investigators (4, 16) have failed to demon- 
strate ; consistent reduction in evoked in- 
hibitory postsynaptic potentials (IPSPs) in 
the CA3 area of the hippocampus with the 
stimulus parameters used in this study. Fur- 
thermore, we have also examined the re- 
sponses to individual stimulus pulses within 
stimulus trains and have found little change 
between those in the first stimulus train and 
those that trigger stable EGSs. Thus, all 
trains activated the cell population to a 

- - 

similar extent. 
Both D-APV and MK-801 decreased the 

duration of individual bursts within EGSs. 
which is consistent with models of interictal 
activity (9, 17, 18). Such findings indicate 
that there is an NMDA receptor-dependent 
component to these bursts. Indeed, other 
investigators have found an additional long- 
latency, NMDA receptor-dependent com- 
ponent to synaptic transmission in dentate 
granule cells after in vivo kindling (19). 
However, because the reduction of burst 
duration by NMDA antagonists did not 
alter the pattern of EGSs, the ability of the 
neuronal population to fire extended bursts 
must not be critical for the processes that 
initiate and terminate the tonic and clonic- 
like phases of synchronous firing in EGSs. 

NMDA antagonists suppress seizures in 
several models of epilepsy (18, 20, 21), al- 
though the degree of suppression varies 
considerably (22). As a whole, these are 
models in which seizures are elicited by a 
single transient treatment or result from a 
condition that exists a priori. Seizure expres- 
sion in a gradually acquired epileptic state 
may be less dependent on NMDA channel- 
mediated processes. Rather, it may be the 
development of such a seizure-prone state 
that relies critically on NMDA channel acti- 
vation. 

In fact, in kindling (an in vivo model of 
seizures in which an epileptic state develops 
gradually) NMDA antagonists significantly 
retard the development of the kindled state; 
however, they fail to suppress previously 
kindled seizures in nontoxic doses (21, 23). 
These results are consistent with our in vitro 
findings. 

The gradual development of EGSs is rem- 
iniscent of learning. In various models of 
learning, including visual system plasticity, 
spatial learning, and LTP, NMDA receptor 
activation is essential for the acquisition of 
the learned state (24). This may correspond 
to the seizure-prone state in our model. 
More definitive elucidation of the mecha- 
nisms underlying the acquisition of this state 
may prove as difficult as it has been for LTP. 

We have demonstrated pharmacological 
differentiation between the processes of epi- 

ing that the mechanisms underlying these 
two processes are also separable. This dis- 
tinction has been only recently recognized 
(1, 9, 25). Our model provides an opporm- 
nity to study these separate processes in 
detail, in vitro. Furthermore, our results 
suggest that the anticonvulsant effects of 
NMDA antagonists may be restricted to 
certain forms of epilepsy, and it may be 
more accurate to view them as antiepilepto- 
genic agents. 
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A Novel mRNA of the A4 Amyloid Precursor Gene 
Coding for a Possibly Secreted Protein 

F R ~ D ~ R I C  DE SAWAGE AND JEAN-NOEL OCTAVE* 

The gene, encoding the A4 peptide found in the amyloid core of senile plaques isolated 
from the cerebral cortex of patients with Alzheimer's disease, produces at least three 
precursors that resemble cell surface recemors. A clone isolated from a human brain 
iomplementary DNA Library contained ;he structural sequence for an A4 amyloid 
peptide precursor with a serine protease inhibitor domain in which 208 amino acids at 
the carboxyl terminal are replaced by 20 amino acids derived from nucleotide 
sequences with homology to the Alu repeat family. This protein devoid of the 
transmembrane domain most likely represents a secreted form of the A4 amyloid 
peptide precursor. 

A LZHEIMER'S DISEASE IS A DEGEN- nucleotide sequence that diverged at posi- 
erative disorder characterized by tion 1630 from the sequence described by 
neuronal loss and brain lesions such Kang: et al.  17). The clone isolated from the 

as senile plaques and neurofibrillary tangles 
(1-4). Senile plaques contain an amyloid 
core from which- a 4.2-kD peptide. was 
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isolated as a major constituent (5 ) .  This 
peptide called the A4 peptide is identical to 
the p-amyloid protein found in the vascular 
amyloid deposits (6). From the amino acid 
sequence, several groups have synthesized 
oligonucleotides to isolate A4 amyloid pep- 
tide precursor (APP) cDNAs that hybridize 
with a 3.2- to 3.4-kb mRNA doublet ex- 
pressed in the normal brain and other tissues 
(7-10). 

~ddi t ional  studies have shown that the 
gene encoding the A4 APP produces at least 
three different mRNAs referred to as 
APP695, UP751 ,  and APP770 (11-13). 
N P 7 5 1  and 770 are identical to the previous- 
ly described APP695 (7), except for nucleo- 
tide inserts coding for a protease inhibitor 
domain. The three mRNAs appear to arise 
by alternative splicing of a single gene. In 
addition to the 3.2- to 3.4-kb mRNA dou- 
blet, a 2-kb RNA is also found in Northern 
blot analysis. We report that this mRNA can 
encode a secreted form of the A4 APP that is 
devoid of the A4 peptide and the transmem- - - 
brane domain. 

A 1.4-kb cDNA fragment (14) was used 
for the screening of Agtll cDNA libraries 
constructed from the cerebral cortex or the 
cerebellum of a 54-year-old individual with 
Alzheimer's disease. Of several hybridizing 
clones, one clone from each library showed; 
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cerebral cortex library was shown by DNA 
sequence analysis to contain a serine prote- 
ase inhibitor domain at position 865 (Fig. 
1). Nucleotide sequence homology was ana- 
lyzed by the ALIGN program (IntelliGenet- 
ics). From position 1630 to position 1900, 
alignment of the sequence wfith the human 
consensus Alu repeat unit showed 70% ho- 
mology. The 3 '  end of the cDNA molecule, 
which is similar to the consensus Alu se- 
quence, encodes 20 amino acids that lack 
both the A4 peptide and the hydrophobic 
carboxyl terminus corresponding to the 
transmembrane domain of the receptor. The 
previous potential N-glycosylation site at 
positions 496 to 498 of the Kang sequence 
(7) is replaced by another one at positions 
551 to 553 of the new clone reported here. 

The 1.4-kb cDNA probe used for the 
screening detected several RNAs in North- 
ern blot analysis. In addition to the strong 
3.2- to 3.4-kb bands, a band was present at 
2 kb (Fig. 2B). The same band was recog- 
nized by another cDNA probe from the 
divergent sequence (Fig. 2A). The existence 
of the novel mRNA was confirmed by enzy- 
matic amplification of the cDNA region 
where divergence occurred. Whereas no am- 
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