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Summary: The effect of domoic acid-induced seizure ac- 
tivity on energy metabolism and on brain pH in mice was 
studied by continuous EEG recording and in vivo 31P 
nuclear magnetic resonance (NMR) spectroscopy. Mice 
were divided into ventilated (n = 6) and nonventilated (n 
= 7) groups. Baseline EEG was 0.1-mV amplitude with 
frequence of >30-Hz and of 4-5 Hz. After intraperitoneal 
(i.p.) administration of domoic acid (6 mglkg), electro- 
graphic spikes appeared at increasing frequency, pro- 
gressing to high-amplitude (0.1-0.8 mV) continuous sei- 
zure activity (status epilepticus). In ventilated mice, the 
["PJNMR spectra showed that high-energy phosphate 
levels and tissue pH did not change after domoic acid 
administration or during the intervals of spiking or status 
epilepticus. Nonventilated mice showed periods of EEG 
suppression accompanied by decreases in the levels of 

high-energy phosphate metabolites and in pH, corre- 
sponding to episodic respiratory suppression during the 
spiking interval. In all animals, status epilepticus was fol- 
lowed by a marked decrease in EEG amplitude that pro- 
gressed rapidly to isoelectric silence. [3 IPINMR spectra 
obtained after this were indicative of total energy failure 
and tissue acidosis. In a separate group of ventilated mice 
(n = 4), domoic acid-induced status epilepticus was ac- 
companied initially by an increase in mean arterial blood 
pressure (MAP) that slowly returned to baseline level. 
Isoelectric silence was accompanied by a decrease in 
MAP to 75 ? 8 mm Hg. These experiments suggest that 
domoic acid-induced seizures are not accompanied by an 
increase in substrate demand that exceeds supply. Key 
Words: Domoic acid-"P Spectroscopy-Status epilep- 
ticus-Neurologic models. 

Excessive neuronal excitation has been impli- 
cated as an important cause of neuronal injury in 
such neurologic disorders as cerebral ischemia, hy- 
poglycemia, and epilepsy (Auer and Siesjo, 1988; 
Meldrum, 1989), although the mechanisms causing 
cell damage are not completely understood (Ra- 
ichle, 1983; Seisjo, 1987). In models of seizures in- 
duced by bicuculline (BIC) (Folbergrova et al., 
1981 ; McCandless et al., 1986), pentylenetetrazol 
(PTZ) (Duffy et  al., 1975; Ingvar et al., 1984); fluo- 
rothyl (Duffy et al., 1975; Folbergrova et al., 1985), 
and electroshock (Duffy et  al., 1975; Young et al., 
1987), seizure activity is accompanied within min- 
utes by a modest decrease in cerebral phosphocre- 
atine (PCr), ATP, and pH,  suggesting that during a 
seizure, cerebral substrate demand exceeds supply 
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and implicating cellular energy failure as one possi- 
ble etiologic factor for irreversible neuronal damage 
associated with these status epilepticus models. 
Metabolic changes accompanying seizures induced 
by direct excitatory (glutamate) receptor agonists 
have been less well established. In the case of the 
kainate receptor, intrastitial injections of kainic acid 
(KA) caused selective neuronal damage and pro- 
gressive decreases in striatal levels of PCr and ATP 
in mice (Retz and Coyle, 1982). Systemic adminis- 
tration of KA has been reported to cause regional 
acidosis and decreases in ATP levels in rat brain 
(Kobayashi et al., 1990), although the changes were 
not quantified. The relation between changes in me- 
tabolism and EEG activity caused by activation of 
the kainate receptor has not been established. 

Domoic acid, which has been shown to result in 
seizures and neuronal injury in both animal models 
(Iverson et  al., 1989; Dakshinamurti, et al., 1991; 
Strain and Tasker, 1991; Tasker et al., 1991) and 
humans (Quilliam and Wright, 1989; Stewart et al., 
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1990; Teitlebaum et al., 1990) has a three fold higher 
affinity than KA for the kainate receptor (Slevin et 
al., 1983; Debonnel et al., 1989; Stewart et al., 
1990). In this study, simultaneous 31P nuclear mag- 
netic resonance (NMR) spectroscopy and EEG 
measurements were performed to correlate cerebral 
energy status with brain electrical activity in a 
mouse model of status epilepticus induced by do- 
moic acid. 

METHODS AND MATERIALS 

Animal preparation 
Seventeen female Swiss-Webster mice (Charles 

River) weighing 25-27 g were used. The animals 
were anesthetized with diazepam (15 mg/kg intra- 
peritoneally, i.p.), the cranium was exposed 
through a midline scalp incision, and a 1-cm diam- 
eter single-turn circular surface coil was placed on 
the cranium so that NMR spectra could be obtained 
from the entire forebrain. Platinum cortical elec- 
trodes were inserted through small burr holes 
drilled lateral to the surface coil and 1.5 mm poste- 
rior to the coronal suture. The electrodes and sur- 
face coil were fixed to the cranium with n-butyl-2- 
cyanoacrylate. A tracheostomy was performed on 
11 mice, and the animals were ventilated to main- 

PCr 

Y-ATP 

tain normal arterial blood gases (PaCO, -38 mm Hg 
and PaO, - 100 mm Hg). In 4 of these mice, a cath- 
eter was inserted in the descending aorta to monitor 
blood pressure (BP). Ventilatory settings were es- 
tablished from a series of 8 mice that were killed to 
establish a correlation between blood gases and 
ventilatory volume and rate. 
["PINMR spectroscopy 

The NMR experiments were conducted with an 
8.45-T Nicolet 360 vertical bore spectrometer. The 
surface coil was double-tuned to 'H (360.99 MHz, 
for shimming purposes) and 31P (146.13 MHz). A 
105" flip angle at the coil center (10 ps pulse) was 
used with a repetition time of 4.113 s and 20 scans 
per spectrum so that spectra were generated in 
blocks of 90 s (Fig. 1). Calculated spectra were fitted 
to experimental spectra by an analogue deconvolu- 
tion routine that gave peak positions and integrated 
intensities. All peak fitting was performed with the 
investigator blinded to origin of the spectrum. 
Drug administration 

After baseline EEG and [31P]NMR spectra were 
acquired, domoic acid (Sigma; 6 mg/kg i.p.) was 
administered. The experimental animals were then 
followed with EEG and [31P]NMR spectroscopy un- 
til isoelectric silence occurred. 

pMP 
I 

FIG. 1. 31P Nuclear magnetic resonance spec- 
trum of mouse brain before injection of domoic 
acid. Peak assignments as labeled: PME, phos- 
phomonoesters; Pi, inorganic phosphate; PCr, 
phosphocreatine; y-ATP, cu-ATP, and p, ATP-y, 
a, and p phosphorous of ATP. 
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In nonventilated mice (n = 6), baseline EEG had 
frequencies of 4-5 Hz and >30 Hz, both of 0.1-0.2- 
mV amplitude (Fig. 2). One to 5 rnin after domoic 
acid injection, repetitive low-amplitude (0.1-0.2 
mV) and high-amplitude (0.7-0.8 mV) spikes ap- 
peared at variable frequency. Bursts of high- 
amplitude 2-3 s polyspikes also occurred, along 
with brief periods of EEG suppression lasting 4-24 
s. This continued for 10-35 min, followed by 9-18 
min of high-amplitude (0.7-0.8 mV) continuous 
spikes (status epilepticus), followed in turn by a de- 
crease in EEG amplitude, progressing in 1-2 rnin to 
isoelectric silence, after which EEG activity did not 
resume. Baseline [3'P]NMR spectra showed the 
characteristic high-energy phosphate peaks of PCr 
and of the a, p, and y phosphate groups of ATP 
superimposed on a broad background peak owing to 
immobile phosphates (Fig. 1). A baseline intracel- 
lular pH of 7.12 & 0.03 (mean * SEM) was calcu- 
lated from the chemical shift of inorganic phosphate 
(Pi) relative to PCr. The NMR spectra obtained dur- 
ing the intervals of domoic acid-induced spikes or 
polyspikes were unchanged (Fig. 2). Spectra ac- 
quired during the intervals of EEG suppression had 
decreased amplitudes of high-energy phosphate 
peaks and increased Pi, however, and showed that 
tissue pH decreased slightly. These changes were 
reversed in spectra acquired after resumption of 
EEG activity. Notably, spectra obtained during the 
interval of status epilepticus were identical to those 
acquired before domoic acid administration. In suc- 
cessive spectra obtained after the terminal decrease 
in EEG amplitude, however, the high-energy phos- 
phate peaks decreased rapidly, the Pi peak in- 
creased in intensity, and the intracellular pH de- 
creased to 6.45 rt 0.02 (Figs. 2 and 3). Spectra ob- 
tained after isoelectric silence had no peaks from 
PCr or ATP but an  intense Pi peak. 

Similar phenomena were noted in ventilated mice 
(n = 7). EEG spikes appeared 4-6 rnin after domoic 
acid administration and continued with variable fre- 
quency for 24-45 min, followed by 15-21 rnin of 
status epilepticus. The [31P]NMR spectra remained 
unchanged throughout these periods of seizure ac- 
tivity, and no episodes of EEG suppression oc- 
curred (Fig. 4). As with nonventilated mice, high- 
amplitude (0.7-0.8 mV) status epilepticus ended 
with a decrease in EEG amplitude. [31P]NMR spec- 
tra obtained after this showed a decrease in the in- 
tensity of high-energy phosphate metabolite peaks, 
an increase in the Pi peak, and a decrease in intra- 
cellular pH to 6.53 -t 0.04 (Fig. 5). 

In the 4 mice in which systemic arterial BP was 
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FIG. 2. 31P Nuclear magnetic resonance (NMR) spectra and 
EEG recordings from a nonventilated mouse obtained before 
domoic acid administration (a) and at increasing time inter- 
vals after domoic acid administration (b-i): b and c EEG re- 
cordings show representative spikes and polyspikes appear- 
ing at increasing frequency after domoic acid administration 
and typical [3'P]NMR spectra obtained during this interval; d 
is an example of an episode of EEG suppression, accompa- 
nied by a decrease in levels of high-energy phosphates and a 
decrease in pH. Progression of EEG spikes to high-amplitude 
continuous (0.7-0.8 mV) seizure activity (status epilepticus) 
(e-g), together with typical [31 PINMR spectra recording dur- 
ing this time, showing normal phosphate metabolite levels 
and pH. Rapid onset of isoelectric silence is shown in h and 
i, and [3'P]NMR spectra recorded during this time showed 
progressing energy failure. 
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monitored, mean MAP initially increased during 
status epilepticus from 105 * 3 to 130 * 9 mm Hg 
(mean k SEM) and then decreased slowly to values 
prestatus epilepticus. Coincident with the change 
from high-amplitude status epilepticus to EEG si- 
lence, the heart rate (HR) decreased and MAP de- 
creased to 75 k 8 mm Hg. 

DISCUSSION 
The high affinity of domoate for the kainate re- 

ceptor (Zaczek and Coyle, 1982; Debonnel et al., 
1989); potentiates rapid and repetitive neuronal fir- 
ing, expressed in our experimental animals as con- 
tinuous EEG spiking activity. The dosage of diaz- 
epam (DZP) used in the present study produced 
continuous analgesia and mild sedation. The anti- 
convulsant properties of DZP may have suppressed 
epileptiform activity or the metabolic response to 
status epilepticus. The observed epileptiform activ- 
ity progressing rapidly to status epilepticus suggests 
that this effect was minimal and underscores the 
clinical difficulty in treating seizures associated with 
domoic acid ingestion (Teitlebaum et al., 1990). 

In nonventilated mice, the episodes of EEG 
suppression, during which levels of high-energy 
phosphate metabolites and tissue pH decreased, 
probably reflect impaired oxygen delivery through 
respiratory suppression and the accompanying 
anaerobic metabolism of glucose. Such episodes did 
not occur in ventilated mice. Changes in [31P]NMR 

- FIG. 3. Mean (2 SEM) cerebral 
metabolite levels and pH for 
nonventilated mice before and 
after domoic acid administra- 
tion: pH (solid circles), phos- 
phocreatine (PCr) (solid trian- 
gles), inorganic phosphate 
(solid squares), pATP (solid dia- 

- 6.5 monds). 

- 6  

spectra provide a sensitive means of observing the 
adequacy of substrate supply, with decreased cere- 
bral PCr and/or ATP levels rapidly becoming appar- 
ent when glucose or oxygen is insufficient (Prichard 
and Shulman, 1986; Bolas et al., 1988). In ventilated 
mice, the normal levels of phosphate metabolites 
and tissue pH before onset of status epilepticus 
spiking activity and throughout the 30-50 min of 
continuous seizure activity indicate that the supply 
of both glucose and oxygen was adequate to meet 
demand, and that mitochondria1 function remains 
capable of maintaining normal cerebral energy sta- 
tus. This is true of seizures initiated by BIC (Fol- 
bergrova et al., 1981; Petroff et al., 1984; McCand- 
less et al., 1986), PTZ (Ingvar et al., 1984), or fluo- 
rothyl (Folbergrova et al., 1985), in which PCr 
levels decrease within minutes of onset of status 
epilepticus, and ATP levels decline somewhat later. 
This suggests that in these models substrate de- 
mand exceeds supply in the setting of continuous 
seizure activity and may contribute to neuronal in- 
jury. In rats, systemic administration of KA does 
not result in decreased levels of cerebral ATP until 
60 min after administration; the decreases then ap- 
pear to be slight and restricted to a few selective 
brain regions (Kobayashi et al., 1990). The correla- 
tion of these changes with EEG activity was not 
described. In the present study, maintenance of ce- 
rebral energy status throughout the EEG-defined 
spiking and continuous seizure activity suggests 
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FIG. 4. 31P Nuclear magnetic resonance (NMR) spectra and 
EEG recordings from a ventilated mouse obtained before do- 
moic acid administration (a) and at progressively increasing 
intervals after domoic acid administration (b-j). Domoic acid 
administration resulted at first in increasingly frequent low- 
and high-amplitude spikes (b-d). This progressed to status 
epilepticus (e-h). These changes were not accompanied by 
changes in the [31P]NMR spectra. Similar to nonventilated 
mice, onset of isoelectric silence (i and j), was accompanied 
by energy failure. In j,  the two EEG traces show the effect of 
the ventilator. 

that substrate supply is maintained even in the set- 
ting of increased demand defined by the increased 
EEG activity. 

Status epilepticus ends with EEG silence, and 
only those NMR spectra obtained after this silence 
complete cerebral energy failure, suggesting that 
the toxicity of domoic acid does not result simply 
from induction of sustained seizures, with energy 
demand ultimately exceeding supply. Indeed, in 
both ventilated and nonventilated mice, the termi- 
nal decrease in pH must originate from anaerobic 
metabolism of glucose, indicating that substrate 
supply, at least of glucose, was present at the time 
of energy and electrical failure. The toxicity of do- 
moic acid may originate from such factors as mem- 
brane dysfunction, with opening of chloride, so- 
dium and calcium channels in both neuronal and 
glial populations (Farber, 1981; Lothman and Col- 
lins, 1981; Coyle, 1983; MacDermott et al., 1986; 
Murphy and Miller, 1989; Seisjo and Bengtsson, 
1989; Coyle et al., 1991). In vitro, where neuronal 
energy demands are low, such metabolic and exci- 
totoxin-induced conditions have been shown to lead 
rapidly (<30 min) to cell death (Novelli et al., 1988). 
Excitotoxins have also been shown to produce a 
steady depolarization, resulting in an influx of chlo- 
ride and followed by movement of cations into the 
cell, in turn resulting in water entry and cell lysis 
(Rothman, 1985; Coyle et al., 1991). 

In nonanesthetized mice, domoate at a dosage 
similar to that used in the present study results in 
damage to circumventricular organs lacking a 
blood-brain barrier (Bruni et al., 1991). Such find- 
ings are in keeping with autonomic disturbances 
(gastrointestinal, salivation, cardiovascular vomit- 
ing) associated with domoate toxicity (Tryphonas 
and Iverson, 1990) and may explain the sudden de- 
crease in systemic BP observed in the present 
study. MAP of 75 mm Hg is sufficient to maintain 
normal cerebral perfusion but may be insufficient to 
maintain the increased metabolic demand of sus- 
tained status epilepticus. The rapid energy and elec- 
trical failure is not consistent with progressing ce- 
rebral edema that eventually results in decreased 
cerebral blood flow because of increased intracra- 
nial pressure. Such an occurrence probably would 
have been associated with systemic hypertension 
(Forster, 1943) and possibly a short interval of iso- 
electric silence preceding energy failure (Astrup et 
al., 1981), whereas in the present study simulta- 
neous energy and electrical failure occurred to- 
gether with stable BP preceding the terminal event. 
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RE SUM^ 
L’effet de I’activitC critique induite par acide domoi’que sur le 

metabolisme Cnergetique sur le PH certbral a ett5 6tudiC chez la 
souris au moyen d’enregistrements EEG continus et d’une spec- 
troscopie en resonance magnetique nucltaire utilisant le ”P in 
vivo. Les souris ont CtC reparties en groupes ventilks (n = 6) et 
non ventilks (n = 7). L’EEG de base avait une amplitude de 0.1 
mV avec des frkquences suptrieurs a 30 Hz et de 4 a 5 Hz. Aprks 
administration intraperitontale d’acide domoique (6 mg/kg), des 
pointes sont apparues sur I’EEG avec une frtquence croissante, 
progressant vers une activite critique continue de haute ampli- 
tude (0.1 A 0.8 mV) (&at de ma1 Cpileptique). Chez les souris 
ventilkes, les spectres IRM 3’P ont montre que les concentra- 
tions de phosphates de haute tnergie et  le PH tissulaire ne 
changeait pas apr& administration d’acide domoi’que ou pendant 

les intervalles d’activites paroxystiques ou -d’etat de ma1 epilep- 
tique-. Les souris non ventiltes ont prksente des pkriodes de 
suppression I’EEG accompagnkes par des diminutions des taux 
des mktaboliques phosphates de haute Cnergie et de PH, corre- 
spondant a une suppression respiratoire Cpisodique pendant les 
periodes de pontes. Chez tous les animaux, I’Ctat de ma1 Cpilep- 
tique ttait suivi par une diminution prononcee dam l’amplitude 
de I’EEG, qui s’est rapidement transformee en un silence iso- 
electrique. Les spectres IRM ”P obtenus apr&s ce phenomene 
indiquaient un deficit tnergetique total et une acidose tissulaire. 
Dans un groupe stpart  de souris ventilkes (n = 4), I’etat de ma1 
induit par acide domoique etait accompagne initialement par une 
augmentation de la pression artkrielle moyenne, qui est revenue 
lentement au niveau basal. Le silence isoelectrique etait ac- 
compagnt par une diminution de la pression arteielle moyenne a 
75 * mm Hg. Ces experiences suggerent que les crises induitent 
par acide domoique ne s’accompagnent pas d’une augmentation 
de la demande en substrat qui excederait les disponibilites. 

(P. Genton, Murseille) 

RESUMEN 

Utilizando la electroencefalografia continua (EEG) y la espec- 
troscopia por Resonancia MagnCtica 31P (NMR) se ha estudiado 
en ratones el efecto de la actividad convulsiva inducida por el 
Bcido domoico sobre el metabolismo energetic0 y sobre el pH 
cerebral. Los ratones se dividieron en ventilados (n = 6) y no- 
ventilados (n = 7). El EEG basal mostro una amplitud de 0.1 mV 
con frencuencias de >30 y 4.5 Hz. Tras la inyeccion intraperi- 
toneal de Bcido domoico (6 mg/kg) se observo un incremento de 
la frecuencia de las puntas electrogrificas que progres6 hasta 
una amplitud mayor (0.1-0.8 mV) y alcanzer actividad epileptica 
(status epilepticus). En 10s ratones ventilados 10s espectros de 
”P NMR mostraron que 10s niveles de 10s fosfatos de aka en- 
ergia y el pH tisular no cambiaron tras la adrninistracion de acido 
domoico o durante 10s intervalos de las puntas o el status epi- 
lepticus. Los ratones no-ventilados mostraron periodos de su- 
presion en el EEG asociados a una reduccion de 10s niveles de 
10s metabolitos de 10s fosfatos de aka energia y del pH que 
correspondian a una supresion respiratoria episodica durante 10s 
intervalos de las puntas. En todos 10s animales el status epilep- 
ticus se sigui6 de una marcada reduction de la amplitud en el 
EEG que rhpidamente progreso a un silencio isoelkctrico. El 
espectro 3’P NMR obtenido despuCs de este silencio indicaba un 
fall0 total de energia y acidosis tisular. U n  grupo distinto de 
ratones ventilados (n = 4) el status epilepticus inducido por el 
Bcido domoico se asoci6 inicialmente a un incremento de la pre- 
sion arterial media que descendi6 lentamente a 10s niveles bas- 
sales. El silencio isoeltctrico se acornpad6 de una reduccion de 
la presidn arterial media hasta 75 t 8 mm Hg. Estos experimen- 
tos sugieren que 10s ataques inducidos por el Bcido dom6ico no 
se asocian a un incremento en la demanda de sustratos que ex- 
ceda la suplencia. 

(A. Portera-SBnchez, Madrid) 
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