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BLOOD FLOW COMPENSATES OXYGEN DEMAND IN THE 
VULNERABLE CA3 REGION OF THE HIPPOCAMPUS 

DURING KAINATE-INDUCED SEIZURES 
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Abstract-Local blood flow, and partial pressures of oxygen and carbon dioxide were directly monitored 
in the vulnerable region of Ammon’s horn (e.g. CA3) of unanaesthetized, freely breathing rats in which 
epileptic seizures of 120 min duration were induced by parenteral kainic acid. Blood flow was periodically 
determined by helium clearance. Partial pressures of oxygen and carbon dioxide were simultaneously and 
continuously measured by means of mass spectrometry, in order to determine if the neuronal damage 
occurring during the seizures were due to local hypoxia or if blood flow compensated the metabolic 
demand. During the wet shakes period, a decrease of 35% in the partial pressure of oxygen occurred. 
concomitant with an increase of 33% in the partial pressure of carbon dioxide and of 330% in local blood 
flow in Ammon’s horn. During the limbic motor seizures, the partial pressure of oxygen increased 
progressively to twice its baseline value, while the partial pressure of carbon dioxide returned to its baseline 
value and blood flow underwent a six-fold increase. Thus the seizures produced by kainate do not lead 
to a mismatch between oxygen supply and blood flow. 

Our results provide direct evidence that hypoxia cannot be considered responsible for the damage 
produced by the seizures in CA3. It is concluded that brain damage in CA3 is due to an enhanced neuronal 
activity associated with the release of a toxic endogenous substance and an excessive rise of intracellular 
concentration of calcium. 

Kainic acid (KA), a potent neuroexcitatory and 
neurotoxic agent, has been extensively utilized in 
neurobiology. *s9 Local injection of the toxin in vari- 
ous brain regions, however, also produces damage in 
“distant” structures which is causally related to the 
seizure activity produced by the toxin.’ Similarly, 
parenteral administration of KA produces a 
seizure/brain damage syndrome in which the hippo- 
campus, the amygdala and other limbic structures 
occupy a central position.3*32,43 This constitutes a 
particularly suitable tool to reproduce experimentally 
several features of human temporal lobe epilepsy and 
to study the relationship between epilepsy and brain 
damage.‘.2.3 The precise mechanism responsible for the 
neuronal vulnerability to KA-induced seizures is un- 
known. One of the most commonly proposed hy- 
potheses to explain epileptic brain damage is that 
local oxygen supply is insuflicient to meet the en- 
hanced metabolic demand of the tissues thereby 
leading to hypoxia, ‘QO but neither the time course of 
local blood flow nor the evolution of oxygen supply 
have been estimated simultaneously during seizures 
induced by KA in undrugged and spontaneously 
breathing animals. In the present study we have 

Please address all correspondence to: E. Pinard, Laboratoire 
de Physiologie et Physiopathologie Cerebrovasculaire, 
10, avenue de Verdun, 75010 Paris, France. 

Abbre~iutions: CBF, cerebral blood flow; KA, kainic acid; 
PCO,, PO,, local partial pressures of carbon dioxide and 
oxygen. 

directly tested this hypothesis by measuring in Am- 
mon’s horn continuously and quantitatively the local 
blood flow, the partial pressures of oxygen and 
carbon dioxide (PO, and PCO,, respectively) and 
electrical activity following parenteral administration 
of KA in slightly restrained rats. We have focussed 
our interest on the CA3 region which is by far the 
most vulnerable region in the brain to KA.*’ Our aim 
was to determine in physiological conditions whether 
blood flow increased sufficiently during the seizures 
to avoid any critical hypoxia or hypercapnia. These 
results have been presented in brief elsewhere.jh 

EXPERIMENTAL PROCEDURES 
The experiments were carried out on eight male Wistar 

rats, weighing 25&300 g. They had access to food and water 
ad lib. and were housed in individual cages. 

Rats were first anaesthetized with Equitesin: a mixture of 
chloral hydrate, magnesium sulphate and pentobarbitone 
anaesthesia (Jensen Salsbury, 3 ml/kg). Gas sampling can- 
nulae and/or thermoprobes and twisted bipolar electrodes 
were then chronically and stereotaxically implanted in both 
hippocampi. The cannulae and probes were positioned in 
the vicinity of the pyramidal layer of CA3 or in the hilar 
zone at a mid-septotemporal level (Fig. 6). To avoid addi- 
tional damage in the vicinity of the cannulae, the electrodes 
were positioned at more rostra1 levels of the same hippo- 
campal fields. Cortical screws were also implanted to record 
the electroencephalogram. The probes were fixed to the skull 
by dental cement and protected by an epoxy-cover. Fifteen 
days later (time required to allow for any oedema or 
inflammation to be resorbed), the animals were placed in a 
hammock where they could freely move their paws and 
head. A mask was placed over their muzzle to enable specific 
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gaseous mixtures to be inhaled. Each implanted probe was 
connected to the appropriate apparatus. The animal was 
allowed to rest for about 2 h in order to let it get accustomed 
to this situation. Proof that the sensitivity of cerebral blood 
vessels was unimpaired and that the probes functioned 
normally was obtained by administering a gas mixture 
containing air + 5”/1 CO, to the animals for 3 min. Since CO> 
is a universally accepted vasodilator, this test is a convenient 
means of checking that the expected rise in cerebral blood 
flow is observed, together with an increase in PO, due to the 
hyperemia and an increase in PCO, proportional to the 
amount of CO, inhaled. Kainic acid (Sigma, 9 mg/kg, i.p.) 
was then injected. Hippocampal blood flow, hippocampal 
PO? and PCO?, hippocampal and cortical electrical activities 
and body temperature were monitored throughout the 
experiment. After 2 h of repetitive seizures at a time when 
pathological alterations are observed in Ammon’s horn, the 
seizures were stopped with Diazepam (55lOmg/kg, i.p.). 
The animals were then deeply anaesthetized and perfused 
through the heart with saline followed by IO”,, formalin 
solution. The brain was removed for histological procedures 
(Fink-Heimer” and cresyl violet staining) to verify that 
neuronal damage occurred and to check the implantation 
sites of the probes and the integrity of the tissue around 
them. 

Partial pressures of oxygen and carbon dioxide were 
quantitatively and continuously measured by mass spec- 
trometry. ‘4 In this technique, gases are withdrawn via a 
sampling cannula (0.7 mm o.d.) implanted chronically into 
the brain; they are aspirated by the high vacuum ( 10m9 Torr) 
of the mass spectrometer and inserted into the analysis 
chamber where the molecules are ionized, accelerated, and 
separated according to their molecular weight. The special 
geometry and the polyethylene membrane of the gas sam- 
pling cannula prevent any depletion from occurring; the 
response time is 51 s for 0, and 45 s for CO, at 37°C. In the 
present experiments the cannula was calibrated before im- 
plantation in a thermo-regulated bath containing saline 
solution saturated with a known mixture of gases 
(N, + 0, + CO,). 

Hippocampal blood flow was calculated from the helium 
clearance measured with the same gas sampling cannula.rs 
The tracer gas was periodically added to the air inhaled by 
the animal, replacing the same percentage of N,. When the 
partial pressure of helium as measured by mass spec- 
trometry reached a plateau, the helium was removed from 
the inhaled gas. Its elimination from the brain enabled 
cerebral blood flow (CBF) to be calculated from the helium 
monoexponential clearance curve (monitored on line on a 
computer) according to the Fick principle: CBF = i. 
In 2/T1/2 where 3, is the tissue-blood oartition coefficient 
and equals 1 in the case of helium. This method is similar 
to the hydrogen clearance technique. Results are obtained 
in ml/100 g/min. During seizures, blood flow was so high 
that measurements could be made at 2-min intervals. 

In four of the eight rats, hippocampal blood flow was also 
measured by a thermoclearance technique” to obtain com- 
plementary information. This method is based on the con- 
tinuous measurement of the tissue thermal conductivity 
which varies when blood flow varies. It has the advantage 
of being continuous, with a response time of l-2 s, so that 
the time course of any phenomenon can be studied, but it 
only provides a qualitative estimation of the changes in local 
blood flow. However, the zero flow level can be obtained at 
the death of the animal; subtracting this from the baseline 
flow level gives a value for control flow; observed flow 
variations can thus be expressed as per cent deviations about 
the baseline level. 

All measurements were displayed simultaneously on a 
polygraph. 

HESULI s 

The electrographic and chnicul ceyuelae causco t)) 
parenteral kainate in our experimental conditional 

(i.e. animal placed in a hammock) were identical ti.? 
those described earlier in completely freely moving 
rats.’ Thus, as illustrated in Fig. I. KA caused the 
characteristic biphasic change in body temperature 
with a pronounced hypothermia (maximal fall 
2.7 + 0.6’C) followed by hyperthermia. The wet dog 
shakes occurred about 20 min after the injection (FIN. 
1) as in the freely moving rat’ and were replaced by 
overt seizures approximately 40 min later [arrow (a) 
in Fig. I]. These motor signs which characterized the 
seizures were similar to these described by Ben-Ari (‘I 
aL3 and will be referred to as “limbic motor seizures”. 
Stages 4 and 5 (rearing and loss of postural control) 
could not be observed of course in our experimental 
conditions. Initially isolated. the limbic motor- sei- 
zures evolved to continuous convulsive episodes [i.e. 
status epilepticus, arrow (b) in Fig. I). Also 111 
keeping with earlier observations,’ intense par- 
oxysmal discharge was recorded at the hippocatnpal 
electrode 10-20 min after the administration of KA; 
this spread to the electroencephalogram records 

The heat clearance technique allowed us to follow 
the time course of the local blood flow in the CA3 
region during the seizures. We observed that, (I) 
blood flow began to Increase a few minutes after KA 
injection. (2) Increases in flow concomitant to each 
epileptic discharge were superimposed on the general 
vasodilatation (Fig. 2). (3) During wet shakes. fow 
increased to 3007, of the mean baseline value. (4) 
During the motor seizures, the hyperaemia reached a 
flow of up to six to nine times the initial level. An 
example of these results is shown in Fig. 3, illustrating 
different episodes of the seizure and giving a general 
view of the phenomenon. 

With the helium clearance technique we were able 
to quantify the flow changes in the hippocampal 
formation. An example of flow increase during par- 
oxysmal activity is shown in Fig. 4; it also illustrates 
the technique used. 

Statistical results (mean + SE) are represented m 
Fig. 5. They confirm that a considerable local 
hyperaemia takes place in Ammon’s horn during 
the seizures. with flow beginning to increase a few 
minutes after KA injection. These results are 
therefore in agreement with those found with 
the heat clearance technique. Hippocampal PO, 
decreased and hippocampal PCO, increased during 
the first 30 min after KA injection to 
attain values of 12.5 i 1.4 mmHg (mean ) SE) and 
51.6 + 4.9 mmHg. As will be discussed later. these 
values are in the range of those usually found in brain 
tissue in control conditions. After the wet shakes 
period, PO, increased to such an extent that it was 
doubled with regard to its basal level, and PCO, 
returned to its initial level. A typical recording ob- 
tained during an experiment is shown in Fig. 6 
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Fig. 1. Changes in body temperature in an unanaesthetized, freely breathing rat following parenteral 
administration of KA. Note the hypothermia followed by hyperthermia and its temporal relation with 
the wet shakes (depicted below). (a) Indicates the first limbic motor seizure and (b) the beginning of status 
epilepticus. The number (N) of wet shakes (WDS) per 15-min period is indicated on the shorter horizontal 

scale. 

Histological analysis of the rat brains revealed that 
the cannulae were located in the medial part of CA3 
and the adjacent hilar zone (Fig. 7B); they were 
surrounded by a glial scar about 100pm thick. The 
analysis also showed that 2 h of seizures induced 
neuronal alterations entirely comparable with that 
previously obtained in freely moving rats,3,32 includ- 
ing a sclerosis of the vulnerable CA3 region of 
Ammon’s horn (Fig. 7A). Argyrophylic neurons were 
noted in the CA3 (Fig. 7A) and CA1 region (Fig. 
7D), and the polymorph zone (Fig. 7C). Ar- 

gyrophylic neurons were also conspicuous in the 
medial thalamus, the amygdala and the deep layers of 
the piriform cortex (Fig. 7E) notably in the vicinity 
of the rhinal fissure (Fig. 7F). There is good evidence 
that, with suitable animal survival, the argyrophylia 
seen in these regions after KA injection is followed by 
neuronal cell loss (e.g. Refs 2, 3 and 45). 

In summary, whereas brain damage was present 
after 2 h of seizures, hyperaemia occurred in the 
hippocampus, preventing any critical hypoxia or 
hypercapnia from developing locally. 

EA Hipp 

30”2 38’1 

- 
80 min. after Kainic Acid injection (i-p, Bmg/kg) 1 min 

Fig, 2. An example of recording in an unanaesthetized, freely breathing rat during a seizure induced by 
KA showing the dependence between the blood flow (C.B.F. Hipp) monitored by thermal clearance and 

the electrical activity (EA Hipp) in the hippocampus. 
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Fig. 4. Example of simultaneous recordings of electrical activity (E.A.) in the cortex (Cx) and the 
hippocampus (Hip), and partial pressures of carbon dioxide (PCO,), oxygen (PO,) and helium (PHe) in 
the hippocampus. The recordings were obtained during two measurements of hippocampal blood flow 
by the helium clearance technique. (A) Before injection of kainic acid; (B) 80 min after a dose of 10 mg/kg 
i.p. T l/2 = 1.41 min and T l/2 = 0.15min correspond respectively to 49ml/lOOg/min and 

462 ml/100 g/min. 
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DISCUSSION 

A partial or complete necrosis of Ammon’s horn 
and the fascia dentata constitutes the most frequent 
pathological sequelae found in chronic epileptics 
hospitalized in institutions.2’.3’,44 Neuronal cell loss is 
particularly conspicuous in the regio inferior (the 
CA3 field and the hilus of the fascia dentata). The 
cause of this seizure-associated brain damage has 
been controversial for several decades.2’,31.44 Since 
hypoxic-ischaemic insult readily produces damage in 
this region-with however a different gradient of 
vulnerability (see below)-damage could result from 
a decrease in oxygenation.‘6.24.30 A number of experi- 
mental models have been utilized to clarify this issue. 

Convulsive procedures which produce tonico- 
clonic seizures generalized to the entire cortical 
mantle, such as the parenteral administration of 
bicuculline or pentetrazole, have provided contro- 
versial results concerning the metabolic alterations 
associated with the seizures,3.‘0*‘3m’5,38 the nature and 
regional distribution of the brain damage,3~24~40~4’ and 
the possible role of anoxia in the aetiology of the 
damage,~,7,‘2.24.29.37.40,41 Thus, in lightly anaesthetized 
and artificially ventilated animals, the data obtained 
have been quite heterogeneous. Meldrum and 

Nilsson measuring total CBF and cerebral 
bolic rate (O,), concluded that the high metabolic rate 
during sustained seizure activity increases the sus- 
ceptibility of the brain to ischaemic damage; the 
results of Siesjii and Abdul Rahman3’ indicate that 
the development of cell damage is related to an 
excessive increase in neuronal activity; auto- 
radiographic studies on the coupling between flow 
and metabolism or between flow, metabolism and 
protein synthesis, suggest that neuronal damage may 
well result from a mismatch between blood flow and 
local metabolism;‘5.‘7~47 however, Horton et al.,” 
finding that the increase in CBF is greater in those 
regions showing brain damage than in the others, 
consider that hippocampal brain damage probably is 
not due to impairment of vascular perfusion resulting 
from release of local factors. 

Along similar lines, the earlier studies of Plum et 
~1.~~ and Meldrum and Horton** attributed the dam- 
age to anoxic-ischemic episodes (also see Refs 38, 40 
and 41). The vacuolization noted in several brain 
regions following parenteral bicuculline was inter- 
preted as mitochondrial swelling due to the anoxic 
events in keeping with earlier studies in which similar 
changes were produced by anoxic ischemic episodes. 
This however has not been confirmed by Siiderfeldt 
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Fig. 5. Block graph summarizing mean variations of blood 
flow, PO, and PCO, in the hippocampus (Hipp) at different 
times after KA injection. Vertical bars on each block 

represent SE (n = 8). 

and coworkers who showed that the vacuolization 
following parenteral bicuculline reflected a dilatation 
of the endoplasmic reticulum and not mitochondrial 
swelling.40,4’ In subsequent studies, Blennow et al.’ 
observed that hypoxia reduced-rather than en- 
hanced as expected-the hippocampal damage, thus 
suggesting that the epileptic damage was due to the 
epileptic discharge per se (since the hypoxia was 
associated with a reduction of the intensity of the 
seizure discharge). These observations have not been 
confirmed in a more recent study in which hypoxia 
was found to augment the damage.40,4’ 

However. in similar experimental conditions, ex- 
tensive measurements of cerebral energy state failed 
to reveal that the oxygen supply becomes insufficient, 
even if the seizures are maintained for 2 h.‘,‘* As far 
as cortical POZ is concerned, Caspers and 
Speckmann found that it increased during the first 
series of generalized seizures and increased further in 
the immediate postictal period and then fell again 
after repeated attacks. They concluded that the 
changes in tissue PO2 depended on the reaction of 
cortical blood flow at the time. More recently, how- 
ever, Kreisman et al.‘* obtained data which led them 
to conclude that neuronal damage could ensue di- 
rectly as a result of the transient hypoxia which 
occurs during seizures. 

A rather different picture emerges from studies in 

which bicuculline or pentylenetetrazole are adtnlnl,- 
tered to the freely moving animal. Thus with the 
2-deoxyglucose autoradiographic method there I\ ‘I 
fall in labelled material in the hippocampus and other 
brain regions.’ This has been confirmed and extended 
in a more recent study in which a quantitatl\e 
measurement of glucose consumption has been 
made.” It also bears stressing that the damage pro- 
duced in these conditions does not preferentially 
involve the hippocampus and other limbic regions.’ 

In contrast to the syndrome produced by hi- 
cuculline or pentetrazole, parenteral administration 
of KA preferentially involves limbic structures with a 
unique temporal pattern of electrographic. clinical 
and histopathological sequelae.7.72.4’ Metabolic stud- 
ies on KA as well as lidocaine seizures using the 
2-deoxyglucose technique4* show that seizure propa- 
gation is associated within the limbic system with a 
dramatic increase in glucose utilization.’ ” “’ The map 
of pathological sequelae shows an excellent cor- 
relation with the regions of increased metabolism as 
revealed by autoradiographic studies, thereby sug- 
gesting that the damage could be related to an 
increase in neuronal discharge and metabolism. 

In the present study we show that in the case of 
seizures induced by KA, the local blood flow is 
increased so much that it prevents local hypoxia or 
hypercapnia from developing. The validity of the 
technique used is founded on the fact that the quan- 
titative values of the cerebrovascular variables ob- 
tained by mass spectrometry in both the present and 
previous studies’4.3S are in good agreement with those 
described in the literature. It can be considered that 
the glial scar around the cannula only thickens the 
membrane interface without significantly modifying 
the diffusibility of the gases into the cannula. Thus, 
tissular PO, found here is in the range of that 
generally obtained by polarography,” and the values 
of blood flow in the hippocampus are comparable to 
those found with the [‘4C]iodoantipyrine technique.” 

Since the aim of this series of experiments, was to 
study the spontaneous evolution of cerebrovascular 
variables during the seizures. we did not maintain 
the body temperature constant, nor was the animal 
drugged or ventilated. In this situation, the variations 
we observed during the first 30 min after KA injec- 
tion, i.e. a decrease in PO,, an increase in PCO, and 

CBF, can be interpreted as an increase in metabolic 
activity which is too great to be compensated by the 
concomitant increase in flow, i.e. the hyperemia at 
this stage is not sufficient to eliminate the excess CC)? 
produced and to transport a large amount of avall- 
able oxygen. The increase in flow only compensates 
the increase in metabolism after the first 30 min, but 
then it even overcompensates it. However, during the 
first signs of epilepsy, the variations in PO, and PCO, 
were too slight for hypoxia or hypercapnia to occur; 
their lowest levels were even within the range pre- 
viously found in the normal brain.” Furthermore. at 
this time no neuronal damage could be observed. 



Fig. 7. Photomicrographs to depict the localisation of a cannula and the pathological sequelae after KA. 
(A) Dark (argyrophylic) neurons in the pyramidal layer of CA3: (B) cannula track in the hilar zone; (C) 
dark neurons in the hilus (arrows), double arrow shows adjacent apparently normal cells; (D&(F) dark 
cells in CA I, notably in stratum oriens (D), in the deep layers of the frontoparietal cortex (E) and in the 
vicinity of the rhinal fissure (F). (A), (C)-(F) Fink-Heimer stain. (B) Nissl stain. g. Granular layer; p. 

pyramidal layer. 
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We provide in the present report direct evidence 
that the damage produced in CA3 by parenteral KA 
is not explicable by local hypoxia. Obviously, this 
result may not be generally valid for seizures irre- 
spective of their cause. and it does not exclude 
hypoxia as an important factor in the damage pro- 
duced in other experimental conditions, or by KA in 
other regions such as the CA1 pyramidal layer which 
is known to be exquisitely vulnerable to 
hypoxic-ischaemic episodes.‘6 Furthermore, there are 
recent indications that damage in several regions, 
notably the piriform lobe, is due to oedematous 
changes associated with a disturbed venous overflow.43 

The reasons for the particular vulnerability of CA3 
to enhanced neuronal discharge produced by KA are 
not clear. Other studies suggest that: (a) the mossy 
fibres play a crucial role in the vulnerability of 
CA3;‘.‘.“~‘“.“’ and (b) high-affinity specific KA recep- 
tors are particularly rich in the mossy fibre pyramidal 

layer of CA3.J.25.“” We suggest that the damage in 
CA3 results from the release of an endogenous toxic. 
factor following the enhanced activation of the mossy 
fibre synapse associated with an excessive rise in the 
intracellular calcium concentration. Recently, Morris 
et ~1.~~ have shown an increase in intracellularly 
measured calcium in pyramidal neurons followmg 
repetitive activation of the CA3 region (also see Refs 
3, 8 and 37). 

This work provides the first direct demonstration 
that hypoxia is not responsible for the neuronal 
damage in CA3 induced by parenteral administration 
of kainic acid during seizures in non-anaesthetized 
and freely breathing rats. The problem of the mech- 
anism of cell damage remains unresolved and the 
nature of the hypothetical endogenous toxic factor 
remains to be established. 
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