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A~~act-F~lic acid has been injected unilaterally into the amygdalo~d complex of awake chroni~lly 
implanted rats, or in rats under anaesthesia. Clinical, electrographic, and metabolic changes {estimated 
by means of the 2-deoxyglucose method) have been studied in relation to subsequently demonstrated 
neuropathology using Fink-Heimer and Nissi stains. The observations are compared to the corresponding 
effects of intra-amygdaloid application of kainic acid. 

Major differences were noted between the folate and the kainate induced seizure/brain damage 
syndrome. Thus: (a) folate produced essentially stereotypies, alternating with myoclonic unilateral jerks 
of head and limbs, In contrast, limbic motor seizures which are characteristically produced by kainic acid, 
were extremely rare. (b) Folate did not produce the preferential and sequential electrographic activation 
of limbic structures as observed after kainate. (c) 2-Deoxyglucose autoradiography revealed an enhanced 
metabolic activity in the injected amygdala and in the overlying piriform and entorhinal cortices. The most 
conspicuous rise in labelling, however, occurred in the entire fronto-parietaf cortex (ipsjlaterally) up to 
the cingulate region, as well as in the ventral thaiamic complex and the globus pallidus, i.e, in structures 
which are not labelled after kainate treatment. (d) Some extent of local damage was observed 1-8 days 
after the injection; distant from the injection site, we found massive anoxic-i~hemic type of damage in 
the superficial layers of the fronto-parietal cortex, a complete necrosis of the piriform lobe, and nenronal 
cell toss in the ventral tbalamus and several extrapyramidal structures. The full range of limbic damage 
associated with kainate was never produced by foiate. The CA3 region of the hippocampus, most 
susceptible to kainate, was only mildly a&&d by folate. 

These differences between kainate and folate prompted us to re-evaluate the recently reported high 
affinity of folates for kainic acid membrane binding sites. We found that folic acid competed only very 
weakly with [Wlkainic acid for binding sites on striatal, cortical, hippocampal, amygdaloid, and cerebellar 
membranes. It is thus concluded. that folate is not a good candidate for an endogenous kainate-like 
substance. We propose intracerebral injections of folic acid as a useful tool to study the vulnerability of 
brain structures to anoxic-ischemic conditions. 

Previous experiments from this and other Iabora- 
tories have shown that the potent neurotoxic agent 
kainic acid (KA) injected systemically or in some 
brain areas, notably the amygdaloid complex, readily 
induces sustained typical limbic motor seizures 
(LMS) in rats. Subsequently to these injections, dam- 
age is found in several brain areas known to be 
vulnerable to the sequelae of epilepsy in man, partic- 
ularly in the hippocampal formation (see refs 3-6, 46 
and refs therein). 

Although KA is known to exert a potent direct 
toxic effect upon brain tissue, there are several lines 
of evidence to suggest a close relationship between 
the paroxysmal activity per se and subsequent neuro- 
patholo~cal alterations induced by this toxin.4.5 Fur- 
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thermore, the local partial pressures of oxygen and 
carbon dioxide and the cerebral blood flow in the 
most vulnerable region of the hippocampus (CA3) 
have recently been measured in chronically imptanted 
rats during kainate seizures, providing evidence that 
local hypoxia or hyper~pnia are not likely to be the 
reason for the damage provoked by KA in the 
CA3-CA4 area of the Ammon’s horn.35 However, the 
exact mechanism underlying the effects of KA are not 
well understood, especially concerning the nature and 
localisation of endogenous target sites (receptors?) 
with which KA might interact to produce its epilepsy 
related brain damage syndrome. 

Several recent reports suggest that KA, although 
structurally related to giutamic acid, does not act 
through the predominant type of glutamic acid recep- 
tor to produce its effects.‘C.20,14,39A’ It has been known 
for some time that folates possess convulsant proper- 
ties.“‘.2’*43 Recently, Ruck and coworkers38 reported 
that a folate derivative competes strongly for 
[%]kainate binding sites on rat cerebellar membranes 
and suggested that folates could be endogenous 
KA-hke substances. This suggestion was reinforced 
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by Olney and coworkers,33 who reported that intra- 
amygdaloid injections of folic acid itself reproduced 
the seizure/brain damage syndrome obtained with 
kainate. These important observations raise the pos- 
sibility that KA produces its syndrome by virtue of 
its action on endogenous folic acid (FA) receptors, 
which thus could play an important role in the 
aetiology of temporal lobe epilepsy. Other obser- 
vations, however, do not fit well with this hypoth- 
esis.2.‘6,‘7.37 This prompted us to study in detail the 
electrographic, clinical, metabolic, and histo- 
pathoIo~ca1 effects of intra-amygdaloid injections of 
FA, and to test whether this procedure reproduces 
the KA limbic seizure/brain damage syndrome and 
may constitute a suitable model for temporal lobe 
epilepsy. In addition, since specific KA binding sites 
are present in limbic structures, notably in structures 
which are the most susceptible to KA (refs 7, 31 and 
refs therein), we have studied the displacement of 
radioactive KA by FA in preparations obtained from 
the hippocampus, the amygdala, and the fronto- 
parietal cortex. 

Our observations have been presented in brief 
elsewhere.45,41” 

EXPERIMENTAL PROCEDURES 

Fifty male Wistar rats (25&3OOg) were used in these 
experiments. They had access to food and water ad lib. and 
were housed under diurnal conditions, with the light on 
from 8.0&20.00 h. The procedures for intra-amygdaloid 
injections, el~trographic recordings, studies of metabolic 
changes and neuropathology have been described in detail 
in previous papers. b6v46 The clinical sequelae of intra- 
amvgdaloid iniections of FA were studied in 21 rats; FA 
@&$a, 25-200 nmol) was dissolved in a 500 mM solution 
of NaHCO, with oH adiusted to 7.4 with NaOH. and 
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infused into the right amygdala, either via a microsyringe in 
animals slightly anaesthetimd with equithesin (Jansen Sal- 
sbury, 3 mg/kg i,p.), or in awake rats (n = 18), via a cannula 
(0.28 mm outer diameter, 0.18 mm inner diameter) im- 
planted 1 week earlier. Coordinates of the target site 
for injection were chosen and verified according to the 
atlas of Albe-Fessard et al:’ A = 6.0; L = 4.5; H = 2.0. FA 
(0.25--l ~1) was infused at a constant rate of 0.1 gl/min. 
After the injection, animals were put indi~dually in plexi- 
glass chambers and the behaviour continuously noted for 
periods from 2 to 6 h. For direct comparison, the behav- 
ioural abnormalities induced by intra-amygdaloid injections 
of KA (5.6nmol) were studied concomittantly in another 
group of 20 rats. Motor signs of both groups were 
quantified, using a score described below (see Table 1 and 
Results). 

Electro~aphic sequelae of FA injections were studied in 
four rats (Table I) implanted with bipolar twisted electrodes 
(100 pm wire). Depth recordings have been obtained from: 
the right amygdala (A = 5.8; L = 4.5; H = 2.0; n = 4); right 
(n = 4) and left (n = 1); dorsal hippocampus (A = 3.5; 
L = 3.0; H = 7.5); right ventral hippocampus (A = 4.0; 
L = 4.5; H = 3.0; n = 1); right thalamus (A = 6.0; L = 0.7; 
H = 6.5; n = I). Surface records were led from screws over 
the right (n = 2) and left (n = 2) occipital cortex. An 
additional screw in the frontal sinus served as the indifferent 
electrode. 

Metabolic sequelae of FA injections were followed up in 
another group of four rats, using the [i4C]2-deoxyglucose 
(2-DG) method.42 A pulse of 2-DG (C.E.A. Saclay, specific 
activity 40-50 Ci/mol) was injected through a catheter 

chronically implanted into the jugular vein (100 ~Cijkg in 
1 ml/kg), followed by a similar volume of saline. The 
animals were sacrificed 4.5 min after the injection and brains 
rapidly frozen in isopentane/dry ice. Brain sections were cut 
in a cryostat at -2O”C, dried on a hot plate and exposed 
to Mammoray T3 films (Agfa-Gaevert) in convention~~l 
X-ray cassettes, usually for 18 days (for other details, see 
refs 6 and 46). 

Histopathological sequelae after FA treatment were stud- 
ied in detail in II cases. After various survival periods (see 
Table I), the animals were anaesthetized and intracardially 
perfused with saline, followed by formalin. Alternate sec- 
tions (from the entire brain) were stained with the 
Fink-Heimer method’* and cresyl violet, in order to recog- 
nize both the brain damage and the location of the cannulae 
or electrodes. 

Another group of eight rats was used for [“H]KA binding 
studies which were performed according to the method of 
London and Coyle.r7 Rats were killed by decapitation. and 
the brains removed and dissected on a cold plate to obtain 
the amygdala and overlying piriform lobe, the parietal and 
cingulate co&es, the striatum, the hippocampal formation, 
and the cerebellum. The tissues were homogenized in ice 
cold 50mM Tris-acetate buffer (pH 7.0) with a motor 
driven glass-teflon homogenizer (20 strokes). The 30,OOOg 
pellets were resuspended twice in about 50 parts of fresh 
buffer (referring to the original weight of wet tissue). The 
final membrane suspensions were incubated for 2Omin at 
37°C to liberate endogenous Iigands, and thereafter stored 
at -20°C for hours to days. For assays, samples were 
rethawed, centrifuged once more, and the pellets rt’- 
suspended in fresh ice-cold buffer (47 mg original wet 
tissue/300 ~1). Assays were run directly in polypropylene 
minivials for scintillation counting (biovials. Beckmann) in 
triplicates. We differentiated between slowly and fast dis- 
placeable [‘H&A binding, corresponding to sites with high 
and low aRinity for KA, respectjvely.~’ Starting with the 
addition of 300~1 membrane suspension (yielding a tinal 
volume of I ml), the total binding and the unspecific one (in 
the presence of lO@M unlabelled KA) of 20nM [‘H]KA 
(Amersham, 2 Ci/mmol) was allowed to equilibrate for 
90min on ice, in the presence or absence of 1 mM FA 
(Sigma; dissolved in 50mM Tris-base and adjusted to pH 
7.0 with acetic acid}. In some experiments, a wide range of 
FA concentrations was used (1 BUM-IOmM~ Sigma. Cal- 
biochem), in parallel to experiments with glutamic acid 
(1 nM-IOOPM; Sigma) and unlabelled KA itself. Five 
minutes before stopping the assay by centrifugation, a 5 btl 
droplet of 2mM KA was added to one group of vials. in 
order to eliminate fast displaceable (‘HJKA from its binding 
sites.27 After the centrifugation, supernatants were dis- 
carded, pellets rinsed twice with 4.6ml ice-cold buffer and 
solubilized for 2 h at 55°C in 300 ul Protosol (NEN). After 
addition of 50~1 concentrated acetic acid (to avoid lumi- 
nescence) and 3 ml Aquasol- (NEN), samples were counted 
in an LKB-1215 rackbeta II liauid scintillation counter with 
a counting efficiency of 607; and an error of 2”;. Specific 
binding to high affinity KA binding sites was obtained as 
difference between slowly displaceable and unspecihc bind- 
ing, whereas the difference between slowly displaceable and 
total binding was taken as specific binding of [‘H]KA to low 
affinity sites. 

RESULTS 

The clinical effects produced by intra-amygdaloid 
injections of FA (2.5-200 nmol) and KA (5.6 nmol) 
were concomittantly and quantitatively studied in 41 
rats obtained from the same colony. The differences 
between the clinical effects of the two substances, 
which were consistently noted, will be described first. 
The electrographic, metabolic and histopathological 
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sequelae caused by FA injections will then be succes- 
sively described and compared to our previously 
published studies on the effects of intra-amygdaloid 
KA injections, which have been performed under 
similar experimental conditions.3x4*46 Summarized 
comparisons are provided at the end of each section, 
to abbreviate the discussion. The biochemical inter- 
actions of FA with KA binding sites are described in 
the last chapter. 

Clinical signs 

Intra-amygdaloid injections of FA (25-200 nmol) 
consistently produced as main signs a marked stereo- 
typed behaviour, starting 5-10 min after the injection 
in the awake rats; it continued unabated, with little 
dependency on the dose of FA injected, and consisted 
of continuous side to side movements of the fore- 
paws, head jerkings to both sides, gnawing, con- 
tralateral circling and “wet dog shakes”. This behav- 
iour altered with periods during which the animals 
remained at the same place and exhibited motor 
seizures, which were almost exclusively of “tonico- 
clonic” type. The rats held the body twisted con- 
tralaterally to the site of injection; ipsilateral forelimb 
and hindlimb remained on the ground, whereas con- 
tralateral ones were agitated by jerks synchronized 
with head cloniae. All these signs continued without 
a change in intensity and independently of the FA 
dose injected for 2-3 h (See Table l), with the excep- 
tion of “wet dog shakes”, which were most promi- 
nent during the first hour. The animals appeared 
normal next day. The observers (one of them was 
unaware of the dose applied) agreed that there was no 
clear difference between animals receiving 25, 50, 75, 

100, or 200 nmol FA (e.g. between cases 1574, 1578 
and 1580, which were tested concomittantly, Table 
1). Similar behavioural abnormalities were observed, 
upon recovery, in animals anaesthetized prior to the 
FA injection (cases 1577, 1481 and 1479, see Table 1). 
The main difference was that the occurrence of signs 
was more delayed (approximately 35-45 min). 

In contrast, intra-amygdaloid injections of KA 
(5.6 nmol) produced (in addition to “wet dog 
shakes”) seizures of typical limbic character, thus in 
agreement with our previous observations.3 We ob- 
served successively facial and masticatory move- 
ments, head nodding, forelimb clonus accompanied 
by rearing (stages 1 to 4 according to the 
classification of Racine, ref. 36), and occasionally 
rearing with loss of postural control (stage 5, ref. 36). 
Since limbic motor seizures (LMS) have developed 
also in some rare FA cases, we adopted a scoring 
system to quantify their frequency in the present 
study. Thus, scores 0, 1, 2, and 3 refer to O, O-5, 5-10 
and more than 10 LMS, respectively, during 2.5 h of 
observation time, or until sacrifice (less than 2.5 h) in 
some cases used for 2-DG studies. As shown in Table 
1, full LMS characterized by the typical incremental 
seizure progression from stages 1 to 4 were seldom 
observed after intra-amygdaloid FA and never 
reached score 3, in contrast to KA treated rats, which 
all reached this score (90% already before the end of 
the first hour after the injection). Following FA 
injections, the limbic seizures were of an “aborted” 
type, with brief manifestations of stage 2 or 3 (Table 

3). 
We also noted further differences in the behav- 

ioural response between FA and KA treated rats. In 

Table 1. Clinical signs induced by intra-amygdaloid injection of folic acid in rats 

Tonico-clonic seizures Survival 
FA Observation Scores for LMS and stereotyped bebaviour time 

Cases (nmol) time (h) Aborted Full (Time, h) (days) 

1574 25 6.0 1 1 ++ (3.5) 8 
1575 25 4.0 1 0 + + (2.0) 8 
1576 25 4.0 0 0 + + (3.0) 7 
1577 (an.) 50 3.5 1 1 + + (3.5) 7 
1578 (rec.) 50 6.0 3 0 + + (3.0) 5 
1720 50 4.0 1 I + + (2.5) 
1721 50 4.0 3 0 + + (3.0) 
1722 50 4.0 2 2 + + (3.5) 
1581 (rec.) 75 6.0 3 2 + + (4.0) 5 

1453 (2-DC) 75 1.3 1* 0’ + + (‘) 
1454 (2-DG) 75 2.5 3 I + + (‘1 
1579 (rec.) 100 2.5 I 1 + + (*) 5 
1580 (rec.) 100 6.0 1 I + + (3.5) 5 

1458 (2-DG) 100 2.0 2* 0’ + + (*) 
1460 (2-DG) 100 1.5 2’ 2’ + + (*) 
1459 100 3.0 0 2 + + (2.5) 1 
148 1 (an.) 100 5.0 0 2 + (2.0) 1 

1479 (an.) 200 5.0 3 1 + + (3.0) 5 ht 
I723 200 4.0 2 1 + + (3.5) 
1724 200 4.0 2 0 + + (2.5) 
1725 200 4.0 3 1 + + (3.0) 

Folic acid (FA, 25-200 nmol) was applied into the right amygdala of awake or anaesthetized rats (an.) and 
the behaviour noted during various times of observation. Cases simultaneously used for the 2-DG 
studies or electrographical recordings (rec.) are indicated in the table as well as the survival times in 
hours (t) or days for the neuropathological studies. The scores 0, 1, 2 and 3 for aborted or full limbic 
motor seizures (LMS) refer to 0, &5, 5-10 and more than 10 LMS, respectively, during the first 2.5 h, 
or during the indicated time of observation in animals sacrificed sooner for 2-DG studies (‘). The period 
(in hours) after the injection during which tonico-clonic seizures and stereotyped behaviour were 
continuously (+ +) or transiently (+) observed is indicated in parentheses. 
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agreement with previous observations,-’ KA induced 
LMS were often followed by periods of complete 
immobility, an effect never produced by FA. Con- 
versely, several signs seen after FA injections were 
never reproduced by KA (e.g. gnawing and “tonico- 
clonic” jerk movements). At longer latencies after the 
injection (3 h or more), KA-induced LMS generally 
culminated in status epilepticus, including circling 
behaviour as well as various signs never seen after FA 
(such as “barrel rotation” or “jumps”). Diazepam 
was often needed to prevent death due to KA- 
induced status epilepticus. The animals presented 
piloerection, weight loss and occasionally “spontan- 
eous” LMS 24 h after KA application. This contrasts 
with the FA clinical picture, since the animals looked 
normal 24 h after the FA injection, without any sign 
of seizure activity. 

ElectrographicaI changes 

In awake rats, FA induced first spiking activities at 
the site of injection. The delay between FA applica- 
tion and this first paroxysmal activity varied between 
5 and 7min (Fig. 1A). The epileptiform activity 
rapidly propagated to the ipsilateral thalamus (Fig. 
2A), lateral septum, cortex (Fig. lB), and ventral 
hippocampus (Fig. 2B). In the amygdala, paroxysmal 
discharge consisted of both interictal and ictal-like 
epileptiform activity of various patterns. Interictal 
periods showed spikes and wave complexes or poly- 
spike activity, which were often synchronized with 
head jerkings (see dark traingles in Figs 1 and 2). 
They alternated with electrographic seizure-like 
recordings, which were not directly related to the 
behavioural manifestations of the animals (e.g., the 
records during stage 2 LMS in cases 1578 and 1581, 
Fig. 1). These electrographic abnormalities lasted for 
at least 2-3 h. Seizure activity in other structures was 
frequently not synchronized with the discharges ob- 
served in the amygdala (Fig. lA, 50 min; Fig. 2A, 
22 min). A brief post-ictal depression (2.5 s) was noted 
in one case (Fig. 2B, 100 min). After longer periods 
(2-3 h), the alternations between spiking activity of 

low frequency and polyspike activity of high fre- 
quency became more pronounced and regular (Figs 
1D and 2C); simultaneously, the motor syndrome 
became less severe (see above). Polyspike activity 
occurred with a frequency of about 1 per min and 
lasted 10-20 s. Synchronous electrographic seizures 
disappeared 6-8 h after the FA injection and left a 
diffuse low frequency spiking activity (Fig. lD, 11 h; 
Fig. 2C, 8 h). The amplitude of these spikes decreased 
progressively and, by 20-24 h, paroxysmal activity 
was completely substituted by an apparently normal 
electroencephalogram (EEG) (Fig. 2C, 20 h). At the 
subsequent day, no abnormalities were noticed (not 
illustrated). 

Summarized comparison between foIic acid and 
kainic acid induced electrographical changes. Both 
agents induce epileptiform activity at the injection 
site and in various other brain regions. However, the 
effects of KA are much more pronounced.3 Thus, 
after KA, severe recurrent ictal and inter-ictal activity 
is recorded continuously for prolonged periods 
(2-6 h, ibid.). Furthermore, the seizure activity after 
intra-amygdaloid KA is typically followed by a pro- 
longed post-ictal depression, usually restricted to the 
hippocampal leads; in contrast, only one single and 
very brief post-ictal depression after intra- 
amygdaloid FA has been observed in this study (case 
1580, Fig. 2B, 100 min, in all four traces). After FA, 
no long term EEG abnormalities were noted, whereas 
intermittent bursts of paroxysmal discharge could be 
recorded several days after KA.3.6 

Metabolic changes 

The metabolic maps obtained from cases 1453, 
1454, 1458 and 1460, which received [14C]2-DG at 
various time intervals after the injection of FA (30, 
45, 75 and 105 min, respectively), were strikingly 
similar. During these time intervals (and also after the 
[14C]2-DG injection), all rats displayed continuous 
stereotyped movements and “tonic0-clonic” seizures, 
associated with a small number of LMS (see Table 1). 

AC 
AL 
Am 
BST 
CA14 

cc 
CING 
CP 
FD 

& 
GP 
h 
HL 
Lea 
LOT 
LS 
LU 

anterior commisure 
Abbreviations used in figures 

MD nucleus medio-dorsalis thalami 
lateral amygdaloid nucleus 
medial amygdaloid nucleus 
bed nucleus of the stria terminalis 
CAI, CA2, CA3 and CA4 fields of the Ammon’s 
horn 
corpus callosum 
cingulate cortex 
caudate putamen 
fascia dentata 
granular layer of the fascia dentata 
genu of corpus callosum 
globus pallidus 
hilus of the fascia dentata 
hypothalamus lateralis 
lateral entorhinal area 
lateral olfactory tract (also TOL) 
lateral septum 
stratum lucidum of the Ammon’s horn 

MEA 
MG 
MOL 
0 

P 
PC 
PL 
PR 
RE 
SM 
SN 
SR 

ST 
STN 
TOL 
TUO 
TV 

medial entorhinal area 
medial geniculate body 
stratum moleculare of the fascia dentata 
statum oriens of the Ammon’s horn 
statum pyramidale of the Amman’s horn 
piriform cortex 
prelimbic area 
pretectal area 
nucleus reuniens 
stria medullaris 
substantia nigra 
rhinal suclus (Figs 3 and 4) or stratum radiatum 
(other pictures) 
stria terminalis 
subthalamic nucleus 
lateral olfactory tract 
olfactory tubercule 
ventrobasal complex of thalamus 
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Fig. 2. Electrographic records to illustrate the alterations observed after in&a-amygdaloid injection of FA 
in cases 1579 (A} and 1580 (B and C), (see Table 1 for details; for abbreviations, see Fig. I). Other 
abbreviations: rHd, rHv refer to the dorsal and ventral part of the right ~ipsi~ateral) hippocampus and 
1Cx to left (contralateral) cortex. (A), (B) Note the more rapid propagation of epileptiform activity to the 
ipsilateral thalamus and ventral hippocampus than in ipsilateral dorsal hippocampus and contralateral 
cortex. (A) (22 min) illustrates also the lack of synchronized discharges in the site of injection and distant 
structures. Note afso in (Ci the regular alternation of the spiking activity of low and high frequency from 

2 to 6 h and the normal appearance of the records 20 h following the injection. 

In comparison to control cases previously illustrated 
(refs 6, 46 and refs therein), the most conspicuous 
e&&t of FA was an enhanced metabolism fipsi- 
laterally) in the whole amygdaloid complex, the 
overlying piriform lobe, the entorhinal and fronto- 
par&al cortices, and in the septum (Figs 3A-F and 
4A-C), The rise in metabolism in the neocortex was 
Iimited to the fronto-parietal region, with a sharp 
boundary to unlabelled cortical areas at the dor- 
somedial border of the hemisphere fcingulate and 
probably motor cortex, see arrows in Figs 3 and 4). 
In the hippocampal formation, an increase in glucose 
utilisation was observed in the CA1 and CA3 region, 
but not in the fascia dentata (Figs 3C, D and 4F); the 
labelling was moderate near the septal poie and very 

strong at more caudal levels (compare Fig. 3C, D 
with 3E, F and Fig. 4E-G with 4H, I). In the 
thalamus, the nuclei media-dorsalis and reuniens 
showed a high a~~umulatiou of radioactivity, but also 
the ventrobasal complex (Figs 3C-E with 4&G), 
pretectal area and medial geniculate body (Fig. 4H). 
High labelling was also observed in some extra- 
pyramidal centres (globus pallidus, substantia nigra, 
subthalamic nucleus; Figs 3B, F and 4D, E, H, I), but 
to a lesser extent in the caudat~putamen (Figs 3B 
and 43, Dj. Finally, the preoptic area of the hypo- 
thalamus and the stria terminalis with its bed nucleus 
were also metabolically activated after intra- 
amygdaloid FA application. The increase in labelling 
was mainly limited to the hemisphere ipsilateral to 



Fig. 3. Pattern of [‘4C]2deoxyglu~ose utilization after unilateral application of FA (IOU nmol) into one 
amygdaia (the white arrow in D indicates the injection site). Highly iabeiied structures are almost 
exclusively found ipsiiateraiiy to the site of injection. Note in (A) the lack of iabeiiing in the preiimbic 
area; in this and other pictures, the black arrows indicate the sharp demarcation between iabeiied and 
uniabeiied cortices. High iabeiiing is also found in giobus paiiidus (B), various thaiamic nuclei (C-E), the 
stria terminalis and its bed nucleus (D and B) and hippocampai formation (C-F). In the contralateral 
side, the hippocampai formation is also iabeiied whereas the amygdaia seems relatively uniabeiied (C-F). 

Abbreviations in this and following Figs 4-9 are given in a separate list. 

Fig. 4. Pattern of [‘4C]2-deoxygiucose utiii~tion after unilateral application of FA (100 nmoi) into the 
amygdala (white arrow in F). Note the similarities between these and the metabolic maps seen in Fig. 
3. The high iabeiiing found in ail cases in septum (B), pretectai area and medial genicuiate body (H) is 
also illustrated here. In (F), as in Fig 3(D), the high iabeiiing in hippocampai formation extends bilaterally 
from the CAI to the CA3 regions of the Ammon’s horn whereas the fascia dentata is not affected, and 
the amygdaioid complex (except its lateral nucleus) is poorly iabeiied on the contralateral side. Note in 
(I) the strong labeiling of the medial and entorhinai area (ipsilateraliy) and in substantia nigra (bilateral). 

Fig. 5. Photomicro~aphs of brain damage produced by intra-amygdaioid injection of FA at the site of 
injection and in the thalamus. (A), (B) Argyrophiiic neurons in the vicinity of the cannuia (asterisks in 
A) in the lateral (AL) and medial (AM) nuclei of the amygdaia (case 1459, survival time 24 h; Fink-Heimer 
stain; magnification x 88). (C), (D) Argyrophiiic neurons in the same case in the posterior thaiamus (C) 
and parataeniai-paraventricuiar area (D) ipsiiaterai to the injection (magnification x 88). (E), (F) Bilateral 
neuronai ceil loss in the medio-dorsal nucleus (MD) and reuniens (RE) in case 1579 (survival time 5 days; 
Nissl stain; the boxed area of E is enlarged in F; magnification x 17.5 for E and x 88 for F). IPSI, 
ipsiiaterai. (G) Argyrophiiic neurons in ventrobasal complex ipsiiateraiiy to the injection (case 1580, 

survival time 5 days; Fink-Heimer stain, magnification, x 88). 

Fig. 6. Photomicrographs of damage in cortex after intra-amygdaioid FA. (A), (B) Status spongious and 
loss of Nissi stain in superficial layers of frontoparietai cortex close to the boundary zone with the 
cinguiate area (magnification x 17). (B) Enlargement of the boxed area in (A) (magnification, x 88); (case 
1481, survival time 24 hr. (C) Argyrophiiic neurons in superficial layers of frontoparietai cortex (case 1580, 
survival time 5 days; Fink-Heimer stain; magnification, x 88). (D) Larger magnification ( x 88) of ceils 
in frontoparietai cortex (layer III) (Fink-Heimer stain; case 1479, survival time 5 h); note the silver grains 
along the dendrites (dark arrows) and the normal appearance of adjacent neurons (white arrows). 
(EXH)Argyrophili~ neurons in superficial layers of the cortex, in the immediate vicinity of the rhinai 
fissure (magnification, x 350). (E) Arrow points to an apparently normal (non-argyrophiiic) neuron.(F) 
In adjacent section, larger magnification ( x 882) of one ceil in the same region: note the large grains on 
the soma. (G), (H) Large magnification ( x 882) of argyrophiiic neurons in layer V of lateral entorhinai 
cortex (area 28b) as described by Haug? note that the whole somata are dark (the nuclei cannot be seen), 
and the numerous precipitates in the dendritic arborization. In (H), the single arrows show three 
degenerating neurons close to a vessel (smaller double arrows); two apparently normal neurons 

(non-argyrophilic) are also visible in the vi&&y (two twin-arrows). 

Fig. 7. Photomicrographs of damage produced by intra-amgdaioid FA in the hippocampai formation 
(ipsiiateraiiy). (A)-(G) Case 1580 (survival time 5 days) and (C) case 1579 (Survival time 24 h); 
Fink-Heimer stain. In (A) (magnification, x 88) and(B) (magnification x 220), note the restricted damage 
in CA3 (arrows indicate putative interneurons or displaced pyramidal ceils. (C) Widespread argyrophiiic 
elements in CA1 (magnification x 220; CA3 a and b of this case were normal, not illustrated). (D), (E) 
Larger magni~cation ( x 350) to illustrate the damage in CA1 (D) and CA4 (E); note, in particular the 
extensive argyrophilia in poiymorph cells of hiiar region. (F), (G) Larger ma~ifi~ation ( x 882) to 
illustrate the dotted silver grains often noticeable in the hilar region (arrows); they may represent 

preterminai degeneration. 

Fig. 8. Montages of photomicrographs to illustrate in (A) the distribution of argyrophiiic neurons (arrows) 
in a rostra1 section of the hippocampus ipsiiaterai to the injected amygdaia in case 1580 (survival time 
5 days; Fink-Heimer stain; magnification x 88); note the extensive damage in CA4 and immediately 
adjacent CA3 layers (CA3c) in contrast to the restricted argyrophiiic neurons in the lateral pyramidal 
layers of CA3 (CA3 a and b) or in CAi; the damaged ceils are furthe~ore displaced pyramidal neurons 
or interneurons. No signs of degeneration are evident in an adjacent section after conventional cresyi violet 

stain (B; magnification, x 17; the photomicrograph has been inversed). 

Fig. 9. Neuronai ceil loss in the hippocampus 5 days after the unilateral injection of FA (100 nmoi) into 
the amygdaia (Nissi stain; magnification x 27). (A) In the septai pole, the neuronai ceil loss is noticeable 
in the medial part of the regio inferior (arrows). Note also the cellular loss in the hilus [ipsiiaterai (IPSI) 
to the injection site] in (B), as compared to the contralateral (CONTRA) side (C); patches of cell loss are 

also noticeable in the granular layer in the temporal pole of the fascia dentata (arrow in B). 
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the injection, especially concerning the most con- 
spicuous effects on cortical regions. In two out of four 
cases, the septal part of the hippocampal formation 
was involved bilaterally (Figs 3C and 4F), the tem- 
poral part in only one case (compare Fig. 3F to 4H). 
Thalamic nuclei close to the midline were always 
involved bilaterally. The slight labelling in the con- 
tralateral amygdala (lateral nucleus, Figs 3D and 4F) 
is also seen in untreated control cases (see ref. 46 and 
Fig. 1E therein). 

Summarized comparison of folic acid and kainic acid 
induced metabolic changes. Folic acid and KA both 
induce an increased glucose consumption at the 
injection site, in adjacent structures, and in more 
distant (ipsilateral) structures such as the hippo- 
campus, the stria terminalis and its bed nucleus, the 
septum, the nuclei medio-dorsalis and reuniens of the 
thalamus, the substantia nigra, and the preoptic area 
of the hypothalamus. Other limbic structures such as 
the deep layers of the infra- and prelimbic cortices are 
always labelled after intra-amygdaloid KA, but not 
after FA (Figs 3A and 4A). In addition, the con- 
tralateral amygdaloid complex, which is metabolic- 
ally activated after KA (see Fig. 7E in ref. 46) does 
not show any metabolic abnormalities after FA. On 
the other hand, FA but not KA enhances the meta- 
bolic activity of several non-Iimbic structures, such as 
the globus pallidus, the ventrobasal complex of the 
thalamus, and, most evidently, the entire fronto- 
parietal cortex. 

Histopathology 

The histopathological changes were investigated in 
serial sections throughout the whole brain in 11 cases, 
differing in the time interval between the FA injection 
and sacrifice (see Table 1). Nissl and Fink-Heimer 
stains were used. The main observations are illus- 
trated in Figs 5-9. 

Local damage. In most cases, the injection site was 
located in the central nucleus of the amygdala. In the 
vicinity of the cannula, shrunken and darkly stained 
argyrophilic neurons were present (Fig. 5A). The 
damage was frequently characterized by oedematous 
changes, loss of Nissl stain, and bands of argyrophilic 
neruons. The distribution of histopathological abnor- 
malities within the injected amygdala was highly 
variable; however, it involved preferentially the more 
ventral nuclei, which were not in the immediate 
vicinity of the cannula, e.g. the medial (Fig. 5B) and 
cortical nuclei. In three cases, virtually the whole 
amygdaloid complex was clearly affected, accom- 
panied by oedematous changes. Although with the 
lowest dose used (25 nmol) no damage was observed 
at the site of injection, there was no clearcut cor- 
relation between the dose of FA injected and the 
histopathological sequelae at the site of injection. The 
local brain damage after FA was only seen after a 
sufficient dose and survival time of the animals. Thus, 
it could not be detected before 24 h after the injection; 
furthermore, neuronal cell loss associated with micro- 

glial proliferation was not conspicuous even after a 
survival of 8 days. 

“Distant” damage. At the shortest survival time 
used (5 h, case 1479, Fig. 6d), cerebral pathological 
changes distant from the site of injection were exclu- 
sively restricted to the ipsilateral fronto-parietal, 
piriform, and entorhinal cortices. In these regions we 
also observed the most consistent brain damage 
induced by the lowest FA dose used in this study 
(25nmo1, cases 1474 and 1475, see Table l), indi- 
cating their high vulnerability to FA injections. In the 
fronto-parietal cortex, the damage was localized in 
the superficial layers throughout its entire ventro- 
dorsal extension from the rhinal fissure up to the 
paramedian area. In complete correlation with the 
2-DC pictures, a sharp border separated consistently 
the lesioned cortical area (laterally) from the intact 
one (medially, i.e. the cingulate and motor cortex). 
This border line between “resistant” and “vulner- 
able” areas corresponds to the boundary between 
regions irrigated by the anterior and middle cerebral 
arteries, respectively. The damage in the fronto- 
parietal cortex was characterized, with Fink-Heimer 
stain, by the presence of argyrophilic neurons in the 
superficial layers II and III (Fig. 6D, E). They were 
darkly stained and had pycnotic somata with dark 
nuclei. With higher magnifications, silver deposits 
were apparent on the somata and the apical dendrites 
(Fig. 6DF). The deep layers V and VI were 
unaffected. After Nissl stain, the damage was re- 
vealed by the presence of “status spongiosus” with 
typical ischemic cell changes, with or without in- 
crustations.‘4 The cell bodies were shrunken, with 
darkly staining triangular nuclei and typical in- 
crustations on the surface. The “ischemic” cells were 
usually not homogeneously distributed throughout 
the cortex, but rather concentrated in cortical col- 
umns perpendicular to the surface, within narrow 
bands of status spongiosus (not shown). In more 
severe cases, oedematous changes occurred with loss 
of Nissl substance throughout the superficial layer 
(Fig. 6A, B). Neuronal cell loss was rarely detected, 
even with survival periods of 8 days. In the piriform 
cortex, the damage consisted in a partial or complete 
necrotic oedematous lesion in all cortical layers. This 
atrophy was restricted to the ipsilateral side and 
extended rostrally to the prepiriform and caudally to 
the entorhinal cortex. With the Fink-Heimer 
method, argyrophilic neurons were frequently stained 
in particular in the entorhinal cortex, sometimes in 
the vicinity of vascular elements (Fig. 6G, H). These 
changes were found in all cases except two with short 
survival time (1479, 5 h; 1481, 1 day), where only a 
status spongiosus of the piriform lobe was noticed. 

Other prominent regions with “distant damage” 
were the thalamus and the hippocampus. With sur- 
vival times of at least 24 h and FA doses equal to or 
exceeding 50 nmol, argyrophilic neurones have been 
detected in several thalamic nuclei, especially in 
medio-dorsal nucleus and other midline nuclei (para- 
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ventricular and parataenial area, nucleus reuniens; 
Fig. SD); bilateral neuronal cell loss was manifest 
after 1 or more days of survival (Fig. 5E, F). Patho- 
logical abnormalities were also conspicuous in the 
ipsilateral ventral complex (ventro-anterior, lateral, 
and medial parts; Fig. SG) and the posterior region 
(pretectal area, Fig. 5C). The nucleus reticularis of 
the thalamus was also occasionally damaged (not 
illustrated). In the hippocampal formation, patholo- 
gical abnormalities were detected after 1 or more days 
of survival. Near the septal pole, the CA4 region was 
the most susceptible one, in particular polymorph 
neurons in the hilus, located close to the granular 
layer of the fascia dentata (Figs 7E, F and 9B, C), and 
also neurons in the pyramidal layer of the CA3c area 
(Fig. 8). The pyramidal cell layer in CA1 was also 
affected, albeit less than the CA4 region (Fig. 7C, D); 
in contrast, even after prolonged recurrent tonico- 
clonic seizures and long survival times (8 days), 
argyrophilic cells were only occasionally found in the 
CA3 (a and b) region (compare Fig. 7B with 7C). We 
frequently observed argyrophilic neurons outside the 
pyramidal layer (in stratum oriens, e.g. Figs 7D and 
8), and dense silver deposits (presumed preterminal 
degenerations) on neurons in the subgranular layer 
(Fig. 7F, G). In more temporal parts of the hippo- 
campus, damage was more widespread and included 
greater parts of the pyramidal CA3 subregion. After 
longer survival times, neuronal cell loss was primarily 
conspicuous in the CA3c-CA4 regions (Fig. 9A, B) 
and occasionally observed in the granular layer of the 
fascia dentata (arrow in Fig. 9B). 

several thalamic nuclei, the septum, the stria termi- 
nalis system, and the claustrum.‘,46 However, the 
lesion at the site of injection has a slower onset and 
more limited extent after FA, with much less micro- 
gliai invasion than after KA. Furthermore, the vari- 
ous hippocampal subregions exhibit different vulner- 
abilities to FA and KA. Thus, the CA1 and CA3 
regions presented only mild damage after FA, in 
contrast to the preferentially and severe destructions 
in the CA3 region after KA. Several limbic regions 
which are strongly affected after intra-amygdaloid 
KA, exhibit no or only minor abnormalities after FA: 
the insular cortex, the medial frontal cortex, and the 
contralateral amygdaloid complex. On the other 
hand, the extensive piriform lobe atrophy after FA is 
not produced by KA. (It is, however, seen after 
intracerebroventricular and systemic KA, see ref. 4 
and refs therein.) Some regions present pathological 
alterations only after FA and not after KA, including 
the globus pallidus, the ventrobasal complex of the 
thalamus, and-most impressive of all--the 
superficial layers of the entire fronto-parietal cortex. 
Another difference concerns the time course of neu- 
ronal cell loss, which was slower after FA than after 
KA; this cell loss was more restricted than the early 
signs of damage, which are thus partly reversible. 

Some brain damage was also found (ipsilaterally) 
in the substantia nigra (pars reticulata), the globus 
pallidus, the striatum, lateral septum, claustrum and 
(bilaterally) in the bed nucleus of the stria terminalis 
and the pre-mamillary ventral nucleus. Under our 
experimental conditions, brain stem and cerebellum 
were completely devoid of pathological alterations. 

~~~mar~zed ~o~pa~~o~ qfmfolic acid and k&if acid 

induced brain damage. Histopatholog~cal abnormal- 
ities after FA application can be observed in a 
number of brain regions which are also affected by 
KA. They include the injection site, the entorhinal 
and piriform cortices, the hippocampal formation, 

At a concentration of 1 mM, FA was found to 
displace [‘H]KA (20 nM) to some extent from cere- 
bellar, cortical, striatal, amygdaloid and hippo- 
campal membranes, with some preference for low 
affinity sites (Table 2). At this relatively high concen- 
tration, FA was most potent in preparations from the 
fronto-parietal cortex. Therefore, membrane sus- 
pensions prepared from this brain region were in- 
vestigated in more detail, using different concen- 
trations of FA (from two different sources), ranging 
from I pM up to 10 mM. Slow and fast dissociation 
f3H]KA exhibited different displacement character- 
istics, the former yielding a steeper curve with later 
onset than the Fatter (Fig. 10); under both conditions, 
an iCso of about 2 mM was obtained (displacing 
20nM [jH]KA). We also used glutamic acid and 
unlabelled KA itself as displacers of [3H]KA; their 

Table 2. Displacement of [‘Hlkainic acid from high and low-affinity hinding sites on membranes from 

Brain area 

vwo”s oral” regions by folic acid 

High affinity sites Low affinity sites 
Controls +FA (I mM) Controls +FA (ImM) 

Cerebellum 2.9 * 0.1 2.4 + 1 .O (NS) 12.1 * 0.2 7.4 * 0.4** 
2.5 2 1.0 I .5 + 0.3 (NS) 13.x & 1.9 8.4 f 0.8* 

Parietal cortex 8.8 i0.i 7.1 f 0.3** 12.6_+ 1.0 6.9 I 2.0” 
9.1 f 1.0 6.5 f 0.2* 12.0 + 1.5 6 5 +_ 0.5** 

Cinguiate cortex 11.3 + 1.0 6.3 kO.i*’ 11.9+0.x 8.6 f o.s** 
Striatum 19.3 * 2.3 13.1 i I.]* 17.7 2 2.7 12.4 & 1.6* 

16.3 _+ 0.5 13.3 i 0.7** 21.3 *ah 12.9 * 0.2** 
Amygdala + 8.6 + 1.0 4.4 i 1.3 (NS) 12.5* 1.5 8 6 i 0.6* 
Piriform cortex 8 2 10.1 7.1 F 0.5 (NS) 14.1 2 1.3 IOOi 1.0* 
Hippocampus X.0 k 0.6 5.8 + 1.0 (NS) 9.1 ri: 0.9 6.1 * 1.0* 

Results are expressed in fmol [‘H]KA bound/mg wet tissue. in absence (controls) or presence of I mM FA. 
The concentration of [3H]KA was 20 nM. Values represent the means of triplicates (k SD). For most 
regions, the result of a second experiment is indicated. 

* and ** refer to P < 0.05 and P i 0.01, respectively (Student’s I-test); NS, not significant. 
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Fig. 10. Binding of [3H]KA to cortical membranes in the 
presence of 20nM [‘HJKA and various concentrations of 
unlabelled KA @lied and empty triangles), glutamic acid 
(filied and empty circles), and FA (filled and empty squares). 
Filled symbols followed by continuous lines concern dis- 
placement from high affinity binding sites, whereas displace- 
ment from low affinity sites is illustrated by empty symbols 
and interrupted lines. The percentage of [‘H]KA remaining 
bound at different displacer concentrations is plotted 
against the logarithm of-the displacers molar&y. FA from 
Sigma and Caibiochem vielded the same results. KA. kainic 

acid; glu, glutamic acid; FA, folic acid. 

displacement curves are included in Fig. 10. Kainic 
acid was the most potent displacer, being about five 
orders of magnitude more potent than FA. Glutamic 
acid was found to be three orders of magnitude more 
potent than FA, and displaced [‘H]KA from high 
affinity sites along a steeper curve than from low 
affinity sites. Using amygdaloid and cerebellar mem- 
branes, FA yielded essentially the same displacement 
curves as obtained with cortical membranes (not 
illustrated). 

DISCUSSION 

Folic acid and kainic acid d$er substa~tiaI1~ in the 
con~ulsioe and toxic properties 

In keeping with the earlier observations of Olney 
and coworkers,33x34 our results show that local injec- 
tion of FA (25-200 nmol) into the amygdala pro- 
duces behavioural seizures and neuronal damage in 
various brain regions. In comparison to the 
sei~relbrain damage syndrome induced by KA, we 
further agree that the local toxic action of FA is less 
severe than that of KA and is not associated with 
microglial proliferation, which is a notorious local 
consequence of intracerebral KA injections. Also, 
some of the “distant” lesions caused by KA are 
reproduced by FA. However, major differences in the 
clinical, electrographic, metabolic, and histo- 
pathological consequences cannot be reconciled with 
the simple hypothesis that intra-amygdaloid injec- 
tions of FA specifically reproduce the “distant” 
seizure/brain damage pattern of KA. Thus, after FA: 

(a) the seizure pattern is not of the typical limbic type 
(few and generally aborted LMS, extrapyramidal 
signs, lack of preferential electrographic involvement 
of the dorsal hippocampus). (b) Several structures 
enhanced their rate of glucose utilisation after FA (in 
particular the fronto-parietal cortex, the ventrobasal 
complex of the thalamus, and some extrapyramidal 
structures), but not after intra-amygdaloid or sys- 
temic KA;6,46 conversely, FA had less metabolic effect 
on the regio inferior and a number of other hmbic 
structures, which are characteristically involved in the 
KA syndrome. (c) The histopathological con- 
sequences of injections of FA and KA differ in many 
respects. In the Ammon’s horn, the pyramidal cell 
layer in the CA3 field shows a preferential and 
characteristic susceptibility to intra-amygdaloid KA, 
especially in the rostra1 part towards the septal pole, 
but not to FA, neither after application into the 
amygdala (this study), nor into the substantia innom- 
inata.** FA affected only moderately the whole pyr- 
amidal layer, more consistently towards the temporal 
pole, with a striking preference for the CA4 field (the 
hilus). On the other hand, FA but not KA produces 
damage in non-limbic, notabiy extrapyramidal struc- 
tures, in the superficial layers of the fronto-parietal 
cortex, and in the ventrobasal complex of the thal- 
amus. 

It is noteworthy that intra-amygdaloid KA pro- 
duces a focal secondarily generalized limbic epileptic 
syndrome, which has been proposed as an animal 
model for human temporal lobe epilepsy,‘-5 a sug- 
gestion which is reinforced by the long term man- 
ifestation of spontaneous limbic seizures after KA 
(unpublished observations). The sequential activation 
of the limbic circuitry enables the study, in particu- 
larly suitable conditions, of the relationship between 
the propagation of paroxysmal discharge and sub- 
sequent Ammon’s horn sclerosis. In contrast, the 
pattern of seizure activity after FA is more a gener- 
alized one; it rapidly and clearly involves the cortical 
mantle and extrapyramidal structures, and includes 
various clinical signs (tonico-clonic convulsions, 
stereotypies) not seen after KA. Therefore, our re- 
sults cannot be readily reconciled with the obser- 
vations of Olney et al. that FA “reproduces all 
features of the seizure-related neurotoxicity of KA” 
(ref. 34, see also ref. 33). The discrepancy between the 
present results and that of Olney et al. could be 
related to the fact that these authors have neither 
quantified the clinical sequelae nor studied the elec- 
trographic, metabolic, and long term histo- 
pathological effects of FA and KA. 

Folic acid has no high a&nity for kainic acid binding 
sites 

The hypothesis that endogenous binding sites for 
FA may represent the neuronal target sites which 
mediate convulsive actions of KA was originally 
triggered by a brief report of Ruck et a/.,36 who 
claimed a high affinity of methyltetrahydrofolic acid 

N SC 1*,2--L 
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Table 3. Effects of kainate which are not reoroduced bv folates 

ElTect 

Increase in cGMP levels 
Field potential stimulation 
Cell destruction 
Increase in CO, production 
[‘H]KA displacement 
EEG and motor abnormalities and 

pathological sequelae 
EEG abnormalities 
Electrographic responses 
Specific pattern of binding 

Preparation 

Rat cerebellar slice 
Rat olfactory slice 
Chicken retina 
Goldfish tectal slice 
Rat striatal membranes 

Rat hippocampus 
Rat cortex and hippocampus 
Rat spinal/trigeminal neurons 
Rat brain slices 

Ref 

37.17 

3; 
29 
17 

17 
30 
16 
18a 

cGMP, Guanosine 3’:5’-phosphate. 

(a physiological FA derivative) for [‘H]KA binding 

sites on rat cerebellar membranes. Although sub- 
sequent reports seemed to corroborate this view,33.34 
there is now growing evidence against such an expla- 
nation for the convulsive properties of folates (see 
Table 3). Very recent observations of Ferkany et al.” 
even shed some doubt on the validity of the original 
observations of Ruck et al., since they could not 
displace [3H]KA with methyltetrahydrofolate from 
rat striatal membranes to any significant extent, 
leaving, however, still open the possibility of regional 
variability. In the present study, we found rather 
weak [3H]KA displacement potencies of FA in the 
striatum, but also in the cerebellum and-most im- 
portant in connection with the limbic KA seizure 
syndrome-in limbic structures as the hippocampus 
and the amygdala. Furthermore, a comparison of the 
displacement characteristics obtained under high and 
low affinity conditions with the corresponding effects 
of glutamic acid raises the question if the weak 
displacement potency of FA was really due to FA 
itself; the obtained curves could also be the result of 
approximately 0.0374 glutamic acid, present as an 
impurity in both batches of FA we used. Thus, in our 
hands FA had only a very weak or even no affinity 
at all for KA binding sites throughout the whole 
brain. Since FA has been described as more potent 
than its derivative in inducing the “KA-like 
seizure/brain damage syndrome”,” there is no reason 
to accept that our negative data (even with cerebellar 
membranes) are due to the use of FA instead of 
methyltetrahydrofolate. The very high doses of FA 

which must be injected into the amygdala to induce 
seizures, could be sufficient to occupy a certain 
fraction of KA receptors, preferentially low affinity 
ones (see Fig. 10); it may be possible that some of the 
KA-like effects of intra-amygdaloid FA are due to a 
weak interaction of FA with low affinity KA binding 
sites. Recent observations however, suggest that the 
most typical effects of KA (Ammon’s horn sclerosis, 
limbic motor seizures) are likely to be mediated by 
high affinity receptors. 7,8 In any case, keeping in mind 
our results presented above, recent results of others, 
and the actual physiological folate concentrations in 
the brain,” it is very unlikely that the interaction of 
folates with cerebral KA binding sites plays any 
important role under physiological conditions (see 
also ref. 18a). 

Possible mechanisms of “distant” damage produced IIJ 

folic acid 

Recently, two suggestions have been made to ac- 
count for the damage distant from the injection site 
after local intracerebral application of folates: neu- 
ronal damage mediated by cholinergic pathways28 or 
by seizure activity itself.‘3,34 

Folic acid-brain damage mediated by cholinergic 

pathways? McGeer and coworkers28 noted that, fol- 
lowing injection of FA into the substantia innom- 
inata; (1) the glutamic acid decarboxylase levels and 
the y-aminobutyric acid-transaminase stain were 
lowered in distant affected areas; (2) scopolamine 
pretreatment reduced the FA induced drop of glu- 

tamic acid decarboxylase in some structures; and (3) 
the distribution of damage seemed to correlate with 
the cholinergic innervation arising from the substan- 
tia innominata, in agreement with relative drops in 
choline acetyltransferase activity after KA lesion of 
the substantia innominata. Although attractive, 
several observations cannot be reconciled with this 

hypothesis: (1) Scopolamine failed to protect glu- 
tamic acid decarboxylase-containing neurons in the 
severely damaged frontal cortex. (2) The brain dam- 
age pattern after injection of FA into the substantia 
innominata is very similar to that reported in the 
present study after intra-amygdaloid FA, notably in 
the fronto-parietal cortex, which is even damaged 
after FA injections into the striatum.34 However, 
neither the amygdala nor the striatum give rise to 
cholinergic projections to the fronto-patietal cor- 
tex.9,‘5,25,26,48 (3) If point (2) could be explained by 
diffusion of FA to the substantia innominata (as 
stressed by the authors), it is surprising that the 
cingulate area of the frontal cortex is not damaged 
after injection of 2 ~1 FA solution into this structure” 
since its cholinergic innervation arises from centers 
very close to the injection site. Clearly, a full evalu- 
ation of McGeer’s hypothesis must await a detailed 
analysis of the effects of discrete FA apphcations into 
each of the various cholinergic nuclei. 

Folic acid-brain damage related to seizure activity 

per se? Previously we have shown that diazepam 
blocks the “distant” but not the local damage pro- 
duced by KA,’ and we suggested that the action of 
KA has a two-fold aetiology: (1) a local action, due 
to the direct toxic effect of KA; and (2) a distant one, 
which is not due to the diffusion of the toxin, but to 
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factors related to seizure discharge. A similar para- 
digm has been used recently by Fuller et u[.,‘~ who 
found that diazepam attenuates the “distant” dam- 
age of FA. However, it must be emphasized that the 
diazepam effect does not indicate an identical causal 
relationship between seizure discharge and “distant” 
damage in the case of FA and KA. Seizure discharge 
and associated motor convulsions can give rise to 
neuropathological alterations, either by means of 
activation of given axonal connections (possibly fol- 
lowed by the release of endogenous toxic substances), 
or as a consequence of more global disturbance, e.g. 
a mismatch between metabolic activation and blood 
supply. Recently, direct measure of cerebrovascular 
variables in the CA3 region have shown that follow- 
ing KA administration the rise in local blood flow 
more than compensates the increase in oxygen de- 
mand, and that the sclerosis of this region can be 
obtained without any hypoxia or hypercapnia.‘j 
Thus-at least for this region-it can be concluded 
that the damage does not result from a mismatch 
between metabolic activation and blood supply. Since 
this region is also the most susceptible to direct and 
indirect (epilepsy related) brain damage and by far 
the richest in specific high affinity KA binding sites as 
revealed by autoradiography,‘,” we feel confident to 
suggest that this region is the most likely one in which 
a KA-like endotoxin may well operate to produce the 
damage; furthermore, several observations suggest 
that the mossy fiber system-a major synaptic input 
to CA3-plays an important role in this vulner- 
ability. 4,3’.32a,42a Therefore, the present observations 
that this region is clearly less susceptible to FA than 
to KA (see also ref. 17) is a serious handicap to the 
suggestion that folates are KA-like endotoxins and 
produce, like KA, the “distant” brain damage by an 
excessive activation of the hippocampal circuitry. 
Factors other than the local discharge per se probably 
contribute to the aetiology of the damage. 

From the present observations we cannot deter- 
mine the causal relationship between the seizures and 
the damage induced by FA. However, a number of 
indirect lines of evidence suggest that anoxic- 
ischemic episodes may contribute to the damage, at 
least in some “distant” brain regions. Thus, there is 
good evidence that the CA1 region-which is more 
affected by FA than CA3-is also more vulnerable to 
anoxic-ischemic episodes than CA3.23@ Further- 
more, as stated above, the most impressive effect of 

FA injections into the amygdala or substantia innom- 
inata is a clearcut boundary line between damaged 
and undamaged cortex, separating from each other 
areas irrigated by the medial and anterior cerebral 
artery respectively. Various features of the brain 
damage pattern induced by intracerebral injections of 
FA (regional distribution in the fronto-parietal cortex 
and in particular in the boundary zones, status 
spongiosus, incrustations and microvacuolisation) 
are not without reminiscence to neuropathological 
alterations induced in primate and subprimate species 
by a variety of conditions associated with severe 
anoxia and or ischemia (severe reduction of cerebral 
perfusion pressure, intracarotid air embolism, atmos- 
pheric decompression, refs 12 and 14). Interestingly, 
these conditions can be associated with tonico-clonic 
generalized convulsions, and the type of damage 
produced is also seen in immobilized rats after 
generalized seizures produced by bicuculline; the 
aetiological mechanisms of the damage produced by 
this agent however are controversial (refs 6, 28a, 40, 
41 and refs therein). A recent electrographic study 
suggests similar properties of FA and bicuculline.30 

Conclusions 

The complex interactions between seizure and 
brain damage cannot be evaluated adequately relying 
only on the examination of clinical signs and sub- 
sequent brain pathology; a multidisciplinary study is 
essential. Furthermore, since many early pathological 
changes are reversible, examination of the brains 
after longer survival periods is crucial, particularly 
concerning the usefulness of experimental obser- 
vations as a model of human temporal lobe epilepsy. 
It is clear from the present study that FA is not a 
good candidate for a KA-like endotoxin and that 
there are major differences between the FA and KA 
patterns of “distant” brain damage. The causal re- 
lationship between the seizures induced by folates 
and subsequent damage remains to be investigated. 
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