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We examined binding to excitatory amino acid and inhibitory amino acid receptors in frozen hippocampal sections 
prepared from surgical specimens resected from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 individuals with medically refractory temporal lobe epilepsy. The 
excitatory receptors studied included N-methyl-D-aspartate (NMDA), strychnine-insensitive glycine, phencyclidine, 
and quisqualate. The inhibitory receptors studied were gamma-aminobutyric acid type A (GABA,) and benzodiaze- 
pine. Excitatory and inhibitory amino acid receptor binding were differentially altered in the patients with temporal 
lobe epilepsy in comparison to 8 age-comparable autopsy control subjects, and changes in receptor binding were 
regionally selective in four areas. Binding to phencyclidine receptors associated with the NMDA channel was reduced 
by 35 to 70% in all regions in the hippocampi of the patients. In contrast, binding to the NMDA recognition site and 
its associated glycine modulatory site was elevated by 20 to 110% in the cornu ammonis (CA) 1 area and dentate gyrus 
of the hippocampus of the patients. Binding to these sites was unaffected in area CA4. Binding to the quisqualate-type 
excitatory amino acid receptor was unchanged in all regions except the stratum lacunosum moleculare CA1, where it 
was increased by 63%. GABA, and benzodiazepine receptor binding was reduced by 20 to 60% in CA1 and CA4, 
but unchanged in dentate gyrus. The data indicate that excitatory and inhibitory amino acid receptors are altered in 
the hippocampus of patients with temporal lobe epilepsy. 
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Considerable evidence suggests that abnormalities of 

specific neurotransmitter systems play a role in epi- 

lepsy. Impairment of gamma-aminobutyric acid(GABA) 

ergic inhibitory neurotransmission may contribute to 

epilepsy: GABA type A (GABAA) receptor antago- 

nists zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare potent convulsants and GABAergic markers 

are selectively reduced in temporal lobe epilepsy (TLE) 
11-81. Excitatory amino acid (EAA) neurotransmitters 

such as glutamate and aspartate also may contribute to 

epileptic seizures and to central nervous system (CNS) 
injury consequent to seizures 19-13]. EAA neuro- 

transmitters are the principal excitatory neurotransmit- 

ters in mammalian brain and participate prominently 

in normal hippocampal function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1141. EAA receptor 

agonists are also potent convulsants and neurotoxins 

113, 15-17}. Local injection of EAA receptor agonists 

and stimulation of glutamatergic afferent pathways pro- 

duce a pattern of acute and chronic morphological 

changes in the rat hippocampus that are similar to the 

changes found in the hippocampus of patients with 

TLE [17-251. EAA receptor antagonists possess anti- 

convulsant properties and prevent the morphological 

changes associated with seizures 113, 16,26-28}. EAA 

receptors may be involved in the formation of epilep- 

togenic foci since antagonists of EAA receptors sup- 

press the development of spontaneous seizures and as- 
sociated neurochemical changes produced by kindling, 

a model of TLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA129-331. Direct evidence to support 

the role of EAA in human epilepsy, however, is limited 

t34-373. 
The current study is based on the hypothesis that 

binding to EAA and inhibitory amino acid (IAA) neu- 

rotransmitter receptors may be altered in epileptic 

brain tissue of patients with TLE. We measured bind- 

ing to receptors associated with the N-methy1-D- 

aspartate (NMDA) receptodchannel complex, the 

quisqualate-type EAA receptors, and the GABAA- 

benzodiazepine complex IAA-type receptors in hippo- 
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PCP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAReceptor 
Glycine Receptor NMDA Receptor (Channel Site) 

3H-Glycine 3H-Glutamate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig 1. Tbe receptor components that comprise the N M D A  receptor/ 
channel complex. The N M D A  recognition szte can be selectively 
labeled wzth [3Hjglutamate. Acttvatzon ofthe glycine modulatory 
szte markedly enhances receptorlchannel actzwation {'HjGlyctne 
can be wed t o  selectively label thzs site. The phencyclzdzne zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(PCP) 

analogues, trztzated tbzenyl derzvatzve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof PCP (TCP) and 
MK-801, reduce receptorlchunnel acttuatzon by binding t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu szte 
wzthin the channel The binding site can be labeled sehctively zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
wzth {jH}TCP. 

campal tissue resected from patients with medically re- 

fractory TLE and from comparably aged postmortem 

control specimens. 

The regional distribution of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEAA and 1AA receptors 

in brain can be imaged and studied quantitatively by 

labeling each receptor with a tritiated ligand under con- 

ditions selective for each receptor type. The NMDA- 
type EAA receptodchannel complex is comprised of 

several regulatory binding sites (Fig 1) [38}. The 
NMDA recognition site can be selectively labeled, un- 

der appropriate conditions, with E3H]glutamate. The 

associated glycine modulatory site can be measured 

with C3H]glycine. The tritiated thienyl derivative of 
phencyclidine (TCP) selectively labels a binding site 

located within the NMDA receptor-associated iono- 
phore. The quisqualate-subtype of EAA receptors 

can be measured with X3H]glutamate under selective 

conditions. The modulatory receptors comprising the 

GABA, receptor/ionophore complex can be mea- 
sured with [3H]muscimol to label the GABA, recogni- 

tion site and [3H}flunitrazepam to label the associated 
benzodiazepine site [3C)]. 

Materials zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Methods 
We studied 8 patients (4 males and 4 females) with medically 

refractory TLE whose seizure focus orlginated unilaterally 

(Table 1). The anterior 2 cm of the hippocampus was re- 

sected from these patients. Control hippocampus was ob- 

tained at autopsy from 8 subjects (4 males and 4 females) 

who had no reported history of neurological or psychiatric 

disease (mean age ? standard error of mean, 46 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 5 years; 

postmortem delay, 11 +- 2 hours). Hippocampal tissue was 

examined by a neuropathologisr (P. E. M.) to determine an 

anatomical diagnosis, and neuronal loss was rated qualita- 

tively. 

Materials 
C3H}TCP was obtained from New England Nuclear (Wil- 

mington, DE). C3H]Glutamate, C3H]g1ycine, [3H]muscimol, 

and ['H]flunitrazepam were obtained from Amersham (Ar- 

lington Heights, IL). All the unlabeled compounds were 

purchased from commercial sources. 

Table 1 .  Clinical Charactmitics and Netlropathological Findings of Patients with Temporal Lobe Epilepsy 

Age at Duration of Seizure 
Seizure Initial Frequent Frequence Medications 

Patient Side Onset Febrile Seizures at Time of at Time of 
No. Sex Age (yr) Resected (yr) Seizure (yr) Surgery Surgery Pathology 

F 29 

F 29 

F 20 

M 28 

M 60 

F 18 

M 43 

M 27 

0.5 

13 

4 

2 

1 

9 

0.5 
1 

Yes 

No 

N o  

N o  

Yes 

No 

Yes 

Yes 

21 

16 

16 

16 

40 

6 

34 

20 

41wk, CPS 
l/mo, GTC 

3/wk, CPS 

Slwk, CPS 

llwk, SPS 

Ilmo, CPS 

1.5/mo, 
CPS 

8Im0, SPS 

8/mo, CPS 

3lwk, CPS 

Ywk, CPS 

PHT 
P 

PHT 
CBZ 

CBZ 
VPA 

PHT 

PHT 

CBZ 
VPA 

CBZ 

CBZ 

CA1 
Neuronal loss 

Astrocytoma, grade 1 

Astrocytoma, grade 1 

Neuronal loss and 

CA1, calcification 

Not available 

gliosis 

CA4 

Oligodendroglioma 

Not available 

Neuronal loss in den- 
tate gyrus 

CPS = complex partial seizures; GTC = generalized tonic-clonic seizures; SPS = simple partial seizures; PHT = phenytoin; P = primidone; 
CBZ = carbamaepine; VPA = valproic acid. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Tissue Preparation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Once obtained, hippocampal specimens from patients with 

TLE and autopsy control subjects were quickly frozen on 

dry ice, stored at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 70°C, and mounted on cryostat chucks. 

Mounted specimens were allowed to equilibrate to the tem- 

perature of the cryostat ( -  12 to - 20°C) and 20-pm frozen 

sections were cut and thaw-mounted onto gelatin-coated 

slides. Binding to each type of receptor was carried out in 

adjacent serial sections from each specimen. Total receptor 

binding and nonspecific binding were determined in at least 

3 sections per specimen per each receptor assay In order to 

remove endogenous neurotransmitters and modulatory 1i- 
gands, all sections underwent a prewash for 30 minutes at 

4°C in the indicated buffer and were blown dry under a 

stream of air at room temperature prior to receptor labeling. 

The sections were incubated with radioactive ligands at sub- 

saturating concentrations for periods of time shown pre- 

viously to allow equilibrium conditions to be reached. During 

the incubation period, sections were placed in cytomaders 

containing the PH)ligand (final volume, 8 ml); under these 

conditions less than 5% of free ligand is bound. 

N M D A  Recognition Site Binding Assay 
The EAA receptor agonist [3H}glutamate was used to label 

the NMDA-type EAA receptor recognition site under condi- 

tions that select for binding to NMDA recognition sites [40, 

41). Sections were prewashed for 30 minutes at 4°C in 50 

mM Tris-acetate (pH 7.4) to remove endogenous EAA neu- 

rotransmitters, and were dried under a stream of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAair at room 

temperature. Subsequently, sections were incubated for 45 

minutes in 50 mM Tris-acetate (4"C, p H  7.4) containing 2.5 

pM quisqualate and 40 nM [3H]glutamate to label NMDA 

recognition sites selectively. Since glutamate binds to both 

NMDA and quisqualate receptors, a 2.5 pM concentration 

of quisqualate, which saturates quisqualate receptors, was in- 

cluded in the incubation buffer so that [3H]glutamate would 

selectively label the remaining NMDA-type EAA receptors. 

A second group of sections was incubated in the above buffer 

and unlabeled glutamate (1 mM) to determine the level of 

nonspecific binding. Following incubation, sections were 

rinsed three times with 2 ml of ice-cold buffer, followed by 

a final rinse with 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAml of ice-cold glutaraldehyde (49%)- 
acetone mixture (1:19 vol/vol), and quickly dried under a 

stream of warm air to minimize uneven ligand dissociation. 

Glycine Modulatoly Site Binding Assay 
Tissue sections were prewashed in 50 mM Tris-citrate (pH 

7.4,4"C) for 30 minutes to remove endogenous ligands, and 

then were dried under a stream of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAau at room temperature. 

Tissue sections were then incubated in the same buffer (pH 

7.4) containing 100 nM [3H]glycine and 100 pM strychnine 

for 35 minutes at 4°C 142). Under these conditions, the satu- 

rating concentration of strychnine prevents [3H]glycine from 

labeling the inhibitory glycine receptor and provides a selec- 

tive measure of the glycine modulatory sites associated with 

the NMDA receptorlchannel complex 142). Nonspecific 

binding was determined in the same buffer in the presence 

of 1 mM unlabeled glycine and represented less than 10% 

of total binding. Following incubation, sections were rinsed 

three times with 2 ml of ice-cold buffer, followed by a final 

rinse with 2 ml of ice-cold glutaraldehyde-acetone mixture 

(1:19 vol/vol), and quickly dried under a warm stream of air 
to optimize the level of specific binding and to minimize 

uneven ligand dissociation. 

Phencyclidine Receptor (NMDA-Associated 
Channel Binding Site) Binding Assay 
Sections were prewashed for 30 minutes in 50 mM Tris- 

acetate (pH 7.4, 4°C) to remove endogenous modulatory 

compounds, and sections were dried under a stream of air 

at room temperature. Phencyclidine (PCP) receptors were 

labeled with the selective PCP receptor ligand ['HITCP. Tis- 

sue sections were incubated with 30 nM E3H]TCP in 50 mM 

Tris-acetate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAplus 1 mM magnesium (Md') acetate for 45 
minutes at 4°C (pH 7.4) 141, 431. Addition of 1 mM Mg2+ 

to the incubation buffer previously has been shown to max- 

imize the level of f3H)TCP binding in frozen bran sections 

1431. With this method, binding equilibrium is aLhieved by 

approximately 45 minutes in the presence of 1 mM Mg2+. 

The level of nonspecific binding was determined by incubat- 

ing sections in the same buffer containing 20 pM unlabeled 

TCP. The level of nonspecific binding was minimized by 

subsequently rinsing the sections, after the incubation, three 

times for 1 minute each with ice-cold buffer. Sections were 

then rapidly dried under a stream of warm air. 

Quispalate-Type Receptor Binding Assay 
Sections were prewashed for 30 minutes in 50 mM Tris- 

hydrochloric acid (HCl) (pH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.4, 4°C) to remove endoge- 

nous ligands and then dried under a stream of cool air. The 

quisqualate subtype of EAA receptors was labeled with 

C3H)glutamate in the presence of a saturating concentration 

of NMDA to prevent [3H)glutamate binding to the NMDA 

site. This method selectively labels quisqualate receptors in 

human brain tissue {40,44]. Tissue sections were incubated 

for 45 minutes in 50 mM Tris-HC1 (pH 7.4) containing 100 

p M  NMDA and 2.5 mM calcium chloride (CaCl,) at 4°C. 

Addition of 2.5 mM CaCI, to the incubation medium selec- 

tively maximizes binding to the quisqualate subtype of EAA 

receptors. The level of nonspecific binding was determined 

by incubating additional sections in the same incubation 

buffer plus 1 mM unlabeled glutamate. Subsequently, tissue 

sections were rinsed three times with 2 ml of ice-cold buffer 

and one time with ice-cold glutaraldehyde-acetone solution 

(1:19 vol/vol) and rapidly dried under a stream of warm air. 

Under these conditions, binding in this assay represents 

mainly postsynaptic neuronal, non-NMDA-type quisqualate 

receptors {44). In contrast to binding in membranes, quisqua- 

late receptor binding in the presence of CaCI, in frozen tissue 

sections represents postsynaptic high-affinity neuronal bind- 

ing sites rather than sequestration sites 1441. 

G A B A  Receptor Binding Assay 
Tissue sections were prewashed for 30 minutes in 50 mM 

Tris-citrate (pH 7.0,4"C) to remove endogenous ligands and 

were dried under a stream of cool air. GABAA receptors 

were labeled with the selective GABAA receptor ligand 

[3H]muscimol [45]. Sections were incubated for 30 minutes 
in 50 mM Tris-citrate (pH 7.0, 4°C) containing 50 nM 

[3H]muscimol. The level of nonspecific binding was deter- 
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mined in the presence of 100 pM GABA. Following incuba- 
tion, sections were rinsed four times with 2 ml of ice-cold 
buffer and rapidly dried under a stream of warm air. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Benzodiazepine Receptor Binding Assay 
Sections were prewashed three times for 5 minutes each at 
4°C in 50 mM Tris-citrate (pH 7.0) to remove endogenous 
ligands and dried under a stream of cool air. Benzodiazepine 
receptors associated with GABA, receptor/channel com- 
plexes were labeled with the selective benzodiazepine recep- 
tor ligand {3H}flunitrazepam [46, 473. Sections were incu- 

bated for 30 minutes in 50 mM Tris-citrate (pH 7.0, 4°C) 
plus 10 nM [3H)flunitrazepam. Nonspecific binding was de- 
termined in the presence of the benzodiazepine receptor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAli- 
gand clonazepam (1 mM). Following incubation, sections 
were rinsed two times for 5 minutes each in ice-cold buffer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and rapidly dried with a stream of warm air. 

Data Collection and Analysis 
Tissue sections were apposed to tritium-sensitive film zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(LKB 
Ultrafilm 3H; Pharmacia Co, Bromma, Sweden) for 1 to 8 

weeks. A set of radioactive standards (American Radiochemi- 
cals, St Louis, MO; ARC 3H) calibrated against brain pastes 
with known amounts of tritium was exposed with each film. 
Quantitanve analysis of the resulting autoradiograms was per- 
formed densitometrically with a microcomputer-based video 
densitometer system (Imaging Research, St Catharines, On- 

tario, Canada) {45}. Optical density values were converted 
to pmol/mg of protein values with a computer-generated 
polynomial regression analysis that compared film densities 
produced by the tissue sections to those of radioactive stan- 
dards. Ten readings per area were averaged and means of 
averaged readings from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 to 5 sections per patient per recep- 
tor assay were compared to corresponding values for control 
subjects. Four hippocampal regions were examined: stratum 

lacunosum moleculare and stratum pyramidale of cornu am- 
monis 1 (CAl), area CA4 (hilus), and stratum moleculare of 
the dentate gyrus. Other hippocampal areas were not consis- 
tently present in resected tissue from patients with TLE. Re- 
ceptor binding data represent specific binding (total minus 
nonspecific binding) and are presented as mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* SEM in 

density units (fmol/mg of protein). Statistical comparisons 
were made with one-way analysis of variance (ANOVA). 

Results 
Table 1 contains a summary of the clinical characteris- 

tics and neuropathological findings of the 8 patients 

with TLE. The mean age zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2 SEM) of the patients with 

TLE at the time of surgery was 32 2 5 years compared 

to 46 2 5 years for the autopsy control subjects (n = 

8). The range of ages in both groups was simiiar (TLE, 
18 to 60 years; controls, 22 to 61 years). Four of the 

8 patients with TLE were male. In 6 of the 8 patients 

with TLE, seizures originated from the left hemisphere. 

The initial age of onset of seizures occurred in the first 

postnatal year in 4 of the 8 patients with TLE and these 

seizures were all associated with febrile convulsions. 

The duration of the seizure disorder ranged from 6 to 

40 years (mean ? SEM, 21 ? 4 years). The patients 

with TLE were taking single or multiple anticonvulsant 

drugs (see Table 1). At the time of surgery, the patients 

received multiple different medications, including thia- 

mylal (Surital), fentanyl, droperidol, and labetalol, as 

well as the anesthetics nitrous oxide, isoflurane (For- 

ane). One patient received morphine, and another, lor- 

azepam. Although hippocampal neuronal loss was not 

examined quantitatively in this study, qualitative analy- 

sis of the hippocampi in the patients with TLE by a 

neuropathologist (P. E. M.) revealed mild astroglial 

proliferation and loss of pyramidal and granule cells in 

the majority of patients. Severe cell loss in the hippo- 

campal subfields and in the hilus, typical of Ammon’s 

horn sclerosis, was not evident in any of the patients. 

Three patients had extrahippocampal temporal lobe tu- 

mors: 2, grade 1 astrocytomas; and 1, oligodendro- 

glioma. 

NMDA Recognition Site Binding 
Regionally selective increases in binding to the NMDA 

recognition site were observed in the surgical hippo- 

campal specimens compared to autopsy control brains 

(Table 2, Figs 2 and 3). Significant mean increases in 

NMDA recognition site binding were found in stratum 

lacunosum moleculare and stratum pyramidale of hip- 

pocampal area CA1, and in stratum moleculare of the 

dentate gyms but not in the CA4 subfield of the hippo- 

campi of patients with TLE, compared to autopsy con- 

trol subjects. Elevated levels of NMDA recognition 

site binding were not found in all TLE specimens: 1 
TLE specimen exhibited levels of NMDA receptor 

binding lower than the mean level in autopsy control 

subjects. The interspecimen variability in receptor 

binding was greater in the TLE group than in the au- 

topsy control subjects. 

Glycine Modalatory Site Binding 
Selective laminar changes in E3Hfglycine binding were 

observed in the CA1 hippocampal subfield (see Table 

2 and Fig 3 ) .  In the TLE group, glycine modulatory 

site binding was significantly increased in stratum lacu- 

nosum moleculare but the level of binding in stratum 

pyramidale was equivalent to the level in autopsy con- 

trol subjects. Binding in stratum moleculare in the den- 

tate gyrus of TLE specimens was significantly elevated 

relative to binding in autopsy control subjects. In con- 

trast, equivalent binding densities were observed in 

hippocampal subfield CA4 of TLE and control groups. 

The variation in {3H)glycine binding in both TLE and 

autopsy groups was greater than for any of the other 

binding assays and the degree of variation in the TLE 
group was especially pronounced. In fact, { ’Hfglycine 

binding densities in several patients with TLE were 

below the corresponding mean binding densities of the 

autopsy control subjects. 
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Table 2. Excitatov and Inhibitov Amino Acid Receptor Binding in Hippocampas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~f Pcctients with Temporal Lobe Epilepsy (TLE)" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Hippocampal Region 

Stratum Lacunosum Stratum Pyramidale of Stratum Moleculare 
Receptor Binding Moleculare of CA 1 CA 1 CA4 of Dentate Gyrus 

NMDA 
Control 
TLE 

Glycine (strychnine-insensitive) 
Control 
TLE 

Phencyclidine 
Control 
TLE 

Quisqualate 
Control 
TLE 

GABA, 
Control zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TLE 

Benzodiazepine 
Control 
TIE 

175 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 15 
365 ? 4gb 
(+ 108%) 

4 6 9 k  45 
801 f 137' 
(+71%) 

122 t 18 
79 f 10 

( -  35%) 

298 ? 25 
486 t 81' 
(+ 63%) 

3250 ? 281 
1803 f 279b 
(-45%) 

966 2 92 
790 * 93 
( -  18%) 

480 i 46 
702 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 84' 
(+46%) 

1093 t 72 
1231 * 186 

(+ 13%) 

373 i 27 
209 2 25" 
(-44%) 

487 * 29 
598 * 89 
(+23%h) 

4843 * 357 
3180 * 382' 

(-34%) 

1161 k 68 
820 k 87' 
( - 29%) 

96 * 13 
145 * 5 1  
(+51%)  

304 * 33 
344 2 95 
(+ 13%) 

112 f 10 
33 * 7d 

(-71%) 

201 * 16 
174 k 49 
( -  14%) 

1279 t 122 
53.1 2 183b 
( -  58%) 

480 f 45 
262 f 77' 
( -  45%)  

288 rt 43 
610 ? 71d 
(+ 11 1%) 

675 t 67 
1065 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 162' 
(+ 57%) 

247 -C 29 
163 * 23' 
( -  34%) 

520 rt 40 
589 rt 72 
(+ 13%) 

4603 2 350 
3933 431 
( -  15%) 

1197 k 40 
1107 * 86 
( -  7%) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

aValues represent mean 2 SEM (fmol houndimg of protein). Values in parentheses represent percent change in mean receptor binding in 
hippocampus of patients with TLE relative to control subjects. 

' p  < 0.05. 
bp < 0.01. 

d$ < 0.001. 

Phencyclidine Receptor (Chunnel Site) Binding 
E3H}TCP binding to the NMDA-associated ionophore 

was consistently decreased in all four hippocampal re- 

gions of specimens from patients with TJX, compared 
with autopsy control values (see Table 2, Figs 2 and 

3). The largest decrease was observed in the CA4 sub- 

field, with smaller decreases in other hippocampal 

regions. Variation in PCP receptor binding between 

specimens was equivalent for TLE and autopsy control 

groups and was the smallest observed among the differ- 
ent binding assays. PCP binding densities were uni- 
formly lower in specimens from patients with TLE than 

corresponding mean densities of the autopsy control 

group. 

Compurison of Relative Changes in NMDA, Glycine, 
and Phencyclidine Receptor Binding 
Figure 4 illustrates the relative changes in binding to 

three components of the NMDA receptor/channel 

complex within individual patients with TIE. In stra- 
tum lacunosum moleculare of CA1, the pattern of rela- 

tive changes in NMDA, glycine, and PCP receptor 

binding was consistent between patients with TLE. The 

elevations of NMDA binding paralleled the changes in 

glycine receptor binding in patients with TLE. PCP 

receptor binding was consistently reduced in patients 

with TLE. Similar relative changes were observed in 

the other hippocampal areas examined. 

Quisquulute-Type Receptor Binding 
E3H1Glutamate binding to quisqualate-preferring re- 
ceptors in stratum lacunosum moleculare of CA1 was 

significantly elevated in patients with TLE, compared 
with autopsy specimens (see Table 2 and Fig 3). A 

similar trend was observed in stratum pyramidale of 
CA1, but the results were not statistically significant. 

However, equivalent binding densities were observed 
between specimens from patients with TLE and au- 

topsy control subjects in the CA4 subfield and in stra- 

tum moleculare of the dentate gyrus. Interspecimen 

variation in binding densities was greatest in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe TLE 
group, compared with the autopsy group. 

GABAA Receptm Binding 
The changes in IAA receptor binding in the hippocam- 

pus of patients with TLE were different from those in 

EAA binding (Figs 5 and 6; see Table 2). GABA, re- 

ceptor binding was significantly reduced in both lami- 
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Fig 2. Quantitative autoradiograms of N M D A  (A, B )  andphen- 
cyclidine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(PCP) (C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0) receptor binding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin the hippocampus of 
patients with temporal lobe epilepsy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(TLE) (A, Ci and control 
subjects (B, 0). N M D A  receptors were labeled with 40 nM 
{3H)glutamate in 50 mM Tris-acetate plus 2.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf l i  quisquaiate. 
PCP receptors were labeled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwith 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn M  f3H)TCP (tritiated thi- 
enylderivative of PCP) in 50 mM Tris-acetate and 1 m M  magne- 
siam acetate. Note that the color scale bars for N M D A  and PCP 
receptor binding are different. N M D A  and PCP receptor binding 
have similar regional distributions in control .specimens. 

Fig 5 .  Quantitative autoradiograms of GABA, receptor binding 
in the h+pocampns of patients with temporal lobe epilepsy (TLE) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(A) and autopsy controls (Bj. GABA, receptors were labeled with 
50 nM {3H)muscimol in 50 mM Tris-citrate. 
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Fig  3. Histograms of excitatory amino acid receptor binding. (At 
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of CAI,  (C/ CA4, and (D) stratum moleculare in the dentate 
gyrus of' hippocampi from patients with chronic temporal lobe 
epilepsy (TLE) and from age-matched autopsy control subjectJ. 
Binding t o  quisqualate-type glutamate receptors (QUIS) and t o  
three receptors comprising the N M D A  receptor channel complex 
( N M D A  recognition site, &cine modulatoly site, and phencycli- 
dine [PCP] receptor) was measured in adjacent frozen sections 
with in vitro receptor autoradiography. Data represent binding 
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in the hippocampus of patients with TIE, compared 
with autopsy control subjects. Binding densities, how- 

m b I G G  ever, were equivalent between the groups in the stra- 

turn moleculare of the dentate gyrus. The degree of 
GABA, receptor binding variability between speci- 

mens was similar for both TLE and autopsy control 

groups. 
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Benzodiazepine Receptor Binding TLE Patient 

The regional changes in benzodiazepine receptor bind- 
ing between and autopsy groups Paralleled the 
regional changes in GABAA receptor binding (see Ta- 

ble 2, and Figs 5 and 6); however, there was a nonsig- 
nificant trend for the magnitude of these changes to be 

smaller. [3H)Flunitrazepam binding to benzodiazepine 

Fig  4. Comparison relative binding t o  N M D A ,  glycine, and 
phencyclidine (PCP) receptors within temporal lobe epilepfy (TLE) 
specimens. Mean receptor binding in  stratum moleculare in CAI 
is expressedas a percent of mean binding in autopsjl controls. The 
patient numbers correspond to  the patient numbers listed in 
Table 1. 
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Fig  6. Histogram of  inhibitory amino acid (IAA) receptor bind- 
ing (GABA, and benzodiazepine [BDZ] receptors) in four hippo- 
campal regions from patients with temporal lobe epilepsy (TLE) 
and from age-mtched autopsy controls (n = 7igroup). IAA recep- 
tors were Labeled in sections adjacent to those used to  label excitatory 
amino acid receptors [see F i g  3). Data points represent binding 
densities in individual patients and horizontal lines indicate 
mean binding densitiesigroup. (A) Stratum lacunosum moleculare 
of CAI .  (Bi Stratum pyramidale of C A I .  (0 CA4. (D} Stratum 
moleculare of the dentate gyrus. *p < 0.05, ** p < 0.01, *+*p 
< 0.001. 

receptors was significantly reduced in stratum pyrami- 
dale of CA1 ( - 29%) with a similar trend in stratum 

lacunosum moleculare of CA1. Binding densities were 

similar between groups in stratum moleculare of the 

dentate gyrus. A significant decrease in binding was 

observed in TLE CA4 subfield (-45%), compared to 

autopsy controls. The variability in binding between 

specimens was similar in TLE and control groups. 

Discussion 
We examined the hypothesis that EAA and IAA neu- 
rotransmitter receptor binding are altered in hippo- 

campal tissue removed from patients with TLE. The 

hippocampal tissue examined in these studies con- 
tained pathological evidence of neuronal loss but not 

advanced mesial temporal sclerosis. Using quantitative 

receptor autoradiography, we found that EAA and 

IAA receptor binding were differentially altered in the 

hippocampus of patients with TLE, compared with au- 

topsy control subjects. The observation that binding 
to IAA (GABA, and benzodiazepine) receptors was 

reduced is consistent with previous observations 141. 
Similarly, the reduction in binding to the PCP receptor 

site located within the excitatory NMDA receptor 

channel was reported in a recent preliminary commu- 

nication {48). The novel observation made in this study 

is that the density of NMDA-type EAA receptor sites 

and glycine modulatory sites was increased in the same 
tissue in which binding to the PCP channel receptor 

was reduced. Thus, we found two possible neurotrans- 

mitter receptor alterations that could contribute to en- 

hanced neuronal excitability: a reduction in IAA recep- 
tor binding and an increase in the ratio of NMDA 

and glycine-type EAA receptors to PCP-type receptors 
within the NMDA receptor-operated channel. Al- 

though this is the first report of an increase in the ratio 

of NMDA receptors to PCP receptors in hippocampus 
from patients with TLE, a similar alteration in the 

NMDA receptorlchannel complex was observed in 
animal experiments, described below [49, 503. This 

change could contribute to enhanced vulnerability of 
the TLE hippocampus to progressive neuronal injury. 

The experimental methods and design of this study 

have some limitations. Both the small number of speci- 
mens and the inherent problems of neuropathological 

variability associated with studies of chronic neurologi- 
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cal brain disorders limit the interpretation of the data. 

Because of the relatively small number of specimens 

per group, the effects of possible confounding variables 

such as the effects of postmortem delay on receptor 

binding in autopsy control specimens or  the effects of 
chronic medication on receptor binding in patients 

with TLE could not be directly determined. Some evi- 

dence suggests that effects of postmortem delay do not 
substantdly alter the results. A previous study with a 

larger number of autopsy specimens demonstrated no 

correlation between the postmortem delay period (0 

to 16 hours) and the density of EAA and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIAA receptor 

binding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 5  l}. Also, the EAA and IAA receptor binding 

changes observed in our study were in opposite direc- 
tions and were regionally selective. This argues against 

a generalized effect of postmortem delay. 
The greater mean age of autopsy control subjects 

compared with patients with TLE may contribute to 

the apparent elevation of receptor binding in TLE pa- 

tients since in a previous study receptor binding densi- 

ties tended to decrease up to 10% per decade in hu- 

mans [5 11. Although these age-related differences may 
contribute to the observed changes, they cannot ex- 

p h n  the entire increase in NMDA and glycine re- 
ceptor binding in patients with TLE (50 to 100% in- 
crease) or  the decreased binding to PCP receptors 

and GABA, or benzodiazepine receptors. 

The effects of medications may be confounding fac- 

tors. Rinsing tissue sections prior to receptor labeling 

should remove perioperative or chronic anticonvulsant 

medications from the tissue of patients with TLE. Only 

1 patient received a medication (morphine) that di- 

rectly alters EAA and IAA receptor binding 1521. It is 
likely, however, that chronic anticonvulsant treatment 

contributed to the changes in receptor binding. Al- 

though none of the patients received anticonvulsant 

compounds whose site of action is at EAA or IAA 

receptors (except one who received primidone in com- 

bination therapy), chronic treatment may indirectly 

cause regulatory changes in these receptors. Although 
there is no experimental evidence to support this idea, 
the effects of chronic anticonvulsant treatment cannot 

be ruled out. 

Another problem was the limited amount of hippo- 
campal tissue avilable from patients with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATLE. This 

made it impossible to perform detailed kinetic studies 

to assess whether the changes in equilibrium binding 

represented changes in receptor affinity or alterations 

in receptor numbers. In addition, the severity of re- 

gional neuronal loss in TLE specimens could not be 
reliably assessed in the frozen tissue sections. It is un- 

likely that differences between groups in endogenous 
neurotransmitters and neuromodulations that bind to 

EAA and IAA receptors could account for the ob- 

served changes in receptor binding since the tissue was 
prerinsed prior to receptor labeling under conditions 

that have been demonstrated to minimize potential dif- 

ferences in residual endogenous compounds. How- 

ever, the binding could reflect the presence of very 

adhesive molecules such as polyamines. If this is the 

case, our in vitro observations could reflect physiologi- 
cally significant alterations in the state of receptors in 
living tissue. 

NMDA Recognition Site Binding 
The pattern of NMDA recognition site binding ob- 
served in autopsy control specimens was similar to the 

pattern of binding observed in previous studies of hu- 

man and nonhuman primate hippocampus [ 5  3-55}. 
The regionally selective elevation of NMDA receptor 

binding within the CA1 subfield in stratum lacunosum 

moleculare and stratum pyramidale in TLE specimens 

corresponds to the hippocampal fields that receive the 

majority of EAA neurotransmitter inputs C141. The 

enhanced binding in TLE specimens compared to au- 

topsy controls can be related to several mechanisms or 

combination of mechanisms. The apparent increase in 

NMDA receptor binding in patients with TLE may 
represent a selective loss of these receptors in the au- 
topsy control specimens as a result of postmortem de- 

lay; however, this seems unlikely based on previous 
studies { 5  1, 541. Alternatively, the enhanced binding 

may reflect regulatory changes secondary to altered 

neuronal activity, neuronal injury, adaptive reorganiza- 
tion of neuronal circuits, and/or chronic anticonvulsant 

treatment. Studies in experimental animals demon- 

strated that excitotoxic injury or abnormal functional 
activity in the hippocampus is associated with axonal 

sprouting and synaptic rearrangement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 56-58}, and 

such synaptic rearrangements appear to occur in the 

hippocampus of patients with TLE C24, 59-61). 
Whether these rearrangements are associated with an 

increase in NMDA receptor binding is not known. We 

found in a series of animal experiments that the nun-  

ber of NMDA receptor (recognition) sites increases 

rapidly by as much as 100% in response to treatment 
with drugs that block the NMDA-operated channel 

C49, 621. 
Previous studies of NMDA receptor (recognition 

site) binding in human brain tissue from patients with 
epilepsy yielded conflicting results. NMDA receptor 

binding was elevated in two preliminary reports of 

NMDA receptor binding in patients with TIE. In one 

study, the maximal amount of ligand bound to the 
NMDA receptor binding was increased 2.5-fold in ho- 

mogenates prepared from the epileptic focus in tempo- 
ral Cortex compared to nonepileptic temporal cortex 

of patients with TLE [63}. In a second study, NMDA 
receptor binding was increased in the entorhind Cortex 

of TLE specimens compared to autopsy controls, as 

determined by quantitative receptor autoradiography 

[64]. Two other preliminary studies suggested that 
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the NMDA recognition site binding is reduced in the 

hippocampus of patients with TLE. Hosford and 

colleagues zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA{48] reported reduced NMDA-sensitive 

[3H]glutamate binding in the CA3 subfield of patients 
with TLE from Ammon’s horn sclerosis. In the second 

study zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA{64), reductions in NMDA receptor binding 

were reported in the CAI, CA3, and CA4 hippocm- 
pal subfields of patients with TLE from Ammon’s horn 

sclerosis. The differences in results may reflect the se- 
verity of the neuropathology in the patients examined. 

In contrast to the extensive neuronal loss in TLE speci- 

mens (i.e., Ammon’s horn sclerosis) examined in the 

studies reporting NMDA receptor loss [48, 641, the 
severity of pathology in our study was not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas marked 

and none of our patients had Ammon’s horn sclerosis. 

Three of the 8 TLE specimens in our study contained 
low-grade gliomas. 

Glycine Modtllatoy Site Binding 
Previous studies of EAA receptor binding in TLE did 

not examine strychnine-insensitive {3H)glycine bind- 

ing. The distribution of glycine modulatory site binding 

paralleled the distribution of NMDA recognition site 

binding in the hippocampus of autopsy control speci- 

mens, which is consistent with previous reports of colo- 
calization of these receptors in human brain {65]. The 

regionally selective receptor binding changes observed 
in the hippocampus of patients with TLE paralleled, 

in general, the increases in NMDA recognition site 
binding. One exception was in stratum pyramidale of 

CA1, where only binding to the NMDA recognition 
site was elevated. The coordinate changes in these two 

binding sites are consistent with the idea that these 

two sites are components of the same receptor/channel 

complex (see Fig 1). The results suggest that these two 
sites are simultaneously upregulated in the hippocam- 

pus of patients with TLE despite neuronal injury and 

cell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss. 

Phencyclidine Receptor (Channel Site) Binding 
The topography of C3H}TCP binding in autopsy con- 

trol specimens was similar to the pattern of binding to 

the other two components of the NMDA receptor 

complex (NMDA and glycine receptors), which is con- 
sistent with the idea that these receptors comprise a 

receptor complex (see Fig 1). The distribution of 
C3H]TCP binding was similar to the pattern described 

in previous reports on human hippocampus [66, 67). 
Reduced [?H)TCP binding w a  found in all four hippo- 

campal regions of patients with TLE compared to con- 

trol subjects, in contrast to the more selective regional 

changes found in binding to NMDA and glycine sites. 

The same factors already mentioned (anticonvulsant 

treatment, neuronal cell loss and synaptic reorganiza- 

tion, receptor downregulation, and postmortem autoly- 

sis in control specimens) could have contributed to 

these changes. A previous study suggested that post- 

mortem autolysis does not contribute to the results 

[5  11. Chronic anticonvulsant treatment could have 

contributed to the changes and cannot be ruled out. 
However, none of the anticonvulsants the patients had 

taken are known to have effects at the NMDA recep- 

tor/channel complex. 

Change in the Ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof NMDA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto Phencyclidine 
Binding Sites 
Binding to the PCP receptor site within the NMDA- 
operated ion channel is reduced even though binding 

to the associated NMDA and glycine receptor sites is 
elevated in the same tissue. This change might be re- 

lated either to an increase in NMDA and glycine sites 

not associated with NMDA-operated channels or to an 

apparent change in the ratio of NMDA and glycine 

receptor sites to PCP channel sites per recepcorlchan- 

nel complex {68). There are several experimental pre- 

cedents for a change in the quantitative relationship 

between NMDA receptor sites and PCP channel sites. 

E3HITCP binding is modulated by NMDA and glycine 
receptor activation [69, 701. The effective coupling be- 

tween these receptors may be reduced in patients with 

TLE as has been demonstrated in patients with Alzhei- 

mer’s disease [71-73}, such that the remaining endog- 
enous glutamate and glycine in the tissue sections is 

less effective at increasing E3H)TCP binding. It is also 
possible that multiple genetic forms of NMDA recep- 
tor/channel complexes exist, each with a different ratio 

of NMDA, glycine, and PCP receptors 142). Our data 

could reflect an alteration in the relative numbers of 
these different forms expressed in selected regions of 

TLE hippocampus. 
A third possibility is that the reduction in [3H1TCP 

binding and increased binding to the NMDA recogni- 

tion site reflect a reaction to neuronal injury within 

the hippocampus of patients with TLE and functional 

expression of cryptic NMDA receptors C14, 22-25, 
53-55, 66, 74, 751. Damage to dendrites of principal 
hippocampal neurons could result in a loss of NMDA 

receptorlchannel complexes, reflected in a loss of 

T3H}TCP binding sites. The enhanced NMDA binding 
could reflect functional NMDA receptor upregulation 

secondary to reduction in PCP channel activity. This 

hypothesis is supported by our experimental observa- 
tion that blockade of PCP channels by MK-801 results 

in a prompt increase in NMDA receptors in rodents 

1493. 

Qtlisqgalate-Type Receptor Binding 
The regional distribution of quisqualate receptor bind- 

ing in the hippocampus of control specimens zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas simi- 

lar to the pattern described previously {53). The mod- 

erate elevation or maintenance of quisqualate receptor 

binding in the hippocampus of patients with TLE de- 
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spite cell loss suggests that these sites are preserved or 
possibly upregulated in TLE. Interpretation of these 

data has the same limitations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas that of the data con- 

cerning NMDA receptor binding. These data are con- 
sistent with findings in several preliminary reports of 

increased quisqualate receptor binding in hippocampus 

from patients with epilepsy. In one preliminary study 

of patients with TLE who had Ammon’s horn sclerosis, 

there was significantly increased quisqualate receptor 

binding in stratum moleculare of the dentate gyrus and 

maintained binding in other hippocampal subfields de- 

spite extensive cell loss zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr48). In a second preliminary 

study, [3H)a-amino-3-hydroxy-5-methyl-4-isoxazole- 
propionic acid (AMPA) binding to a subtype of quis- 
qualate receptors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas enhanced in entorhind cortex, 

maintained in stratum moleculare of the dentate gyrus, 
and reduced in CA1, CA3, and CA4 in the context of 

marked cell loss in the hippocampus of patients with 

TLE and with Ammon’s horn sclerosis [64). 

GABA, and Benzodiazepine Receptor Binding 
The regionally selective reductions in GABA, and 

benzodiazepine receptor binding found in patients with 

TLE are consistent with previous reports of reductions 

in GABAergic synaptic markers and selective injury 
and loss of hippocampal neurons 14, 22-25]. Some 

studies demonstrated no alteration in GABAA and 

benzodiazepine receptor binding in patients with TLE 
or other forms of epilepsy 163, 76). It is possible that 
the reduction of GABAA and benzodiazepine binding 

in our study may reflect secondary downregulation re- 

sulting from neuronal injury or chronic anticonvulsant 
therapy. The relative contribution of neuronal loss to 

the decrease in GABA, and benzodiazepine receptor 
binding in specimens from patients with TLE is not 

addressed by this study. It is unclear from this study 

whether the trend for a greater reduction in benzodiaz- 

epine receptor binding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan GABAA receptor binding 
in patients with TLE represents differential receptor 

regulation or an artifact of the binding assays. 

Possible ImpEications of Altered Excitatouy 
and Inhibitory Amino Acid Receptor Bindivzg 
The increased NMDA and glycine receptor binding 

and reduced IAA receptor binding observed in TLE 
specimens could predispose the hippocampus to neu- 

ronal hyperexcitability and possibly promote further 

seizures and neuronal injury. NMDA receptor activa- 

tion is involved in burst discharges in hippocampal neu- 

rons [35, 77-80). Sustained bursting may result in ex- 

cessive calcium entry and cytotoxicity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 11, 12, 81-83). 
Excitotoxic injury in the hippocampus is associated 
with axonal sprouting and synaptic rearrangement [56, 

57) and these processes may be regulated by EAA 
receptor activation [84]. Such synaptic rearrangements 

are likely to occur in TLE [24, 59-61). The increased 

binding to NMDA and glycine modulatory receptors 
in TLE may be related to an adaptive regulatory re- 

sponse to neuronal injury. In experimental paradigms, 

an increase in the ratio of NMDA receptors to PCP 

receptors is associated with an increase in susceptibility 

to neuronai damage from intracerebral injections of 
the excitotoxic glutamate analogue NMDA 1497. If this 

occurs in humans, it could contribute to the develop- 

ment of an epileptogenic focus over time. This could 

be an ongoing, cycling process involving neuronal injury 

and adaptive synaptic reorganization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr23, 24, 56-61). 

This project was supported by the Epilepsy Foundation of America’s 

John Hughlings Jackson Clinical Research Fellowship (to E A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG.), 
which is supported by the Burroughs Wellcome Fund, and by Na- 

tional Institutes of Health grant NS 15655. John W. McDonald is a 

recipient of a Medical Scientist Tramng Program fellowship (5T32 

6M07863-07) 

We thank K. OMara for technical assistance. 

References 
1. 

2. 

3. 

4. 

5 .  

6. 

7 .  

8. 

9. 

10. 

11. 

12. 

Meldrum B. Conwlsant drugs, anticonvulsanrs and GABA- 

mediated neuronal inhibition. In: Krogsgaard-Larsen P, Scheel- 

Kruger J, Kofod H,  eds. GABA-neurotransmitters. Copenha- 

gen: Munksgaard, 1979:390-405 

Roberts E. Epilepsy and antiepileptic drugs: a speculative syn- 

thesis. In: Glaser GH, Penry JK, Woodbury DH, eds. Antiepi- 

leptic drugs: mechanisms of action. New York: Raven, 1980: 

Haefely WE. GABA and the anticonvulsant action of benzo- 

diazepine and barbiturates. Brain Res Bull 1980;5(suppl 2): 

Lloyd KG, Munari C, Bosi L, et al. Biochemical evidence for 
the alterations of GABA-mediated synaptic transmission in 

pathological brain tissue (stereo EEG or morphological dehni- 

tion) from epileptic patients. In: Morselli PL, Lloyd KG, Loscher 

W, et al, eds. Neurotransmitters, seizures and epilepsy. New 

York: Raven, 1981:325-338 

Olsen RW. The GABA postsynaptic membrane receptor- 

ionophore complex: site of action of convulsant and anticonvul- 

sant drugs. Mol Cell Biochem 1981;39:261-279 

Olsen RW, Snowman AM, Lee R, et al. Role of the gamma- 

aminobutyric acid receptor complex in seizure disorders. Ann 

Neurol 1984;16(suppl):S9O-S97 

Roberts E. GABA-related phenomena, models of nervous sys- 

tem function and seizures. Ann Neurol 1984;16(suppl):S77- 

S84 
Burnham WM. The GABA hypothesis of lundling: recent assay 

studies. Neurosci Biobehav Rev 1989;13:281-288 

Sloviter RS. On the role of seizure activity and endogenous 

excitatory amino acids in mediating seizure-associated hippo- 

campal damage. In: Schwarcz R, Ben-Ari zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY ,  eds. Excitatory 

amino acids and epilepsy. New York: Plenum, 1985:659-671 

Bradford HF, Dodd PR. Biochemistry and basic mechanisms of 
epilepsy. In: Davison AN, ed. Biochemistry and neurological 

disease. Oxford: Blackwell, 1976:114-I67 

Olney JW. Excitatory transmitters and epilepsy-related brain 

damage. Int Rev Neurobiol 1985;27:337-362 

Meldrum BS, Simon RP, Swan J, et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. Calcium loading of mito- 

chondria in ischemia and status epilepticus: its reversibility and 

significance for pathological outcome. In: Godfrain T, Van- 

home  PM, Govoni s, et al, eds. Calcium entry blockers and 

tissue protection. New York: Raven, 1985: 183-194 

667-713 

873-878 

McDonald et al: Receptor Binding in Temporal Lobe Epilepsy 539 



13 Meldrum B Possible therapeutic applications of antagonists of 

excitatory amino acid neurotransmitters Chn Sci 1985,68 

113-122 

14 Cotman CW, Monaghan DR, Otterson OP, Storm-Mathisen J 

Anatomical organization of excitatory amino acid receptors and 

their pathways. Trends Neurosci 1987,lO 273-280 

15 Olney JW, Ho  OL, Rhee V. Cytotoxic effects of acidic and 

sulphur contaning amino acids on the infant mouse central ner- 

vous system. Exp Bran Res 1971;14 61-78 

16 Shinozalu H Pharmacology of the glutamate receptor Prog 

Neurobiol 1987,30 399-435 

17 Nadler JV. Perry BW, Cotman CW Intraventricular katnic acid 

preferenually destroys hlppocampal pyrarmdal cells Nature 

18 Olney zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJW, Fuller T, Degubareff T Acute dendrotoxlc changes 

in the hippocampus of h n a t e  treated rats. Bran Res 1979, 

176 91-100 

19 Sloviter RS “Epdeptic” bran damage in rats induced by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsus- 
caned electrical stimulauon of the perforant path I Acute elec- 

trophysiologcal and llght microscopic studies Bran Res Bull 

20 Olney JW, De Gubareff T, Sloviter RS. “Epileptic” bran dam- 

age in rats induced by sustaned electrical stimulation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the 

perforant path zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 Ultrastructural analysis of acute hippocampal 

pathology Bran Res Bull 1983,10.699-712 

21 Sloviter RS, Dempster DW “Epileptic” bran damage is reph- 

cated quahtatively in the rat hippocampus by central inlection 

of glutamate or aspartate but not by GABA or acetylchohne 

Bran Res Bull 1985,15 39-60 

22 Margerison JH, Corsellis JAN Epilepsy and the temporal lobes. 

A clinical, electroencephalographic and neuropathologcal study 

of the bmn in epilepsy, with particular reference to the temporal 

lobes Bran 1966,89 499-530 

23 Meldrum BS, Corselhs JAN Epilepsy In Adams JH, Corsellis 

JAN, Duchen LW, eds Greenfield’s neuropathology. New 

York Wiley, 1984.921-950 

24 Scheibel ME, Crandall PH, Scheibel AB The hippocampal- 

dentate complex in temporal lobe epilepsy Epilepsia 1974,14 

25 Dam AM Hippocampal neuron loss in epilepsy and after exper- 

imental seizures Acta Neurol Scand 1982,66 601-642 

26 Croucher MJ, Collins JF, Meldrum BS Anticonvulsant actlon 

of excitatory m n o  acid antagonists Science 1982,216 899-901 

27 Czuczwar SJ, Meldrum B. Protecuon aganst chemically induced 

seizures by 2-amino-7-phosphonoheptanoic acid Eur J Pharma- 

28 Labuyere J, Fuller TA, Olney JW, et al Phencychdine and keta- 

mine protect aganst kanic acid-induced seizure related damage 

SOC Neurosci Abstr 1986,12 344 

29 Callaghan DA, Schwark WS Pharmacological modification 

of amygdaloid-landled seizures Neuropharmacology 1980,19 

113 1-1 136 

30 Bowyer JF Phencychdine inhibition of the rate of kindling de- 

velopment Exp Neurol 1982,75 172-183 

31 Sat0 K, Morimoto K, Okamoto M. Anticonvulsant action of a 

non-compentive antagonist of NMDA receptors (MK-801) in 

the kindling model of eptlepsy Bran Res 1988,463 12-20 

32 McNamara JO, Russell RD, kgsbee L, Bonhaus DW Anticon- 

vulsant and antiepileptogenic actions of MK-801 in the kmdhng 

and electroshock models Neuropharmacology 1988,22 562- 

568 

33 Gtlbert ME The NMDA-receptor antagonist, MK-801, sup- 

presses lunbic kmdhng and kmdled seizures Bmo Res 1988, 

462 90-99 

34 Van Gelder NM, Shemn AL, Rasmussen T Amno acid con- 

tent of epileptogenic human bran focal versus surrounding re- 

gions Bmn Res 1972.40.385-393 

1978,271 676-677 

1983.10 675-697 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

55-80 

COI 1982,83 335-338 

35. Avoli M, Olivier A. Bursting in human epileptogenic neocortex 

is depressed by an N-metbyl-D-aspartate antagonist. Neurosci 

36. Sherwin A, Robitaille Y, Quesney F, et al. Excitatory amino 

acids are elevated in human epileptic cerebral cortex. Neurology 

37. Engelsen B. Neurotransmitter glutamate: its clinical importance. 

Acta Neurol Scand 1986;74:337-355 

38. Cotman CW, Iversen LL. Excitatory amino acids in the brain- 

focus on NMDA receptors. Trends Neurosci 1987;10:283- 

285 
39. Olsen RW. GABA-benzodiazepine-barbiturate receptor inter- 

actions. J Neurochem 1981;37:1-13 

40. Greenamyre zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJT, Olson JMM, Penney JB, Young AB. Autora- 

diographic characterization of N-methyl-D-aspartate, quisqua- 

late- and kainate-sensitive glutamate binding sites. J Pharmacol 

Exp Ther 1985;233:254-263 

41. Maragos WF, Penney JB, Young AB. Anatomic correlation of 

NMDA and ’H-TCP-labeled receptors in rat brain. J Neurosci 

42. McDonald JW, Penney JB, Johnston MV, Young AB. Charac- 

terization and regional distribution of strychnine-insensitive 

[‘Hlglycine binding sites in rat brain by quantitative receptor 

autoradiography. Neuroscience 1990;35:653-668 

43. Chu DCM, Maragos WF, Penney JB, Young AB. Magnesium 

ions increase binding affinity of dissociative anesthetic receptors 

but not of NMDA receptors in rat brain. In: Cavalheiro EA, 

Lehmann J, Turski L, eds. Frontiers in excitatory amino acid 

research, neurology and neurobiology, vol46. New York: Alan 

44. Cha JJ, Greenamyre J, Nielson EO, et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. Properties of quisqua- 

late sensitive L-[’H]glutamate binding sites in rat brain as deter- 

mined by quantitative autoradiography. J Neurochem 1988; 

45. Pan HS, Frey KA, Young AB, Penney JB. Changes in [3H}mus- 

cimol binding in substantia nigra, endopeduncular nucleus, glo- 

bus pallidus and thalamus after striatal lesions as demonstrated 

by quantitative receptor autoradiography. J Neurosci 1983;3: 

46. Penney JB, Young AB. Quantitative autoradiography of neuro- 

transmitter receptors in Huntington’s disease. Neurology 

47. Walker FO, Young AB, Penney JB, et al. Benzodiazepine 

receptors in early Huntington’s disease. Neurology 1984;34: 

1237-1240 

48. Hosford DA, Crain BJ, Bonhaus DW, et al. Radiohistochemical 

demonstration of altered quisqualate and N-methyl-D-aspartate 

receptodchannel binding in epileptic human hippocampi. Epi- 

lepsia 1989;30(5):7 19 

49. McDonald JW, Silverstein FS, Johnston MV. MK-801 precreat- 

ment enhances NMDA-mediated brain injury and increases 

brain NMDA recognition site binding in rats. Neuroscience 

1990;38: 103- 1 13 

50. Yeh G-C, Bonhaus DW, Nadler JV, McNamara JO. N-methyl- 

D-aspartate receptor plasticity in kmdling; quantitative and qual- 

itative alterations in the N-methyl-D-aspartate receptor-channel 

complex. Proc Natl Acad Sci USA 1989;86:8157-8160 

51. Young AB, Greenamyre JT, Hollingsworth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, et al. NMDA 

receptor losses in putamen from patients with Huntington’s dis- 

ease. Science 1988;241:981-983 

52. Kemp JA, Foster AC, Wong EHF. Non-competitive antagonists 

of excitatory amino acid receptors. Trends Neurosci 1987;lO: 

53. Greenamyre JT, Penney JB, DAmato CJ, Young AB. De- 

mentia of the Alzheimer’s type; changes in hippocampal L-I3H] 

glutamate binding. J Neurochem 1987;48:543-551 

54. Geddes JW, Chang-Chui H, Cooper SM, et al. Density and 

Lett 1987;76:249-254 

1988;28:920-923 

1988;3:493-501 

LISS, 19871567-570 

51t.169-478 

1 189- 1198 

1982;32:1391-1395 

294-298 

540 Annals of Neurology Vol 29 No 5 May 1991 



distribution of NMDA receptors in the human hippocampus in 

Alzheimer’s disease. Brain Res 1986;399:156-161 

55. Geddes JW, Cooper SM, Cotman CW, Patel S. N-methyl-D- 

aspartate receptors in the cortex and hippocampus of baboon. 

Neuroscience 1989;32:39-47 

56. Nadler JV, Perry BE, Cotman CW. Selective reinnervation of 

hippocampal area CA1 and fascia dentata after destruction 

of CA3-CA4 afferents with kainic acid. Brain Res 1980;182: 

1-9 
57. ‘rauck DL, Nadler JV. Evidence of functional mossy fiber 

sprouting in hippocampal formation of kainic acid treated rats. 

J Neurotox 1985 ;5: 10 16- 1022 

58. Sutula T, Xiao-Xian H, Cavazos J, Scott G. Synaptic reorganiza- 

tion in the hippocampus induced by abnormal functional activ- 

ity. Science 1988;239:1147-1150 

59. De Lorenzo RJ, Glaser GH. Neuropathologic changes and neu- 

ronal plasticity in temporal lobe-limbic epilepsy. Neurology 

1981;31:114 

60. De Lorenzo RJ, Glaser GH,  DeLucia P, Schwartz D. The 

role zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof neuronal plasticity in epilepsy. Neurology 1982;32: 

A92 

61. de Lanerolle NC, Kim JH, Robbins RJ, Spencer DD. Hippo- 

campal interneuron loss and plasticity in human temporal lobe 

epilepsy. Brain Res 1989;495:387-395 

62. McDonald JW, Johnston MV. Physiological and pathophysio- 

logical roles of excitatory amino acids during central nervous 

system development. Brain Res Rev 1990;15:41-70 

63. Wyler AR, Nadi NS, Porter RJ. Acetylcholine, GABA, benzo- 

diazepine and glutamate receptors in the temporal lobe of epi- 

leptic patients. Neurology 1987;31(suppl ]):I03 

64. Geddes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJW, Cahan LD, Cooper SM, et al. Altered distribution 

of excitatory amino acid receptors in temporal lobe epilepsy. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Exp Neurol 1990;108:214-220 

65. Jansen KLR, Fadl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLM, Dragunow M. Excitatory amino acid 

receptors in the human cerebral cortex: a quantitative auto- 

radiographic study comparing rhe distributions of {’EI]TCP, 

L3H]glycinc, L-[3H]glutamate, [’HIAMPA and C3Hlkairic acid 

binding sites. Neuroscience 1989;32:587-607 

66. Maragos WF, Chu DCM, Young AB, et al. Loss of hippocampal 

r3H]TCP binding in Alzheimer’s disease. Neurosci Lett 1787; 

67. Johnson M, Perry RH, Charlton FG, et al. Distribution of 

{3H)MK-801 binding in the normal aged human hippocampus. 

Brain Res 1989;499:184-187 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
68. Yi S-J, Snell LD, Johnson KM. Linkage between phencyclidine 

(PCP) and N-methyl-D-aspartate (NMDA) receptors in the cer- 

ebellum. Brain Res 1988;445:147-151 

69. Loo P, Braunwalder A, Lehmann J, Wihams M. Radioligand 

binding to central phencyclidine recognition sites is dependent 

74:371-376 

on excitatory amino acid receptor agonists. Eur J Pharmacol 

1986; 12 3:467-468 

70. Snell LC, Morter RS, Johnson KM. Glycine potentiates N- 

methyl-D-aspartate induced r3H)TCP binding in rat cortical 

membranes. Neurosci Lett 1987;83:313-317 

71. Procter AW, Stirling JM, Stratmann GC, et al. Loss of glycine- 

dependent radioligand binding to the N-methyl-I>-aspartate- 

phencyclidine receptor complex in patients with Alzheimer’s 

disease. Neurosci Lett 1989;100:62-66 

72. Proctor AW, Wong EHF, Stratmann GC, et al. Reduced glycine 

stimulation of [jH)MK-801 binding in Alzheimer’s disease. J 

Neurochem 1989;53:698-704 

73. Steele JE, Palmer Ahl, Stratmann GC, Bowen DM. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN- 
methyl-D-aspartate receptor complex in Alzheimer’s disease: re- 

duced regulation by glycine but not zinc. Brain Res 1989; 
500: 3 69-3 7 3 

74. Babb TL, Brown WJ, Pretorius J, et al. Temporal lobe volumet- 

ric cell densities in temporal lobe epilepsy. Epilepsia 1984;25: 

75. Falconer MA, Serafetinides EA, Corsellis JAN. Etiology and 

pathogenesis of temporal lobe epilepsy. Arch Neutol 1964;lO: 

76. Sherwin A, Matthew E, Blain M, Guevrement D. Benzodiaze- 

pine receptor binding is not altered in human epileptogenic cor- 

tical foci. Neurology 1986;36:1380-1382 

77. Hetron CE, Williamson R, Collingridge GL. A selective N- 
methyl-D-aspartate antagonist depresses epileptiform activity in 

rat hippocampal slices. Neurosci Lett 1985;61:255-260 

78. Herron CE, Lester RAJ, Coan EJ, et al. Intracellular demonstra- 

tion of an N-methyl-D-aspartate receptor mediated component 

of synaptic transmission in rat hippocampus. Neurosci Lett 

1985;60:19-23 

79. Dingledine R. NMDA receptors: what do they do? Trends 

Neurosci 1986;9:47-47 

80. Hablitz JJ, Langmoen IA. N-methyl-D-aspartate receptor antag- 

onists reduce synaptic excitation in the hippocampus. J Neurosci 

1986;6: 102-106 

81. Heinemann U, Lux HD, Gutnick MJ. In: Chalazonitis N, Bois- 

son M, eds. Abnormal neuronal discharges. New York: Raven, 

82. Meldrum BS. Metabolic effects of prolonged epileptic seizures 

and their relation to nerve cell death. In: Ross FC, ed. Metabolic 

disorders of the nervous system. London: Pitman, 1981:178- 

187 

83. Clifford DB, Zorumski CF, Olney JW. Ketamine and MK-801 
prevent degeneration of thdamic neurons induced by focal corti- 

cal seizures. Exp Neurol 1989;105:272-279 

84. Mattson MP. Neurotransmitters in the regulation of neuronal 

cytoarchitecture. Brain Res Rev 1988;13:179-212 

729-740 

233-248 

1978:329-395 

McDonald et al: Receptor Binding in Temporal Lobe Epilepsy 541 


