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SUMMARY

LONDON, EDYTHE D. & COYLE, JOSEPH T. (1979) Specific binding of [3Hjkainic acid
to receptor sites in rat brain. Mol. Pharmacol. 15, 492-505.

The binding of [3H]kainic acid to washed membranes from rat forebrain was saturable
with dissociation constants at 2#{176}of 4-16 ni�i and 27-66 n�i for high and low affinity
binding, respectively. The Hill coefficients for binding to high and low affinity sites were
0.99 and 0.85, respectively. At 2#{176}[3H]kainic acid receptor binding reached equilibrium by
60 minutes. Dissociation of the ligand-receptor complex at 2#{176}was biphasic. The kineti-
cally-determined dissociation constant for the high affinity binding site corresponded well
with the value obtained in equilibrium studies. Of the substances tested, kainic acid and
quisqualic acid were the most potent in competing for [3Hjkainic acid binding sites. L-

glutamic acid was 40-fold less potent than kainic acid itself but 2500 times more effective
than D-glutamic acid; dihydrokainic acid was 200-fold less potent than kainic acid at the
low affinity site and 1000-fold less active in competing for binding to the high affinity site.
Among the poor displacers of [3H]kainic acid (1C50 > 0.1 m�i at 50 nrsi [3H]kainic acid)
were D- and L-aspartic acids as well as several proposed glutamate antagonists. In brain,
there was considerable variation in the regional distribution of high affinity binding sites:

striatum > frontal cortex = hippocampus> cerebellum> medulla-pons; more than 90%
of the total specific binding in the cerebellum and medulla-pons was to low affinity sites.
Thus, on the basis of the kinetics of binding, differential affinity for competitors and
differences in regional distribution in brain, the high and low affinity binding sites

represent independent entities. Negligible specific binding was obtained (< 1 frnole/mg

tissue) in liver, lung, kidney and intestine. Ablation of the intrinsic neurons of the caudate
nucleus by injecting 10 nmole of kainic acid 28 days before sacrifice was associated with
a 57-64% reduction in high and low affinity binding in this region.

INTRODUCTION

Kainic acid, a dicarboxylic acid contain-

ing pyrrolidine isolated from the seaweed
Digenea simplex (1, 2), is a neuronal depo-
larizing agent (3-9). With the possible ex-
ception of domoic acid, kaimc acid is the
most potent known neuroexcitant in the
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mammalian central nervous system, being
approximately 50-fold more effective than
the putative neurotransmitter, L-glutamate
(3, 4, 10). Because kaimc acid contains the

sequence of glutamic acid, it has been hy-
pothesized that the potent excitatory ef-
fects of kainate reflect its restricted confor-
mation which is optimal for interacting
with excitatory glutamate receptors (4, 7).

Modifications of the kainic acid molecule
such as reduction of the isopropylene side
chain, esterification of the carboxyl groups,
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acetylation of the ring nitrogen and altera-
tion of its stereoisomerism abolish or mark-

edly attenuate the neuroexcitatory proper-
ties of the compound (4, 11). Thus, the
recognition site mediating kainate’s action
on neurons appears to be highly selective.

Recent studies have shown that in situ

injection of kainic acid into brain produces
a characteristic pattern of degeneration in
which neurons with cell bodies near the

area of infusion rapidly degenerate whereas
axons from extrinsic neurons terminating
in or passing through the region are rela-

tively unaffected (12-15). Since excitatory
amino acid receptors are localized on neu-

ronal dendrites and possibly perikarya (16,
17), the microanatomic selectivity of kainic

acid’s neurotoxic action is consistent with
its neuroexcitatory effects. Other neuroex-

citants including glutamic acid and homo-
cysteic acid have been shown to produce
similar patterns of neuronal degeneration
when administered systemically to imma-

ture rodents (18). The fact that structural
modifications of the kainate molecule that
alter its electrophysiologic activity also

abolish its neurotoxicity (19) provides ad-
ditional evidence that neurotoxicity may be
related to its electrophysiologic effects.

The marked potency and structural spec-
ificity of kainate’s electrophysiologic and
neurotoxic effects suggest that kainate in-

teracts with specific high affinity receptors.
Simon et al. (20) have previously demon-
strated saturable, specific binding of [3H]-
kainic acid to rat brain membranes. In this
report, we have examined in detail the ki-
netics of [3H]kainic acid binding to brain

membranes in an attempt to correlate bind-
ing with the electrophysiologic and neuro-
toxic action of the agent.

MATERIALS AND METHODS

[3H]Kainic acid. Two batches of kainic

acid (Lot numbers: K-0250 and 116C-0404)
obtained from Sigma Chemical Company
(St. Louis, MO) were custom labeled by
catalytic tritium exchange by Amersham
Corporation (Arlington Heights, IL; Lot

TRQ 1176, 4.1 Ci/mmole; Lot TRQ 1061,
4.0 Ci/mmole). The radioactive product
was at least 97% pure, and migrated iso-
graphically with authentic kainic acid in

thin-layer chromatography. The radioac-

tive product was equipotent with unlabeled
kainic acid in terms of selective neurotox-
icity when stereotaxically injected into the
corpus striatum as described by Coyle and
Schwarcz (13).

Preparation of washed membranes. Tis-
sue samples from male Sprague Dawley
rats (175-250 g) were frozen and stored in
liquid nitrogen until the time of assay; such
storage did not affect receptor binding. The
tissues were sonified in 100 volumes of ice-
cold glass distified water (GDW) with a
Sonifler Cell Disrupter (Model W185; Heat
Systems - Ultrasonics, Inc.; setting 4; 30-60

sec). Tissue suspensions were centrifuged

at 48,000 x g for 10 mm at 2#{176}and the
supernatant fluid was discarded. The mem-
brame pellets were resuspended, pelleted
and washed sequentially in 100 vol of GDW
and 50 mM Tris-citrate buffer, pH 7.1. Fi-
nally, the membrane pellets were routinely

resuspended in 50-100 vol (original homog-
enizing volume) of ice-cold 100 nmi Tris-
citrate buffer, pH 7.1 at 2#{176}.Protein content
of the membrane suspensions was deter-
mined by the method of Lowry et al. (21).

For routine assays, membranes prepared
from rat forebrain (frontal cortex plus stria-
tum) were used. In other experiments,
membrane suspensions were prepared from
various regions of the rat brain dissected
according to the method of Glowinski and
Iversen (22) or samples of lung, liver, kidney
and intestine.

Standard [3H]kainic acid binding as-

say. To duplicate or triplicate 15 ml Sorvall
teflon centrifuge tubes were added 1000 �tl
of washed membrane suspension (0.1-0.25
mg protein), 10 to 100 pmole of freshly
diluted [3H]kainic acid in a volume of 100
�tl, various concentrations of potential ra-

dioligand displacers and GDW to bring the
volume to 2 ml. During preparation and
subsequent incubation, the tubes were kept
in an ice-water bath maintained at 2#{176}.In-
cubations were run for 60 mm and termi-
nated by centrifugation at 48,000 x g for 10
mm in a Sorvall refrigerated centrifuge
maintained at 2#{176}.The resultant pellets were

rinsed twice superficially with 5 ml of ice-
cold water and then dissolved by incubating
for 30 mm at 55#{176}with 1.5 ml of Protosol
(New England Nuclear Corp.; Boston, MA).
The dissolved pellets were counted in a
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liquid scintifiation spectrometer in 10 ml of

LCS (Yorktown Research, New York) con-
taming 40 ml of glacial acetic acid per gallon
to eliminate chemoluminescence. Counting
efficiency was 45%. Total specific binding
of [3H]kainic acid was defined as the differ-
ence between the total binding with radi-
oligand alone and nonspecific binding

measured in the presence of 0.1 mr� unla-
beled kainic acid; concentrations of kainic
acid greater than 0.1 nmi did not result in
additional displacement of radioligand.

In order to characterize separately the

binding to high affinity and to low affinity
receptor binding sites, advantage was taken
of the fact that the radioligand dissociates

slowly (t112 = 90 mm) from high affinity
sites but nearly instantaneously from low
affinity sites (see RESULTS). After 60 mm of

incubation of the membranes with [3H]-
kainic acid, 200 nmole of unlabeled kainic
acid were added to some experimental
tubes to bring the final concentration of
unlabeled ligand to 0.1 nmi. After 5 mm of
additional incubation, the tubes were cen-
trifuged and the binding of [3H]kainic acid
was measured. The addition of the 200

nmole of unlabeled ligand 5 mm prior to
centrifugation resulted in total displace-
ment of radioligand from low affinity bind-
ing sites, but did not affect nonspecific bind-
ing; thus, the difference between binding in
these preparations and those incubated in
the presence of radioligand alone represents

binding to low affinity receptor sites. The
difference between binding occurring in the
continuous presence of unlabeled ligand

(nonspecific binding) and that occurring
with the 5 mm exposure to an excess of
unlabeled ligand represents binding to high
affinity receptor sites. Deviations from
these methods for measurements of asso-
ciation, dissociation and saturation iso-
therms are described in the text.

Striatal kainate lesion. Male Sprague
Dawley rats (160-180 g) were anesthetized
with Equithesin (0.65 ml, i.p.: Jensen Sal-
isbury Labs) and positioned in a David
Kopf small animal stereotaxic apparatus.
Kainic acid (Sigma Chemical Company St.

Louis, MO; Lot number 105C-0064) was
dissolved in artificial cerebrospinal fluid

buffered to pH 7.4; 1 �zl of the solution

containing 10 nmole of kainic acid was in-

fused into the left corpus striatum over a

period of4O sec as previously described (23)
using stereotaxic coordinates: 0.8 mm an-
tenor to bregma, 2.6 mm lateral to the
midline and 4.8 mm ventral to the pial

surface. Adequacy of the kainate lesion was
determined by assay of choline acetyltrans-
ferase activity by the method of Bull and
Oderfeld-Nowak (24); reduction in choline
acetyltransferase activity reflects the de-
generation of cholinergic neurons intrinsic
to the striatum that are vulnerable to kainic
acid (13, 25).

Compounds. Unlabeled kaimc acid, L-
and D-glutamic acids, L-glutamine, L- and
D-aspartic acids, a-methyl-D, L-aspartic
acid, L-glutamic acid diethylester, 2-amino-
4-phosphonobutyric acid and -y-amimobu-
tyric acid were purchased from Sigma
Chemical Co. N-methyl-D,L-aspartic acid
was purchased from K and K Laboratories
(Plainview, NY). D,L-Homocysteic acid
and ouabain were purchased from Calbi-
ochem (San Diego, CA). Veratridine was
purchased from Aldrich Chemical Co. (Mil-
waukee, WI). Quisqualic and ibotenic acids
were gifts from Dr. A. Padjen of the Urn-
versity of Toronto. Muscimol was a gift

from Dr. S. J. Emma of the University of
Texas School of Medicine. Dihydrokainic

acid was prepared by Drs. I. McDermott
and C. H. Robinson of this Department of
Pharmacology. Nuciferine was supplied by

Dr. Haefly, Hoffman, La Roche, Basil. All
other compounds utilized were reagent
grade.

RESULTS

Conditions for specific binding. Under
standard assay conditions, specific binding
of [3H]kainic acid to forebrain membranes
was linear with tissue concentration in the
range tested: 2.5-30 mg tissue wet weight
or 0.03-0.35 mg membrane protein (Fig. 1).
This precluded the presence of such arti-
facts as ligand degradation during incuba-
tion or contamination by unrecognized en-
dogenous ligands. The pH optimum for spe-
cific binding was broad and flat between
pH 6.0 and 7.1 at 2#{176};extremes of pH at 5 or

8 resulted in greater than 70% reduction in
total specific binding (Fig. 2). Total specific
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Fic. 1. Total specific binding of [3HJkainic acid

to forebrain membranes as a function of tissue or

protein content

Forebrain membranes were prepared as under MA-

TERIALS AND METHODS and incubated for 60 mm at 2#{176}

with 50 sai [3H]kainic acid. Specific binding was de-

fined as the difference between binding obtained in

the absence and presence of 0. 1 rnai unlabeled kainic

acid. Incubations were terminated by centrifugation at

48,000 x g. The resultant pellets were rinsed twice

with 5 ml of ice-cold Tris-citrate buffer. Points shown

are the means of triplicate assays.

binding after 60 mm of incubation did not
vary significantly between 2#{176}and 37#{176};how-
ever, at 50#{176}specific binding was nearly

abolished (Fig. 3). Incubation of the mem-

branes with Triton X-100 at a concentra-
tion of 0.025% (vol/vol), a technique shown
to enhance GABA receptor binding (26),
completely eliminated the specific binding
of [3H]kainic acid.

Kinetics of [3H]kainic acid binding. The

specific binding of [3H]kainic acid to fore-
brain membranes at 2#{176}was saturable with
a binding maximum of 1580 ± 42 fmole/mg

protein. Non-specific binding was linearly
related to the amount of [3H]kainic acid
added to the incubation mixture (Fig. 4).
The ratios of specific to non-specific bind-
ing at 5 and 50 nanomolar [3H]kainic acid
were approximately 8:1 and 2:1, respec-
tively. Scatchard analysis of the saturation
isotherm revealed two apparent popula-
tions of receptor binding sites. Mean lCD

values of 7.8 ± 1.8 ru�i and 37.6 ± 4.7 n�i
were obtained for the high and low affinity

sites, respectively (Fig. 5A). These esti-
mates of dissociation constants for total
specific binding at equilibrium were similar

using two separate batches of [3H]kainic

acid whether KD values were determined
by saturation isotherms with varying con-
centrations of [3H]kairnc acid (high affinity:
6-16 ni�i; low affinity: 32-47 nM) or by di-

lution of a fixed amount of radioligand with

5.0 6.0 70 8.0

pH OF TRIS-CITRATE

FIG. 2. Total specific binding of [3H]kainic acid

to forebrain membranes as a function of pH

Forebrain membranes were prepared as under MA-

TERIALS AND METHODS except that they were finally

resuspended in glass distilled water instead of Tris-

citrate buffer. Membrane suspensions (20 mg tissue,

original wet weight) were incubated with 50 nM

[3H]kainic acid and 1 ml of 100 mai Tris-citrate buffer
at the pH’s indicated for 60 min at 2#{176}.Specific binding
was defined as the difference between binding ob-

tained in the absence and presence of 0.1 mrs unlabeled

kainic acid. Points shown are the means of triplicate

assays.

4.

2�

TEMPERATURE (C)

FIG. 3. Total specific binding of [3HJkainic acid

to forebrain membranes as a function of temperature

Forebrain membranes from 20 mg tissue (original

wet weight) were prepared as under MATERIALS AND

METHODS and incubated with 50 flM [3Hjkainic acid

for 60 min at the temperatures indicated. Specific

binding was defined as the difference between binding

obtained in the absence and presence of 0.1 mM unla-

beled kainic acid. Points shown are the means of

triplicate assays.
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various concentrations of unlabeled kainate
(high affinity: 4-10 nM; low affinity: 54-66

nr�i). KD values obtained by saturation stud-
ies at 25#{176}were similar to those obtained at
2#{176}.

The binding of [3H]kainic acid to fore-
brain membranes was reversible, and the
dissociation was biphasic at 2#{176}(Fig. 6A).
After incubating the membranes with ra-

dioligand for 60 mm, the addition of 200
nmole of unlabeled kainic acid (final con-

centration 0.1 mr�i) reduced specifically-
bound radioactivity by 50% within 2 mm.
[3H]Kainic acid bound to higher affinity
sites dissociated more slowly with a half-
life of the radioligand-receptor complex ap-
proximating 90 mm. The dissociation rate
constant’ obtained by logarithmic analysis
for the high affmity component was 8.24 x
io-3 min’ (Fig. 6B). Dissociation of bound

[3H]kainic acid was also measured by a
dilution technique. After incubation for 60
mm with radioligand, the membranes were

pelleted by centrifugation; the supernatant

fluid was discarded; and the membranes
were gently resuspended in 100 mr�i Tris-
citrate buffer, pH 7.1 at 2#{176}.Membranes
were isolated at various times after this
resuspension, and the remaining bound ra-

dioactivity was measured. Approximately
50% of the total specifically bound [3H]-
kainate dissociated immediately upon re-
suspension; a second population of binding
sites with a slower dissociation gave a rate-

constant for dissociation of 11.8 x iO�3
min’ in good agreement with the value
obtained when rate of dissociation was

measured by displacement with unlabeled
kainic acid.

Since the rapidly dissociating low affinity

‘Kinetic rate constants were calculated from the

k,
reaction [kainic acid + [RI � [KA-R], where [KA]

is the free concentration of the radioligand, [R] is the

free concentration of receptor binding sites, and

[KA-R] is the bound ligand concentration. k, is the

true second order association rate constant and k2 is

the first order dissociation rate constant. Association
kinetics were determined under conditions of ligand

excess ([KA] = 50 flM, [high affmity R] = 62.9 pM).

The pseudo first order rate constant � was used to

calculate the true association rate constant by the
reaction k, = ((ko5� - k,)/[KA]) (27).
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FIG. 4. Binding of [‘H]kainic acid to forebrain

membranes as a function of [3H]kainic acid concen-

tration

Forebrain membranes from 10 mg tissue (original wet

weight) were prepared as under MATERIALS AND

METHODS and incubated for 60 miii at 2#{176}with [3H]-

kainic acid at the concentrations indicated. Nonspe-

cific binding was defined as that occurring in the

presence of 0.1 mM unlabeled kainic acid. Specific

binding was defmed as the difference in binding ob-
tamed in the absence and presence of0.1 mM unlabeled

kainic acid. Each value represents the mean of dupli-

cate determinations. Closed and open symbols repre-

sent determinations from two separate representative
experiments. This experiment was repeated six times.

binding sites could be occluded by brief
exposure to unlabeled ligand, thus revealing
the high affinity sites alone, this technique

was used to examine the kinetics of associ-
ation for the two populations of binding
sites (Fig. 7). With 50 n�i [3H]kainic acid, a
pseudo first-order rate constant (kOBS) of
3.24 X 10_2 min’ was determined for the
association of [3H]kainic acid with the high

affinity receptors. The calculated second-
order rate constant [k1 = (koBs -
[Kainic Acid] was 5.36 x i04 n�’ min’
using the k2 obtained from the dissociation
by the displacement experiment. From the

two kinetic rate constants, a KD of 15 n�
was calculated (KD = k2/k1) which approx-
imated the KD of the high affinity binding
sites measured in saturation isotherms. To
obtain more accurate estimates of high and
low affinity specific binding at equilibrium,
saturation isotherms were performed in
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MINUTES INCUBATION

FIG. 5A. Dissociation of[3H]kainic acid ([3H]KA) from forebrain membranes

Forebrain membranes from 20 mg tissue (original wet weight) were incubated with 4 flM [3H]kainic acid for

60 mm at 4#{176};then 200 nmole of unlabeled kainic acid were added as indicated by the arrow, bringing the final

concentration of unlabeled kainic acid to 0. 1 mrs. Each value represents the mean of duplicate determinations

from two separate experiments.

FIG. 5B. Logarithmic analysis ofthe dissociation ofhigh affinity binding

Time 0 is the time unlabeled KA was added. Xeq represents high affinity [3H]kainic acid binding prior to the

addition of the unlabeled ligand. X represents high affinity binding after addition of unlabeled kainic acid. The

slope of this semilogarithmic plot was calculated by regression analysis (r = 0.98) and represents the first order

rate constant k2 = 0.00824 min’ (at 4 nM [3H]kainic acid).

0 ‘2�� 4060I�

MINUTES INCUBATION

FIG. 6A. Specific binding of[3HJkainic acid ([3H]KA) to forebrain membranes as a function of time

[3H]Kainic acid (50 nM) was incubated with forebrain membranes from 20 mg tissue (original wet weight) for

the indicated times at 2#{176}.To some incubations were added 200 nmole of unlabeled kainic acid, bringing the final

concentration of unlabeled kainic acid to 0. 1 mrs. The bound radioactivity remaining after 5 min of incubation

at 2#{176},less nonspecific binding (see MATERIALS AND METHODS), was considered as specific high affinity binding.

Low affinity binding was defined as the difference between total specific binding and specific high affinity

binding. Each value represents the mean of duplicate determinations.

FIG. 6B. Logarithmic analysis of /5H]kainic acid binding to the high affinity site

X represents the amount of [3H]kainic acid bound at time t, Xeq represents the amount of [:IH]kainic acid

bound at equilibrium. The slope of this semiogarithmic plot was calculated by regression analysis (r = 0.96) and

represents the pseudo-first order association rate constant (koss = 0.032 min�) at 50 flM [1H]kainic acid (26).

which an excess of cold kainate was added mg protein; the apparent low affinity KD

to some tubes at the end of incubation (Fig. was 27 n� with a maximum of 1,080 fmole

5B, C). Under these conditions, the KD for bound per mg protein. Hill coefficients for
binding to high affinity sites was 5.3 nr�i high and low affinity specific binding were
with a maximum of 382 fmole bound per 0.94 (r = 0.99) and 0.85 (r = 0.94), respec-
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FIG. 7. Eadie plots of [3H]kainic acid binding to

f orebrain membranes

Forebrain membranes (10 mg tissue, original wet

weight) were incubated for 60 min as 2#{176},as described

under MATERIALS AND METHODS, with various concen-

trations of [3H]kainic acid. High and low affinity bind-

ing were defined as in Fig. 6. Points shown are the

means of duplicate assays. A, Eadie plot of total spe-

cific binding, showing KD values of 4.7 flM and 45 nM
with receptor densities of 687 fmole/mg protein and

2126 fmole/mg protein for high and low affinity com-

ponents, respectively. This plot is from a representa-

tive experiment which was repeated six times. B, Eadie
plot of high affinity binding, showing a KD value of 3.8

nM and receptor density of 336 fmole/mg protein. This

plot is from a representative experiment which was

repeated twice. C, Eadie plot of low affinity binding

showing a KD value of 28 flM and receptor density of

1023 fmole/mg protein. This experiment was repeated

twice.

tively.
Inhibitors of specific binding of [3H]-

kainic acid. The abilities of unlabeled
kainic acid, L-glutamic acid and dihydro-
kainic acid to compete with [3H]kainic acid

for specific binding are shown in Fig. 8.
Unlabeled kainic acid displaced 5 nM
[3H]kainic acid with a K1 value of 1.5 n� for

the high affinity binding site and 19 n� for

the low affinity site, which is within the
broad range of the KD values obtained with
saturation isotherms. Maximal displace-

ment observed with 0.1 mi�i kainic acid was
identical to that occurring with 0.1 nmi L-
glutamic acid; incubation with both com-

pounds at 0.1 nmi concentration did not
produce additional inhibition of binding.

The calculated K1’s for several compounds
structurally related to glutamic acid at both
the high and low affinity binding sites are
presented in Table 1. Quisqualic acid, the
most potent competitor, had a I(� approxi-
mately 15 times that of kainic acid at both

the high and low affinity binding sites. L-
Glutamic acid was the next most potent
displacer with a K� approximately 40 times

that of kaiic acid at both the high and low
affinity sites. Dihydrokainic acid, which dif-
fers from kaiic acid only with respect to

the reduction of the isopropylene side
chain, exhibited a 4,000-fold lower affinity
for the high affinity binding site and a 200-

fold lower affinity for the low affinity bind-
ing site than did kainic acid. The marked
stereoselectivity of binding was demon-

strated by the 2500-fold lower potency of
D-glutamic acid as compared with L-glu-
tamic acid at the high affinity binding site.
Generally, the JI� ratios for the relative
affinity of the competitors for the low ver-
sus high affinity binding sites were about
11; notable exceptions were dihydrokaiic

acid, L-glutamime and D-glutamic acid
which exhibited higher affinities for the low
affinity than the high affinity binding sites.
A variety of agents with meuroexcitatory
properties exhibited ICse values greater
than 0.1 nm� in inhibiting total specific bind-
ing of [3H]kainic acid at 50 ni�i (Table 1).
Notably, the neuroexcitants L- and D-as-

partic acid and N-methyl aspartic acid had
negligible activity. In addition, reputed an-
tagonists of glutamate neuroexcitatiom, glu-

tamic acid diethylester (28, 29), morphine
(30) and 2-amimo-4-phosphonobutyric acid

(31) were also ineffective as competitors.
Several amticonvulsants including pheno-
barbital, diphenylhydantoin, diazepam and
trimethadiome had negligible activity at the
receptor.

Regional distribution of the specific
binding of [3H]kainic acid. The regional
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FIG. 8. Inhibition ofhigh and low affinity binding of[3H]kainic acid

Forebrain membranes (20 mg tissue, original wet weight) were incubated with various concentrations of

kainic acid, L-glutamic acid and dihydrokainic acid for 60 min at 2#{176}to which [1H]kainic acid (5 imi) was added.

High affinity binding (dotted lines) and low affinity binding (solid lines) were defmed as in Fig. 6. Each point

represents the mean of duplicate assays and each experiment was repeated.

TABLE 1

Affinities of various substances for [3H]kainic acid binding sites

Forebrain membranes were incubated in triplicate with 4 nas [3H]kainic acid for 60 mm at 2#{176}in the presence

of several concentrations of the listed radioligand displacers.a To some incubations were added 200 nmol

unlabeled kainic acid, bringing the final concentration of unlabeled kainic acid to 0.1 nmi. The bound

radioactivity remaining after 5 min of incubation at 2#{176},less nonspecific binding (see MATERIALS AND METHODS)

was considered as specific high affinity binding. Low affinity binding was defined as the difference between total

specific binding and specific high affinity binding. IC50 values were determined by log-probit analysis, and
apparent K, values calculated from the equation K, = 1C50/(1 + [3H]kainic acid]/KD). The KD values used for

high and low affinity binding, respectively, were 5 ni.i and 25 imi. Each experiment was performed once or twice.

Radioligand displacer K, at high affinity recep- K, at low affinity re- ratio low/high
tor ceptor

(nM) (riM)

Kainic acid 1.5 19 13

Quisqualic acid 23 255 11

L-Glutamic acid 63 722 11

Ibotenic acid 3360 35,700 11

Dihydrokainic acid 6110 3,150 0.5
D,L-Homocysteic acid 7120 87,200 12

L-Glutamine 19,400 6,430 0.3

D-Glutamic acid 155,000 42,000 0.3

a Forebrain membranes were also incubated in triplicate with 50 nM [“H]kainic acid; no compound inhibited

specific binding by more than 50% at 0.1 mM: L-aspartic acid, D-aspartic acid, L-proline, N-methyl-D,L-aspartic

acid, ‘y-aminobutyric acid, baclofen, muscimol, veratricline, ouabain, L-glutamic acid diethylester, 2-amino-4-

phosphonobutyric acid, nuciferine, morphine, phenobarbital, barbituric acid, secobarbital, pentobarbital, thali-

domide, aminoglutethamide, diazepam, diphenylhydantoin, trimethadione, phensuximide, methsuximide, phen-

acimide, pemoline.

distribution of specific binding of[3H]kainic
acid to high and low affinity receptors in
brain is shown in Table 2. Of all regions
examined, the striatum exhibited the great-

est total specific binding as well as the most
binding at both high and low affinity sites.
The frontal cortex and hippocampus ex-
hibited somewhat less binding which was
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TABLE 2

Regional distribution of specific [3HJkainic acid binding

Washed membranes from various regions of rat brain were prepared as described under MATERIALS AND

METHODS, and were incubated with 25 riM [3H]kainic acid for 60 mm at 2#{176}.High and low affinity specific binding

were determined as described in Table 2. Estimates of binding maximum (�j) were made using the formula:

fraction of ij at any ligand concentration = ([ligand]/KI))/([ligand]/KD + 1), and lCD values of 5 nas and 25 nM

for high and low affinity binding, respectively. Values given are means ± standard errors for the numbers of

experiments indicated in parentheses, each conducted in duplicate.

Region Femtomoles [3H]KA bound/mg protein Estimated i�

Total specific High affin- Low affinity High Low High/Low
ity + High

Striatum (9) 1510 ± 180 506 ± 70 997 ± 185 612 ± 84 1990 ± 368 0.25

Frontal Cortex (9) 955 ± 78 393 ± 57 558 ± 80 476 ± 69 1110 ± 159 0.30

Hippocampus (10) 927 ± 58 280 ± 37 643 ± 52 339 ± 45 1280 ± 103 0.21

Cerebellum (10) 458 ± 53 31 ± 14 431 ± 64 38± 17 858 ± 128 0.04

Medulla-Pons (9) 66± 12 8± 4 66± 14 10± 5 132 ± 28 0.07

roughly comparable for both regions. The
medulla pons had the lowest total specific
binding. The ratio of high affinity to low
affinity specific binding varied from region
to region with the frontal cortex having the
greatest proportion (30%) of high affinity
binding; high affinity binding was virtually
undetectable in both the cerebellum and
medulla-pons. In this regard, Scatchard
analysis of the [3H]kainic acid saturation
isotherm in the cerebellum yielded only one
component with a KD of 25 nis� (Fig. 9),
similar to the dissociation constant for the
low affinity binding site observed in the
forebrain. In other brain regions, total spe-
cific binding of [3H]kainic acid as expressed

in fmole/mg protein (N � 4) were as fol-
lows: hypothalamus, 598 ± 56; locus coeru-
leus, 204 ± 32; septum, 322 ± 121; and the
inferior and superior colliculi, 204 ± 32.
Specific binding of [3H]kainic acid to mem-

brane preparations from lung, intestine,
liver and kidney was virtually undetectable

(<1 fmole/mg tissue).

Effects of striatal kainate lesion on the
specific binding of[3H]kainic acid. Kainic
acid was infused into the left striatum and
the specific binding of [3H]kainic acid to
membranes was determined 7 and 28 days
after placement of the lesion. Seven days
after the kainate injection, the activity of
choline acetyltransferase, a marker for cho-
limergic interneurons in the striatum, was

reduced by 71% as compared with the con-
tralateral striatum; however, total specific

l�1 2 3 40

b (FEMTOMOLES BOUND/mg PROTEIN

nM

FIG. 9. Eadieplot oftotal specific [3HJkainic acid

binding to cerebellar membrazies showing a KD value

of25 nM and receptor density of968 fmole/mg mem-

brane protein

Cerebellar membranes (10 mg oftissue, original wet

weight) were incubated for 60 min at 2#{176},as described

under MATERIALS AND METHODS, with various concen-

trations of [3H]kainic acid. Nonspecific binding was

determined in the presence of0.1 mai unlabeled kainic

acid. Points shown are those obtained in a single

experiment performed in duplicate.

and high and low affinity [3H]kaiic acid

receptor binding were not significantly dif-
ferent from contralateral striatal mem-
brane preparations. At 28 days after the
injection, the lesioned striata exhibited a
71% reduction in choline acetyltransferase

activity, a 59% reduction in total specific
binding of kainic acid with 64% and 57%
reductions in the high and low affinity bind-



a Significantly different from control (p < 0.01).
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ing, respectively (Table 3). In these studies

there were no significant differences be-
tween striata contralateral to those injected

with kairiic acid and those taken from con-

trol, unlesioned rats in terms of kainic acid
receptor binding and choline acetyltrans-
ferase activity. Thus, degeneration of neu-
rons intrinsic to the striatum following
kainate lesion was associated with delayed
but marked reduction in the specific bind-
ing of [3H]kainic acid.

DISCUSSION

These studies demonstrate specific, high
affinity, saturable and reversible binding of

[3H]kainic acid to brain membranes. Kainic
acid is a biological material that has three
asymmetric carbons; previous electro-
physiologic studies suggest that mainte-
nance of stereoisomerism is essential for

neurophysiologic activity (1 1). In this
study, we have confirmed that the radiola-
beled kaiic acid is biologically active in
terms of neurotoxic potency when com-
pared to the unlabeled parent compound.
Furthermore, with two separately prepared
batches of [3H]kainic acid of high specific
radioactivity (4.0 and 4.1 Ci/mmole), simi-
lar saturation isotherms are obtained using
various concentrations of the radioactive
ligand or by diluting the radioactive ligand
with unlabeled kainic acid. Thus, the radio-

labeled kainic acid utilized in these studies
appears to be comparable to the parent
compound in terms of biological activity
and kinetic characteristics.

Typical of the specific binding of better

characterized agonists to putative neuro-
transmitter receptors, the specific binding
of [3H]kainic acid exhibits a relatively

broad pH optimum between 6.0 and 7.1,
and total specific binding at equilibrium is
relatively independent of temperature be-
tween 2#{176}and 37#{176}.Analysis of the saturation
isotherms at equilibrium at 2#{176}and 25#{176}re-
veals biphasic binding with apparent KD’s

of approximately 5 and 30 nM. The biphasic
dissociation of kainic acid demonstrated
both by dilution of ligand as well as by
competition with high concentrations of un-
labeled ligand is compatible with the pres-
ence of two populations of binding sites
with different affinities rather than nega-

TABLE 3

Effect ofstriatal kainate lesion on specific binding

of [3HJkainic acid and choline acetyltransferase

activity

Rats were injected with 10 nmol kainic acid (KA)

into the left corpus striatum as described under MA-

TERIALS AND METHODS, and sacrificed 7 or 28 days

later. Total specific, high and low affinity [1H]kainic

acid binding were assayed in washed striatal mem-

brane preparations with [3H]kainic acid as described

in Table 2. Choline acetyltransferase activity was as-

sayed in whole striatal homogenates. Values given are

means ± standard errors for 5-6 preparations. Unin-

jected contralateral striata served as controls. Values

of p were determined by Student’s t-test.

% Control

7 days 28 days

Total specific binding

(fmole [3H]KA bound/mg

protein) 102 ± 5 41 ± ii’

High affinity binding

(fmole [3H]KA bound/mg

protein) 89 ± 17 36 ± 13�

Low affinity binding

(fmole [3H]KA bound/mg

protein) 117 ± 10 43 ± 16�

Choline acetyltransferase ac-

tivity (nmole acetylcholine

formed/mg striatum/hr) 29± 4 29 ± 6�

tive cooperativity. In fact, the Hifi coeffi-
cients for binding to the low and high affin-
ity sites are near unity. Compelling evi-
dence of the autonomy of the two binding
sites is their differential distribution in the
brain with 30% of total binding in the high
affinity form in the frontal cortex and es-
sentially no detectable high affinity binding
in the cerebellum. The specific receptor

binding of several other putative neuro-
transmitter agonists including acetylcho-
line (32), GABA (33) and serotonin (34)
also exhibit separate high and low affinity
components.

Both high and low affinity sites exhibit

marked selectivity. Reduction of the isopro-
pylene side chain of kainic acid results in a
200-fold loss in potency at the low affinity
site and a 4000-fold loss of affinity for the
high affinity site. Both binding sites are
stereoselective with L-glutamic acid being
considerably more avid than D-glutamic
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acid. The distance between the carboxyl

groups on the compound also plays a major
role since the dicarboxylic acids, D- and L-

aspartic acids and N-methyl aspartic acid,
are virtually inactive at the receptor site.
The importance of the dicarboxylic nature

of the molecule is further emphasized by
the rather poor results of substitution with
the electrophiic sulphur or phosphate moi-
ety for the -y-carboxyl group. The high af-
finity receptor, however, exhibits greater

stereoselectivity and greater specificity for
the isopropylene side chain of kainate than
the low affinity site.

The cellular localization of the specific

binding sites for [3H]kainic acid must be
considered. Specific binding is virtually un-

detectable in several peripheral tissues; ac-
cordingly the receptor sites are probably
restricted to neuronal tissue. A previous
study by Simon et al. (20) demonstrated an
enrichment of the binding sites in symap-
tosomal fractions prepared from rat brain.
Since local injection of kainic acid destroys
neurons intrinsic to a brain region but
spares glia and axons of extrinsic neurons
(12-14), this technique was used to identify

the association of receptors with neurons.
Although six days after injection of kainate
into the striatum [3H]kainic acid receptor
binding was virtually unaffected in spite of
the complete degeneration of neurons in-

trinsic to the striatum, there was a 60%
reduction in total specific binding of [3H]-
kaimic acid and a comparable reduction in

both the high and low affinity binding sites
28 days after the striatal kaimate lesion. The
delayed disappearance of the receptor bind-
ing sites does not preclude their localization

on striatal intrinsic neurons and, in fact, is
compatible with the ultrastructural evolu-
tion of the kainate lesion. In early stages
after injection, in spite of the complete de-
generation of intrinsic neurons, postsyn-
aptic specializations, presumably sites of
high receptor density, remain adherent to
surviving terminal boutons of extrinsic neu-
rons (14, 35). The postsymaptic densities as
well as neuronal membranes phagocytized
by Gitter cells are slowly cleared from the
lesioned area (14). GABA receptors, like
the [3H]kaimate binding sites, exhibit a de-
layed disappearance after stnatal kainate

lesions (36). Thus, on the basis of localiza-
tion in brain, subcellular association with
symaptosomes and vulnerability to selective
neuronal degeneration, it is reasonable to
conclude that the specific binding sites for

[3H]kainic acid are associated primarily
with neurons.

It has been suggested that kainic acid is
a specific agonist for excitatory glutamate
receptors on neurons and that its marked
potency results from the restricted cyclical

structure that holds relevant portions of
the molecule in a conformation favorable

for fitting into glutamate recognition sites
(4, 7). This hypothesis, however, is not en-

tirely supported by other neurophysiologic
data. In invertebrates, in which the physi-
ology of agonist-receptor interactions can

be examined under more controlled condi-
tions, kainic acid has been found to be a
rather weak agonist at excitatory glutamate

receptor sites (8, 37). At the crustacean
neuromuscular junction (38) and on certain

neurons of Helix Aspersa (39), kainic acid
appears to act at separate receptors that
potentiate the neuroexcitatory action of
glutamic acid. Studies by Shimozaki and
Konishi (3) suggest this may also be the
case in the mammalian cerebral cortex. In
addition, the ionic requirements for kain-
ate-induced neuronal depolarization differ
from those of glutamate in the mammalian
brain (40). Recently, Hall et al. (41) have
shown that glutamate-induced excitation of
rat cortical neurons can be antagonized spe-
cifically by drugs that are ineffective at
blocking kainate-induced depolarization
and conclude that they act at different re-

ceptors.
With the possible distinction between the

neurophysiologic effects of kaiic acid and
glutamic acid kept in mind, it is important
to consider whether the specific binding of
[3H]kainic acid to brain membranes may
label a putative glutamate receptor. If the
conformational rigidity of the kainic acid
molecule, in particular the two carboxyl
groups, confer its potent action at gluta-
mate receptors, it is curious that reduction
of the isopropylene side chain, which has
no homology in the glutamate molecule, so

dramatically attenuates its affinity for the
receptor sites. It is possible, however, that
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reduction of the double bond may have

secondary effects on the conformation of
the molecule. Although the heterocyclic

compound, quisqualic acid, which is also a
potent neuroexcitant (10), exhibits a rela-
tively high affinity for the kainate receptor
binding sites, another glutamate receptor
agonist, ibotenic acid, is nearly inactive as
a competitor. An important feature of glu-
tamate’s electrophysiologic action is the
near equipotency between D- and L-glu-
tamic acids (7). Although a certain degree
of stereoselectivity of the receptor may be
compensated by D-glutamate’s lower sus-
ceptibiity for various metabolic inactiva-
tion processes, it is difficult to rectify the
60- and 3,000-fold stereoselectivity of the
low and high affinity kainate receptor bind-

ing sites for L-glutamate. Nevertheless, the
receptors do exhibit significant specificity
for the two carboxylic acid groups sepa-
rated by a three carbon chain as evidenced
by the negligible affinity for aspartate.
Taken together, these characteristics of the
high and low affinity binding sites for
[3H]kainic acid do not suggest that they

represent a major receptor for L-glutamic
acid, in agreement with the conclusion of

Hall et al. (41); possibly these sites are a

subset of glutamate receptors or are recep-
tors for am unidentified endogenous sub-
stance containing L-glutamic acid.

Of particular interest is whether the re-
ceptor binding sites for [3H]kainic acid me-
diate the neurotoxic action of this agent in
brain. Kainate’s neurotoxicity is a complex
process and, at least in the striatum, re-

quires the integrity of the afferent input
(42, 43). Furthermore, in vitro (44) studies

suggest that glutamate acts in a cooperative
fashion with injected kaimate to cause neu-
ronal degeneration (43, 44). Thus, kainic
acid does not appear to be a potent neuro-
toxin in and of itself, but involves the per-

missive effects of afferents, possibly gluta-
matergic. Destruction of striatal neurons by
local injection of kaiic acid results in a

marked reduction in the binding sites for
[3H]kainic acid; this is consistent with the
association of kainate receptors with neu-
rons vulnerable to kainate. This interpre-

tation is strengthened by the results of re-
cent studies in the chick retina. Intra-ocular

injection of kainate causes severe degener-

ation of neurons in the inner nuclear layer
while sparing photoreceptor and ganglion

cells; this lesion is associated with a 75%
loss in the concentration of kainate recep-
tors in retina, indicating a high degree of
localization on vulnerable cells and a low
concentration on insensitive cells.2 Further-
more, neuronal sensitivity to the neurotoxic

action of kainic acid in the striatum of the
developing rat increases in association with
increasing receptor binding of [3H]kaiic

acid (45). Whether both high and low affin-
ity receptor sites participate in the neuro-

toxic effects of kainic acid remains unclear;
however, kainic acid is a potent and specific
neurotoxim in cerebellum (15), a region
which possesses only low affinity binding

sites.
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