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Kindling induced by pentylenetetrazole in rats is not
directly associated with changes in the expression of NMDA receptors or benzodiazepine binding sites.
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(4) 743–750, 2000.—Repeated injections of a subconvulsant dose of pentylenetetrazole (PTZ, 30 mg/kg
IP three times weekly for 13 injections) in Wistar and hooded Lister rats resulted in kindled seizures, the extent of which varied
between strains. Wistar rats achieved stage 4 of clonic–tonic seizures, whereas hooded Lister rats only reached stage 2 of con-
vulsive waves axially through the body. Rats were killed 10 days after their final injection, and radioligand binding was used
to measure the expression of NMDA receptors in cortex and hippocampus using [

 

3

 

H]MK-801 and [

 

3

 

H]L-689,560, the latter
binding specifically to the NR1 subunit. [

 

3

 

H]Ro 15-1788 measured expression of GABA

 

A

 

–benzodiazepine binding sites con-
taining 

 

a

 

1, 

 

a

 

2, 

 

a

 

3, or 

 

a

 

5 subunits. Specific analysis of GABA

 

A

 

 receptors containing the 

 

a

 

5 subunit, which are preferentially
localized in the hippocampus, was assessed with [

 

3

 

H]L-655,708. In the cortex, there was no effect of strain or treatment on the

 

K

 

D

 

 or 

 

B

 

max

 

 of any of the ligands. Similarly, there was no effect of strain or treatment on hippocampal [

 

3

 

H]L-689,560 or [

 

3

 

H]Ro
15-1788 binding. However, in the hippocampus there was a significant, albeit modest, effect of treatment on the 

 

B

 

max

 

 of
[

 

3

 

H]MK-801 binding and the 

 

B

 

max

 

 and 

 

K

 

D

 

 of [

 

3

 

H]L-655,708 binding, i.e., PTZ-treated rats had fewer [

 

3

 

H]MK-801 and
[

 

3

 

H]L-655,708 binding sites (NMDA and 

 

a

 

5-containing GABA

 

A

 

 receptors, respectively), but, these reductions were signifi-
cant only in the relatively seizure-insensitive hooded Lister strain. This suggests that the increased susceptibility to kindling in
Wistar rats is not directly related to alterations in the expression of NMDA or GABA

 

A

 

 receptors. © 2000 Elsevier Science Inc.
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KINDLING is the term used to describe the phenomenon
whereby repeated administration of an initially subconvulsant
electrical or chemical stimulus ultimately results in the gener-
ation of seizure activity (20). Examples of chemicals produc-
ing kindling in rats and mice include pentylenetetrazole, FG
7142, and picrotoxin (10).

Strain differences have been reported in the sensitivity to
electrical brain stimulation in rats (20,50) and mice (32). Fur-
thermore, within-strain differences in seizure threshold have

been exploited to generate Fast and Slow kindling rats (51).
With respect to chemical kindling, Wistar rats have been
shown to develop more extensive seizures as a result of PTZ
treatment than hooded Lister rats (4,16). Animals with differ-
ing kindling sensitivities offer a valuable tool for elucidating
the molecular mechanisms underlying this differential vulner-
ability (34). Thus, changes directly associated with the pro-
pensity to kindle should be greater in strains that are more
vulnerable.

 

Requests for reprints should be addressed to Dr. John R. Atack, Neuroscience Research Centre, Merck Sharp & Dohme Research Laborato-
ries, Terlings Park, Eastwick Road, Harlow, Essex CM20 2QR, UK.
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The increased susceptibility to seizure activity that occurs
in kindling is a model of epilepsy and is long lasting and there-
fore presumably associated with chronic changes in neuronal
excitability. In this regard, much attention has focussed on the
excitatory glutamatergic neurotransmitter system (33). Thus,
changes in glutamate release and glutamate binding have
been reported after either electrical kindling (8,24,68) or
chemical kindling with PTZ in rats (55–57) or mice (13). With
respect to the NMDA subtype of the glutamate receptor fam-
ily, NMDA receptor antagonists decrease the electrical and
behavioral responses to electrical kindling in the rat amygdala
(7,39,53) and inhibit kindling induced in rats or mice by PTZ
or FG 7142 (12,19,60). More specifically, NMDA receptor an-
tagonists act by inhibiting the development of kindling rather
than suppressing convulsive activity in animals that have been
fully kindled, implicating NMDA receptors in the mechanism
underlying kindling (53). Furthermore, kindling alters the
electrophysiological properties of NMDA receptors (27,40).
In addition, MK-801 can block changes in gene expression
that occur downstream of direct receptor activation following
electrical stimulation of the rat hippocampus (44), underscor-
ing the putative role of the NMDA receptor in the molecular
mechanisms of kindling.

The NMDA receptor is a heteromeric complex consisting
of NR1 and NR2 subunits (14). The NR1 subunit is ubiqui-
tously expressed throughout the brain, and is essential for
NMDA receptor function. In contrast, NR2 subunits (NR2A,
-2B, -2C, and -2D) show heterogeneous patterns of expres-
sion and confer distinct pharmacological and electrophysio-
logical properties to the NMDA receptor (14). The NMDA
receptor contains separate binding sites for the coagonists
glycine and glutamate as well as a binding site within the ion
channel of the activated receptor, which can be labeled with
[

 

3

 

H]MK-801 (67). The glycine binding site, which is thought
to be associated with the NR1 subunit, can be labelled using
the selective ligand [

 

3

 

H]L-689,560 (21,22).
Although the increased neuronal excitability, which is pre-

sumably the basis of kindling, may be associated with in-
creased excitatory, and more specifically NMDA-mediated
glutamate, neurotransmission, it may also be linked to de-
creased inhibitory neurotransmission (6). Compared with the
glutamate neurotransmitter systems, the inhibitory GABA
system has been less extensively studied. Nevertheless, phar-
macological evidence shows that compounds that modulate
GABAergic function via the GABA

 

A

 

 receptor alter the sus-
ceptibility to PTZ-induced seizure activity in rats (3,11,31,60)
and mice (13). In addition, the GABA

 

B

 

 receptor has also
been implicated in the development of PTZ-induced kindling
in mice (18). Recently, electrophysiological studies of rats se-
lected and bred according to their seizure thresholds follow-
ing electrical stimulation of the amygdala have shown an
alteration in paired-pulse depression but not long-term po-
tentiation or long-term depression, consistent with differ-
ences in GABAergic rather than glutamate-mediated neu-
rotransmission between these strains (51).

The GABA

 

A

 

 receptor contains a binding site for the en-
dogenous ligand GABA as well as the so-called convulsant
(picrotoxin and TBPS) binding site and a number of modula-
tory sites that recognize barbiturates, neurosteroids, ethanol,
and benzodiazepines (37). Cloning studies have identified 16
GABA

 

A

 

 receptor subunits—

 

a

 

1–6

 

, 

 

b

 

1–3

 

,

 

g

 

1–3

 

, 

 

d

 

, 

 

e

 

, 

 

p

 

, and 

 

u

 

 (2)—
and in the mammalian CNS the majority of GABA

 

A

 

 recep-
tors are comprised of 

 

a

 

, 

 

b

 

, and 

 

g

 

 subunits (37). The benzodi-
azepine binding site lies at the interface of an 

 

a

 

 and 

 

g

 

 subunit,
and because the 

 

g

 

2 subunit is the predominant 

 

g

 

 subunit in

the CNS, the benzodiazepine pharmacology of GABA

 

A

 

 re-
ceptors in the brain is determined primarily by the 

 

a

 

 subunit
present (37). Hence, the “classical” anxiolytic benzodiazepine
agonists such as diazepam and chlordiazepoxide all bind to
the benzodiazepine binding site of GABA

 

A

 

 receptors con-
taining either an 

 

a

 

1, 

 

a

 

2, 

 

a

 

3, or 

 

a

 

5 subunit. Collectively, this
population of benzodiazepine binding sites can be labeled us-
ing the benzodiazepine antagonist [

 

3

 

H]Ro 15-1788, which has
equivalent affinity for these different subtypes of the GABA

 

A

 

receptor.
In contrast to [

 

3

 

H]Ro 15-1788, [

 

3

 

H]L-655,708 has 50–100-
fold higher affinity for the benzodiazepine site of GABA

 

A

 

 re-
ceptors containing an 

 

a

 

5 rather than 

 

a

 

1, 

 

a

 

2, or 

 

a

 

3 subunit and
can, therefore, be used to selectively label this subpopulation
of GABA

 

A

 

 receptors (49). Furthermore, comparison of the
properties of recombinant and native 

 

a

 

5 subunit-containing
GABA

 

A

 

 receptors using [

 

3

 

H]L-655,708 or [

 

3

 

H]RY-80 (which
has similar properties to [

 

3

 

H]L-655,708) (59) have demon-
strated a pharmacology of the native receptor consistent with
an 

 

a

 

5

 

b

 

3

 

g

 

2 subunit composition (59,61). Although 

 

a

 

5-contain-
ing GABA

 

A

 

 receptors constitute only about 5% of whole
brain benzodiazepine binding sites, this subtype is of particu-
lar interest because they are most highly expressed in the hip-
pocampus, where they constitute around 20–25% of the total
benzodiazepine receptor population (49,59,62). While the role
of 

 

a

 

5 subunit-containing GABA

 

A

 

 receptors within the hip-
pocampus is not known, the advent of radioligands selective
for this subtype should help define their physiological and
pathophysiological roles.

In the present study, radioligand binding of [

 

3

 

H]MK-801,
[

 

3

 

H]L-689,560, [

 

3

 

H]Ro 15788, and [

 

3

 

H]L-655,708 was mea-
sured in the cortex and hippocampus of PTZ-kindled rats. To
establish if any changes observed were related to the kindling
phenomenon per se, radioligand binding was compared in
control and PTZ-kindled rats of the Wistar and hooded Lister
strain, because these strains show differences in the extent to
which seizures can be kindled by PTZ (4,16).

 

METHOD

 

Animals

 

Male hooded Lister and Wistar rats (Harlan UK, Bicester)
were housed in groups of five, with free access to food and
water, in a room maintained at 22

 

8

 

C, with lights on from
0700–1900 h. At the beginning of the kindling procedure the
rats were 8 weeks of age and weighed 240–260 g (Wistar) and
200–220 g (Lister), respectively. These experiments were con-
ducted in compliance with the UK animal (Scientific Proce-
dures) Act 1986 (License 90/00656).

 

Drugs and Chemicals

 

Pentylenetetrazole (Sigma, St. Louis, MO) was dissolved in
saline and administered as detailed in the kindling section below.
[

 

3

 

H]MK-801 and [

 

3

 

H]Ro 15-1788 were purchased from NEN
and Amersham, respectively. [

 

3

 

H]L-689,560 and [

 

3

 

H]L-655,708
were synthesized in-house as described previously (21,49).

 

Kindling

 

Within each strain, rats were randomly allocated to the
kindled and control (saline-injected) groups. Previous experi-
ments had established no initial strain difference in sensitivity
to an acute dose of PTZ (16), and therefore, the same subcon-
vulsant dose (30 mg/kg IP) was used for both strains. After
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each injection, the convulsive behavior was observed for 20 min,
and classified as follows: stage 0—no response; stage 1—ear
and facial twitching; stage 2—convulsive waves axially through
the body; stage 3—myoclonic jerks, upright position with bilat-
eral forelimb clonus; stage 4—clonic–tonic seizures; and stage
5—generalized clonic–tonic seizures, loss of postural control.

Rats received 13 injections of PTZ or saline, given three
times weekly (on Mondays, Wednesdays, and Fridays). Ten
days after the final kindling injection, the animals were killed
by decapitation and the brains dissected and frozen.

 

Radioligand Binding

 

Radioligand binding was performed essentially as de-
scribed elsewhere (21,22,49,67). Briefly, rats were killed and
the whole cortex and hippocampus rapidly removed and fro-
zen on dry ice. Tissues were subsequently thawed and homog-
enized in 10 volumes of 10 mM Tris/1 mM EDTA containing
0.32 M sucrose. The supernatant from a low-speed centrifuga-
tion (1000 

 

3

 

 

 

g

 

 for 15 min) was then pelleted at 48,000 

 

3

 

 

 

g

 

 for
30 min. This P2 pellet was then resuspended and washed four
times in Tris/EDTA buffer before being frozen in a volume
equivalent to the initial homogenate volume. On the day of
the assay, the P2 pellet was washed a further four times, to en-
sure the complete removal of endogenous glycine, which in-
terferes with the binding of [

 

3

 

H]L-689,560 to the glycine bind-
ing site of the NMDA receptor (21,22).

Extensively washed membranes were then resuspended in
Tris/EDTA at a final protein concentration of 1 mg/ml (35)
and assayed as described previously (21,22,49,67). For each
ligand, binding was measured at two different concentrations
(3 and 10 nM for [

 

3

 

H]MK-801 and [

 

3

 

H]L-689,560, and 1 and 3
nM for [

 

3

 

H]L-655,708 and [

 

3

 

H]Ro 15-1788), and the apparent

 

K

 

D

 

 and 

 

B

 

max

 

 was calculated for each sample using both the
untransformed data (curve-fitting performed using XLFit
(IDBS, Guilford, UK) with the Hill slope constrained to 1.0)
and the data transformed for Scatchard analysis. The average
of the values obtained by these two different methods was
then used for subsequent statistical analysis.

 

Statistics

 

Because the rating scale for seizures provides only ordinal
data, the kindling data were analyzed with Mann–Whitney

 

U

 

-tests. For the binding data, and because the groups were of
unequal sizes, results were analyzed using a general linear
model of regression, with strain and treatment as the two vari-
ables.

 

RESULTS

 

Kindling

 

As shown in Fig. 1 the Wistar and Lister strains reacted in
a similar manner to the first PTZ injection, i.e., there was no
evidence for a strain difference in response to an acute injec-
tion of PTZ. Both groups showed increasing seizure severity
with repeated PTZ injections, but a significant strain difference
emerged from the seventh injection onwards. The majority of
the Wistar rats reached stage 4 of seizures, but a few reached
stage 5. Only one of the Lister rats progressed past stage 2.

 

Receptor Binding

 

Tables 1 and 2 shows the 

 

K

 

D

 

 and 

 

B

 

max

 

, respectively, for
[

 

3

 

H]MK-801, [

 

3

 

H]L-689,560, [

 

3

 

H]Ro 15-1788, and [

 

3

 

H]L-
655,708 binding in the cortex and hippocampus.

 

Cortex. 

 

There was no significant effect of either strain or
PTZ treatment on any of the parameters measured in the cor-
tex. Thus, hooded Lister and Wistar rats had the same affinity
(

 

K

 

D

 

) and number (

 

B

 

max

 

) of NMDA receptors ([

 

3

 

H]MK-801
binding), and more specifically the NRI subunit ([

 

3

 

H]L-
689,560 binding), with 

 

K

 

D

 

 values for [

 

3

 

H]MK-801 and [

 

3

 

H]L-
689,560 around 4 and 8 nM, respectively and a 

 

B

 

max

 

, which
was similar for both ligands, in the region of 1500 fmol/mg
protein. Likewise, the expression of the combined population
of GABA

 

A

 

 receptors containing an 

 

a

 

1, 

 

a

 

2, 

 

a

 

3, or 

 

a

 

5 subunit
([

 

3

 

H]Ro 15-1788 binding) or GABAA receptors containing an
a5 subunit ([3H]L-655,708) was comparable between strains,
with respective KD values of about 1.9 and 1.6 nM, and Bmax
values of 500 and 45 fmol/mg protein, suggesting that in the

FIG. 1. Median seizure stage reached by hooded Lister (s) and
Wistar (d) rats after 13 successive injections of PTZ (30 mg/kg IP),
*p , 0.01 Wistar vs. Lister rats, Mann–Whitney U-test.

TABLE 1
COMPARISON OF KD VALUES OF DIFFERENT RADIOLIGANDS

IN CORTEX AND HIPPOCAMPUS OF VEHICLE-TREATED 
AND PTZ-KINDLED LISTER AND WISTAR RATS

Cortex, KD (nM)

Lister Wistar

Ligand
Vehicle

(n 5 8–11)
Kindled

(n 5 21–25)
Vehicle

(n 5 9–11)
Kindled

(n 5 19–22)

[3H]MK 801 4.1 6 0.2 4.3 6 0.2 4.4 6 0.3 3.8 6 0.2
[3H]L-689,560 8.6 6 1.4 7.6 6 0.5 6.7 6 1.1 9.8 6 0.8
[3H]Ro 15-1788 2.0 6 0.1 1.9 6 0.1 1.8 6 0.1 2.0 6 0.1
[3H]L-655,708 1.8 6 0.5 1.5 6 0.1 1.8 6 0.4 1.7 6 0.3

Hippocampus, KD (nM)

Lister Wistar

Ligand
Vehicle

(n 5 9–11)
Kindled

(n 5 20–25)
Vehicle

(n 5 8–11)
Kindled

(n 5 17–22)

[3H]MK 801 2.2 6 0.2 2.2 6 0.1 2.1 6 0.1 2.3 6 0.2
[3H]L-689,560 9.4 6 2.1 8.1 6 1.1 7.3 6 2.1 8.1 6 1.5
[3H]Ro 15-1788 1.2 6 0.1 1.4 6 0.1 1.3 6 0.1 1.4 6 0.1
[3H]L-655,708 1.1 6 0.1 0.7 6 0.1* 0.9 6 0.2 0.7 6 0.1

*p , 0.05 compared with vehicle-treated Lister rats.
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cortex the a5 subtype represents around 10% of the total
benzodiazepine binding site population. PTZ treatment did
not alter the expression of any of these receptor subtypes in
the cortex.

Hippocampus. There was no significant effect of strain on
the KD or Bmax of hippocampal [3H]L-689,560 or [3H]Ro 15-
1788 binding. Thus, control (vehicle-treated) rats of both
strains had the same affinity and number of NMDA receptors
([3H]MK-801 binding), approximately 2 nM and 1300 fmol/
mg protein, and the expression of the NR1 subunit ([3H]L-
689,560 binding) was comparable across strains with KD and
Bmax values in the region of 8 nM and 1600 fmol/mg protein.

Benzodiazepine binding sites labeled by [3H]Ro 15-1788
had equivalent affinities (about 1.3 nM) and expression (Bmax 5
approximately 500 fmol/mg) in the two control groups. The
affinity of the a5 subunit-containing GABAA receptors iden-
tified using [3H]L-655,708 binding was comparable across
groups (around 0.9 nM). In the hippocampus of vehicle-
treated animals, the expression of a5 subunit-containing
GABAA receptors (about 100 fmol/mg protein) represents
approximately 20% of the total benzodiazepine binding site
population (500 fmol/mg protein). Regarding PTZ treatment,
there was a significant effect of treatment (vehicle or PTZ)
across strains on the number of [3H]MK-801 binding sites
(F(1, 60) 5 4.5, p , 0.05) and the affinity (F(1, 49) 5 6.4, p ,
0.05) and number (F(1, 49) 5 6.0, p , 0.05) of [3H]L-655,708
binding sites. However, it can be seen in Figs. 2 and 3 that the
major contributor to this treatment effect was within the Lister
animals. Thus, relative to their respective vehicle-treated con-
trols (Figs. 2 and 3), there were significant reductions in the
Bmax of [3H]MK-801 binding (1392 to 1144 fmol/mg protein 5
18% reduction) and the Bmax (118 to 88 fmol/mg protein 5
25% reduction) and KD of [3H]L-655,708 binding (1.1 to 0.7
nM 5 36% increase in affinity) were significantly reduced in
PTZ-treated Lister (but not Wistar) rats.

DISCUSSION

Strain Differences in Seizure Activity

A strain difference in the susceptibility to develop seizures
was first observed in rats (20,50), and has also been reported
in mice (32). In the present study, hooded Lister and Wistar

TABLE 2
COMPARISON OF Bmax VALUES OF DIFFERENT RADIOLIGANDS

IN CORTEX AND HIPPOCAMPUS OF VEHICLE-TREATED 
AND PTZ-KINDLED LISTER AND WISTAR RATS

Cortex, Bmax (fmol/mg Protein)

Lister Wistar

Ligand
Vehicle

(n 5 8–11)
Kindled

(n 5 21–25)
Vehicle

(n 5 9–11)
Kindled

(n 5 19–22)

[3H]MK 801 1289 6 78 1396 6 74 1396 6 128 1299 6 69
[3H]L-689,560 1651 6 310 1555 6 101 1500 6 154 1657 6 130
[3H]Ro 15-1788 503 6 30 478 6 25 514 6 34 516 6 22
[3H]L-655,708 39 6 5 44 6 4 51 6 6 46 6 4

Hippocampus, Bmax (fmol/mg Protein)

Lister Wistar

Ligand
Vehicle

(n 5 9–11)
Kindled

(n 5 20–25)
Vehicle

(n 5 8–11)
Kindled

(n 5 17–22)

[3H]MK 801 1392 6 106 1114 6 62* 1285 6 81 1195 6 63
[3H]L-689,560 1784 6 366 1606 6 236 1535 6 429 1670 6 432
[3H]Ro 15-1788 485 6 52 530 6 38 565 6 44 505 6 32
[3H]L-655,708 118 6 12 88 6 7* 97 6 8 81 6 7

*p , 0.05 compared with vehicle-treated Lister rats.

FIG. 2. Bmax of [3H]MK-801 binding in hippocampus of hooded
Lister and Wistar rats killed 10 days after the final vehicle (saline) or
PTZ (30 mg/kg IP) injection. *p , 0.05 PTZ-treated vs. saline-treated
Lister rats. Values are mean 6 SEM (n 5 9–21/group).

FIG. 3. (A) KD and (B) Bmax of [3H]L-655,708 binding in hippocam-
pus of hooded Lister and Wistar rats killed 10 days after the final
vehicle (saline) or PTZ (30 mg/kg IP) injection. *p , 0.05 PTZ-
treated vs. vehicle-treated Lister rats. Values are mean 6 SEM (n 5
11–23/group).
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rats differed in their susceptibility to the kindling process in
that the Lister strain reached an asymptote at stage 2,
whereas the Wistar rats progressed to a median seizure of
stage 4. A similar strain difference in the propensity for Lister
and Wistar rats to develop PTZ-induced seizures has been re-
ported previously, with the lowering of seizure threshold as a
result of the chronic treatment still evident 1 week after the
end of kindling (4,16).

It is possible that this strain difference in the susceptibility
to develop seizure activity following repeated administration
of PTZ is due to different pharmacokinetics of PTZ in these
two strains. However, strain differences in the sensitivity of
animals to electrical-induced kindling (20,32,34,50) indicate
that there is an inherent, genetic basis to kindling susceptibil-
ity, which may be similar whether kindling is electrically or
chemically induced. In addition, strain differences have also
been observed in the behavioral consequences of kindling,
with Wistar, but not Lister, rats showing an anxiolytic re-
sponse 24 h after kindling (16).

More recently, intrastrain differences in vulnerability to
develop seizures following electrical stimulation of the amygdala
have been exploited to selectively breed Fast kindling and
Slow kindling rats (51). Characterization of the molecular dif-
ferences between not only these animals (26,36,46,51) but
also strains of varying kindling vulnerability, offers the possi-
bility of a novel means of establishing the specificity, and there-
fore pathophysiological significance, of such changes (34).

Ligand Binding Characteristics

There were no significant differences between the binding
characteristics (KD and Bmax) of any of the ligands, in either
cortex or hippocampus, between control (vehicle-treated)
hooded Lister or Wistar rats. This suggests that the differ-
ences between strains with regard to their susceptibility to
PTZ-induced seizures is not related to inherent differences in
the expression of NMDA and GABAA receptor-associated
neurotransmission.

The KD values for [3H]L-689,560 were similar in cortex
and hippocampus (approximately 8 nM), and are within the
range of previously published values (2–9 nM) (21,23,48).
Similarly, the KD for [3H]MK-801 binding in the cortex is in
agreement with published values (23,67). [3H]MK-801 and
[3H]L-689,560 have approximately the same level of binding
in both the cortex and hippocampus, consistent with previous
data (42,67). The Bmax values for [3H]L-689,560 were slightly
higher than the Bmax values for [3H]MK-801, in line with a
previous report that the ratio of [3H]L-689,560 to [3H]MK-801
binding sites in rat brain membranes is 1.2 (23).

With respect to the total population of benzodiazepine
binding sites labeled with [3H]Ro 15-1788 (i.e., a1, a2, a3 plus
a5 subunit-containing GABAA receptors), in both strains the
number of binding sites in the cortex and hippocampus were
comparable (62). However, the expression of [3H]L-655,708
binding sites was greater in the hippocampus (around 100
fmol/mg protein) compared with the cortex (around 45 fmol/
mg protein). Moreover, [3H]L-655,708 binding in the hippoc-
ampus represented about 20% of the total number of ben-
zodiazepine binding sites (i.e., [3H]Ro 15-1788 binding),
whereas in the cortex this number was about 10%, in agree-
ment with previous data showing the higher expression of this
GABAA receptor subtype in the hippocampus compared to
the cortex (49,62). A similar preferential localization of the
a5 subunit-containing GABAA receptors has been reported

using either immunocytochemistry (17) or in situ hybridiza-
tion of mRNA (66).

NMDA Receptor Binding in Kindling

In the more seizure-prone Wistar rats, cortical and hippo-
campal [3H]MK-801 binding was unaltered 10 days after the
final PTZ injection. These data suggest that the increased sen-
sitivity of Wistar rats to PTZ-kindling is not a consequence of
increased excitation due to over expression of NMDA recep-
tors, and is consistent with unaltered levels of [3H]MK-801
binding observed following electrical kindling of the rat (1).

On the other hand, in the Lister rats there was a significant
18% reduction in the number of [3H]MK-801 binding sites. It
is possible that a decrease in NMDA receptors in the Lister
rats is an adaptive mechanism that renders this strain less vul-
nerable to NMDA-mediated glutamatergic excitation, result-
ing in their increased resistance to developing PTZ-induced
kindled seizures.

There was no alteration in the number or affinity of [3H]L-
689,560 binding sites 10 days after the final PTZ injection in
either strain. The lack of effect of PTZ-induced kindling on
[3H]L-689,560 binding, which specifically label the NR1 sub-
unit of the NMDA receptor complex (22), is in agreement
with previous reports that the hippocampal expression of
NMDA receptor subunit genes is unaltered following kin-
dling (25,28). More specific analysis of the splice forms of the
NR1 subunit have shown that there is decreased expression of
the isoforms containing the exon 21 cassette (29). However,
this is transient, because it is seen 24 h but not 28 days after
the last kindled seizure, suggesting that it is an acute response
to the last seizure and is not associated with the long-lasting
changes that underlie kindling (29).

Because NMDA receptors contain both an [3H]MK-801
and a [3H]L-689,560 binding site, one might expect that the
number of these binding sites would change in parallel. This
apparent inconsistency between [3H]MK-801 and [3H]L-
689,560 binding could be methodological. Thus, the variabil-
ity of the binding assay for [3H]L-689,560 was much greater
than that of the [3H]MK-801 measurement, and therefore, the
sensitivity of the [3H]L-689,560 binding assay might not have
been sufficient to reliably detect the relatively modest decre-
ment (18%) in NMDA receptor expression that was detected
using [3H]MK-801.

In contrast to the present study, it has previously been re-
ported that the binding of [3H]glycine and [3H]thienylcyclo-
hexylpiperidine ([3H]TCP)—ligands that bind to sites analo-
gous to those labelled by [3H]L-689,560 and [3H]MK-801 in
the present study—is increased following electrical stimula-
tion of the amygdala (69). This discrepancy could be related
to the use of chemical (PTZ; present study) vs. electrical (69)
stimulation. Alternatively, these differences may be method-
ological in that the particular ligand chosen to label either the
glycine, glutamate, or ion-channel site has a marked effect on
the results observed (28).

PTZ has been reported to increase [3H]glutamate binding
in PTZ-kindled rats (55–57) and mice (13). This increase in
hippocampal [3H]glutamate binding was observed in Wistar,
but not hooded Lister rats, implicating glutamate binding sites
in the differential sensitivity of these strains to PTZ kindling
(4). However, the increase in [3H]glutamate binding is prima-
rily associated with metabotropic glutamate and quisqualate-
and kainate-sensitive glutamate receptors with no significant
alteration in NMDA receptors (54). Thus, it would appear
that PTZ-induced kindling is not directly associated with al-



748 ATACK ET AL.

tered NMDA receptor expression. Furthermore, NMDA re-
ceptor binding is not different in Fast and Slow kindling rats
(46). Nevertheless, it remains possible that kindling could in-
duce changes in subunit composition not detected by radiolig-
and binding methods, although electrical kindling of the
amygdala does not alter the long-term expression of hippo-
campal NMDA receptor subunit mRNAs (28) or proteins
(30), and neither does electrical stimulation of the hippocam-
pus (25,47). In addition, following PTZ kindling the phosphory-
lation state of NMDA receptor subunits could be altered,
which would not change the expression of binding sites, but
would alter functional aspects of NMDA receptor ion chan-
nels (27,40).

Benzodiazepine Receptor Binding in Kindling

Although the GABAergic system has been implicated in
the development of kindling (see the introduction), the role
of GABAA receptors is uncertain. Thus, after kindling, ben-
zodiazepine binding sites have been reported to be increased
(15,38,41,58,63,64) or decreased (52). Similarly, binding to the
agonist (GABA) or convulsant (TBPS) binding site of
GABAA receptors has been reported to be increased (58), de-
creased (9,12) or unchanged (64). Some of the discrepancies
with respect to benzodiazepine binding may be related to
methodological considerations, such as membrane prepara-
tion (41) or the choice of benzodiazepine site ligand (i.e., the
agonist [3H]flunitrazepam or the antagonist [3H]Ro 15-1788)
(65). In addition, these conflicting data may, in part, be re-
lated to the time at which animals are killed. Hence, changes
may be observed acutely (i.e., within 24 h after the last kin-
dled seizure), yet it is unclear whether these changes are an
acute response to seizure activity per se or, in the case of
chemical kindling, PTZ itself (43,52). Indeed, following elec-
trical kindling, changes in [3H]muscimol and [3H]fluni-
trazepam, and more specifically Type I (i.e., a1 subunit-con-
taining GABAA receptors) and Type II (i.e., a2, a3, and a5
subunit-containing receptors) benzodiazepine binding occur
acutely, but not chronically (58). Similarly, changes in GABAA
receptor subunit mRNAs, as well as [3H]flunitrazepam bind-
ing, were seen acutely, but not 48 h after a single convulsant
dose of PTZ (65). However, changes that are associated with
the kindling process would be expected to be long lasting, and
accordingly, in the present study, rats were killed 10 days af-
ter the final PTZ injection.

Of particular interest is the expression of a5 subunit-con-
taining GABAA receptors, because they are preferentially lo-
calized in the hippocampus, a region of the brain particularly
susceptible to seizure activity. In the present study, 10 days af-
ter the final PTZ treatment the total benzodiazepine popula-
tion (i.e., a1, a2, a3, and a5 subunit-containing GABAA re-
ceptors), as measured using [3H]Ro 15-1788, was unaltered in
both the cortex and the hippocampus. However, when the a5
subunit expression was specifically measured using [3H]L-
655,708, there was a significant, 25% reduction in the number
and an increased affinity of binding sites in the Lister rats,
whereas in the Wistar rats there was a nonsignificant 16% de-
crease in the number of binding sites. It is not surprising that
the reduction in the number of [3H]L-655,708 binding sites is
not reflected by changes in the number of [3H]Ro 15-1788
binding sites, because the a5 receptor population is only a mi-
nor component of the total benzodiazepine binding sites that
are measured using [3H]Ro 15-1788. In addition, the changes in
[3H]L-655,708 binding are relatively small, and would only rep-
resent a reduction in [3H]Ro 15-1788 binding of around 5%.

The basis of the altered affinity of a5 containing GABAA
receptors is uncertain, but may reflect long-term changes in
the receptor, which lead to an alteration in the affinity of this
particular binding site. Such a change could result in allosteric
changes in the receptor that may manifest themselves as an
uncoupling of the GABA and benzodiazepine binding sites.
In this regard, a single convulsant dose of PTZ has been re-
ported to affect GABA and benzodiazepine binding site cou-
pling (65), although no major change in uncoupling was ob-
served following electrical kindling (58).

The cause of the reduction in the number of a5 subunit-
containing GABAA receptors is unclear but it is presumably
unrelated to the development of seizures per se, because
these changes were observed in Lister rats, which are less vul-
nerable to seizures than the Wistar rats. Moreover, a single
convulsive dose of PTZ affected a number of GABAA receptor
subunit mRNAs but did not alter the expression of a5 mRNA
(65), emphasizing that this GABAA receptor subunit is not
associated either directly with seizure activity or the develop-
ment of kindling.

Alterations in a5 subunit expression in the Lister rats may
be related to PTZ-induced neuronal loss. Hence, hippocam-
pal cell loss occurs following PTZ treatment (45), but may not
be directly related to the development of seizure activity be-
cause piracetam was able to prevent PTZ-induced cell loss but
did not alter the course of seizure development (45). If seizure
activity can occur without cell loss, then it is possible that cell
loss could occur without seizure activity [e.g., in enadoline-
treated rats (5)], in which case the loss of a5 binding sites may
be a nonspecific phenomenon related to a PTZ-induced loss
of hippocampal CA1 neurons. The relationship between hip-
pocampal cell loss and seizure activity remains unclear, but
the measurement of hippocampal morphology in strains with
differing seizure susceptibilities should establish whether this
cell loss is related to PTZ treatment (e.g., occurs in Lister and
Wistar rats) or is related to the development of seizure activ-
ity (in which case neuronal loss would be observed in Wistar
but not Lister rats).

In Fast and Slow kindling rats, there was no difference in
the level of hippocampal a5 subunit mRNA (46), nor were
there any differences in a4, a6, b1–3, or g1–3 subunit expres-
sion. However, in amygdala and paleocortical regions, Fast
kindling rats had lower expression of the a1 subunit, the pre-
dominant adult subunit, whereas there was increased expres-
sion of the “developmental” subunits a2, a3, and a5. In con-
trast, in Slow kindling rats there was over expression of the a1
subunit and reduced expression of the a2, a3, and a5 subunits
(46). Clearly, changes in GABAA receptor subunit composi-
tion occur in rats bred for their susceptibility to develop sei-
zures following electrical stimulation of the amygdala. How-
ever, the specificity of these changes is unclear. For example,
it would be interesting to know whether these changes also
occur in fast and slow kindling rats bred on the basis of their
vulnerability to chemical kindling.

CONCLUSIONS

Reductions in the expression of NMDA receptors
([3H]MK-801 binding) and the a5 subunit containing GABAA
receptors ([3H]L-655,708 binding) were observed as a result of
PTZ treatment in Lister rats. These changes are not due to
seizure activity per se, because rats were killed 10 days after
their last PTZ injection, nor are they directly related to the
development of kindling, because they were observed in
Lister rats but not the more kindling-susceptible Wistar rats.
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On the other hand, it is possible that the decrement in
NMDA receptors and a5 subunit containing GABAA recep-
tors in Lister rats could be a protective mechanism. Clearly,
however, the processes underlying PTZ-induced kindling are
not related to an increased expression of either NMDA or
GABAA receptors or, more specifically, a5 subunit-containing
GABAA receptors.

Data in the present study suggest that PTZ-induced sei-
zure activity is not directly associated with gross alterations in
the expression of NMDA and GABAA receptors. However,
this does not preclude the possibility that there may be altered
expression in discrete regions of the cortex or hippocampus
that cannot be detected using membrane-binding studies. In
addition, functional aspects of the NMDA and GABAA re-

ceptors may be modified either as a result of altered subunit
composition and/or phosphorylation, resulting in changes in
NMDA, and/or GABA-mediated neuronal excitability. In
this regard, it should be noted that although Fast- and Slow-
kindling rats appear to have altered GABAergic function, as
judged by an alteration in paired-pulse depression (51), the
expression of GABAA receptors, as judged by [3H]muscimol,
binding was unchanged (51), although the subunit composi-
tion of these receptors is altered (46). Further studies of the
neurochemical and molecular changes responsible for the dif-
ferences in seizure susceptibility of Lister and Wistar rats as
well as other strains should help clarify the mechanisms of sei-
zure development and prove a valuable tool for the develop-
ment of anticonvulsant drugs (34).
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