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Kindling Enhances Sensitivity of CA3 Hippocampal Pyramidal Cells to 
NMDA 

David Martin,’ James 0. McNamara,1~2.3 and J. Victor Nadler1v2 

Departments of ‘Pharmacology, 2Neurobiology, and 3Medicine (Neurology), Duke University Medical Center, Durham, 
North Carolina 27710 

Kindling is a form of experimental epileptogenesis in which 
periodic electrical stimulation of a brain pathway induces a 
permanently hyperexcitable state. Previous studies sug- 
gested that kindling might be explained, at least in part, by 
an increased sensitivity of brain neurons to NMDA receptor 
agonists. This possibility was investigated with the use of 
grease-gap preparations for assaying the depolarizing re- 
sponses of CA3 and CA1 hippocampal pyramidal cells to 
amino acid excitants. When studied l-2 months after the 
last evoked seizure, CA3 pyramidal cells from kindled rats 
were five- to sixfold more sensitive to NMDA than CA3 py- 
ramidal cells from controls. A similar, though smaller, effect 
of stimulation was observed 1 d after the last evoked sei- 
zure. The greater potency of NMDA in kindled rats can prob- 
ably be explained by enhanced expression of NMDA recep- 
tors in the presence of a receptor reserve. The stimulation 
protocol did not alter the ability of Mg2+ to reduce NMDA 
potency. It also affected neither the response of CA3 py- 
ramidal cells to AMPA [(RS)-a-amino-3-hydroxy-5-methyl-4- 
isoxatolepropionate] nor the response of CA1 pyramidal 
cells to NMDA or AMPA. In area CA3, the potency of NMDA, 
but not of AMPA, declined 2.5-4-fold over the l-2 month 
experimental period, apparently as a result of increasing 
age. This age-related loss of sensitivity to NMDA was com- 
pletely prevented by kindling. 

These findings suggest that kindling prevents a loss of 
NMDA receptor function in CA3 pyramidal cells that normally 
occurs during early adulthood. Such a change could con- 
tribute to maintenance of the kindled state. 

Several forms of long-lasting neuronal plasticity depend on ac- 
tivation of the NMDA type of excitatory amino acid receptor. 
These include such diverse phenomena as activity-dependent 
modification of neuronal response properties in the developing 
visual cortex (Kleinschmidt et al., 1987; Gu et al., 1989; Bear 
et al., 1990) the stabilization and disconnection of synapses 
during the development of the brain (Cline and Constantine- 
Paton, 1989; Artola et al., 1990), long-term potentiation (Col- 
lingridge et al., 1983), and even tolerance to and dependence 
upon opiates (Marek et al., 1991; Trujillo and Akil, 199 1). Al- 
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though activation of the NMDA receptor is crucial for the in- 
duction of long-lasting plasticity, it appears to be of lesser im- 
portance for the expression or maintenance of the change. 
Kindling may be an exception to this generalization. 

Kindling is an animal model of epilepsy and neuronal plas- 
ticity in which periodic administration of an initially subcon- 
vulsive electrical stimulus eventually results in a gcncralizcd 
electrographic and behavioral seizure (Goddard et al., 1969). 
Once developed, this enhanced sensitivity to electrical stimu- 
lation seems to endure for the life of the animal. Cellular mech- 
anisms that underlie the establishment and maintenance of the 
kindled state have been suggested to play a role in human ep- 
ilepsy (McNamara et al., 1985) although these mechanisms are 
poorly understood. As expected for a robust, long-lasting form 
of neuronal plasticity, kindling develops only when the electrical 
stimuli activate the NMDA receptor. NMDA receptor antag- 
onists potently suppress development of the kindled state (Cal- 
laghan and Schwark, 1980; Croucher et al., 1988; McNamara 
et al., 1988; Holmes et al., 1990) but attenuate kindled seizures 
only at higher doses (Callaghan and Schwark, 1980; Peterson et 
al., 1983; McNamara et al., 1988; Lijscher and H&rack, 199 1). 
These results could be interpreted to suggest that the NMDA 
receptor is crucial for development of this form of plasticity but 
plays a lesser role in its expression. However, they might also 
be explained by enhancement of NMDA receptor function dur- 
ing the kindling process. In support of the latter idea, electro- 
physiological studies demonstrated that NMDA receptors on 
dentate granule cells are more readily activated in hippocampal 
slices from kindled rats than in slices from control rats (Mody 
and Heinemann, 1987; Mody et al., 1988). Kindling could pro- 
duce this change by several different mechanisms, which may, 
but need not, involve a selective modification of NMDA re- 
ceptor expression or regulation. 

A study of carbachol-stimulated phosphatidyl inositol (PI) 
turnover provided evidence for a selective enhancement of 
NMDA agonist potency during the kindling process (Morrisett 
et al., 1989). NMDA more potently depressed carbachol-stim- 
mated PI turnover in hippocampal slices from kindled rats than 
in slices from control rats. This action ofNMDA has been shown 
to depend on neuronal depolarization rather than on Ca2+ influx 
through the receptor channel (Baudry et al., 1986; Morrisett et 
al., 1990). Kindling appeared to enhance responses to NMDA 
selectively, because it affected neither basal nor carbachol-stim- 
ulated PI turnover and did not alter the depressant effects of 
kainate or phorbol ester upon the carbachol-induced stimula- 
tion. These results suggested that, after kindling, NMDA more 
potently depolarized hippocampal neurons. However, this in- 
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direct measure of depolarization proved inadequate to deter- 
mine which neuronal populations were affected and to explore 
the mechanism involved. We therefore turned to grease-gap 
preparations of the hippocampus that permit the determination 
ofpharmacological parameters for specific neuronal types (Mar- 
tin ct al., 1989; Martin and Nadler, 199 1). This goal can be 
achieved while maintaining the target cells in a near-normal 
environment. The quantitative pharmacology of amino acid 
receptors in systems of this type has proved sufficiently repro- 
ducible to permit comparisons across groups of animals sub- 
jected to different pretreatments (e.g., Lindgren and Simmonds, 
1987; Bowe and Nadler, 1990). 

Brief accounts of this work have appeared previously (Martin 
et al., 1990; Nadler et al., 1990). 

Materials and Methods 
Kindling. Male Sprague-Dawley rats were purchased from Charles River 
Laboratories (Wilmington, NC) at the age of 8&90 d. Animals were 
implanted with electrodes in the angular bundle (entorhinohippocampal 
fibers) and electrically stimulated twice daily as described by Okazaki 
et al. (I 989). Stimulation continued until the animal had responded to 
at least six stimulus trains with a class 4-5 limbic motor seizure (Racine, 
1972), the last three such responses being consecutive. Subjects were 
then set aside for either I d or 1-2 months, during which time no 
additional stimulation was administered. On the day of death, rats in 
the I d group were about 4 months old and rats in the 1-2 month group 
were 5.5-6 months old. 

Two control groups were studied. One group (“controls”) consisted 
of rats that were implanted with electrodes at the same time as the 
kindled animals but were not electrically stimulated. Kindled rats and 
implanted controls were studied on alternate days. The second control 
group (“unoperated”) consisted of rats that were purchased at the same 
age as the kindled rats and implanted controls and that were maintained 
in our vivarium facility for the same length oftime, but never underwent 
electrode implantation. Only the responses to excitants of CA3 pyra- 
midal cells were studied in unoperated animals. 

Grease-gap preparation. Experiments were performed without knowl- 
edge of whether the animal had been stimulated. At the appropriate 
survival time, the rat was anesthetized with ether and decapitated. CA I- 
subiculum or CA3-CAl slices were prepared from 450~pm-thick slices 
of the hippocampal formation as described in detail elsewhere (Martin 
et al., 1989; Martin and Nadler, 1991). Each slice was transferred to a 
two-compartment superfusion chamber, and a grease barrier was formed 
at the CAI-subiculum or CA3XA2 border, such that the CA1 pyra- 
midal cell bodies and dendrites in the first case or CA3 pyramidal cell 
bodies and dendrites in the second case lay in one compartment and 
their axons projected through the grease barrier into the other com- 
partment. The compartments were independently superfused at 2 ml/ 
min with artificial cerebrospinal fluid of the following composition (in 
mmol/liter): NaCI, 122; NaHCO,, 25; KCl, 3.1; KH,PO,, 0.4; CaCI,, 
I .3; MgSO,, 1 .O; o-glucose, 10, pH 7.4. The medium was bubbled 
continuously with 95% 0,/5% CO,, and the temperature of the tissue 
compartments was maintained at 32°C. When excitants were tested in 
the absence of added Mg2+, Mg2 + was removed from the medium 1 hr 
after the start of superfusion. 

Pharmacological testing. The protocols used have been published 
previously (Martin et al., 1989; Bowe and Nadler, 1990; Martin and 
Nadler, 1991). Briefly, amino acid excitants were tested by replacing 
the medium suoerfusina the test compartment (CA 1 or CA3) for 2 min 
with 5.7 compartment~olumes (4 ml) of medium that contained the 
excitant. Two minutes of superfusion were sufficient to evoke a full 
response. Only one excitant was tested on each slice. Concentration- 
response curves were generated by applying a set of excitant concen- 
trations in random order. At least 10 min were allowed for recovery 
between applications of the excitant. In most experiments, a concen- 
tration-response curve was obtained in the absence and then in the 
presence of added MgZ + . However, a few slices were tested only in the 
absence or only in the presence of Mg2+. 

Effects of excitatory amino acids on membrane potential were deter- 
mined from the deflection in the DC potential differentially recorded 
between the two compartments. The DC potential difference is pro- 
portional to the current flow evoked by exposure of cells to the amino 

acid (Williams et al., 1988; Simmonds, 1990, Martin and Nadler, 1991). 
Because pyramidal cells are by far the predominant neuronal type in 
area CA3 and few, if any, other neurons in this region project to area 
CA 1, responses recorded in this study were assumed to represent de- 
polarizations of CA3 pyramidal cells. Similar considerations led us to 
regard responses recorded from CAI-subiculum slices as representa- 
tions of CA1 pyramidal cell depolarization. Electrotonically coupled 
glial cells can form an alternative pathway for current flow through the 
grease barrier (Simmonds, 1990). Thus, a portion of the response to 
excitant could have arisen from depolarization of gba as a result of K’ 
efflux from neurons. However, this component, if present, indirectly 
reflected the depolarization of pyramidal cells and did not represent a 
separate action of the excitants. (RX)-a-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionate (AMPA) and glutamate, but apparently not NMDA, 
can also depolarize astrocytes through a direct receptor-mediated action 
(Usowicz et al., 1989; Glaum et al., 1990). The direct depolarization of 
astrocytes appears to contribute little toward the recorded responses, 
however, at least in area CA 1, because superfusing the retrohippocampal 
compartment of CAl-subiculum slices with AMPA failed to elicit a 
measurable depolarization (Martin et al., 1989). Depolarization of elec- 
trotonically coupled gha should be recorded equally well from both sides 
of the grease barrier. 

Because high concentrations of excitatory amino acids irreversibly 
attenuate responses to all excitants in these preparations, the highest 
concentrations used were those that evoked just-maximal depolariza- 
tions. The maximal concentrations of NMDA (Tocris Neuramin, Essex, 
UK) chosen for testing in the absence of added Mg2+ were as follows: 
CA3 I d control and unoperated groups, 40-80 PM; CA3 l-2 month 
control and unoperated groups, 120-320 PM; CA3 1 d and l-2 month 
kindled groups, 40 ~CM; and all groups in area CA 1,20 PM. In the presence 
of I mM Mg2+, the maximal concentrations tested were as follows: CA3 
I d control and unoperated groups, 160-320 PM; CA3 1-2 month control 
and unoperated groups, 640 PM; CA3 I d and 1-2 month kindled groups, 
80 PM; and all groups in area CA I, 40 PM. The just-maximal concen- 
tration of AMPA (Research Biochemicals, Natick, MA) for kindled and 
control groups in both hippocampal regions was 20 PM, and for 
tghttamate in area CA3 it was 8 mM, whether or not Mg2 + was added 
to the medium. As long as agonist concentrations higher than these were 
avoided, we found no evidence of hysteresis. 

Data analysis. Each response was amplified, recorded on chart paper, 
and measured in millivolts from onset to peak. EC, values were esti- 
mated by a least-squares regression of the linear portion of semiloga- 
rithmic concentration-response curves (Tallarida and Murray, 1987). 
Because EC, values are not normally distributed, all statistical analyses 
were performed on the log,,, transformations of these values (pEC,) 
(Gaddum, 1945; Fleming et al., 1972). The absolute magnitude of ex- 
citant-induced depolarizations varied with the preparation and with the 
resistance of the grease seal. For graphical presentation, therefore, all 
responses were normalized to the maximal response obtained in the 
same slice. Differences among slices in absolute response amplitude had 
no obvious effect upon the calculated EC, values. 

Results 

Area CA3. Kindling enhanced the sensitivity of the CA3 py- 
ramidal cell population to NMDA, when compared to implant- 
ed controls (Figs. I, 2). Similar enhancements were observed in 
the absence and presence of added Mg*+. A three-way ANOVA 
(treatment x time x Mg*-) performed on the pEC,, values 
(Table I) yielded significant effects of all three variables (p < 
0.01). The effect of kindling increased significantly with time 
after the last evoked seizure (p c 0.01). However, neither kin- 
dling nor time after the last evoked seizure altered the ability 
of 1 mM Mg*+ to reduce NMDA potency (p > 0. I). Breakdown 
of the ANOVA followed by a Newman-Keuls test confirmed 
the greater sensitivity ofCA3 pyramidal cells to NMDA in slices 
from kindled rats, although 1 d after the last evoked seizure this 
effect achieved statistical significance only in the presence of 
added MgZ+ (Table 1). In the absence of added Mg*+, the EC, 
for NMDA was 7 1% ofthe control value 1 d after the last evoked 
seizure, but only 17% of the control value l-2 months after the 
last evoked seizure. 
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Figure 1. Depolarization of CA3 hip- 
pocampal pyramidal cells evoked by 
various concentrations of NMDA in 
slices from kindled (bottom) and con- 
trol (fop) rats studied 1-2 months after 
the last evoked seizure. Traces repre- 
sent the DC potential differentially rc- 
corded between the pyramidal cell hod- 
ies and dendrites in area CA3 and their 
axons in area CA1 (Martin et al., 1989). 
The voltage deflections produced by 
each concentration of NMDA were 
taken as a measure of neuronal depo- 
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larization. Extracellular negativity is 
upward. Note higher NMDA potency 
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in slices from the kindled rat and that, 
when Mg2+ was added to the superfu- 
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sion medium, NMDA concentrations 
had to be increased by about the same 
percentage in slices from control and 
kindled animals to evoke responses of 
the same amplitude. Also note the lack 
of afterhypcrpolarization in slices from 
control rat. 5 7.5 10 15 20 30 40 10 15 20 25 30 40 80 160 NMOA (uI4) 

This effect of kindling was superimposed upon a time-depen- 
dent reduction of NMDA potency in the controls (Fig. 2, Table 
1). The EC,, in area CA3 increased by 2.5-4-fold during the l- 
2 month period (Table 1). In contrast, the EC,, for NMDA 
remained constant in slices from kindled rats during the same 
period. CA3-CAl slices from age-matched (4 and 5.5-6 months), 
but unoperated, rats were studied to determine whether the loss 
of NMDA potency in the implanted controls was caused by 
implantation of the stimulating electrode or by normal devcl- 
opment. Results obtained from these animals closely resembled 
those obtained from implanted controls, suggesting that a loss 
of NMDA potency may be associated with the normal devel- 
opment of CA3 pyramidal cells in young adult male rats. Kin- 
dling abolished this developmental change. 

Studies of unoperated animals younger and older than those 

used in the kindling study supported the idea that CA3 pyra- 
midal cells lose sensitivity to NMDA with advancing age. In 
slices from 1.5-month-old rats, NMDA was about as potent a 
depolarizing agent as in slices from 4-month-old rats [0 Mg2’ : 
EC,,, 14 PM; pEC,,, 4.86 + 0.06 (mean -t SEM; n = 6); 1 mM 
Mg2 ’ : EC,,, 32 KM; pE&, 4.49 + 0.05 (mean + SEM; n = 5); 
cf. Table I]. NMDA was much less potent at 10-12 months of 
age [0 Mg* ’ : ECso, 46 FM; pEC,,, 4.34 + 0.04 (mean + SEM; 
n = 6)). 

The normal development of CA3 pyramidal cells altered re- 
sponses to NMDA in another respect. It markedly diminished 
the afterhyperpolarization. In slices from 4-month-old control 
rats, a 2-min application of NMDA produced a rapid depolar- 
ization followed by a slow hyperpolarization. In slices from the 
older control and unoperated rats, however, the duration of the 

Figure 2. NMDA concentration-re- 
sponsc relationships in area CA3 of 

g 

slices from kindled rats (0) tested either 2 
1 d or I-2 months after the last evoked 
seizure, from control rats (0) tested at 

k 

the same time after electrode implan- X 
tation alone, and from unimplanted rats 
(A) of the same age tested after an 
equivalent stay in the same animal fa- 
cility. Values are means + SEM for the 
number of animals given in Table 1. 
NMDA potency was greater in slices 
from kindled rats and the concentra- 
tion-response curves shifted to the right 
in older animals. 

I OAY 
,A-~ 

l-2 MONTHS 

-5.0 -4.5 -4.0 -3.5 

log [NMOAI CM) 



after the last evoked seizure 

Excitantiregion Time 
Ms*+l 
(mM) Unopcratcd Control 

The Journal of Neuroscbnce, May 1992, 12(5) 1931 

Table 1. pEC,, and EC, values for depolarization of hippocampal pyramidal cells 1 d or l-2 months 

NMDA/CA I l-2 mo 0 

I 

AMPA/CA3 Id 0 

I 

NMDA/CA3 Id 0 

I 

l-2 mo 0 

I 

l-2 mo 0 

AMPA/CA I l-2 mo 0 

1 

L.-Glutamate/CA3 Id 0 

I 

1-2 mo 0 

I 

4.75 + 0.04(8) 

18 

4.23 + 0.05 (8) 

59 

4.18 f 0.09(5) 

66 
3.70 + 0.06(4) 

200 

4.77 + 0.05(8) 

17 

4.28 + 0.04(8) 

52 

4.15 + 0.08 (9) 

71 

3.82 + O.OS(6) 

151 

5.24 f  0.05 (5) 

5.8 

4.80 + 0.02 (9) 

16 

5.53 f  0.07(7) 

3.0 

5.41 f  0.09(8) 

3.9 

5.30 t 0.12(6) 

5.0 

5.23 k 0.07 (7) 

5.9 

5.64 f 0.10 (6) 

2.3 

5.54 f  0.08(6) 

2.9 

2.72 + 0.06 (6) 

1900 

2.73 2 0.03 (8) 

1900 

2.88 f  0.04(10) 

1300 

2.77 f  0.03 (10) 
1700 

Kindled 

4.90 f 0.05 (6) 

13 

4.43 f 0.03 (8)* 

37 

4.94 f 0.05 (7)** 

12 

4.46 f 0.04(8)** 

35 

5.27 f 0.04(6) 

5.4 

4.75 f 0.01 (8) 

18 

5.36 + 0.04 (6) 

4.4 

5.30 k 0.08(10) 

5.0 

5.46 + 0.08 (7) 

3.5 

5.36 + 0.07 (7) 

4.4 

5.49 + O.lO(6) 

3.2 

5.38 + 0.08 (6) 

4.2 

2.78 + 0.01(6) 

1700 

2.79 f 0.02(9) 

1600 

2.81 f 0.06 (7) 

1600 

2.79 f 0.06(7) 

1600 

pEC, is -IodE&,]. pEC, values are means + SEM for the number of preparations given in parentheses. EC, values 
(PM) are the geometric means and are given on the next line. Increase in the pEC, and decrease in the EC, reflect 
enhanced potency of excitant. Time refers lo duration after the animals attained the behavioral criterion for kindling. 
Animals at 1 d were about 4 months old and animals at I-2 months were 5.5-6 months old. 
l p < 0.05, l * p < 0.01, compared lo implanted controls or unoperated rats of the same age (Newman-Keuls test after 
one-way ANOVA yielded p < 0.05 or better). 

depolarization increased by about two-thirds (from 230 to 370 
set), associated with the virtual disappearance of the afterhy- 
perpolarization (Fig. 1, top). Kindling prevented this develop- 
mental change (Fig. 1, bottom). Although depolarizations re- 
corded from slices of the control and unoperated groups were 
usually smaller than those recorded from slices of the kindled 
group, these differences in the appearance of the response were 
observed even when depolarizations were of the same absolute 
amplitude. 

In contrast to their effects on NMDA potency, neither kin- 
dling, age, nor Mg2+ significantly altered the responses of CA3 
pyramidal cells to AMPA or L-glutamate (Fig. 3, Table I). These 
excitants, like NMDA, evoked a rapid depolarization followed 
by a slow hyperpolarization. Unlike NMDA-induced responses, 
however, the hyperpolarization did not diminish with age. 

Area CAl. In slices from control rats, NMDA was far more 
potent in depolarizing CA1 than CA3 pyramidal cells (Table 1). 

There was little, if any, regional difference in the potency of 
AMPA, however. 

When tested on CA1 pyramidal cells l-2 months after the 
last evoked seizure, kindling appeared not to have altered the 
potency of either NMDA (Fig. 4, Table 1) or AMPA (Table 1). 
In contrast to area CA3 at this time, responses to these excitants 
in slices from control as well as kindled rats were characterized 
by a rapid depolarization followed by a slow hyperpolarization 
(not shown). 

Discussion 

E&ct of kindling. These results confirm suggestions from less 
direct measurements of neuronal depolarization (Morrisett et 
al., 1989) that kindling enhances the sensitivity of some hip- 
pocampal neurons to NMDA. As demonstrated previously, kin- 
dling selectively altered responses to NMDA compared with 
excitatory amino acids active at non-NMDA receptors. [In these 
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1-2 MONTHS 

-5.5 -5.0 
log MMPAI (Ml 

Figure 3. Neither kindling nor age altered the concentration-response 
curve for AMPA-induced depolarization of CA3 pyramidal cells. 0, 
Slices from kindled rats; 0, slices from electrode-implanted control rats. 
Recordings were made in the presence of 1 mM Mg2+. Times refer to 
interval after the last evoked seizure. Values are means 5 SEM for the 
number of animals given in Table 1. 

grease-gap preparations, responses to glutamate predominantly 
reflect actions at sites other than the NMDA receptor (Frenguelli 
et al., 1991; D. Martin and J. V. Nadler, unpublished obser- 
vations)]. We now show that the effect of kindling is selective 
for CA3, as opposed to CA 1, pyramidal cells and that it is little 
affected by removing Mg*+ from the superfusion medium. Thus, 
not all neuronal populations in the circuit activated by the stim- 
ulation respond in the same way. Furthermore, enhanced NMDA 
agonist potency in area CA3 does not involve a reduced sen- 
sitivity to channel block by Mg2+. Kindling-induced changes in 
NMDA receptor function are in the right direction to underlie 
maintenance of a hyperexcitable state. 

A central issue is whether kindling enhanced NMDA potency 
in our tests by altering properties of the NMDA receptor or in 
some other way. A number of factors can influence measures 
ofagonist potency obtained with a grease-gap preparation (Sim- 
monds, 1990; Martin and Nadler, 199 1). The most serious tech- 
nical consideration is the frequent difficulty in obtaining a true 
maximal response with excitatory amino acids, due to excito- 
toxic damage, desensitization, and/or incomplete equilibration. 
Biological variables are many and include the activation or de- 
activation of voltage-dependent ion conductances secondary to 
a change in membrane potential, the resistance of receptive cell 
membranes, and the percentage of extracellular space, as well 
as modification of the receptor itself. Most of these potential 
complications are ruled out as a basis for the kindling effect by 

loo- 
I mM Mg2* 

{ 

0 

50 - 

( 

-5.0 -4.5 
log [NMOAI (HI 

Figure 4. Kindling did not alter the concentration-response curve for 
NMDA-induced depolarization of CA 1 pyramidal cells. 0, Slices from 
kindled rats; 0, slices from electrode-implanted control rats. Values are 
means _+ SEM for the number of animals given in Table 1. 

the specificity of our results with respect to the receptor in- 
volved, the hippocampal region, and the time after the last 
evoked seizure. The enhanced sensitivity ofCA3 pyramidal cells 
to NMDA after kindling appears to reflect a selective change in 
the NMDA receptor expressed by those neurons. Although it is 
well accepted that many forms of neuronal plasticity depend for 
their induction on activation of the NMDA receptor, initial 
studies provided no evidence of a role for this receptor in the 
endurance or permanence of the change. Only recently has it 
been shown that long-term potentiation can, at least under some 
conditions, involve a lasting contribution of NMDA receptors 
to the EPSP (Alonso et al., 1990; Bindman and Murphy, 1990; 
Bashir et al., 1991). Our results suggest that kindling also not 
only depends for its induction on NMDA receptor activation, 
but leads in addition to a modification of receptor properties. 

Thegrease-gap method has proved useful for identifying types 
of receptor plasticity that involve changes in the potency of 
amino acid agonists or antagonists. However, this experimental 
approach by itself can provide only limited information about 
the cellular and molecular mechanisms that underlie these 
changes. Membrane binding studies are helpful in this regard. 
Binding data strongly suggest that kindling enhances NMDA 
potency, at least in part, by increasing the expression of NMDA 
receptors. The maximum density of binding sites for NMDA 
receptor-specific radioligands --)H-glutamate, 3-[( +)-2-(car- 
boxypiperazin-4-yl)]- I ,2-3H-propyl- 1 -phosphonate (‘H-CPP), 
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tritium-labeled N-[( 1 -thienyl) cyclohexyl] piperidine OH-TCP), 
and )H-glycine-on rat hippocampal membranes was signifi- 
cantly enhanced I month after the last evoked seizure (Yeh et 
al., 1989; Yeh et al., unpublished observations). Binding data 
paralleled results of the present grease-gap study with respect 
to time course; the effect was much greater 1 month after the 
last evoked seizure than it was immediately after attainment of 
the behavioral criterion for completion of kindling. Conversely, 
the lack of kindling-induced change in the potency of AMPA 
correlated with the absence of effect on the binding of radioli- 
gands selective for AMPA or kainate receptors (Okazaki et al., 
1990; Vezzani et al., 1990). 

An increase in NMDA receptor density would be expected 
to enhance agonist potency in the presence of a receptor reserve 
(Kenakin, 1984). If all other factors are constant, changes in 
agonist potency will be directly proportional to changes in the 
size of the receptor reserve. At first glance, our results appear 
inconsistent with this principle, because agonist potency was 
five- to sixfold greater in kindled rats whereas receptor density 
was increased by only 40-50% with most radioligands. How- 
ever, binding studies were performed with membranes from the 
whole hippocampus and the potency change was confined to 
area CA3.LIt is possible that kindling enhanced NMDA receptor 
binding to a far greater extent in area CA3 than was evident 
from studies of whole hippocampal membranes. Our previous 
receptor autoradiographic study (Okazaki et al., 1989), as well 
as a similar study by other investigators (Vezzani et al., 1990), 
failed to show such an enhancement in area CA3 with use of 
‘H-glutamate as the radio&and. However, we have since found 
that the concentration of 3H-glutamate used in that study was 
too low to reveal a difference between kindled and control an- 
imals. The problem is that kindling not only increases the B,,, 
for binding of ‘H-glutamate to the NMDA receptor, but also 
reduces the average affinity of the receptor for this and some 
other ligands (Yeh et al., unpublished observations). Thus, the 
concentrations of 3H-glutamate necessary to demonstrate an 
effect of kindling are greater than one can use for receptor au- 
toradiography. Recent data further suggest that the additional 
NMDA receptors expressed in the hippocampus of kindled rats 
differ from those normally present not only in their ligand af- 
finities, but also in their pharmacological properties (Bonhaus 
et al., 199 1). Another possibility, not yet tested, is that kindling 
alters the mechanisms by which NMDA receptors are regulated 
after their insertion into the synaptic membrane (MacDonald 
et al., 1989; Markram and Segal, 199 1). 

Increased receptor density would also be expected to reduce 
the potency of MgZ+ as a blocker of the NMDA receptor channel 
(Pennefather and Quastel, 1982). No such effect was clearly 
evident. However, agonist potency may be a more sensitive 
indicator of changes in receptor density than is Mg” antago- 
nism. 

Because the effects of kindling on both radioligand binding 
and agonist potency were much greater at 1 month than at I d 
after attainment of the behavioral criterion, enhanced NMDA 
agonist potency in area CA3 might more plausibly play a role 
in the maintenance than in the initial expression of kindled 
epilepsy. This change might be expected to unmask normally 
dormant NMDA receptors on CA3 pyramidal cells and thus to 
augment and prolong EPSPs (Collingridge et al., 1988). In area 
CA3, NMDA receptors function mainly at the Schaffer collat- 
eral, commissural, and associational synapses made by CA3 
pyramidal cells upon each other (Harris and Cotman, 1986). 

Enhancement oftransmission at these synapses would overcome 
inhibitory processes (Stelzcr et al., 1987) and potentiate recur- 
rent excitation (Miles and Wong, 1986). Recurrent excitatory 
connections among CA3 pyramidal cells have been identified 
as one ofthe key properties of these cells that facilitates bursting 
and allows them to initiate limbic seizure activity. Indeed, these 
neuronsexhibit pathologic hyperexcitabilityafter kindling(King 
et al., 1985). Enhanced NMDA agonist potency might also in- 
directly modify the actions of neurotransmitters other than ex- 
citatory amino acids (Stanton et al., 1987; Stelzer et al., 1987). 
In these ways, enhanced NMDA agonist potency in a critical 
region of the hippocampus could maintain a low seizure thresh- 
old and perhaps underlie, in part, the spontaneous seizures that 
can eventually develop in kindled animals (Pine1 and Rovner, 
1978). Studies of synaptic physiology are needed to evaluate 
these possibilities. In contrast to its effects on CA3 pyramidal 
cells, kindling was reported to enhance the participation of 
NMDA receptors in transmission onto dentate granule cells 
from a very early stage in the process, even before the behavioral 
criterion for completion of kindling was reached (Mody and 
Heinemann, 1987; Mody et al., 1988). Thus, effects on dentate 
granule cells could be involved in the establishment of kindling, 
as well as in its maintenance. It is not clear whether these effects 
involve the enhanced expression of NMDA receptors or some 
other mechanism. 

Enhancement of NMDA agonist potency could also explain 
the finding of Jarvie et al. (I 990) that kindling increases K+- 
evoked, Ca2+ -dependent release of glutamate from slices of hip- 
pocampus regio inferior (mainly area CA3), but not from slices 
of regio superior (area CAI). Under the conditions used in stud- 
ies of that type, the massive activation of NMDA receptors by 
released glutamate and aspartate augments the further release 
of these amino acids from Schaffer collateral-commissural-as- 
sociational terminals (Martin et al., 199 1). Because much of the 
glutamate release depends on the activation of NMDA recep- 
tors, increased receptor density and NMDA agonist potency 
would be expected to increase this release. Whether kindling 
enhances glutamate release in response to physiological stim- 
ulation remains an open question. 

Efict of age. The effects of kindling on NMDA potency were 
superimposed upon a large and unanticipated reduction with 
age in the ability of NMDA to depolarize CA3 pyramidal cells. 
The greatest change was observed between 4 and 5.5-6 months 
of age. Like the effect of kindling, the effect of age was selective 
for NMDA compared with excitants that act at non-NMDA 
receptors. That this was actually an effect of normal develop- 
ment in the rat and not an artifact of electrode implantation or 
housing in our animal colony was demonstrated by the very 
similar EC,, values obtained from implanted and unimplanted 
controls. During the same period, the duration of the depolar- 
izing response increased due to loss of the afterhyperpolariza- 
tion. In experiments of this type, the afterhyperpolari7ation has 
been ascribed to the activation of Nat/K+-ATPase by the Na+ 
entry associated with maintained depolarization (Padjen and 
Smith, 1983; Thompson and Prince, 1986). Kindling probably 
did not alter this mechanism, because a hyperpolarization con- 
tinued to follow AMPA-evoked depolarizations. Rather, loss of 
the NMDA-evoked afterhyperpolarization can probably be ex- 
plained by a depolarization in each pyramidal cell that was 
insufficient to activate the Na+ pump. This hypothesis does not 
conflict with the observation that loss of afterhyperpolarization 
could still be observed even when NMDA-induced depolariza- 
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tions in slices from rats of different ages were of the same am- 
plitude, because the amplitude recorded depends not only on 
the magnitude of depolarization in each pyramidal cell, but also 
on the number of pyramidal cells that project their axons through 
the grease barrier and on several technical factors as well (Martin 
and Nadler, 1991). Reduced NMDA potency and loss of the 
aftcrhyperpolarization could both be explained by a loss with 
age of NMDA receptor reserve in CA3 pyramidal cells of the 
young adult male rat. 

This study did not address the effect ofage on NMDA potency 
in area CA 1. However, a comparison of results we have obtained 
at ages between 30 and 180 d rcvcalcd no obvious diffcrcnces 
in this region. Thus, the effects of age, like those of kindling, 
may be expressed mainly in area CA3. 

The dramatic and selective loss of response to NMDA in area 
CA3 does not correlate with any other known developmental 
change in the NMDA receptor. The laminar pattern and density 
of NMDA receptors develop in the rat hippocampal formation 
during the first postnatal month or so (Insel et al., 1990; 
McDonald et al., 1990). Evidence of a decline in NMDA re- 
ceptor function during advanced age has been reported (Gon- 
zales et al., 1991). This loss of function may be related to a 
reduction in, strychnine-insensitive glycine binding sites (Mi- 
yoshi et al., 1990) and/or glutamate recognition sites (Peterson 
and Cotman, 1989; Wenk et al., 1991). However, the reduced 
NMDA potency in area CA3 between 4 and 5.5-6 months of 
age was not associated with any significant change in the binding 
of ‘H-glycine to hippocampal NMDA receptors (Yeh et al., 
1989) or with any change in the binding of L-‘H-glutamate to 
NMDA receptors in area CA3 (Okazaki et al., 1989). Therefore, 
our result probably cannot he explained by a loss of NMDA 
receptors (see also Bonhaus et al., 1990). Alternative mecha- 
nisms include changes in sites on the NMDA receptor other 
than the glycine and glutamate recognition sites, in the signal 
transduction pathway, in the magnitude of receptor desensiti- 
zation, in the secondary activation of voltage-sensitive conduc- 
tances, and in the placement of NMDA receptors on the py- 
ramidal cell. Studies that focus specifically on area CA3 during 
early adulthood are needed to distinguish among these and other 
possible mechanisms. 

The effect of age on responses of CA3 pyramidal cells to 
NMDA was completely abolished by kindling. In fact, one could 
view kindling as a means to prevent the downregulation of 
responses to NMDA that would othcrwisc have occurred in the 
course of normal development. Perhaps by downregulating their 
NMDA receptor function at some point after these receptors 
have fulfilled their important roles in neuronal development 
and differentiation, the CA3 pyramidal cells reduce the prob- 
ability of limbic seizure discharge. Kindling may lower seizure 
threshold, in part, by interfering with this process. 
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