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Contributions of Quisqualate and NMDA Receptors 
to the Induction and Expression of LTP 

The contributions of two subclasses of excitatory amino acid transmitter receptors to 
the induction and expression of long-term potentiation (LTP) were analyzed in 
hippocampal slices. The quisqualateikainate receptor antagonist DNQX (6,7-dinitro- 
quinoxaline-2,3-dione) blocked 85% of the evoked field potential, leaving a small 
response that was sensitive to D-AP5 (D-2-amino-5-phosphonopentanoate),an N-
methyl-D-aspartate (NMDA) receptor blocker. This residual D-AP5-sensitive re-
sponse was of comparable size in control and previously potentiated inputs. High- 
frequency stimulation in the presence of DNQX did not result in the development of 
robust LTP. Washout of the drug, however, revealed the potentiation effect. Thus 
NMDA-mediated responses can induce, but are not greatly affected by, LTP; non- 
NMDA receptors, conversely, mediate responses that are not needed to elicit LTP but 
that are required for its expression. 

SYNAPTIC RESPONSES IN THE HIPPO- 

campus and other sites in the fore- 
brain involve two types of excitatory 

amino acid receptors (1). Recent work sug- 
gests that LTP, a form of synaptic plasticity 
that may be involved in memory (4, 
changes those aspects of the response medi- 
ated by only one of these two receptor 
classes. Specifically, an antagonist of the 
NMDA receptor reduced the siw of potenti- 
ated and control potentials in hippocampal 
slices by about the same absolute amount, in 
experiments with either single stimulation 
pulses in low ~ g ' +  media (3) or repetitive 
stimulation in normal medium (4) to elicit 
NMDA receptor-dependent responses. 
These results led to the curious conclusion 
that, although the currents initiated by the 
NMDA receptor are necessary for the induc- 
tion of LTP, they are not themselves greatly 
influenced by the potentiation effec~. 

The introduction of drugs that selectively 
block non-NMDA excitatory amino acid 
transmitter receptors [for example, the quis- 

qualate site ( 5 ) ]allows for more direct tests 
df the idea that different classes of ~ostsv- . , 
naptic receptors contribute differentially to 
the induction and expression of LTP. Three 
experiments of this type are described here. 
First, we compared the effect of DNQX, a 
quisqualatelkainate receptor antagonist, on 
control and previously potentiated respons- 
es in hippocampal slices maintained in low- 
M ~ ~ +  [reduction of extracellular medium 
M ~ ~ +attenuates the voltage-dependent 
blockade of the NMDA receptor ionophore 
(6)l. If NMDA-mediated currents are not 
affected by induction of LTP, then blocking 
the non-NMDA sites should eliminate the 
difference between control and potentiated 
responses. Second, we tested the prediction 
that high-frequency stimulation of the 
NMDA-mediated responses that remain af- 
ter blockade of quisqualate receptors will 
not result in the development of a potentia- 
tion effect. Note, however, that this experi- 
ment could not distinguish between- the 
absence of induction of LTP and the ab- 
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stin~uli. Bccauuje laterality for discriminating nlon- 
keys and expressions did not differ significantly, the 
results are combined for this report. 
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sence of its expression. Accordingly, we 
carried out a third study in which high- 
frequency stimulation was applied in the 
presence of DNQX to one of two pathways 
and then the drug was washed out of the 
slices. If potentiation can be triggered by 
repetitive stimulation of NMDA responses 
alone but is not expressed, then washing out 
the drug should reveal a difference between 
the two pathways. 

Hippocampal slices (400 to 450 ym 
thick) were prepared from male Sprague- 
Dawley rats and maintained in an interface 
chamtkr under pe&sion with a medium 
containing 124 mM NaC1, 3 mM KCI, 3 
mM CaC12, 1 mM MgC12, 26 mM 
NaHC03, 1.25 mM KH2P04, 10 mM glu-
cose. and 2 mM I--ascorbate. The slices were 
incubated for 60 min in this medium before 
being switched to a medium containing only 
20 to 100 yM M$+, a condition that 
substantially increases NMDA receptor-me- 
diated potentials. After 1 hour of incuba- 
tion, the flow was stopped, and the experi- 
ments were carried out in static conditions. 
Synaptic field potentials were recorded ex- 
tracellularlv in the stratum radiatum of CAl 
and evoked by two independent groups of 
Schaffer-commissural afferents with two 
stimulating electrodes placed on either side 
of the recording pipette. The stimulation 
intensities were adjusted so that the elec- 
trodes evoked responses of similar sizes (be- 
tween 2 and 3 mV) and, after 20 min of 
stable recordings, LTP was induced on one 
input by using short trains of high-frequen- 
cy stimulation (ten bursts at 5 Hz com-
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Fig. 1. Effect of DNQX on 	 posed of four pulses at 100 Hz). The pulse 
control and potentiated re- 	 duration was doubled during the high-fre- 
sponses evoked in the pres- 	 quency stimulation to satisfy the cooperativ- 
ence of 50 pM magnesium. 
(A) Typical experiment il- ity requirement for LTP induction (7). 
lustrating the changes in ~ncibation of hippocampal slices in the 
EPSP amplitude produced presence of DNQX results in a complete 
by application of 10 pM blockade of synaptic responses. However, 
DNQX on the control and 
potentiated responses when ~ g ' +  is omitted or greatly reduced in 
evoked by two independent the perfusing medium, then a significant 
inputs within the same slice component of the response remains insensi- 

0 -1 + [O, control; 0, potentiated tive to the drug even after a long period of 
mput; high-frequency stim- 

DNQX D-AP5 ulation (HFS)]. The rc- incubation. This component is completely 

0 20 40 60 sponses left after DNQX ap- blocked by a subsequent application of 20 to 
Time (min) plication were completely 50 pM D-AP5 (Fig. 1). In 12 experiments, 

B Control input Stimulated input blocked by 30 pM D-AP5. the amplitude of the D-AP5-sensitive re-
(B) Representative field 	 sponse remaining after application of 10 to 
EPSPs recorded in the same 
experiment at the times indi- 	 25 pM DNQX corresponded to 15.5% 1-
cated by the triangles. 	 1.2% (mean 1- SEM) of the amplitude of 

the field potential before drug applica- 
tion. This represents slightly less than the 
D-AP5-sensitive component of a synaptic 
response evoked by single-pulse stimula~ion 
in low M~~~conditions, but without block- 
ade of the quisqualate type of glutamate 
receptors (8). The reason for this small 

Control 	 difference is probably related to the different 
degree of postsynaptic depolarization pro- 
duced in the two conditions, a factor that is 
expected to affect currents through NMDA 
receptors. Alternatively, DNQX could have 
a slight antagonist action on NMDA recep- r:1 0  rns tors (9). The NMDA responses recorded 
after DNQX application usually had a slow- 
er time course than the original field poten- 

DNQX 	 tials (Fig. 1, B and C, and Fig. 2). 
The erects of DNQX on control and 

potentiated responses were measured in 11 
experiments by using two responses elicited 
within the same slice that were initially of 
comparable size. Iligh-frequency stimula- 

Interpulse interval (ms) tion produced a 39% r 4% increase in the 
slope and a 30% 1- 2% increase in the am- 

Control 
plitude of one of the responses. Application 
of DNQX reduced the size of the two 

1 	 . . 
responses, but to a greater degree on the 

Control 
potentiated than control excitatory postsyn- 

150 e * * * * * . . e e . o e e e e * * . . e e e e * * * * e *  aptic potentials (EPSPs); thus, the NMDA 
response remaining after drug application 

o o o D O O O O o o o O o o o o o o o o o o o O o o ~ o ~ o o  was very similar if not smaller on the poten- 
DNQX tiated as compared to the control input (Fig. 

C # HFS 1 0  rns 1). In a slice-by-slice comparison, the ampli- a 

DNOX 	 tude of the NMDA response, expressed for 

each pathway as percent of the amplitude of 
baseline EPSPs (before high-frequency 
stimulation or drug application) was on the 
average slightly smaller on the potentiated 

Time (min) 	 than on the control input of the same slice 

Fig. 2. Effcct of DNQX on responses to repetitive stimulation. (A) Degree of paired-pulse facilitation (13.6%a 1.3% versus 15.5% + 1.2%). I t  
expressed as a function of the interpulse interval and measured on the initial slope of responses rccordcd appears therefore that DNQX eliminated 
bcforc ( 0 )  and after ( 0 )  application of 10 pM 1INQX. Each point represents the mean t SEM of five the difference between pathways produced 
separate experiments. Representative EPSPs recorded before and after 1INQX application and elicited bv LTP. 
with a 50-111s interpulse interval are illustrated superimposed on the right. (B) Effcct of high-frequency 
stimulation (HFS) applied to one input bcforc ( 0 )  and to the other after (0) A possible explanation for this resultapplication of 10 pM 
DNQX. The representative EPSPs rccordcd on the two pathways, at the times indicated by the -would be that currents through NMDA 
triangles, are illustrated on the right. receptors are maximal in control stimulation 
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and thus could not become larger with LTP. 
We tested this idea by using paired pulses to 
transiently augment transmitter release and 
response amplitudes. Paired-pulse facilita- 
tion was still observed in the presence of 
DNQX even when responses were increased 
to levels from before drug administration by 
adjusting the stimulation intensity (Fig. 
2A). In fact, the degree of facilitation was 
greater after DNQX application than before, 
an effect observed at all interpulse intervals 
tested. It is unlikely therefore that currents 
through NMDA receptors were saturated in 
control pathways. 

-800-
s- -
g 600-
0-
U) 
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z o o - .  . O 0  .* 

7 

4 HFS 

6 30 60 90 

The above experiments suggested that the 
changes associated with LTP are mediated 
by quisqualate receptors with little contribu- 
tion from the NMDA receptors. As a further 
test of this, we examined the effect of high- 
frequency stimulation applied to NMDA 
responses that remain after applying 
DNQX. Afferent stimulation with high-fre- 
quency bursts of the type that ind~lce robust 
LTP in absence of DNQX did not produce 
similar changes in the size of the residual 
NMDA responses (Fig. 2B). I11 seven ex- 
periments in which responses were set to a 
comparable size in the two conditions, the 
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Fig. 3. Effect of DNQX washout on responses that received high-frequency stimulation in the presence 
of the drug. (A) Typical experiment illustrating the recovery in EPSP slope measured during washout of 
10 pM 1INQX on the responses evoked on a control (0)and previously stimulated (0)pathway. High- 
frequency stimulation (HFS) was applied as indicated by the arrows. (B) Representative EPSPs 
recorded during washout of DNQX in the cxpcrimcnt illustrated in (A) at the times indicatcd by the 
triangles. (C) El'SPs recorded before and 20 min afier the high-frequency trains applicd aficr washout 
of DNQX in the sallc cxpcrimcnt. (D) Summary of the changes in El'S1' slope measured in six 
experiments on control and stimulated inputs durlng DNQX washout. The diEercncc in the slopes of 
the washout curves for the two inputs (control, 3.22%t 0.20% per minutc; potentiated, 
4.30%t 0.23% per minutc; n = 6) was highly significant (P < 0.01). (E) EEect of high-frequency 
stimulation applied in the sanlc experiment on the two pathways aficr washout of 1INQX. 

nlean degree of potentiation recorded in 
presence of 10 yM DNQX was only 
12% + 4%, a result that contrasts with the 
52% + 6% (P < 0.01; Mann-Whitney U 
test) increase in EPSP amplitude produced 
by high-frequency stimulation of different 
inputs before DNQX application. 

The absence of a marked potentiation in 
the presence of DNQX could be interpreted 
in two ways: either high-frequency stim~lla- 
tion of NMDA responses failed to induce 
LTP or NMDA responses did not express 
the potentiation effect. T o  distinguish be- 
tween these possibilities, we carried out six 
experiments in which we compared the rate 
ofrecovery during washout of DNQX of the 
responses evoked on two pathways, one of 
which had received high-frequency stimula- 
tion in presence of the drug. If LTP had 
been induced but was not expressed by 
NMI>A responses, then washing out the 
quisqualate receptor antagonist should re- 
veal the potentiation effect. As a second test 
we compared the effect of applying high- 
frequency trains on the two pathways after 
washout of the drug. The results of a typical 
experiment are illustrated in Fig. 3, A 
through C, and a summary of six experi- 
ments is shown in Fig. 3, D and E. As 
indicated, washout of DNQX (10) resulted 
in a larger increase in s i x  of the responses 
recorded on the input that had received 
high-frequency stimulation in the presence 
of the drug. The difference in the slopes of 
the washout curves for the two inputs was 
highly significant (P < 0.01). Also high- 
frecluency stimulation applied on both in- 
puts after washout of DNQX resulted in a 
far greater degree of LTP on the control 
than on the previously stimulated input 
(Fig. 3, C and E). The difference was clearly 
significant (I-'< 0.01) for both amplitude 
and slope measurements. It appears there- 
fore that LTP can be induced in the presence 
of DNQX, but is not expressed by NMDA 
responses. 

By using a selective antagonist of the 
quisqualate type of glutamate receptors, we 
have shown that induction of LTP does not 
affect field EPSPs dependent on NMDA 
receptors and that LTP can be induced but 
not manifested by high-frequency stimula- 
tion of NMI>A receptor-mediated respons-
es. These results point to two conclusions. 
First, L'1'1' induction does not appear to .. 

require the participation of quisclualate re- 
ceptors. This observation strengthens the 
idea that NMDA receptor-mediated cur-
rents initiate the poten~ation effect (I, 11). 
Second, our results suggest that the respons- 
es dependent on activation of quisqualate 
but not NMDA receDtors exhibit a marked 
potentiation effect. The selective properties 
indicated by this pattern of results restricts 
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the number of cellular events that could be 
responsible for the expression of the potenti- 
ation effect. Specifically, it would seem that 
the differential contribution of the two re- 
ceptor types to LTP is incompatible with 
the idea that the potentiation effect results 
from an increase in transmitter release by a 
fixed population of terminals (12), since this 
would presumably affect both types of re- 
ceptors. So it is noteworthy that NMDA- 
mediated responses exhibit robust paired- 
pulse facilitation, a transient presynaptic 
form of plasticity; moreover, binding stud- 
ies suggest that NMDA receptors are at least 
as numerous as quisqualate receptors in area 
CAl of hippocampus (13) and in postsynap- 
tic densities (14). 

On the other hand, several postsynaptic 
mechanisms could account for the selective 
changes produced by LTP. A first possibility 
would be a modification of the biophysical 
properties of the quisqualate, but not 
NMDA, receptor-ionophore complex, such 
as changes in the major conductance state of 
the channel (15). Other explanations are 
suggested by electron microscopic experi- 
ments that show that LTP is correlated with 
a change in the morphology of dendritic 

spines and, perhaps related to this, an in- 
crease in the number of synaptic profiles 
located on dendritic shafts and of spines 
with very short necks (16). Formation of 
new synapses lacking NMDA receptors (1 7)  
would account for the pattern of results 
described here, while changes in the shape 
(and thus biophysics) of existing spines 
might also produce the observed effects by 
differentially affecting the fast rising (non- 
NMDA receptor-mediated) versus more 
slowly developing (NMDA receptor-medi- 
ated) synaptic responses. Some models of 
dendritic spines suggest that changes in 
spine neck parameters could have effects of 
this type (18). 
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is likely that GAP itself is an effector of ras 
action, and that elucidation of other bio- 
chemical properties of GAP may shed light 
on the role of ras oncogenes in cellular 
transformation. 

Recently, Gibbs and co-workers purified 
GAP from bovine brain and confirmed that 
this purified protein, which has an apparent 
size of 125,000 daltons, was able to stimu- 
late GTPase activity of normal H-ras p21 
without affecting GTPase activity of posi- 
tion 12 mutants (5). By means of the se- 
quence obtained from this purified protein, 
a cDNA clone encoding bovine GAP was 
obtained (6).  Furthermore, it was shown 
that oncogenic forms of ras p21 in their 
GTP-bound forms bind to GAP; this obser- 
vation strongly supports the suggestion that 
GAP is an effector of ras action. In this 
paper, we describe the purification of GAP 
from human placenta and the molecular 
cloning of cDNA encoding this protein. In 
addition, we describe a second form of GAP 
cDNA that could encode GAP with an 
altered NHz-terminus; we also demonstrate 
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