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Tetanically Induced LTP Involves a Similar Increase in the AMPA 
and NMDA Receptor Components of the Excitatory Postsynaptic 
Current: Investigations of the Involvement of mGlu Receptors 

John J. O’Connor,l,a Michael J. Rowan,’ and Roger AnwyP 

‘Departments of Pharmacology and Therapeutics, and 2Physiology, Trinity College, Dublin, 2, Ireland 

Whole-cell patch-clamp recordings of evoked excitatory 
postsynaptic currents (EPSCs) were made from granule 
cells of the rat dentate gyrus in vitro. Tetanic stimulation 
in control media evoked a statistically identical long-term 
potentiation (LTP) of both the AMPA and NMDA receptor- 
mediated components of the dual component EPSC (AM- 
PAR and NMDAR EPSCs), as shown by a similar percent- 
age increase in both components when measured at a 
holding potential of -30 mV, and also by an identical time 
course of the pre- and post-LTP induced EPSC at -30 mV 
and -70 mV. Application of the selective metabotropic glu- 
tamate receptor (mGluR) agonist lS,BR-ACPD induced a 
transient depression followed by a rapid onset LTP of both 
the AMPAR and the NMDAR components of the dual com- 
ponent EPSC. The ACPD- and tetanically induced LTP of 
the AMPAR EPSC was NMDAR dependent, being abolished 
by the NMDAR antagonist AP5. Tetanic stimulation, and ap- 
plication of ACPD, also induced a relatively rapid onset 
LTP of the pharmacologically isolated NMDAR EPSC. Such 
tetanically and ACPD-induced LTP of the isolated NMDAR 
EPSC was also dependent on NMDAR activation, being 
strongly inhibited by AP5. The tetanically and the ACPD- 
induced LTP of the NMDAR EPSC were dependent on pro- 
tein kinase C (PKC) stimulation, being strongly inhibited by 
the PKC inhibitor PKCI (19-31). The studies suggest that 
coactivation of the mGluR and NMDAR are required for in- 
duction of LTP of both the AMPAR- and NMDAR-mediated 
synaptic transmission. Moreover, LTP of the NMDAR-me- 
diated synaptic transmission appears to be dependent on 
coincident activation of the NMDAR and mGluR. 

[Key words: lS,3Fi-ACPD (l-amino-cyclopentane-1,3-di- 
carboxylic acid), long-term potentiation, excitatory post- 
synaptic currents, AMPA receptors, NMDA receptors, me- 
fabotropic glutamate receptors] 

Glutamatergic synaptic transmission in the hippocampus in- 
volves the activation of two types of postsynaptic glutamate re- 
ceptors, a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionate 
(AMPAR) and N-methyl-D-aspartate (NMDAR). It has been 
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well established that tetanic stimulation induces an NMDAR- 
dependent long-term potentiation (LTP) of AMPA receptor-me- 
diated excitatory postsynaptic potentials and currents (referred 
to as AMPAR EPSPs/EPSCs) in the hippocampus (reviewed by 
Bliss and Collingridge, 1993). Tetanically induced LTP of the 
NMDAR-mediated responses has been more controversial. LTP 
of the pharmacologically isolated NMDAR-mediated responses 
was first demonstrated by Bashir et al. (1991), who found that 
LTP of the pharmacologically isolated NMDAR-mediated field 
EPSP and EPSC (referred to as NMDAR EPSPs/EPSCs) in the 
rat hippocampal slice was evoked following tetanic stimulation 
in CA1 of the hippocampal slice. Such LTP of isolated NMDAR 
EPSPs/EPSCs was later confirmed (Berretta et al., 1991; Asztely 
et al., 1992; Xie et al., 1992). However, several studies have 
reported that LTP of the NMDAR component of the normal dual 
component AMPAR/NMDAR EPSP/EPSC either did not occur 
or was much smaller than the LTP of the AMPAR component 
(Kauer et al., 1988; Muller and Lynch, 1988; Muller et al., 1992, 
1988; Perkel and Nicoll, 1993). 

Both AMPAR- and NMDAR-mediated responses have pre- 
viously been found to be potentiated in the hippocampus follow- 
ing activation of metabotropic glutamate receptors (mGluR). 
Thus application of the selective mGluR agonist l-aminocyclo- 
pentane-1,3-dicarboxylic acid (ACPD) (Palmer et al., 1989) led 
to a very slowly developing potentiation (peak reached in 90 
min) of the AMPA receptor-mediated field EPSPs in the rat 
CAl, such potentiation being NMDAR independent (Bortolotto 
and Collingridge, 1993). Moreover, ACPD application evoked 
potentiation of NMDAR-mediated responses, which were either 
of an acute reversible short-term type, as shown in hippocampal 
CA1 (Harvey et al., 1991; Aniksztejn et al., 1992; Behnisch and 
Reymann, 1993; Harvey and Collingridge, 1993), rat spinal dor- 
sal horn neurons (Bleakman et al., 1992), and Xenopus oocytes 
(Kelso et al., 1992), or of a long-term type, as shown recently 
in dentate gyrus (O’Connor et al., 1994), olfactory cortex (Col- 
lins, 1993), and spinal dorsal horn neurons (Ceme and Randic, 
1992). 

We have recently provided substantial evidence that endoge- 
nous transmitter activation of mGlu receptors underlies LTP of 
the pharmacologically isolated NMDAR EPSC (O’Connor et al., 
1994). In the present article we have extended this study, show- 
ing that a similar amplitude LTP of the NMDAR- and AMPAR- 
mediated component of the dual component AMPAR/NMDAR 
EPSC occurs following tetanic stimulation. We also present ev- 
idence that mGluR activation may underlie LTP of the AMPAR- 
mediated component of the dual EPSC. In addition, we have 
studied the NMDAR dependency of LTP of the AMPAR and 
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NMDAR EPSC, and the effects of a protein kinase C (PKC) 
inhibitor on the LTP of the NMDAR EPSC. 

Materials and Methods 
Slice preparation. All experiments were carried out on transverse slices 
of the hippocampus of the rat (weight loo-150 gm). The brains were 
rapidly removed after decapitation and placed in cold oxygenated (95% 
0,/5% CO,) media. Slices were cut at a thickness of 350 brn using a 
Camden vibroslice, and transferred to a storage container containing 
oxygenated media at room temperature. The slices were then transferred 
as required to a recording chamber for submerged slices, and continu- 
ously superfused at a rate of 5 ml/min with oxygenated media at 30- 
32°C. 

Solutions and drugs. The control media contained (mM) NaCI, 120; 
KCl, 2.5; NaH,PO,, 1.25; NaHCO,, 26; MgSO,, 2.0; CaCI,, 1.5; and 
D-glucose, 10. All solutions contained 100 PM picrotoxin (Sigma) to 
block GABA,-mediated currents. Additional drugs used were 6-cyano- 
7-nitroquinoxaline-2,3-dione (CNQX, Tocris Neuramin Ltd), D-2-ami- 
no-5-phosphonopentanoate (AP5, Tocris Neuramin Ltd), aminocyclo- 
pentane-lS,3R-dicarboxylic acid (lS,3R-ACPD), and the PKC inhibitor 
PKC(19-31) (PKCI, Bachem). These drugs were applied to the prepa- 
ration in the perfusing media. The patch-clamp electrode contained 
(mu) potassium gluconate, 130; KCl, 10; EGTA, 10; CaCI,, 1; MgCl,, 
3; HEPES, 20; Na,ATP, NaGTP, 0.5; QX 314, 5; pH 7.2 (using KOH). 
Such an intracellular medium should give free internal concentrations 
of Ca and Mg of approximately 17.5 nM and 275 FM, respectively. 
Some experiments were carried out using cesium methanesulfonate (130 
mM) in place of potassium gluconate with no resulting difference in the 
properties of the NMDA receptor. 

Stimu/ation and recording. Whole-cell patch-clamp recordings (seal 
resistance >4 GR) were made from dentate granule cells with patch 
pipettes (resistance 5-8 MR), using a List EPC-7 amplifier (3 kHz low- 
pass Bessel filter). Previously described procedures (Hestrin et al., 1990; 
Keller et al., 1991) were used to verify the adequacy of the clamping, 
and experimental data were collected only from cells showing high 
quality clamping of the activated synapses. The capacitive current was 
always electronically canceled and the series resistance (R,), 8-20 MQ 
as measured directly from the amplifier, compensated by 60-70%. R, 
was also measured directly in several cells from the peak amplitude of 
the capacitive current, Ic (without low-pass filtering), as R, = E,/l,. 
where E, is the amplitude of the test pulse, usually 10 mV, giving values 
of 14-20 MR The mean input resistance was 258 + 26 MQ and the 
mean resting potential -69 2 4 mV. The input resistance was moni- 
tored continuously, and the recording terminated if it varied by more 
than 10%. 

Presynaptic stimulation was applied to the commissural/association 
pathway at a distance of 50 pm from the cell body layer of the granule 
cells. Stimuli of 100 msec duration and 4-15 V intensity were applied 
with bipolar electrodes made from thin Teflon-coated wires (10 pm). 
The cell membrane potential was held at -70 mV throughout the re- 
cording period except for brief periods when steps were made to -30 
mV for a duration of 300 msec. Full experiments were carried out 
providing that certain criteria were met. These included a resting po- 
tential of at least -65 mV, a high input resistance (>200 Ma), and a 
low threshold and steep input-output curve of the EPSCs. EPSCs were 
recorded at a control frequency of 0.05 Hz, with the stimulation inten- 
sity adjusted to evoke an EPSC which was 20-30% of the maximum 
amplitude, usually 30-80 pA for NMDA EPSCs and 120-180 pA for 
AMPA EPSCs. The EPSCs were routinely stable for greater than 45 
min. NMDA EPSCs recorded under whole-cell conditions were phar- 
macologically isolated with 4-10 FM CNQX and 100 pM picrotoxin in 
the perfusing solution, and QX 314 (5 mM) in the patch electrode, to 
block the AMPA, GABA,, and GABA, receptor-mediated components 
of synaptic transmission, respectively. LTP was induced by tetanic stim- 
ulation consisting of eight trains each of eight pulses at 200 Hz, inter- 
train interval 2 set, under current-clamp conditions for the duration of 
the tetanus. The frequency of occurrence of LTP in the present studies 
was very high, over 85%, providing that there was a strict adherence 
to the criteria described above. Following formation of the whole-cell 
seal, EPSCs were always recorded for 10 min to allow for stabilization 
before tetanic stimulation or agents were given. 

Data analysis. Recordings were analyzed using the STRATHCLYDE 
electrophysiology software (Dr. J. Dempster). The measurements of IO- 
90% rise times, peak amplitudes, and decay times were performed on 
the averages of three consecutive EPSCs. Curve fitting of single and 
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Figure I. A, Time course of the excitatory postsynaptic currents 
(EPSCs). Leff truces show the holding potential at -70 mV, and right 
traces show the holding potential at -30 mV. The dashed lines are 
drawn at 3 msec and 25 msec from the start of the EPSC. A(i,iii), 
Superimposed traces of the dual component AMPA/NMDA receptor- 
mediated EPSCs in control media and the isolated AMPA receptor- 
mediated component following application of AP5 (50 PM) at a holding 
potential of -70 mV (i) and at - 30 mV (iii). A(ii,iv), Superimposed 
traces of dual component AMPA/NMDA EPSCs in control media and 
the isolated NMDA component following application of CNQX (5 FM) 
at a holding potential of -70 mV (iii) and at -30 mV (iv). Each trace 
is the average of three originals. B, LTP of the dual AMPA/NMDA 
EPSCs. B(i,ii), Traces of the dual component EPSCs prior to, and fol- 
lowing, the induction of LTP at -70 and -30 mV, respectively. B(iii, v). 
The superimposed traces of the EPSCs prior to, and following, the in- 
duction of LTP, following the scaling down of the potentiated EPSCs, 
at -70 and -30 mV, respectively. B(iii,vi), Graphs of the normalized 
amplitudes of the decay times of the EPSCs prior to, and following, the 
induction of LTP at -70 and -30 mV, respectively. 

dual decay time constants was carried out using SCAN, version 3.0. 
Values are the mean + SEM, and Student’s t test was used for statistical 
comparisons. 

Results 
Tetanically induced LTP of the AMPAR- and NMDAR- 
mediated component cf the dual component EPSC 
The time course of the AMPAR- and NMDAR-mediated com- 
ponents of the dual component AMPAR/NMDAR EPSC was 
assessed accurately by measuring the time course of the phar- 
macologically isolated AMPAR and NMDAR EPSCs, using 4- 
6 PM CNQX and 50 pM AP5, respectively. Figure lA(i) shows 



that at -70 mV, the EPSC had a IO-90% rise time of 1.1-2.2 
msec (mean 1.3 ~fi 0.4 msec) and a main decay with a time 
constant (T) of 9.5 ? 2.3 msec (n = 12). The AMPAR com- 
ponent, isolated in the presence of AP5 [Fig. lA(i)], had a lO- 
90% rise time of l-2 msec (mean 1.3 msec) and a single decay 
time with a 7 of 7.9 ? 2.8 msec (n = 8). The perfusion of 
CNQX resulted in a large decrease in the amplitude of the EPSC, 
leaving a relatively small amplitude isolated NMDAR EPSC 
[Fig. lA(ii)]. Application of both AP5 (50 pM) and CNQX (5 
FM) abolished the EPSC. Measurements of the contributions of 
the AMPAR and NMDAR receptor components to the dual com- 
ponent AMPAR/NMDAR EPSC were also made at -30 mV, at 
which potential the Mg block of the NMDAR is removed and 
thus there is a much greater contribution of the NMDAR com- 
ponent to the dual component EPSC. At -30 mV, the dual com- 
ponent EPSC was considerably lengthened in duration due to 
this increased contribution of the NMDAR-mediated component 
[Fig. 1A (iii)], with the lo-90% rise time ranging from 6.8-l 1.5 
msec (mean 9.7 ? 1.1 msec) and a fast and slow decay time 
constant or and 7, of 36 ? 18 and 278 2 52 msec, respectively, 
n = 8. At -30 mV, the AMPAR EPSC, isolated in AP5, was 
reduced in amplitude but had a similar lO-90% rise time (1.4- 
2.8 msec, mean 1.8 +- 0.4 msec) and T (6.1 + 1.9 msec) com- 
pared with those at a potential of -70 mV [Fig. lA(iii)]. How- 
ever, the pharmacologically isolated NMDAR EPSC had a much 
greater amplitude and also extended decay time at -30 mV than 
at -70 mV [Fig. IA(i with a lo-90% rise time of 6-l 1 msec 
(mean 8 + 1.9 msec), and dual decay time with a or of 45 2 
19 and a T, of 320 + 48 msec (n = 8). These parameters of the 
AMPAR and NMDAR EPSCs are very similar to those recorded 
previously in dentate granule cells (Keller et al., 1991). 

These measurements of the time course of the pharmacolog- 
ically isolated AMPAR and NMDAR EPSCs demonstrated that 
the amplitude of the dual component EPSC at times 3 msec and 
25 msec from the commencement of the EPSC were accurate 
measurements of the AMPAR- and NMDAR-mediated compo- 
nents, respectively, of the dual component EPSC. The amplitude 
of the AMPAR-mediated component of the EPSCs at 3 msec at 
-30 mV and at -70 mV was 87 2 16 and 151 ? 22 pA, 
respectively (n = 8), while the amplitude of the NMDAR-me- 
diated component of the EPSC at 25 msec at -30 mV was 63 
+ 15 pA (n = 5). The amplitude of the NMDAR EPSC at -70 
mV was too small to be measured accurately. 

The induction of LTP by tetanic stimulation induced a large 
increase in the amplitude of the EPSCs which was sustained for 
at least 25 min. The amplitude of the AMPAR-mediated com- 
ponent of the EPSCs at 3 msec at potentials of -70 mV and at 
-30 mV was 247 ? 39 pA and 132 + 23 pA, respectively 
[Fig. lB(i,iv); n = 51, while the amplitude of the NMDAR- 
mediated EPSC at 25 msec at -30 mV was 103 ? 18 pA [Fig. 
1 B(iv); n = 51. Thus the increase of the AMPAR component of 
the EPSC following LTP induction was 152 k 9% and 164 ? 
10% of control at -30 mV and -70 mV, respectively. The in- 
crease of the NMDAR-mediated component of the EPSC was 
163 + 12% at -30 mV. There was no significant difference 
between the amplitude of the LTP of the two components at 
-30 mV. 

Verification of this similar increase in amplitude of the AM- 
PAR- and NMDAR-mediated components of the EPSC was pro- 
vided by resealing the amplitude of the post-LTP dual compo- 
nent EPSC down to the pre-LTP level. Figure lB, (&iii) and 
(v,vi), shows that following such resealing at -30 and -70 mV, 

The Journal of Neuroscience, March 1995, 75(3) 2015 

v 
: 3ms 

v ’ 3ms 50p.4 
l- 

I 

0 5 10 15 20 25 30 35 

Time (min) 

B post-ACPD 

’ 25ms -L&l-y-- 

;;i c 150- 

430 
az 125. 

;=O lCQ- 

2 
a 25. 

aA 04 
0 5 10 15 20 25 30 35 

Time (min) 

Figure 2. ACPD-induced LTP of the AMPA and NMDA receptor- 
mediated components of the dual EPSC. A, Amplitude of the AMPA 
receptor-mediated component of the EPSC at -70 mV, measured at 3 
msec, plotted against time. ACPD at 10 p,M applied for 2 min induced 
a transient depression followed by a rapid onset LTP which lasted with- 
out decrement for 30 min. B, Amplitude of the NMDA receptor-me- 
diated component at -30 mV, measured at 25 msec, plotted against 
time. ACPD at 10 p,M applied for 2 min induced a transient depression 
followed by a rapid onset LTP which lasted without decrement for 30 
min. Each graph shows the average of six experiments. In each exper- 
iment, the holding potential was -70 mV and 300 msec duration de- 
polarizing steps to -30 mV were applied at 0.025 Hz. 

respectively, there was no change in the rise time or the decay 
time of the EPSCs. 

ACPD-induced LTP of the AMPAR- and NMDAR-mediated 
components of the dual component EPSC 

In these experiments, the holding potential was -70 mV, and it 
was stepped to -30 mV for 300 msec at a frequency of 0.025 
Hz. ACPD at 10 pM was perfused for 2 min. The ACPD induced 
an initial transient depression lasting for 3-5 min of both the 
AMPAR-mediated component, measured at 3 msec from the 
start of the EPSC, and the NMDAR-mediated component, mea- 
sured at 25 msec, of the dual component AMPAR/NMDAR 
EPSC. This depression was followed by a rapidly rising poten- 
tiation of both components which reached a peak amplitude 8- 
10 min following ACPD application and persisted for at least 
30 min without significant decrement (Fig. 2A,B). The mean LTP 
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Figure 3. Absence of ACPD-induced and tetanically induced LTP of 
the isolated AMPA EPSC. A, Tetanic stimulation in the presence of 
AP5 (50 JLM) induced only a very small and brief short-term potentia- 
tion, and no LTF? Each graph shows the average of five experiments. 
B, Perfusion of 10 ~.LM ACPD for 2 min in the presence of AP5 induced 
only a transient depression of the AMPA EPSC, followed by a return 
to the control amplitude. The holding potential was -70 mV. 

of the AMPAR-mediated components at 20 min following 
ACPD application was 139 ? 8% at -70 mV, respectively, n 
= 5, with all five cells showing potentiation (range 121-1.54%). 
At a holding potential of -30 mV, the mean AMPAR compo- 
nent potentiation was 132 + 8% and the mean NMDAR com- 
ponent potentiation was 203 & 8%, n = 9. The potentiation of 
the NMDAR-mediated component could be divided into two 
subgroups, with six cells showing a moderate potentiation (mean 
148 f 9%), and a further three cells showing a very large po- 
tentiation (mean 2 15 * 3 1%). 

Dependency of ACPD- and tetanically induced LTP of the 
AMPAR-mediated component of the EPSC on NMDAR 
activation 
The NMDAR dependency of the tetanically and ACPD-induced 
LTP of the AMPAR-mediated component was investigated by 
applying tetanic stimulation (Fig. 3A) or ACPD (Fig. 3B) in the 
presence of the NMDAR antagonist APS (50 PM). The holding 

potential in these experiments was also -70 mV, and it was 
stepped to -30 mV for 300 msec at a frequency of 0.025 Hz. 
ACPD at 10 FM was perfused for 2 min. Under these conditions, 
tetanically induced LTP of the isolated AMPA EPSC (measured 
at 3 msec from the start of the EPSC) was completely abolished 
(LTP 20 min post-tetanus was 97.6 + 6%, n = 5, range 89- 
11 l%, P < 0.001; Fig. 3A), confirming previous studies (see 
Bliss and Collingridge, 1993). ACPD also failed to induce LTP 
of the isolated AMPAR EPSC in the presence of AP5, with the 
20 min post-ACPD isolated AMPAR EPSC measuring 98.5 + 
6%, n = 5, range 91-113%, P < O.Ol%, although an initial 
transient depression did still occur (Fig. 3B). 

Tetanically and ACPD-induced LTP of pharmacologically 
isolated NMDAR EPSCs: dependency on NMDA receptor 
activation 

Tetanic stimulation induced an LTP of the NMDAR EPSCs 
which persisted for at least 30 min without significant decre- 
ment. The peak amplitude of the NMDAR EPSCs was routinely 
measured by stepping to a potential of -30 mV for 300 msec. 
LTP measured at 20 min post-tetanus averaged 172 + 15% of 
control. The rise time and dual decay time of the NMDAR 
EPSCs was not altered following LTP induced by tetanic stim- 
ulation, with the lo-90% rise time 8.2 + 1.9 msec, 7, 44 + 8 
msec, and 7, 297 ? 53 msec after potentiation. 

Perfusion of 10 pM ACPD induced an initial transient de- 
pression of the NMDAR EPSC followed by a potentiation which 
persisted for at least 30 min without significant decrement. The 
potentiation measured at 20 min post-ACPD application had a 
value 169 t 18% of control. No change in the rise time or 
decay time of the NMDAR EPSC was observed following the 
ACPD-induced potentiation (rise time 8.5 + 1.5 msec, 7f = 39.5 
k 5%, T, = 357 ?I 61%). 

Experiments were carried out to determine whether it was 
necessary for transmitter activation of the NMDAR to occur 
during either tetanic stimulation or ACPD application in order 
for the induction of LTP to occur (Fig. 4A-C). It can be seen 
from Figure 4A that following a control recording period of 5 
min, AP5 (50 +I) caused an abolition of the NMDAR EPSC 
within 4 min, and that complete recovery occurred within 10 
min. In one set of experiments, tetanic stimulation (under cur- 
rent-clamp conditions) was given in the presence of AP5, either 
paired with (n = 2) or without (n = 3) a depolarization to 0 
mV (Fig. 4B). Following washout of the AP5, no significant LTP 
was observed, the amplitude of the NMDAR EPSC returning 
only to baseline values (peak amplitude 102 2 8%,n = 5). 
Confirmation that potentiation of the NMDAR EPSCs could oc- 
cur in these cells was demonstrated by the ability of a tetanic 
train, applied following washout of the AP5, to evoke LTI? The 
LTP after such washout of AP5 measured 145 2 8% at 15 min 
post-tetanus (n = 5), a figure not statistically different from con- 
trol in the absence of AP5. In another set of experiments, ACPD 
(10 pM) was applied for 2 min in the presence of AP5. Follow- 
ing washout of the AP5, no significant LTP of the NMDAR 
EPSC was observed, the amplitude of the NMDAR EPSC re- 
turning only to the baseline values (peak amplitude 98 f 7%, 
IZ = 5). Confirmation that ACPD-induced LTP could occur in 
these cells was demonstrated by the ability of ACPD application, 
following washout of the AP5, to evoke LTP measuring 132 + 
8% at 15 min post-tetanus, values not significantly different from 
controls in the absence of AP5 (Fig. 4C). 
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Figure 4. Inhibition of tetanically and ACPD-induced LTP of the 
NMDA EPSCs by AP5. AP5 (50 PM) applied for 8 min led to a rapid 
loss of the NMDA EPSCs. A, Following washout of AP.5 under control 
conditions, the NMDA EPSCs recovered to control values in 10 min. 
B, Tetanic stimulation (arrow) was applied during the inhibition of the 
NMDA EPSCs by APS. Following washout of the AP5, the NMDA 
EPSC recovered only to the control level. A second tetanus (arrow) 
was able to induce LTI? C, ACPD (10 pM) was applied during the 
inhibition of the NMDA EPSC by AP5. Following washout of the AP5, 
the NMDA EPSC recovered only to the control level. A second appli- 
cation of ACPD was able to induce LTF? Each graph shows the average 
of six experiments. 

Dependency of LTP of NMDAR EPSCs on PKC stimulation 

The effect of the selective PKC pseudosubstrate peptide inhibitor 
PKCI was investigated on both the tetanically induced and the 
ACPD-induced potentiation by including PKCI (30 pM) in the 
patch pipette solution. The presence of intracellular PKCI was 
found to abolish both the tetanically and the ACPD-induced LTP 
Thus 20 min following tetanic stimulation or ACPD application, 
the amplitude of the EPSC was 96 + 8% (range 82-107%) and 
102 + 16% (range 84-115%) respectively, n = 5, in the pres- 
ence of PKCI. These are significant reductions, P < 0.01, com- 
pared with the amplitude of the tetanically induced and ACPD- 
induced LTP in separate new control experiments of 153 + 8% 
(range 142-165%) and 149 + 9% (range 139-171%), II = 5, 
respectively (Fig. 5A,B). A short-term potentiation was present 
following tetanic stimulation or ACPD application. This short- 
term potentiation was very small following tetanic stimulation, 
with a peak at 126 f 15% and a duration of about 5 min, 
although it was larger following the ACPD application, with a 
peak at 142 ? 9% and a duration of lo-15 min. 
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Figure 5. Inhibition of tetanically and ACPD-induced LTP of the 
NMDA EPSCs by the PKC inhibitor PKCI. A, Tetanic stimulation in 
control experiments (0) in the absence of PKCI induced robust LTI? 
In the presence of PKCI (30 PM) in the patch-clamp electrode (a), LTP 
was inhibited. B, Application of ACPD in control experiments induced 
LTP (0). In the presence of PKCI (a), LTP was inhibited, although a 
prominent STP lasting about 10 min was present. Each graph shows 
the average of six experiments. 

Discussion 
The main results of the present paper are that tetanic stimulation 
simultaneously induces an identical LTP of both the AMPAR- 
and NMDAR-mediated components of the EPSC, and that 
ACPD induces a relatively rapid onset, NMDAR-dependent LTP 
of both the AMPAR- and NMDAR-mediated components of the 
dual AMPA/NMDA receptor-mediated EPSC. 

These present studies demonstrate that both the AMPAR- and 
NMDAR-mediated components of the dual component EPSC 
are simultaneously enhanced following the induction of LTP by 
tetanic stimulation, and the magnitude of the enhancement of 
each of these components of the EPSC was identical, resulting 
in the overall time course of the EPSC remaining identical fol- 
lowing LTP induction. A recent abstract (Clarke and Collingrid- 
ge, 1993) also describes a similar potentiation of AMPAR- and 
NMDAR-mediated EPSC components measured at -60 mV. 
However, our results contrast with several previous studies 
which have either failed to show or have shown only a very 
small increase of the NMDAR component of the dual AMPAR/ 
NMDAR EPSP/EPSC following the induction of LTP by tetanic 
stimulation (Kauer et al., 1988; Muller and Lynch, 1988; Muller 
et al., 1988, 1992; Perkel and Nicol, 1993). A possible reason 
for the inability of several previous investigators to observe sub- 
stantial LTP of the NMDAR EPSP/EPSC equivalent to that of 
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LTP of the AMPAR EPSC is that over- or inappropriate acti- 
vation of the NMDAR occurred during their experiments. It has 
previously been shown that strong activation of the NMDAR by 
removal of Mg or perfusion of NMDA receptor agonists prior 
to tetanic stimulation prevented the induction of LTP of the 
AMPA EPSP (Coan et al., 1989; Izumi et al., 1992). As we have 
shown that LTP of the NMDAR EPSC is also dependent upon 
NMDAR activation, we considered it a likely possibility that 
strong activation of the NMDAR prior to tetanic stimulation 
would also prevent or reduce LTP of the NMDAR component 
of the EPSC. Consequently, in the present experiments great 
care was taken to avoid overactivation of the NMDAR prior to 
tetanic stimulation. Thus the membrane potential was held at a 
relatively hyperpolarized level (-70 mV) and test EPSCs were 
recorded only at a low frequency (0.05 Hz), with recordings at 
-30 mV for 300 msec to assess the NMDAR component of the 
EPSC made only at a frequency of 0.025 Hz. 

The similar enhancement of both AMPAR and NMDAR com- 
ponents shown in this study would be expected if LTP induction 
was presynaptically mediated (see Bekkers and Stevens, 1990; 
Malinow and Tsien, 1990) or if postsynaptic mechanisms of 
LTP induction (see Foster and McNaughton, 1991; Manabe et 
al., 1992) such as changes in receptor functioning, were of a 
similar magnitude for both the AMPAR- and NMDAR-mediated 
components of the EPSC. An increase in the amplitude of a 
receptor-mediated synaptic current could theoretically be in- 
duced by an increase in the probability of opening of the 
receptor channel, an increase in single-channel conductance, or 
an increase in the duration of opening of the channel. The lack 
of change of the decay time course of both the AMPAR- and 
the NMDAR-mediated components of the EPSC following the 
induction of LTP does not support the possibility that an increase 
in duration of opening of the AMPAR or NMDAR channel is 
responsible for the LTP as such a change would be expected to 
increase the duration of the EPSC. 

The ACPD-induced LTP of the AMPAR EPSC described in 
the present studies resembles much more closely tetanically in- 
duced LTP than the only previously demonstrated ACPD-in- 
duced LTP in the hippocampus (Bortolotto and Collingridge, 
1993). First, the presently observed ACPD-induced LTP had a 
relatively rapid onset (3-5 min) and time to peak (8-10 min), 
and it is likely that this development time would be greatly 
slowed by the presence of the initial presynaptic transient de- 
pression following ACPD application; that is, an initial fast po- 
tentiation would be masked by the depression. In the previous 
study (Bortolotto and Collingridge, 1993), the ACPD-induced 
rise in the low-frequency-evoked field EPSPs was very slowly 
developing, with the peak amplitude obtained only after 90 min. 
Second, the ACPD-induced LTP in the present study was de- 
pendent upon activation of NMDAR, with APS blocking such 
LTP The previously recorded ACPD-induced potentiation of 
EPSPs was NMDAR independent (Bortolotto and Collingridge, 
1993). 

The present study therefore provides evidence that LTP of 
AMPAR-mediated synaptic transmission is induced by coacti- 
vation of both NMDAR and mGluR. Bashir et al. (1993) pre- 
viously concluded that mGluR activation underlies a late-phase 
LTP in CAI, although not an early-phase LTP lasting 30 min, 
on the basis of the finding that the duration of LTP was short- 
ened by the mGluR antagonist (R,S)-ol-methyl-4-carboxyphen- 
ylglycine (MCPG). However, it is possible that MCPG is not a 
sufficiently potent antagonist to block the early phase of LTI? 

Further support for the present coactivation theory is the finding 
that a potentiation lasting 15 min was produced in CA1 when 
NMDA and ACPD were coapplied, although not when applied 
separately (Musgrave et al., 1993). A relatively fast onset LTP 
of intracellular EPSPs (peak attained in 30 min) induced by 
ACPD has also previously been observed in the dorsolateral 
septal nucleus, although tetanically induced LTP is not depen- 
dent on NMDAR activation in that nucleus (Zheng and Gal- 
lagher, 1992). 

These studies therefore provide evidence that activation of 
mGluR by the endogenous neurotransmitter during tetanic stim- 
ulation underlies the induction of LTP, including the early stage, 
of the AMPAR-mediated components of the EPSC. The previ- 
ously reported enhancement of tetanically induced LTP in the 
presence of a low concentration of ACPD (McGuinness et al., 
1991; Aniksztejn et al., 1992; Behnisch and Reymann, 1993) 
can be explained by this underlying role of the mGluR in LTP 
It has become increasingly apparent that both a rise in intracel- 
lular Ca (Malenka et al., 1988) and stimulation of PKC is re- 
quired for the induction of LTP of AMPAR-mediated synaptic 
transmission. Experiments using PKC inhibitors have found that 
PKC stimulation is required in the early phase (Wang and Feng, 
1992; Hanse and Gustaffson, 1994) and the late phase (Malenka 
et al., 1989; Malinow et al., 1989) of LTP, and PKC subspecies 
have been demonstrated to be stimulated by 15 set following 
tetanic stimulation (Sacktor et al., 1993). Coactivation of the 
NMDAR and the mGluR during tetanic stimulation would pro- 
vide both of these intracellular mediators, as there is extensive 
evidence that activation of mGluR stimulates PKC (Schoepp and 
Conn, 1993) and activation of NMDAR generates a rise in in- 
tracellular Ca (Mayer et al., 1987). A recent article by Bortolotto 
et al. (1994) has confirmed that coactivation of mGluR and 
NMDAR must occur in order to induce LTP of AMPAR, and, 
importantly, has also shown that temporally coincident activa- 
tion of the two receptor types need not occur. Rather, activation 
of the mGluR leads to a conditioning state involving persistent 
activation of a protein kinase. Only the activation of NMDAR 
is temporally linked to induction of LTP (Bortolotto et al., 1994). 

This investigation, together with our companion study 
(O’Connor et al., 1994) also provides strong evidence that LTP 
of NMDAR-mediated synaptic transmission is induced follow- 
ing activation of mGluR. Thus LTP of the NMDA EPSCs was 
previously shown to be blocked by the mGluR antagonists 
MCPG and L-2-amino-3-phosphonoproprionate (L-AP3), while 
the selective mGluR agonist ACPD produced a long-lasting po- 
tentiation of the NMDAR EPSCs which was similar in ampli- 
tude, time course, lack of obvious voltage dependency, and 
block by mGluR antagonists to that following tetanic stimulation 
(O’Connor et al., 1994). In the present studies we have addi- 
tionally shown that both the tetanically and ACPD-induced LTP 
were dependent on activation of the NMDAR, and inhibited by 
the PKC peptide inhibitor PKCI. 

Inhibition of NMDAR activation by the competitive antago- 
nist AP5 during tetanic stimulation or during the application of 
ACPD was shown to block the induction of LTP of the NMDAR 
EPSC, findings which support those of Bashir et al. (1991) who 
showed that AP5 inhibited LTP of the field NMDAR EPSPs. 
These present results also appear to demonstrate that NMDAR 
and mGluR must be temporally coactivated coincidentally dur- 
ing the processes which induce LTP of NMDAR, as the acti- 
vation of NMDAR following washout of the ACPD did not 
induce LTI? This conclusion concerning LTP of the NMDAR 
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would differ from LTP of the AMPAR, since, as described 
above, it has been claimed that temporal coincident coactivation 
of mGluR and NMDAR is not required (Bortolotto et al., 1994). 
However, experiments similar to those carried out in the present 
studies, in which depolarization-induced activation of NMDAR 
at low frequency was given following ACPD application and 
washout (and failing to induce LTP of NMDAR), were not car- 
ried out for LTP studies of the AMPAR by Bortolotto et al. 
( 1994). The NMDAR activation is probably required for LTP of 
NMDAR in order to generate a rise in intracellular Ca. A rise 
in the intracellular Ca concentration had been found to be im- 
perative for induction of LTP of NMDAR EPSPs, with intra- 
cellular injection of the Ca chelator BAPTA inhibiting the LTP 
(Xie et al., 1992). This rise in the intracellular Ca concentration 
may be necessary for adequate stimulation of PKC and the pos- 
sibly subsequent phosphorylation of the NMDAR. 

The results of the present study demonstrating that LTP of the 
NMDAR EPSCs induced by tetanic stimulation and ACPD were 
inhibited by the specific peptide PKC inhibitor suggest strongly 
that an endogenous PKC-mediated phosphorylation process is 
involved in such LTP, with a phosphorylation occurring directly 
of the NMDAR or of a site downstream of the NMDAR. A role 
for PKC has previously been suggested in the mediation of a 
reversible potentiation of NMDAR responses in CAl, as a spe- 
cific PKC peptide inhibitor and also sphingosine inhibited such 
reversible potentiation (Aniksztejn et al., 1992), although such 
reversible potentiation of NMDAR responses in CA1 has also 
been suggested to be independent of PKC (Harvey and Collin- 
gridge, 1992). Further evidence implicating a role of PKC in the 
potentiation of the NMDAR-mediated responses has been dem- 
onstrated by the ability of phorbol esters, agents which directly 
activate PKC, to enhance NMDAR-mediated responses in dorsal 
spinal horn neurons (Gerber et al., 1989) and oocytes (Kelso et 
al., 1992). Moreover, intracellular injection of PKC potentiated 
NMDAR-mediated currents in trigeminal neurons, an effect in- 
hibited by a peptide PKC inhibitor (Chen and Huang, 1992). 
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