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In the present study some characteristics
of long-term
tentiation (LTP) in the hippocampal
CA1 region were

po-

examined under different
conditions
of transmitter
release.
Adenosine
Al agonist/antagonists,
or in some instances
changes in the extracellular
calcium/magnesium
ratio, were
used to alter release probability.
The overall LTP time course
(onset latency, growth phase, and subsequent
decay for
both the non-NMDA
and NMDA receptor-mediated
EPSPs)
following
a brief tetanus was essentially
the same over an
almost lo-fold variation in release probability
(measured
as
change in field EPSP magnitude).
The major difference
observed was a faster initial decay of LTP evoked at low levels
of release probability,
possibly related to impaired induction
conditions.
It was also observed
that LTP induced at one
level of release probability
occluded that induced at a lower
(or higher) level, and that changes
in release probability
induced by adenosine
agonist/antagonists
affected potentiated and “naive” EPSPs to an equal extent. Taken together,
these data do not provide support for the notion of different
locations
for LTP expression
at different conditions
of release probability.
The results are also more compatible
with
the notion of a single, rather than several, expression
mechanism(s) within the first hour of LTP in the hippocampal
CA1
region.
[Key words: hippocampus,
long-term
potentiation,
transmitter release, release probability,
adenosine,
paired pulse
facilitation]

Long-term potentiation (LTP) is a form of synaptic plasticity
thought to be a cellular correlate of learning and memory (Bliss
and Collingridge, 1993). In the hippocampal CA 1 region there
is now considerableevidence for a postsynaptic induction of
LTP, but whether LTP is expressedpre- or postsynaptically is
still uncertain. An interesting possibility, recently suggested,is
that LTP is expressedat both locations (Kullman and Nicoll,
1992;Larkman et al., 1992;Liao et al., 1992)and that the degree
to which LTP is expressedpre- or postsynaptically is determined
by the initial conditions of synaptic releaseprobability (Larkman et al., 1992; Liao et al., 1992). For example, under conditions of high releaseprobability, obtained by an increasein
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the extracellular concentration ofcalcium ions,LTP is expressed
mainly postsynaptically (Larkman et al., 1992).As suggested
by
Hannay et al. (1993) the initial conditions of releaseprobability,
per se,may determine the locusof LTP expressionby influencing
the combination of secondmessengersystemstriggered.
When evoked by a brief tetanus LTP in the CA1 region describesan early complex time course before settling at a more
stable level (Gustafssonet al., 1989). Thus, following the induction event there is a latency of a few secondsbefore LTP
appears,and a growth phaseduring 2040 set that is followed
by a decay that may last for tens of minutes. Since the increase
in postsynaptic calcium that triggers LTP only needsto be very
brief (lessthan 2-2.5 set, Malenka et al., 1992)there is no direct
link between the increasedintracellular levels of calcium and
the early growth and decay of LTP. Thus, the temporal development of LTP seemsto be governed by the temporal characteristics either of secondmessengersystemsactivated by calcium or of the mechanism(s)underlying the expressionof LTP.
Since thesesystemsand/or mechanismsmight well differ for a
pre- and postsynaptic location of LTP, one might expect a variation in the temporal characteristicsof LTP dependent on its
location. The aim of the presentstudy is to examine thesepossibilities by studying the temporal development of LTP under
different conditions of initial releaseprobability.
Materials and Methods
Experiments were performed on hippocampal slices from 54 adult guinea pigs, weighing 250-400 gm. The slices were prepared as previously
described (Gustafsson et al., 1989) and were maintained in a constant
flow incubation chamber (Brain Slice Chamber, Medical Systems Corp.,
Greenvale, NY), half-submerged in an oxygenated solution containing
(in mM) NaCl, 124; KCl, 4; CaCl,, 4; MgCl,, 4; NaHCO,, 26; NaH,PO,
1.25: glucose. 10: and gassed with 95% 0,. 5% CO,. All exneriments
were performed in the presence of 100 PM picrotoxin in order to block
fast GABAergic inhibitory postsynaptic potentials (IPSPs). The higher
than normal concentrations of calcium and magnesium were used to
reduce the excitability increase during this blockade of inhibition. To
obtain a pure NMDA receptor-mediated field excitatory postsynaptic
potential (EPSP), or a combined NMDA- and non-NMDA receptormediated EPSP (cf. Asztely et al., 1992), the perfusion fluid contained
(in mM) NaCl, 124; KCl, 4; CaCl,, 2; MgCl,, 0.1; NaHCO,, 26; NaH,PO,, 1.25; glucose, 10; and 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), 10 PM (pure NMDA receptor-mediated EPSPs) or 1.0 PM
(combined NMDA- and non-NMDA-receptor-mediated
EPSPs). The
temperature in the recording chamber was maintained at 30°C. A surgical cut was made between the CA3 and CA1 regions to prevent epileptiform bursting in CA3 cells from affecting the recordings in CA1
(cf. Thompson et al., 1992). It will also prevent the reduction of the
presynaptic fiber potentials due to hyperpolarization of Schaffer collaterals by adenosine agonists (Dunwiddie and Miller, 1993).
Electrical stimulation of afferent fibers and recordings of extracellular
synaptic field potentials were carried out in the apical dendritic layer
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Table 1. Augmentation
in “control”
solution
and in the presence of DPCPX,
respectively

Peak value
Decay constant

Development

in the presence

of LTP

of CHA

CHA

“Control”

DPCPX

63.0 k 12.8%
n = 35
8.9 set

61.2 + 8.6%
n= 14

38.8 + 5.2%

7.9 set

9.2 set

*

125

1
%

44,00~oQoy&
800
000

‘control’

0

DPCPX

a+

n = 32

(stratum radiatum) of the CA 1 pyramidal cells. Stimuli consisted of 0.1
msec negative constant-current pulses (20-80 PA) delivered through
electrolytically sharpened tungsten wires (monopolar stimulation). Two
independent inputs were always used, the two stimulus electrodes positioned on either side of the recording electrode (Wigstrijm and Gustafsson, 1985). Both inputs received a test stimulus every 4 set, but 2
set apart. For tetanic stimulation, high-frequency stimulation of 50 Hz
was always used. To saturate LTP the input was subjected to five 20
impulse tetani, 30 set apart, using l-1.5 x test strength, repeated three
or four times with 5-10 min interval. Recordings were made by means
of glass micropipettes filled with 3 M NaCl(l.5-3
Mn resistance). Field
potentials were amplified with an Axoclamp-2A (Axon Instruments,
Foster Citv. CA). filtered at 3 kHz and recorded on line usina a Nord10 microcbmpu&.
The slope of the rising phase of the EPSP\as measured by means of linear regression ofthe first 0.75-l .O msec succeeding
the presynaptic volley. Paired pulse facilitation (cf. Zucker, 1989) was
always tested using an interstimulus interval of 50 msec, and was calculated as the percentage increase of the initial slope of the second EPSP
compared to that of the first. Values are given as mean & SEM.
Selective agonists and antagonists to the adenosine Al receptor were
used to change the release probability (Lupica et al., 1992; Prince and
Stevens, 1992; Scholz and Miller, 1992). The Al receptor agonist N6cyclohexyladenosine (CHA; 100-200 nM) changed paired pulse facilitation from 28 f 7.9% to 143 f 18.9%, n = 10, and decreased the field
EPSP to 20 & 2.8% of its original value, whereas the antagonist
I-cyclopentyl-1,3-dipropylxanthine
(DPCPX; 200 nM) gave rise to a
paired pulse depression of 5.4 rt 2.7% (n = 4) and increased the field
EPSP by 60 f 14% (n = 5). These changes in EPSP magnitude were
not associated with observable changes in the presynaptic volley. Following the application of CHA and DPCPX, respectively, the stimulus
strength was adjusted to obtain EPSPs of similar magnitude as before
the application of the drugs.
Following a 10 impulse tetanus, presynaptic aftereffects, unrelated to
LTP, decay within 20-30 set (McNaugbton, 1982; Gustafsson et al.,
1989), and thus reflect augmentation (Magleby and Zengel, 1976; Zucker, 1989). To obtain the augmentation in isolation tetani were evoked
in the presence of the NMDA-receptor
antagonist D(-)-2-amino-5phosphonopentanoic acid (D-AP5;
50 PM). The decay time constant of
augmentation was found to be practically unaltered by application of
adenosine Al agonist/antagonists, although the peak value was found
to be decreased in the presence of DPCPX (see Table 1). To obtain the
early time course of LTP exclusive of augmentation, the original potentiation values were divided by the averaged augmentation curve
obtained in presence of the respective agonist/antagonist.
Drugs. D(-)-2-Amino-5-phosphonopentanoic
acid (D-AP5)
and
6-cyano-7-nitroquinoxaline-2,3-dione(CNQX)
were obtained from Tocris Neuramin, UK; picrotoxin and N6-cyclohexyladenosine (CHA) were
from Sigma Chemical Company, USA; and 8-cyclopentyl- 1,3-diprouvlxanthine (DPCPX) was from Research Biochemicals International.
+A.

Results
Effect of adenosineagonist/antagonistson field EPSP
magnitude
Application of the adenosineA 1 receptor agonist CHA (1OO200 nM) decreasedthe field EPSPto 20 + 2.8% (n = 10) of its
original value, indicating a decreaseof the releaseprobability.
In someof the experimentsone of the two inputs wasrepeatedly
tetanized to saturatefor LTP (seeMaterials and Methods) before
drug application, causing a 1lo-230% (mean value = 150%)
potentiation. The subsequentapplication of CHA reduced both
inputs to an equal degree(paired difference of 0.4 * 7.3%, n =
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Figure I. LTP growth phase following a 10 impulse tetanus (50 Hz)
in different conditions of release probability. A, Average EPSP changes
(?SEM), as percentage of the average EPSP value obtained during the
60 set immediately preceding the tetanus, in “control” solution (i.e.,
no adenosine agonist/antagonists present) (n = 34). To obtain the early
time course exclusive of augmentation, the original potentiation values
were divided by the averaged augmentation curve obtained in the same
experiments in the presence of D-MT
In the figure the potentiations
are normalized to a common peak amplitude (note the different scales
of the ordinates). B, Same as in A, but in the presence of 100-200 nM
CHA (n = 24). C, Same as in A, but in the presence of 200 nM DPCPX
(n = 10).
5). When subsequentlytetanized (a single 10 impulse tetanus)
in the presenceof CHA no significant potentiation (-0.3%) was
observedin the previously tetanized inputs comparedto a 33%
potentiation in the naive ones(measured10 min after the tetanus,n = 5), that is, indicating occlusion betweenLTPs evoked
at these different conditions of releaseprobability.
Application of the adenosineA 1 receptor antagonistDPCPX
(200 nM) increasedthe field EPSP by 60 f 14% (n = 5). As in
the caseof CHA, in some of the experiments one of the two
inputs was, before drug application, repeatedly tetanized to induce LTP, causinga lOO-200% (mean value = 149%) potentiation. The subsequentapplication of DPCPX increasedboth
inputs to an equal degree(paired difference of 2.3 f 11.3%, n
= 4). When tetanized in the presenceof DPCPX no LTP was
observedin the previously tetanized inputs (-4.1%) compared
to an LTP of 46% in the naive ones(measured10 min after the
tetanus,n = 4), that is, indicating occlusionbetweenLTPs evoked
at thesedifferent conditions of releaseprobability.
Time courseof LTP in the presenceof adenosine
agonist/antagonists
Single 10 impulse tetani were applied in the presenceof CHA
(100-200 nM), in the presenceof DPCPX (200 nM), and in the
absenceof both drugs,and the resulting LTP time courseswere
compared. The average magnitude of the field EPSPs before
tetanization did not differ betweenthesethree groups(0.10 * .O1
mVlmsec for all three groups, after adjustment of stimulus
strength; seeMaterials and Methods). Figure 1 showsthe averagegrowth phaseof LTP obtained without drugs(A, n = 34),
in the presenceof CHA (E, n = 24), and in the presenceof
DPCPX (C, n = lo), respectively. These curves demonstrate
that the changein releaseprobability induced by thesedrugs,
indicated by an almost tenfold changein field EPSPmagnitude,
had little influence on the magnitude and time course of the
growth phaseof LTP (seealso Table 2). However, comparison
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Table
CHA

2. Peak value and decay characteristics
of LTP
and in the presence of DPCPX,
respectively

Peak
Decay; peak to 3 min
Decay; 3 min to 30 min
Decay; 30 min to 55 min

obtained

in “control”

solution

in the presence

CHA

“Control”

DPCPX

125 + 7.8%
n = 24
46.3 -t 2.05%
n = 24
56.2 +- 3.6%
n = 24
12.4 + 15.3%
n=5

122 * 9.4%
n = 34
21.9 + 1.8%
n = 34
52.3 + 3.4%
n = 34

109 f
n= 10
16.6 k
n = 10
51.4 2
n = 10
17.3 *
n=5

of Neuroscience,

November

1994,

14(11)

6709

of

5.4%
3.4%
7.6%
16.8%

Values were calculated as described in the legend to Figure 3.
between the curves indicates that the subsequent decay of LTP
was somewhat affected by the release changes- the lower release
probability
in CHA (B) leading to more decay.
Figure 2 shows the same curves as in Figure 1 but on a longer
time scale, demonstrating
that the adenosine agonistiantagonists did not change the overall LTP time course. However, as
also indicated in Figure 1, the LTP decay was more pronounced
in the presence of CHA (A,) leading to a significantly
smaller
“steady state” value. Figure 2B, in which the curves obtained
in CHA (Fig. 2A,) and DPCPX (AJ, respectively, are shown
superimposed,
indicates a near parallel displacement
of the LTP
curves suggesting a difference in decay only relating to the first
few minutes after the peak. This indication
is also borne out by
the comparison
between the early (peak, 3 min) and later (330 min) decays of the LTPs (Table 2).

conditions following drug application,
it was first tested whether
the LTP time course was related to the amount of LTP produced
by a given tetanus (cf. Malenka,
1991; Hanse and Gustafsson,
1992). Figure 3 shows that both the early (A) and later (B) decay
of LTP (see above) were independent
of the absolute value of
potentiation
reached at the peak of LTP, both without any drug
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Efect of d&erent induction conditions on the decay of LTP
To examine whether
after CHA application

% of peak
remaining
after 3 min
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the change in LTP time course observed
could be related to variations in induction
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100

B

% of 3 min
value remaining
after 30 min

200

0
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CHA

100 -I

0

20

10
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Figure 2. LTP time course following a 10 impulse tetanus (50 Hz) in
different conditions of release probability. A,-A,, Same curves as in
Figure IA-C, respectively, but shown with a longer time scale. B, LTP
time course following a 10 impulse tetanus in the presence of CHA
(open circles, n = 5) and DPCPX (solid circles, n = 5) followed for up
to 60 min. Before averaging of the potentiation curves, every 20 set
segment (five values) was replaced by the average value for those values.
In the figure the potentiations are normalized to a common peak amplitude.

Figure 3. Relation between amounts of LTP measured at different
time points after the induction. A, Relation between the peak value,
and the fraction of this peak value remaining at 3 min after LTP induction, of LTPs induced by a 10 impulse tetanus in the “control”
solution (solid circles) and in the presence of CHA (open circles). The
peak value was calculated as the average of measurements taken between
30 and 60 set following the tetanus. The 3 min value was calculated as
the average of 15 measurements (60 set) surrounding that time point.
To test a null hypothesis that the regression for the “control” and CHA
cases were identical, we used an F test of a reduced model (all data
pooled for the regression) versus a full model (multiple linear regression
using dummy coding for the CHA treatment). The full model yielded
a better fit, which was significant at the p < 0.01 level. B, Relation
between the potentiation observed 3 min after LTP induction and the
fraction of this value remaining after 30 min.
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Figure 4. LTP time course following a brief tetanus of different duration and strength in the presence of CHA. A, Average EPSP changes
(+SEM), as percentage of the average EPSP value obtained during the
60 set immediately preceding the tetanus, observed after a 10 impulse
tetanus evoked at 1 x test strength (n = 10). To obtain the early time
course exclusive of augmentation, the original potentiation values were
divided by the averaged augmentation curve obtained in the same experiments in the presence of D-AP5. All potentiations were normalized
before averaging to a common peak amplitude. B, Same as in A, but
the tetanus was evoked at 1.5 x test strength (n = 14). C, Same as in
A, but the tetanus consisted of 40 impulses evoked at 1 x test strength.

(open circles) and in the presenceof CHA (solid circles). LTP
wasalso (in the presenceof CHA) evoked by a strongertetanus
(10 impulse tetanus using 1.5x the test intensity), leading to a
similarly decaying potentiation (compare Fig. 4, A and B). On
the other hand, following a longer (40 impulse) tetanus (in the
presenceof CHA) delivered at test intensity, the early decay
becameless(20.6 -t 3.3%; seeTable 2).

DPCPX

B loo1

I

0

I

I

5

10 min

Figure 5. Occlusion of LTP by prior tetanization in CHA and in
DPCPX. A, In the presence of CHA (200 nM): averaged values (+SEM)
of the potentiation given by a 10 impulse tetanus after division by
augmentation. Prior to this tetanus the input had been repeatedly tetanized (see Materials and Methods) in order to saturate LTP (last tetanus
was applied 45 min prior to the 10 impulse tetanus) and the stimulus
intensity was adjusted to obtain an EPSP of similar magnitude as that
prior to the saturating tetanization. B, Same as in A, but in the presence
of 200 nM DPCPX.

10

20

30 min

Figure 6. Potentiation of the NMDA receptor-mediated EPSP, induced by a 10 impulse tetanus. A, Average EPSP changes, as percentage
of the average EPSP value obtained during the 60 set immediately
preceding the tetanus, in the presence of CHA (n = 8). To obtain the
early time course exclusive of augmentation, the original potentiation
values were divided by the averaged augmentation curve obtained in
the experiments shown in Figures 1 and 2. B, Same as in A but in the
presence of DPCPX.

Occlusion of LTP by prior tetanizaticn, in CHA and in
DPCPX
Following repeated tetanization a single 10 impulse tetanus
evokes little or no potentiation (except augmentation) when
tested one hour afterwards (Gustafssonet al., 1989) indicating
an occlusionbetweenthe early transient and the more sustained
phaseof LTP. Figure 5 showsthat this was alsothe casein the
presenceof CHA (A) or of DPCPX (B), the single 10 impulse
tetanus being elicited 45 min after the last saturating tetanus.
As describedin the Materials and Methods, the inputs had been
subjected to repeated tetanization until no further LTP could
be evoked, this procedure generating a potentiation of 174 +
12% (n = 4) and 192 f 24% (n = 4) in the presenceof CHA
and DPCPX, respectively, measured 15-20 min after the last
tetanus. This latter result also demonstratesthat the maximal
amount of LTP that can be obtained was much the samein the
presenceof CHA or DPCPX.
Potentiation of the NMDA receptor-mediatedEPSP in CHA
and in DPCPX
In the presenceof the non-NMDA receptor antagonist CNQX
(10 KM) and low (0.1 mM)-magnesiumsolution, NMDA-mediated EPSPs can be observed in isolation (Andreasen et al.,
1989).Following a single 10 impulsetetanus this NMDA EPSP
showsan LTP with similar time characteristicsas that of the
non-NMDA EPSP (Asztely et al., 1992). Figure 6 showssuch
LTPs of the NMDA EPSP in the presenceof CHA (A) and
DPCPX (B), respectively, and demonstratesthat the time course
of the NMDA EPSP LTP was affected by adenosineagonist/
antagonistsin the samemanner as the non-NMDA EPSPLTP
(comparewith Fig. 2). The peak magnitudeof the NMDA EPSP
LTP was 70 + 11.9% (n = 8) and 43 + 5.1% (n = 5) in CHA
and in DPCPX, respectively, that is, smaller than the peak
potentiation of the non-NMDA EPSP LTP (seeTable 2).
Potentiation of combined non-NMDAINMDA EPSPs in the
presenceof CHA
The larger peak magnitude of the NMDA EPSP LTP in the
presenceof CHA, comparedto that in the presenceof DPCPX,
might be taken to suggestthat CHA leadsto an increasein the
NMDA/non-NMDA EPSPLTP ratio. Asztely et al. (1992)demonstrated, using lower CNQX (1 /IM) to allow for the measurement of non-NMDA and NMDA EPSPpotentiation in parallel
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Figure 7. Potentiation of field EPSPs in low magnesium (0.1 mM) and
CNQX (1.0 PM), induced by a 10 impulse tetanus.
In this solution the
field EPSP consisted of a non-NMDA
and a NMDA component of
comparable magnitudes, which could be measured simultaneously (cf.
Asztely et al., 1992). A, Average non-NMDA
component changes, as
percentage of the average value obtained during the 60 set immediately
preceding the tetanus, in the presence of CHA (n = 5). To obtain the
early time course exclusive of augmentation, the original potentiation
values were divided by the averaged augmentation curve obtained in
the experiments shown in Figures 1 and 2. B, Same as in A but for the
NMDA component of the EPSP. The curve has been scaled to match
the peak amplitude of the curve of the non-NMDA potentiation (note
the different scales of the ordinates).

and Methods), that the NMDA EPSP LTP
had a magnitude about one-third of that of the non-NMDA
EPSPLTP. Figure 7 showssuch parallel measurementsof the
potentiation (exclusive of augmentation) of the non-NMDA
EPSP (A) and NMDA EPSP (B) following single 10 impulse
tetani in the presenceof CHA, the scaleon the ordinate in B
being expandedthree times comparedto that in A. As indicated
in the figure, no stable potentiation of either the non-NMDA
EPSPor NMDA EPSPcould be elicited in this solution, possibly
due to an impaired induction under these circumstances(cf.
Malenka, 1991; Hanseand Gustafsson,1992).Nevertheless,the
similar size of the potentiations indicates an approximate 1:3
ratio of NMDA/non-NMDA EPSPLTP alsoin the presenceof
CHA.

(see also Materials

Time courseof LTP usingd$erent calcium/magnesiumratios
Changesin extracellular calcium/magnesiumconcentration ratio was also usedto alter the releaseprobability (Malinow and
Tsien, 1990;Otmakhov et al., 1993). A decrease/increase
in the
extracellular calcium/magnesiumconcentration to 2/6 mM increasedthe paired-pulse facilitation to 106 * 18.5% (n = 5),
indicating a changein releaseprobability in the samerange as
with application of CHA. Figure 8A showsthat LTP obtained
in this solution exhibits a time course similar to that obtained
in the presenceof CHA (seealsoTable 3). In other experiments
releaseprobability wasincreasedby lowering extracellular magnesium,giving a 4/2 mM calcium/magnesiumsolution. The LTP
time courseobtained in this solution resembledthat seenin the
presenceof DPCPX (Fig. 8B; seealso Table 3).
Discussion
A recent suggestionis that the expressionof LTP in the hippocampal CA 1 region is both pre- and postsynaptically located,
and that the relative contribution of theselocations dependson
the synaptic releaseprobability (Larkman et al., 1992; Liao et
al., 1992). The objective of the presentstudy wasto find, albeit
in an indirect manner, evidence for this notion by examining
some LTP characteristics after changesin transmitter release
induced by adenosineagonist/antagonists.The main finding in

0

10

20

30 min

Figure8. LTP time course following a 10 impulse tetanus in conditions
of different extracellular calcium/magnesium ratios. A, Averaged EPSP
changes, as percentage of the averaged EPSP value obtained during the
60 set immediately preceding the tetanus, in 2 mM calcium and 6 mM
magnesium. To obtain the early time course exclusive of augmentation,
the original potentiation values were divided by the averaged augmentation curve obtained in the same experiments in the presence of D-AP5.
B, Same as in A, but in 4 mM calcium and 2 mM magnesium.
the present study was that theseLTP characteristics,including
overall LTP time course(onset latency, growth phase,and subsequent decay for both non-NMDA and NMDA EPSPs)following a brief tetanus, and the relative ratio betweenthe LTPs
ofthe non-NMDA and NMDA EPSPs,wereessentiallythe same
over an almost lo-fold range in releaseprobability (measured
as changein EPSP magnitude). It was also observed that LTP
evoked at one level of releaseprobability occludedthat induced
at a lower (or higher) level, and that induced changesin the
releaseprobability affected inputs with establishedLTP and
“naive” inputs to an equal extent. Thus, thesedata appearto
offer no support for the notion of different locations for LTP
expressionat different conditions of releaseprobability.
The useof adenosineagonist/antagoniststo modulaterelease
probability
In the present study adenosineAl receptor agonist/antagonist
were the main agentsusedto modulate the releaseprobability.
The releaseprobability differs between individual synapsesin
hippocampal slices(Larkman et al., 1992; Liao et al., 1992).In
the study by Larkman et al. (1992) changesin extracellular
calcium/magnesiumwere usedto vary the initial releaseprobability. It was presently assumedthat adenosinewould also
affect the synapses,and give an overall lowering of releaseprobability (Lupica et al., 1992; Prince and Stevens, 1992; Scholz
and Miller, 1992) similar to that given by changesin extracellular calcium/magnesium(Malinow and Tsien, 1990; Otmakhov et al., 1993). A recent study of autaptic synapseshas,howTable 3. Peak
calcium/magnesium

value

and decay
concentration

Peak
Decay; peak to 3 min
Decay; 3 min to 30 min

of LTP
ratios

obtained

using

different

[Ca2+lEc 2 mM,

[Ca2+lEc 4 mM,

PW+lEc 6 mM

bW+L 2 mM

117 * 7.7%
n=5
44.2
n=5
44.8
n-5

115 & 9.6%

n=6
f 5.4%
+ 5.5%

21.9 f 1.9%
n=6
47.9 + 2.5%
n=6
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ever, shown that baclofen, in contrast to calcium/magnesium
changes, affects presynaptic release in a nonuniform manner,
having less effect on high- than on low release sites (Rosenmund
et al., 1993). If this would be true also for adenosine in the slice
preparation, it would complicate the interpretation of data obtained using adenosine agonist/antagonists (see below). However, certain key findings (see below) obtained using these drugs
were also obtained when changing release by altering the calcium/magnesium ratio.

LTP of the NMDA receptor-mediated EPSP
Recent studies have shown that the NMDA EPSP also undergoes LTP (Bashir et al., 1991; Berretta et al., 1991; Asztely et
al., 1992) with a time course quite similar to that of the nonNMDA EPSP LTP, but quantitatively less, only about one-third
of that of the latter LTP (Asztely et al., 1992). Nevertheless,
such an NMDA EPSP LTP may be suggestive of a presynaptic
component of LTP, and, if so, its magnitude might vary strongly
with changes in release probability. Although the NMDA EPSP
LTP was found to be less in DPCPX than in CHA, even in
DPCPX a considerable NMDA EPSP LTP could be induced,
with a peak potentiation about 60% of that obtained in CHA.
Moreover, the time course of the NMDA EPSP LTP was affected
by alterations in release probability in the same manner as the
non-NMDA
EPSP LTP, showing a faster early decay in CHA
than in DPCPX. Finally, the NMDA/non-NMDA
EPSP LTP
ratio had the same quantitative relation in CHA as has been
previously described in the absence of this drug (Asztely et al.,
1992).

altered release, for example, in its induction, or reflect a change
in location for LTP expression with different levels of release
probability. With respect to the first alternative, the initial decay
of LTP was found to be little affected by variations in induction
strength (and amount of LTP produced) for a given tetanus
length, both in the control material and that obtained in the
low-release situation. It seems thus unlikely that the faster decay
observed in the low-release condition should be due to less
postsynaptic activation under these conditions. On the other
hand, prolongation of the afferent spike train generated an LTP
with an initial decay that was similar to that obtained by a 10
impulse tetanus in control solution. This result may suggest that
the low-release condition impairs some induction factor that
can be overcome with prolongation of the afferent spike train,
and that the discrepancy in initial decay in the different release
conditions may be due to an induction factor (cf. Mitchell et
al., 1993).
If, on the other hand, the LTPs observed at the different levels
of release probability represent expression at two different locations, the present data suggest that the underlying mechanisms
at these two locations should operate with very similar time
characteristics. Since the variation in initial decay was also observed for the NMDA EPSP LTP, one would have to assume
that this LTP should also change location for its expression with
altered release, and, as indicated by the present results, keep its
relative magnitude to that of the non-NMDA EPSP LTP. Moreover, the difference in LTP time course at different levels of
release probability presently observed does not resemble the
one indicated by the results of Larkman et al. (1992) with a
more transient character of the postsynaptic modification (present at levels of high release) and a nondeclining nature of the
presynaptic one (present at low release).
The faster initial decay of LTP in the low-release situation
might be compatible with LTPs with considerably different time
characteristics pre- and postsynaptically. The assumption would
then be that the population of synapses examined consists of
two groups, one with a high release probability that is more or
less unaffected by adenosine, and a second group with low release probability that is affected by adenosine (compare baclofen
above). Thus, in CHA the further lowering of release probability
might impair the induction (following a brief tetanus) of a presynaptically located LTP in the low-release group, while leaving
the induction of a postsynaptically located LTP in the highrelease group unaffected. If this latter LTP is more transient
than the LTP in the low-release group, as indicated by the results
by Larkman et al. (1992), the initial decay would be faster in
the presence of CHA. However, changes in the extracellular
calcium/magnesium ratio that should produce a uniform change
in release probability (Rosenmund et al., 1993) affected the
initial decay of LTP in the same manner as adenosine Al agonist/antagonists. Moreover, prior repeated tetanization in the
presence of CHA or DPCPX, respectively, occluded also the
early part of LTP induced by a brief tetanus, indicating that the
same mechanism(s) underlies both the later (stable) phase of
LTP and the early (transient) phase at both levels of release.

LTP decay at deferent release probabilities
As noted above, LTPs evoked under conditions of low release
probability displayed a somewhat greater decay during the first
few minutes. The question then arises whether this discrepancy
could be a consequence of changes in LTP at a single site with

Occlusion between LTPs evoked at d&erent release
probabilities
In the present study LTP evoked at saturated amounts at one
level of release probability fully occluded the generation of LTP
at another level. In addition, adenosine agonist/antagonists, when

LTP of the non-NA4DA receptor-mediated EPSP
The notion that LTP in the CA1 region, even within the first
hour or so, is not based on a single expression mechanism has
been on the agenda for some time. Some studies have suggested
that these different expression mechanisms are temporally separate, for example, an early transient presynaptic expression
followed by a later, more stable, postsynaptic one (Davies et al.,
1989; Reymann et al., 1990) a subdivision in line with the
notion of an early decremental, short-term potentiation (STP),
and a later, longer-lasting, nondecremental (LTP) component
of NMDA dependent potentiation (Kennedy, 1988; Bliss and
Collingridge, 1992). The study of Larkman et al. (1992) did not
indicate such strict temporal separation, but a rapid onset of
both the presumed pre- and postsynaptic modifications. Nevertheless, their results suggested differences in time course for
the two modifications, with a more transient character of the
postsynaptic modification, and a nondeclining nature of the
presynaptic one. Thus, changes in the release probability (prior
to tetanization) might be expected to lead to changes in the LTP
time course. However, in the present study the LTP time course
was essentially the same at the different levels of release probability, with a latency of less than 4 set, and a 3040 set growth
phase followed by a subsequent decay, the only observed difference being a greater decay during the first 3 min for LTP
evoked at low release probability.
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on an EPSPsaturatedwith respectto LTP, affected this
EPSP quantitatively the sameas that of a naive input, a result

applied

previously

also observed with respect to changes in extracellular

calcium/magnesium(Huang et al., 1987, 1988). These results
are most easily explained by the samelocation(s) for LTP expressionat both levels of release.To account for different expression locations at the different levels of releaseprobability
the generation of LTP at one location should have to occlude
induction/expressionof LTP at the other location, or LTP should
always be generatedat both locations, but expressedin one or
the other location dependenton the level of releaseprobability.
The location for LTP expressionshould also be unchangedif
releaseprobability is changed after induction of LTP, or the
conversion of LTP from one location to the other during the
changein releaseprobability should take place in a strictly inversely proportional manner.
Effect of adenosineon LTP per se
Several groups have reported that the addition of adenosineor
adenosineagonistblock LTP in hippocampalslicesin vitro (Arai
et al., 1990; de Mendonca and Ribeiro, 1990). However, in a
recent study (Mitchell et al., 1993)sucha block wasnot observed
(seealso Dunwiddie and Hoffer 1980). According to Mitchell
et al. (1993) the inhibitory effect of adenosineon LTP should
be indirect via a decreasedtransmitter releaseat individual
excitatory synapses,leading to a decreasedpostsynaptic responseduring the high-frequency stimulation inducing LTP. In
the presentstudy LTP was easily induced in the presenceof an
adenosineagonist,in line with the result by Mitchell et al. (1993).
A possiblereasonfor the easyinduction of LTP could have been
the useof the GABA, antagonist picrotoxin, removing the increasedinhibitory influence otherwise obtained in the presence
of an adenosineagonist (Lambert and Teyler, 1991).
Conclusion
The present results have shown that the early time course of
LTP (of both the non-NMDA and NMDA receptor-mediated
EPSPs)is essentiallyunaltered by changesin releaseprobability
induced by adenosineagonist/antagonists.When applied on established LTP thesedrugs also affect the potentiated EPSPsto
the samedegreeasEPSPsevoked by “naive” inputs. The results
do not provide evidence favoring the notion of different locations of the LTP expressionmechanismsat different levels of
releaseprobability.
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