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Comparison of Two Forms of Long-Term 
~oten6ation in Single Hippocampal heurons 

In invertebrate nervous systems, some long-lasting in- 
creases in synaptic efficacy result from changes in the 
presynaptic cell. In the vertebrate nervous system, the best 
understood long-lasting change in synaptic strength is. 
long-term potentiation (LTP) in the CA1 region of the 
hippocampus. Here the process is initiated postsynapti- 
cally, but the site of the persistent change is unresolved. 
Single CA3 hippocampal pyramidal cells receive excitato- 
ry inputs from associational-comrnissural fibers and from 
the mossy fibers of dentate granule cells and both path- 
ways exhibit LTP. Although the induction of association- 
al-commissural LTP requires in the postsynaptic cell N- 
methyl-D-aspartate (NMDA) receptor activation, mem- 
brane depolarization, and a rise in calcium, mossy fiber 
LTP does not. Paired-pulse facilitation, which is an index 
of increased transmitter release, is unaltered during asso- 
ciational-commissural LTP but. is reduced during mossy 
fiber LTP. Thus, both the induction and the persistent 
change may be presynaptic in mossy fiber LTP but not in 
associational-commissural LTP. 

EPETITIVE ACTIVATION OF SOME TYPES OF EXCITATORY 

synapses results in a long-lasting enhancement of synaptic 
.transmission referred to as long-term potentiation (LTP). 

This use-dependent plasticity provides a useful cellular model for 
learning and memory. Our understanding of the cellular mecha- 
nisms of LTP comes largely from investigations of the CA1 and 
dentate regions of the hippocampus (1, 2) although a similar 
phenomenon occurs at several synapses in the brain (3). The current 
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model for the induction of LTP requires simultaneous N-methyl-D- 
aspartate (NMDA) receptor activation and postsynaptic depolariza- 
tion. The depolarization relieves a voltage dependent M$+ block of 
the NMDA receptor channel, and entry of Ca2+ through the 
NMDA receptor channel appears to serve as the trigger for LTP. 

In the CA3 region of the hippocampus, pyramidal cells receive 
two anat~micall~~distinct excitatory syiapticinputs ( 4 ) ,  an associa- 
tional-commissural (assoc-com) input and a mossy fiber input (Fig. 
1A). The mossy fibers are the axons of dentate granule cells, and 
they form en passant synapses that are restricted to a narrow band 
(the stratum lucidurn) on the proximal dendrites of CA3 pyramidal 
cells. The mossy fiber inputs are both anatomically and electrotoni- 
cally closer to the soma than the assoc-com inputs, which are on 
more distal dendrites of the CA3 cells (5) .  . 

Both mossy fiber (6, 7) and assoc-com synapses (7) exhibit LTP, 
but unlike the assoc-com pathway very few NMDA receptors are 
associated with the mossy fiber synapses (8). Harris and Cotman (7) 
demonstrated that LTP, recorded kxtracellu~ar~v, was blocked bv 
NMDA receptor antagonists in the assoc-com but not the moss; 
fiber pathway. We have taken advantage of'this convergence of 
inputs to compare in single pyramidal cells the cellular mechanisms 
of LTP in the two pathways (9-12). 

We used standard procedures to prepare and maintain guinea pig 
hippocampal slices (13). In most experiments one 'stimulating 
electrode was positioned in the granule cell layer of the dentate 
gyms to activate mossy fibers, and another electrode was placed in 
the stratum radiatum to activate assoc-com fibers (Fig. 1A). Two 
recording electrodes were generally used: one for intracellular or 
whole cell recording from the cell body of a CA3 pyramidal cell, and 
the other for recording the extracellular assoc-com excitatory post- 
synaptic potentials (field EPSP's) . 

~ r i e f  high frequency stimulation (tetanus) of mossy fiber and 
assoc-com pathways produced long-lasting potentiation of the 
synaptic inputs. We determined the time course of this LTP in the 
asso;-com &d mossy fiber pathways in the same group of cells (Fig. 
1B). In both pathways potentiation generally declined for about 10 
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to 15 minutes and then usually remained stable at 1 hour after the group of cells under the same conditions showed reliable LTP. (In 
tetanus. eight of eight cells the increase was greater than 50 percent 10 

Mechanisms of LTP induction. We have confirmed the results minutes after tetanus). After removal of the antagonist, LTP was 
of Harris and Cotrnan (7)  by measuring the initial slope of the two observed in four cells in the assoc-corn pathway. 
types of EPSP's from the same cells with intracellular recordings and In CA1 neurons, chelating postsynaptic ca2+ blocks LTP, and it 
shown that assoc-corn, but not mossy fiber LTP, is blocked by has been proposed that it is ca2+ entry through NMDA channels 
NMDA receptor antagonists. The mossy fiber LTP recorded in a that triggers LTP (14). Although NMDA receptors are not required 
group of cells in the presence of the NMDA antagonist 2-amino-5- for mossy fiber LTP, postsynaptic Ca2+ might still play a critical 
phosphonovalerate (APV) was indistinguishable from that in a role. To examine the role of postsynaptic Ca2+ concentration in 
control group of cells without the antagonist (Fig. 1C). However, assoc-com and mossy fiber LTP, we injected the CA3 neurons with 
LTP in the assoc-com inputs in the same cells was completely high concentrations of the Ca2+ chelator 1, 2-bis(o-aminophenoxy)- 
blocked by APV (Fig. 1C). The assoc-corn pathway in a control ethane-N,N,Nt,N'-tetraacetic acid (BAPTA) (15) through low 

resistance intracellular ele'ctrodes. This chelator rapidly binds intra- 
A cellular free ca2+. Cells were injected with BAPTA for 20 to 50 

minutes before the LTP inducing stimuli were applied. As was 
Stim (assoc-com) Stim expected from the results from CAl cells (14), the NMDA receptor- 

dependent form of LTP was ,blocked by the Ca2+ chelator in the 
postsynaptic cell (Fig. 2A). To ensure that the assoc-corn pathway in 
these experiments was, indeed, capable of generating LTP, we 
simultaneously recorded the extracellular field potential from neigh- 
boring neurons and these showed robust LTP (Fig. 2B). In 
contrast, BAPTA had no apparent effect on mossy fiber LTP in the 
same cells (Fig. 2A) even though the LTP inducing stimulus given 
to the mossy fiber pathway was only halfthat given to the assoc-corn 
pathway and the mossy fiber synapses are morphologically and 
electrotonically closer to the recording and injection electrode. We 
obtained similar results in another group of cells in the presence of 

Fig. 1. (A) The arrangement of electrodes for B 
recording. In most experiments the two excitatory a 400 MF 
pathways to an individual CA3 pyramidal cell 
were examined and an extracellular field was 3 
recorded from neighboring cells. One stimulating 5 300 
electrode was placed in stratum radiatum to acti- [ 
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electrode was placed near the granule cell bodies $ 
[Stim (mf)]; the mossy fibers arising from the n 100 
granule cells form en passant synapses in a restrict- % 
ed region of the proximal dendritic tree of the W 

- 

I t  t 
1 

-+% - 200 4. 

S 
- 

loo-- 
CA3 pyramidal cells (stratum lucidum). An intra- o - z 

- i o  o t o  2b 30 4b 5b QO cellular or whole cell pipette [Rec (intra-wcr)] Time (min) 0 O -  
recorded from the CA3 pyramidal cells, and a 1 2 1 +2 1 5  rnV 300 -Assoc-corn 
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tively, recorded with intracellular electrodes in 5 
n o d  Ringer solution (n = 9). At time 0 the [ 200 assoc-com pathway was given four tetani of 1- - 
second duration each at 100 Hz and 10-second % 
intervals, while the mossy fiber was given two $ loo  
such tetani, which produced approximately equal a 
magnitudes of potentiation. In all cells responses 2 
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increase in amplitude at 10 minutes after tetani. Time (min) 
Below each graph are displayed individual EPSPs 1 1+2 J5mV 
taken before and during LTP. (C) Effect of the 
NMDA antagonist APV on assoc-com and mossy 
fiber LTP. Filled symbols, the mossy fiber and 
assoc-com responses in a group of eight control - 
cells; open symbols, the responses of a group of 

I--. IK -K 
seven cells in the presence of APV. In this and all other experiments with 
APV, a concentration of 25 (LM D-APV or 50 )*.M D,L-APV was applied for APV there was a greater than 50 percent increase in EPSP slope at 10 
at least 6 minutes. All recordings in (C) were in the presence of the GABA, minutes after tetanus in all assoc-com inputs and seven out of eight mossy 
antagonist picrotoxin and 3 M CsCl in the recording electrodes; two 1- fiber inputs. In APV there was a greater than 20 percent increase in zero of 
second duration, 100-Hz tetani were administered to induce LTP. The use seven of the assoc-com inputs and a greater than 50 percent increase in all 
of two tetani of stimuli instead of four accounts for the reduced magnitude of mossy fiber inputs. In this and subsequent figures the upper part of the error 
assoc-com LTP [compare to (Bb)] in control conditions. In the absence of bar on some points immediately after a tetanus is not shown. 



the y-aminobutyric acid (GABA) antagonist picrotoxin (n = 9) 
When we combined experiments with and without picrotoxin, at 20 
minutes after tetanus the potentiation in BAPTA-filled cells was 21 1 
2 24 percent and in control cells was 236 2 23 percent. These 
values &e not significantly different (16). 

In LTP of CA1 cells the requirement for postsynaptic depolariza- 
tion (17, 18) is functionally important; it provides the cellular basis 
for the coopcrativity and associativity of LTP. Cooperativity is the 

Fig. 2. Effect of chela- , I  BAPTA 
tion of postsynaptic A 
Ca2+ in the assoc-com 
and mossv fiber (MF) 

400 [ 
pathway. ' ~ntrace'lldk 
electrodes containing 
200 mM BAPTA and 2 200 
M potassium methyl sul- loo / - 
fat; were used to fib cells 8 , oo 1 -'wO, 
for from 20 to 50 min- a assoc-corn 
utes before attempting & 

01 to evoke LTP in normal -YO 0 10 20 
Ringer ' solution (n = 6 
10): The mossv fiber n 300 r Extracellular field 
synapse (filled s$nbols) 2 
showed n o d  LTP 200 / 
(ten of ten cells showed 

(assoc-com) 

b4w-# 
greater than 50 percent 
increase at 10 minutes 
after tetanus), while the 
assoc-com (open sym- 0 
bols) inputs to the same 

I ,  
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cells failed to show LTP Time (min) 

[eight of ten cells 
showed less than 20 percent increase at 10 minutes after tetanus compared 
with zero of ten cells in controls (Fig. lB)] despite receiving twice as many 
tetani as the mossy fiber pathway (four versus two as in Fig. 1B). (B) 
Extracellular field potentials from the assoc-com pathway recorded from 
neighboring cells demonstrated that the assoc-com pathway was capable of 
LTP in these slices (ten of ten cells showed greater than 40 percent increase 
10 minutes after tetanus). 

Fig. 3. Effect of postsynaptic membrane potential 
on the induction of LTP in the assoc-com and the 
mossy fiber (MF) pathways. (A) The result from a 
single cell in which pairing of depolarization (+ 1 
nA, 40 pairings) with the normal 0.1-Hz test 
stimuli produced LTP in the assoc-com but not 
the mossy fiber pathway. Tetani to the mossy 
fiber pathway (two tetani each of 1-second dura- 
tion and 100 Hz at 10-second intervals) in this 
cell (at arrow) subsequently produced normal 
LTP. (B) A series of brief tetani (four tetarii each 
of 50-msec duration and 100 Hz, at 10-second 
interval) presented to the assoc-com pathway 
failed to evoke LTP, but the same stimuli accom- 
panied by postsynaptic depolarization (0.5 to 3 
nA injected current) reliably produced LTP (five 
of five cells as summarized in the graph). (C) An 
even more radical manipulation failed to reveal an 
influence of postsynaptic membrane potential in 
the mossy fiber pathway (which again worked 
reliably in the assoc-com pathway, n = 5); here 
two series of four to eight brief tetani were 
admhstered as in (B) but the first was accompa- 
nied by hyperpolarizing current (-2 to -4 nA) 
or voltage clamp at hyperpolarized potential 
(-80 to -100 mV) and the second by depolar- 
ization ( + 1  to 4 nA); in this group of cells 
(n = 7 )  the first two tetani did not produce LTP 
but a third tetanus that doubled the number of 
stimuli in each tetanus (to ten) accomoanied bv 

requirement that a minimum number of afferent fibers be coactivat- 
ed to induce LTP. When these fibers are activated at different sites, 
the phenomenon is referred to as associativity. Although our results 
with BAPTA suggest that postsynaptic Ca2+ does nor affect mossy 
fiber LTP, they do not rule out a role for postsynaptic depolariza- 
tion in the initiation of mossy fiber LTP. We have therefore 
examined the effects of manipulating postsynaptic membrane poten- 
tial on the induction of LTP. In CA1, pairing of low frequency test 
stimuli with postsynaptic depolarization is sufficient to produce 
LTP (17). This procedure produced LTP in the assoc-com pathway, 
as expected, but not in the mossy fiber pathway in the same cells 
(n = 4) (Fig. 3A) (19). Pairing of test stimuli with dc currents, brief 
pulses, or Ca2+ spikes (in cesium-loaded cells) never produced LTP 
in the mossy fiber pathway. In addition, intense repetitive Ca2+ 
spiking (in cesium-loaded cells) in the postsynaptic celf had no effect 
on mossy fiber EPSP's. 

Although pairing of stimuli with depolarization did produce LTP 
in the assoc-com pathway, the effect was not as strong as in CA1; in 
particular, more pairings were necessary and the procedure did not 
always produce strong potentiation. However, brief repetitive stim- 
uli consistently revealed a voltage dependence in the assoc-com 
pathway. Groups of five stimuli (100 Hz) given without postsynap- 
tic membrane depolarization did not induce LTP; the same stimuli 
presented with membrane depolarization did produce LTP in the 
assoc-com pathway (five of five cells) (Fig. 3B). No dependence on 
membrane potential was observed in the mossy fiber pathway (20). 
Finally, we attempted to reveal an effect of postsynaptic membrane 
potential on mossy fiber LTP by applying grouped stimuli in which 
the first presentation was accoxnpanied by strong hyperpolarizing 
current (or voltage clamp at a hyperpolarized level) and the second 
presentation was accompanied by depolarizing current. Again, this 
procedure demonstrated the voltage dependence of assoc-com LTP 
(five of five cells), but no effect was seen on mossy fiber LTP (Fig. 
3C). The number of stimuli necessary for producing LTP in the 
mossy fiber pathway was variable, but in no case did a stimulus 
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hyperpolarizing current 'showed LTP. L~lthough 
there was substantial variability among cells in the number of brief tetani membrane potential on the induction of mossy fiber LTP evident (n = 15). 
necessary to produce mossy fiber LTP, in no case was an influence of The mossy fiber experiments were carried out in the presence of APV. 
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accompanied by depolarization produce LTP when the same stimuli 
presented with hyperpolarization did not. Figure 3C shows the 
results from seven cells in which no LTP was apparent with four to 
eight groups of five stimuli presented with hyperpolarization and 
then with depolarization; increasing the number of stimuli to ten 
accompanied by hyperpolarization did produce LTP. That is, the 
number of stimuli and not the postsynaptic membrane potential 
determined whether LTP was obtained (21). 

Using these stimulus procedures that reliably demonstrate the 
voltage dependence of assoc-com LTP, we saw no effect on mossy 
fiber LTP (n = 15). The mossy fiber synapses are more electrically 
accessible than the assoc-com synapses to a recording electrode, and 
mossy fiber LTP is more easily induced by tetanus than assoc-com 
LTP. Thus the failure to induce LTP in the mossy fiber pathway by 
postsynaptic voltage manipulation implies that there is a qualitative 
rather than a quantitative difference between the role of postsynaptic 
voltage in the two pathways (22). 

With intracellular recording experiments, the roles of postsynaptic 
Ca2+ and of postsynaptic membrane potential could be separately 
investigated. Whole-cell recording allowed more powerful, though 
less precisely delimited, alterations of the postsynaptic cell. The very 
low resistance whole-cell pipettes (2 to 3 megohms) allowed 
considerably greater access to the postsynaptic cell for voltage 
clamping and for altering the cell interior. High concentrations of 
BAPTA (10 to 25 mM) were included to buffer Ca2+. In addition, 
fluoride (up to 120 mM, depending on the BAPTA concentration) 
was used as the major anion in the electrode solution. Fluoride itself 
binds Ca2+ strongly (23), reduces voltage dependent ca2+ currents 
(24), and disrupts various intracellular enzymatic events that de- 
pend, for example, on G proteins and phosphastases (25). Finally, 
from 20 to 50 minutes were allowed for the dialysis of small 
molecules from the interior of the cell before LTP-inducing stimuli 
were administered (adenosine triphosphate was deliberately omitted 
from the recording solution). 

Despite the postsynaptic insults enumerated above, LTP was 
routinely obtained in the mossy fiber pathway in whole-cell voltage 
clamp recordings (Fig. 4A). Monitoring LTP in the assoc-com 
pathway, in which LTP was blocked, provided an index of the 
stability of the recording and ruled out any spurious changes in the 
cells or the recording that might masquerade as LTP. Even when we 
used a stimulus protocol that was just sufficient to reliably elicit LTP 

Fig. 4. Effect of BAPTA and fluoride on LTP 
measured with whole-cell voltage clamp record- 
ing in the assoc-comm and mossy fiber (MF) 
pathways. (A) LTP in the mossy fiber (filled 
symbols) pathway in whole-cell recording (n = 7; 
seven of seven cells showed greater than 50 
percent increase 10 minutes after tetanus); the 
assoc-corn pathway (open symbols) in these cells 
controlled for nonspecific changes that might 
mimic LTP(one of seven cells showed greater 
than 20 percent increase 10 minutes after teta- 
nus). The field potential recorded from neighbor- 
ing cells did show LTP in these slices. (B) A low- 
frequency LTP-inducing stimulus (5 Hz, 60 sec- 
onds) that produced a small amount of mossy 
fiber LTP in control slices was used; even with 
this stimulus the expected magnitude of LTP was 
obtained despite voltage clamp at a holding po- 
tential of approximately -100 mV during the 
tetanus, as shown in the single trace examples 
(n = 6; six of six cells showed greater than 20 
percent increase 10 minutes after tetanus); LTP in 
the assoc-com pathway to normal high-frequency 
tetani was again blocked in qese cells. APV was 
present in two of seven cells in (A) and four of six 
cells (B). 

(5 Hz for 60 seconds), whole-cell voltage clamping (which, under 
these conditions of low stimulus frequency, maintained cells well 
belowed the threshold for action potential initiation and limited 
apparent voltage changes to less than 5 mV during the tetanus) 
failed to block the potentiation (Fig. 4C). 

Locus of increased synaptic strength. There is general agree- 
ment that the induction of LTP in CA1 hippocampal cells is 
postsynaptic, but whether the persistent change in synaptic strength 
is presynaptic or postsynaptic is still disputed. One early suggestion 
(26) that the increase in synaptic strength might be postsynaptic 
derives from experiments with paired-pulse facilitation. Paired-pulse 
facilitation has been studied at several synapses including those in 
the hippocampus (26-28) and is clearly due to an increase in 
transmitter release (29). Other manipulations that alter transmitter 
release, including post-tetanic potentiation (26), changes in ca2+ 
and M ~ ~ +  (27), and application of phorbol esters (30) affect paired- 
pulse facilitation. However, tlie magnitude of paired-pulse facilita- 
tion recorded extracellularly during NMDA-dependent LTP is not 
changed (26, 27). Therefore, either LTP expression in CA1 is 
presynaptic but affects a step in the release process that is indepen- 
dent of all of these, or, more simply, LTP expression is postsynaptic. 

We have applied the same reasoning to the CA3 assoc-com 
pathways. Paired pulses at 50-msec intervals were delivered, and 
field EPSP's were recorded. We measured the LTP .obtained in a 
group of field potential recordings (Fig. 5A) and normalized the 
ratio of pulse 2 to pulse 1 during the same time period (Fig. 5B) 
(the absolute magnitude of paired-pulse facilitation before LTP 
averaged 1.90 2 0.20, n = 8). Paired-pulse facilitation was reduced 
during post-tetanic potentiation, the first minute or two after the 
tetanus, as expected, but showed no change during LTP (1.92 + 
0.15). This result is identical to that obtained for NMDA-depen- 
dent LTP elsewhere (26, 27). We also tested for possible interactions 
between paired-pulse facilitation and mossy fiber LTP, using whole- 
cell recording (31). In contrast to the results with the assoc-com 
pathway, during mossy fiber LTP (Fig. 5C), paired-pulse facilita- 
tion was significantly reduced (from 3.41 2 0.54 to 1.48 + 0.21, 
n = 8). This reduction implies that a presynaptic contribution to the 
increased synaptic strength occurs in the mossy fiber pathway. 
Similar results have recently been obtained by analyzing mossy fiber 
field potentials (12). 

Contrasting properties of mossy fiber and assoc-corn LTP. 
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Although LTP of the assoc-com and the mossy fiber inputs to single 
CA3 pyramidal cells are phenomologically similar, the underlying 
cellular mechanisms are quite different. The mechanisms of LTP in 
the assoc-com pathway are qualitatively similar to those in the well- 
studied CAl model system. In particular, both types of LTP require 
activation of the NMDA receptor, depend on postsynaptic ca2+ 
concentrations and membrane potential, and are independent of the 
presynaptic phenomenon of paired-pulse facilitation. Therefore, the 
model for LTP in CA1 cells may be generally applicable to LTP at 
the several other synapses in the brain where a dependence on 
NMDA receptors is evident. 

Intracellular manipulations of postsynaptic ca2+ and membrane 
potential, and even the wholesale alterations of the postsynaptic 
biochemical machinery brought about by means of whole-cell 
recording with fluoride and BAPTA failed to reveal any postsynaptic 
dependence of LTP induction in the mossy fiber pathway despite 
the greater anatomical and elearotonic accessibility of these synap- 
ses. These findings favor a presynaptic locus for induction of mossy 
fiber LTP but do not rule out control by a postsynaptic mechanism 
that is independent of ca2+ and membrane potential. The strong 
interaction of mossy fiber LTP with paired-pulse facilitation sug- 
gests that the persistent change during mossy fiber LTP is also 
presynaptic. Taken together, the results on induction and the 
persistent change strongly suggest that mossy fiber LTP is a 
presynaptic phenomenon. 

Much of the interest in LTP has been fueled by its tantalizing 
phenomenological similarity to memory. LTP in the CA3 assoc-com 
pathway, as in other NMDA dependent forms of LTP, requires 

sufficient postsynaptic depolarization to relieve the M$+ block of 
the NMDA activated channel. This provides the basis for the cellular 
phenomena of cooperativity and associativity. The mossy fiber 
pathway shares neither the requirement for postsynaptic depolariza- 
tion, nor, apparently, cooperativity itself with NMDA-dependent 
LTP. However, the same logical operations presumably govern 
mossy fiber LTP; they are simply one cell further back in the 
hippocampal circuitry. That is, although in the assoc-com pathway 
the CA3 pyramidal cell integrates its various inputs and controls the 
potentiation of active inputs, in mossy fiber LTP the presynaptic 
dentate granule cell would make the analogous computation, trans- 
form it into spiking frequgncy, and thus control the occurrence of 
LTP . 

The different cellular mechanisms in mossy fiber and assoc-com 
LTP are likely to have different functional consequences in other 
ways as well. In particular, the set of strengthened synapses are 
probably selected differently in the two forms of LTP. In the assoc- 
com pathway the postsynaptic cell strongly influences that set; that 
is, the potentiated synapses are those that are active when a 
postsynaptic cell is sufficiently depolarized (32). In the mossy fiber 
pathway (which forms en passant synapses) all of the synapses of a 
particular dentate granule cell may be enhanced together, defining a 
very different set of potentiated synapses. An understanding of the 
consequences of increasing activity in these different sets of synapses 
must await a better understanding of the information processing 
functions of the hippocampal circuitry. 

Finally it is reasonable that vertebrate central nervous system 
synapses can exhibit a presynaptic form of long-term synaptic 
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Fig. 5. LTP in the mossy fiber (MF) but not the assoc-com pathway interacts 
with the presynaptic phenomenon of paired-pulse facilitation. (A) Paired but was unchanged during LTP. (B) The interaction of paired-pulse 
pulses at 50-msec intervals were given to the assoc-com pathway while field facilitation and LTP in the mossy fiber pathway was examined with whole- 
potentials were recorded (n = 8).  (Upper panel) LTP (for the first pulse) cell recording (n = 8, six done in APV). Paired-pulse intervals from 50 to 80 
and the lower paired pulse facilitation expressed as a ratio of the two pulses msec were used. There was a clear reduction in paired-pulse facilitation 
normalized to the control period before the tetanus. The magnitude of during LTP in the mossy fiber pathway. Sample records are averages of five 
paired-pulse facilitation decreased transiently during posttetanic potentiation consecutive traces taken before and 15 minutes after LTP was induced. 
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plasticity. Presynaptic mechanisms for plasticity occur in peripheral 
vertebrate ganglia (33), and the best undestood models of plasticity 
ars the long-term changes in transmitter release at invertebrate 
synapses (34). The general relevance of these models should become 
more apparent as the repertoire of plasticity in mammalian central 
nervous system is more M y  explored. 
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