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INTRODUCTION

Chemical synapses are not static. The strength or efficacy of synaptic transmission
is highly variable. One may measure synaptic efficacy by recording intracellularly
the size of the postsynaptic potential (PSP, or EPSP at excitatory synapses) near the
spike initiating zone. At some synapses, PSPs grow dramatically during repetitive
stimulation to many times, even hundreds of times, the size of an isolated PSP. If this
growth occurs quickly, within tens of milliseconds to a second during a tetanus, and
decays afterwards just as quickly, it is called synaptic facilitation. If the growth in
transmission develops gradually, requiring tens of seconds of continuous stimulation, it
is referred to as potentiation or tetanic potentiation; its persistence and gradual decay
after a tetanus is called post-tetanic potentiation (PTP). Enhanced synaptic transmis-
sion with a lifetime between potentiation and facilitation is sometimes called synaptic
augmentation. At some synapses, potentiation can persist for hours or even days: then
it is referred to as long term potentiation (I.TP). In addition to the differences in timing
that characterize facilitation, augmentation, potentiation and PTP, and LTP, there are
differences in the physiological mechanisms underlying these processes.

Qther chemical synapses are subject to fatigue or depression. Repeated activation
leads to a decline in PSP amplitude during a tetanus, and severe depression can result in
the virtually complete failure of transmission. Most synapses display a mixture of
these dynamic behaviors. During a tetanus, transmission may rise briefly due to facili-
tation before it is overwhelmed by depression (60). If depression is not too severe, aug-
mentation and potentiation will cause a partial recovery of transmission during the
tetanus. After the tetanus, facilitation decays rapidly leaving depressed responses
which recover slowly to the potentiated level, causing what appears as a delayed net
potentiation or PTP (84). Finally, PTP or LTP decay during long periods of quiescence or
low frequency activity. :

These synaptic properties are often crucial to the information processing and
response molding functions of neural circuits. Synaptic depression at mechanosensory
synapses onto motor neurons causes the tonic habituation or lessening of graded responses
like gill withdrawal in Aplysia (sea slugs) (35), and the phasic habituation or
reduction in probability of nearly all-or-none responses like escape responses in fish,
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crustacea, and insects (10,126,127). Depression at visual interneuron synapses onto
higher interneurons results in local adaptation and alteration of receptive field in
movement detecting visual neurons (97).- Neuromuscular depression can cause the
weakening of a response such as the crayfish tail flick (71).

Facilitation, augmentation, and potentiation shape the frequency sensitivity of
synaptic transmission. Highly facilitating synapses respond effectively only to high
frequency inputs. This has been shown to be important for the response characteristics
of neurosecretory neurons and peripheral synapses (23,24,50,70). Long-term potentiation
is particularly prominent in hippocampal pathways believed to be important in the
consolidation of short-term into long-term memory. The existence of an associative
enhancement of LTP (12,64), and an improvement in conditioning capability following
induction of LTP (18) further implicate this synaptic process in changes underlying
simple forms of learning,

The remainder of this chapter will focus on what is known of the physiological
mechanisms underlying these forms of synaptic plasticity.

DEPRESSION

At many synapses, depression is the most prominent effect of repetitive stimulation
when the synapse operates at a high level, initially releasing a lot of transmitter.
Quantal analysis at neuromuscular junctions indicates that depression reflects a
presynaptic. reduction in the amount of transmitter released per impulse (44).
Depression can be relieved by reducing the amount of transmitter released per spike, for
example by reducing the external calcium concentration or elevating the magnesium
concentration to block calcium influx at the nerve terminal (116). This property of
depression suggests that it is due to a limited store of transmitter releasable by an
action potential, which is not instantaneously replenished. Recovery from depression
is roughly exponential, suggesting a first order process for renewing the releasable store,
A simple model of depression has each action potential liberating a certain fraction of
an immediately releasable store with subsequent recovery (74). This model provides a
reasonably good approximation to the behavior of successive PSPs in a tetanus, but
minor deviations from theoretical predictions are often observed. The fractional
reduction in PSPs also declines as depression progresses (20), suggesting that the
fraction of store released by a spike declined as the store was depleted. Perhaps the
most easily released quanta (for example, vesicles well attached to release sites) are
secreted first; those remaining are less readily released. Sometimes depression is less
severe than expected during a tetanus {69), suggesting that the replenishment of the
releasable store was not always first order, and may be boosted (mobilized) by
excessive release of transmitter. One might expect depletion of transmitter to correlate
with a reduction in vesicles, but depression develops faster and exceeds the reduction in
vesicles, even those near the membrane (reviewed in 36). Despite these problems, the
hypothesis that depression is due to the depletion of releasable transmitter stores
remains the most popular for many neuromuscular junctions.

At some central synapses and neuromuscular junctions, depression has been found to
be less dependent on the level of synaptic transmission than expected from a simple de-
pletion model and to proceed during a tetanus in a manner inconsistent with predictions
of such a model (33,132). In Aplysia ceniral synapses, synaptic depression has been
shown to be presynaptic in origin {34) and to correlate with a long-lasting inactivation
of presynaptic calcium currents (66). This result contrasts with the squid giant synapse,
where synaptic depression occurs in the absence of any reduction in presynaptic calcium
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current (39). A recent analysis indicates that calcium channel inactivation in Aplysia
is insufficient to account for the magnitude of synaptic depression. A new model (57)
combines calcium channel inactivation and transmitter depletion to explain depression,
and postulates a calcium-dependent mobilization of transmitter to explain the weak
dependence of depression on level of transmission.

Although depression normaily involves only a reduction in the number of quanta
released by an impulse, at a fish central synapse depression is caused by a reduction in
quantal size as well (19). It appears that at this synapse, releasable vesicles are not
only depleted, but newly formed vesicles are also not entirely refilled between stimuli
in a tetanus.

Finally, at some multiaction synapses in Aplysia, depression arises from postsy-
naptic desensitization of neurotransmitter receptors. A cholinergic interneuron in the
abdominal ganglion activates excitatory and inhibitory receptors on a motor neuron to
form a diphasic EPSP-IPSP. The excitatory receptor is particularly subject to desensi-
tization, so that high frequency synaptic activation results in a brief excitation
followed by persistent inhibition {117). The same effects are observed by iontophores-
ing acetylcholine onto the postsynaptic cell. Precisely the opposite situation prevails
in synapses in the buccal ganglion in Aplysia. Here too, a cholinergic neuron activates
two receptors on a postsynaptic cell and has a dual synaptic action. At this synapse, it
is the inhibitory component which is most subject to desensitization, so that the
synapse becomes purely excitatory at high frequencies of activation (56).

These examples serve to illustrate that depression is a multifaceted phenomenon,
caused by a number of physiological processes at different synapses, and often having
interesting consequences.

FACILITATION AND AUGMENTATION
Early Theories of Facilitation

Most chemical synapses display a short-term facilitation, such that successive
spikes at high frequency evoke EPSPs of increasing magnitude. When depression is
present it may mask facilitation, which will then only be evident when depression is
relieved by reducing the amount of transmitter released by spikes. Whenever a quantal
analysis has been done, facilitation has been shown to be presynaptic in origin, reflect-
ing increasing amounts of transmitter release (reviewed in 128).

Early theories of facilitation invoked increases in spike invasion of presynaptic
terminals or effects of spike afterpotentials in nerve terminals. These mechanisms
have been shown not to be involved at central neurons (38), peripheral neurons (89), and
neuromuscular junctions (29,60,129,131). It has also been suggested that spike broaden-
ing in nerve terminals, due to inactivation of potassium currents, might contribute to fa-
cilitation by increasing the caleium influx to successive action potentials (2,43). How-
ever, in the one preparation where this has been looked at critically, no evidence was
found of spike broadening related to facilitation (133). Finally, it has been proposed
that facilitation may be a property of calcium channels themselves (130), and succes-
sive depolarization of calcium channels in chromaffin cells does elicit facilitating cal-
cium currents (58). However, calcium channels in Aplysia neurons (113) and presynaptic
calcium channels at squid giant synapses do not have this facilitation property (39).

Residual Calcium Hypothesis

The most popular hypothesis of synaptic facilitation among current workers in the
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field is the residual calcium hypothesis of Katz and Miledi (62,94,98). According to
this hypothesis, facilitation is the natural consequence of a nonlinear relation between
calcium and transmitter release and the fact that after an influx of calcium during an
action potential some residual amount of the calcium that entered the nerve terminal
will still be present at sites of transmitter release.

To understand this hypothesis, it is best to consider some numbers. The amount of
transmitter released by an action potential depends on about the fourth power of exter-
nal calcium concentration at a variety of synapses (47,48,61). This must be taken as a
minimum estimate of the cooperativity of calcium action in releasing transmitter, be-
cause at low calcium concentrations the internal resting calcium interferes with this
measurement, and at high calcium concentrations saturation of calcium flux through
channels and of transmitter release interfere with the measurement (13,99). For these
reasons, we will assume that transmitter release is determined by the fifth power of
calcium acting at presynaptic intracellular release sites. This may reflect a mechanism
for vesicle exocytosis in which the probability of vesicle fusion with the surface mem-
brane increases rapidly as several calcium ions bind to sites either on the vesicle mem-
brane or the vesicle attachment site on the plasma membrane (61).

Suppose the calcium concentration at release sites reaches one unit during an action
potential and releases one unit of transmitter. Some time later (perhaps 10 msec),
imagine that the calcium concentration has dropped to a residual level of 0.05 units.
This residual calcium should cause release of transmitter at a rate of (0.05)° or one-
three millionth the rate of transmitter release at the peak of the spike. .At frog neuro-
muscular junctions in low calcium medium to prevent depression, a spike releases about-1
quantum within about 1 ms, so this residual calcium should cause spontaneous transmit-
ter release to increase about (3 X 107) X 1000/sec or about 1 quantum per hour! Mean-
while, a second action potential occurring at this time will generate a peak calcium
concentration at release sites of 1.05, which will release 28% more transmitter than did
the first spike. Calculations of this sort indicate that even after a tetanus, where
residual calcium may reach significant levels such as 50% the peak of calcium concen-
tration at release sites in an isolated spike, a large facilitation (660% in this case) will
be accompanied by only a small acceleration in miniature EPSP frequency (31/sec). Such
a correlation between facilitation and increased MEPSP frequency has been observed in
several (11,94,134), but not all experiments {124), and provides indirect evidence for the
plausibility of a residual calcium hypothesis of facilitation. Another indication that
calcium normally enters through calcium channels and results in a rise in intracellular
calcium causing an increased MEPSP frequency is the finding that in calcium-free
media, tetanic stimulation results in a fall in MEPSP frequency, presumably due to a
drop in internal calcium as calcium exits through open channels (52).

Experimental Suppori
More direct evidence for this hypothesis comes from three sets of experiments.

1) Calcium is required for facilitation: Katz & Miledi (62) showed that not only
transmitter release, but also facilitation, require calcium in the external medium.
When calcium was raised after a conditioning impulse but before a test impulse, the
first spike not only failed to release transmitter but also failed to facilitate release to
the test impulse. Tt is not the release of transmitter by the first spike that permits
facilitation to occur, however. Transmitter release is a statistical process, and at low
levels of release spikes sometimes fail to release any quanta. Even following such
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failures, a second spike is fully facilitated in calcium-containing medium (44,49).
Apparently, caleium entry during the first spike causes facilitation whether or not the
first spike releases transmitter.

2) Calcium elicits facilitation: Artificially raising presynaptic calcium, either by
fusion with calcium containing liposomes (103), poisoning with inhibjtors of calcium
sequestration (4), or injection of calcium into giant presynaptic terminals (39),
facilitates release by action potentials.

3) Residual calcium accumulates during repeated activity: Calcium concentration in
presynaptic terminals has been measured spectrophotometrically with the indicator
dye arsenazo III, and seen to rise about 1 uM during a tetanus of about 50 spikes (39,93).

Augmentation

This seems to be a longer lasting form of facilitation. It has been observed at neuro-
muscular junctions, synapses in sympathetic ganglia and cerebral cortex, and Aplysia
central synapses (68,86,101,125). A slow phase in increased MEPSP frequency is seen
which corresponds to this phase of increased evoked transmitter release (124). Aug-
mentation also requires calcium entry, since tetani in calcium-free media do not elicit
this increase in MEPSP frequency of intermediate duration (between facilitation and
potentiation) (52).

Physical Models of Residual Calcium

The residual calcium hypothesis of facilitation has recently received additional
support from attempts to explain the magnitude and time course of calcium at release
sites necessary to account for facilitation and augmentation. The idea is that calcium
crosses the presynaptic membrane into nerve terminals during action potentials {76,77)
and acts at the surface to release transmitter. Calcium is bound to axoplasmic proteins
(3,31) and diffuses rapidly toward the interior of the terminal, where it can no longer
affect transmitter release. Calcium is slowly taken up into organelles (25), and ex-
truded by surface membrane pumps (104). The magnitudes of caleium influx and calcium
binding, and rates of uptake and extrusion have all been measured in squid giant axons
and synapses and in synaptosomes (3,25,31,104). It ought to be possible, therefore, to
solve the diffusion equation for a geometry appropriate to a nerve terminal (cylin-
drical) and with boundary conditions imposed by influx, binding, uptake, and exirusion,
and predict the time course and magnitude of intracellular calcium gradients during and
after nerve activity. Assuming a power-law dependence of transmitter release on
submembrane calcium allows prediction of spike-evoked release and facilitation.

Initial simulations of these physical constrainis used a one-dimensional model of
radial calcium diffusion away from the surface, and assumed uniform calcium influx
across the membrane (115,135). These simulations predicted the time course and
magnitude of facilitation following one spike at squid giant synapses and frog
neuromuscular junctions reasonably well, as well as the tetanic accumulation of total
calcium and its decay as measured with arsenazo and the time course of spike-evoked
transmitter release (53,135). However, the model predicted too high a posi-tetanic
residual calcium, compared to the peak submembrane calcium in one spike (55).

This defect was remedied in a subsequent more realistic model (55), in which cal-
cium enters through an array of discrete channels and releases transmitter from release
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sites at the surface near these channels. The brief synaptic delay requires that trans-
mitter release occur near calcium channels before calcium equilibrates at the surface,
when clouds of calcium ions still surround each open channel. After a spike, calcium
diffuses away from each channel, and away from the clusters of channels, vesicles, and
release sites called active zones (100). The peak calcium concentration at release sites
in active zones in such a model is much higher than in the simpler one-dimensional
diffusion model, and the residual calcium never reaches this level, even after a tetanus.
Simulations of this model provide a quantitatively better, although still imperfect,
fit to data on phasic transmitter release, accumulation of presynaptic calcium, and
facilitation and augmentation at squid synapses and neuromuscular junctions. This
model also has room for improvement, for example by considering the stochastic nature
of the distribution of open calcium channels within an active zone.

POTENTIATION

Potentiation lasts even longer than augmentation, having a characteristic time
constant on the order of one to several minutes at neuromuscular junctions and synapses in
sympathetic ganglia, olfactory and hippocampal cortex, and Aplysia ganglia
(8,85,101,105,109,118,125). At crustacean neuromuscular junctions, quantal analysis has
shown potentiation to also be presynaptic in origin (122), Unlike facilitation and aug-
mentation, the rate of decay of post-tetanic potentiation depends on the duration and
frequency of the spikes in the tetanus, being slower for longer tetani (85,109).

Potentiation appears to arise from two sources. Potentiation is reduced but not
abolished by stimulation in a calcium-free medium (52,106,119). This suggests that po-
tentiation is due in part to calcium loading of presynaptic terminals during a tetanus
and slow phases of calcium removal by pumps or uptake mechanisms that may become
saturated at high calcium loads. The decay of PTP parallels those of post-tetanic cal-
cium-activated potassmm current and spectrophotometrlcally measured presynaptic
calcium activity in Aplysia neurons (42,68), again suggesting that PTP is a consequence
of a late component of residual calcium. The existence of a transition temperature in the
temperature dependence of the decay of potentiation (110) and effects of alcohols on
this decay rate (123) suggest that potentiation depends on some membrane process, such
as extrusion of calclum by a membrane pump.

Part of potentiation is independent of calcium entry during a tetanus. This part is
enhanced by procedures that augment sodium loading of nerve terminals such as block-
ing the sodium pump with ouabain, and reduced when sodium loading is minimized in
low sodium media (8,21,22). Transmitter:release can also be potentiated by exposing
junctions to sodium-containing liposomes (103), introducing sodium with sedivm iono-
phores (9,92) and injecting sodium into nerve terminals (37,121). It has been proposed
that sodium which accumulates presynaptically during a tetanus causes potentiation by
releasing calcium from intracellular stores {102) or reducing calcium extrusion by Na/Ca
exchange (95). In that case, potentiation should be viewed as another consequence of
increased residual calcium, dependent in some fashion on sodium accumulation. Al-
though attractive as an hypothesis that unifies potentiation w1th facilitation and
augmentation, there is no direct support for this notion.

LONG-TERM POTENTIATION

A very long lasting potentiation of synaptic transmission, with a lifetime of hours
or even days, was first described in the hippocampus by Bliss and his colleagues
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(27,28). Brief bursts of presynaptic activity result in subsequently potentiated EPSPs in
pyramidal cells. The process is pathway specific (5), but requires coactivation of sev-
eral afferent axons (91). It therefore involves an interaction between presynaptic
afferents, or a postsynaptic process occurring locally in small portions of the pyramidal
dendritic tree and requiring more than one input. Additional evidence points to a post-
synaptic trigger: :
1) Postsynaptic depolarization coupled to weak afferent excitation generates LTP
when neither alone is sufficient (65,120).
2) Postsynaptic hyperpolarization blocks LTP to an otherwise adequate stimulus
(88).
3) Postsynaptic injection of the calcium chelator EGTA prevents LTP (80).
4) Antagonists of the N-methyl-D-aspartate class of glutamate receptor prevent
LTP (40,41,51).

These results suggest that postsynaptic depolarization and activation of glutamate
receptors are required to elicit LTP via a calcium-dependent pathway. One possibility
is that calcium enters the postsynaptic neuron via glutamate receptor channels
permeable to calcium (46,83) which only open when a pyramidal cell is depolarized
(72,90,96) s0 as to remove a voltage-dependent magnesium ion block.

Several postsynaptic calcium receptors have been proposed as the target for cal-
cium action. Calcium appears to activate a calcium-dependent proteinase called cal-
pain (16) to degrade a protein called fodrin (111) which regulates cell surface receptors
and cytoskeletal proteins (79). There is some evidence that fodrin acts to increase glu-
tamate binding (14,15,112). However, an increase in glutamate binding in LTP has been
questioned (82,108) and the calpain inhibitor leupeptin does not block LTP (107). Block
of LTP by trifluoperazine suggests that calmodulin is involved in LTP expression (54).
And the correlation of LTP with both changes in protein kinase C (1) and protein
phosphorylation by kinase C (78), as well as the ability of kinase C or its activators to
mimic LTP (59,75,87), have implicated this calcium-depedent kinase as a target of
postsynaptic calcium,

The prolonged maintenance of LTP is even less well understood. Protein synthesis
inhibition blocks LTP expression (114), suggesting the involvement of structural changes
such as those observed in dendritic spines after LT induction (45,73). Other evidence,
however, points to increased presynaptic release of glutamate as the origin of potenti-
ated transmission in LTP (26,53,81). A redistribution of synaptic vesicles during LTP (7)
also indicates significant presynaptic changes. How these are triggered by a rise in
postsynaptic calcium remains a total mystery.

Synaptic potentiation lasting for hours has also been observed at sympathetic gan-
glia (32) and crustacean neuromuscular junctions (17,121). Quantal analysis (17,67) and
assay of transmitter release (30) show that LTP is due to an increase in transmitter re-
lease at both synapses. These presynaptic forms of LTP appear to be mechanistically
unrelated to the LTP observed in the mammalian cortex. The crustacean neuromuscular
LTP (called long-term facilitation} appears to be a prolonged component of PTP, due to
presynaptic accumulation of sodium ions (121). LTP in sympathetic ganglia requires
calcium influx (67) and may reflect a very slow component of calcium removal from
highly loaded terminals. .

CONCLUSION

This survey indicates quite a diversity of kinetic processes at chemical synapses.
The efficacy of synaptic transmission is a highly plastic variable, subject to numerous
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pre- and postsynaptic modulations sensitive to prior activity. These frequency-depen-
dent changes often shape dramatically the pattern selectivity of synapses and the in-
formation transfer across them. Sensory processes such as adaptation and dynamic ver-
sus static sensitivity often reflect synaptic processes like depression and facilitation.
Similarly, these same synaptic qualities may be expressed in behavioral habituation
and in the recruitment of elements in a target neuron or effector pool. The various forms
of potentiation have been implicated in longer forms of nervous system adaptations,
such as learning and memory. With such behavioral consequences, these forms of fre-
quency-dependent changes in synaptic efficacy are likely to continue to hold the inter-
est of neurobiologists for some time to come.

REFERENCES

1. Akers, R, Lovinger, D., Colley, P., Linden, D, Routtenberg, A. Translocation of
protein kinase C activity may mediate hippocampal long-term potentiation.
Science 231:587-589, 1986.

2. Aldrich, R, Getting, P., Thompson, 5. Mechanism of frequency-dependent broaden-
ing of molluscan neurone soma spikes. J. Physiol. 291:531-544, 1979.

3. Alema, S.; Calissano, P., Rusca, G., Giuditta, A. Identification of a calcium-
binding, brain specific protein in the axoplasm of squid giant axons. J.
Neurochem. 20:681-689, 1973.

4. Alnaes, E. and Rahamimoff, R. On the role of mitochondria in transmitter release
from motor nerve terminals. J. Physiol. 248:285-306, 1975.

5. Andersen, P., Sundberg, 5., Sveen, O., Swann, J., Wigstrom, H. Possible mechanisms -
for long-lasting potentiation of synaptic transmission in hippocampal slices from
guinea-pigs. J. Physiol. 302:463-482, 198(0.

6. Andrew, R. and Dudek, F. Spike broadening in magnocellular neurcendocrine cells
of rat hypothalamic slices. Brain Res. 334:176-179, 1985.

7. Applegate, M., Kerr, D., Landfield, P. Redistribution of synaptic vesicles during
long-term potentiation in the hippocampus. Brain Res. 401:401-406, 1987.

8. Atwood, H.L. Organization and synaptic physiology of crustacean neuromuscular
systems. Prog. Neurobiol. 7:291-391, 1976.

9. Atwood, H., Charlton, M., Thompson, C. . Neuromuscular transmission in crustaceans
is enhanced by a sodium jonophore, monensin, and by pmlonged stimulation. J.
Physiol. 335:179-195, 1983.

10. Auerbach, A. and Bennett, M. Chemically mediated transmission at a giant fiber
synapse in the central nervous system of a vertebrate. ]. Gen. Physiol. 53:183- 210,
1969.

11. Barrett, E. and Stevens, C. The kinetics of fransmitter release at the frog
neuromuscular junction. ]. Physiol. 227:691-708, 1972,

12. Barrionuevo, G. and Brown, T. Associative long-term potentiation in hippocampal
slices. Proc. Natl. Acad. Sci. USA 8(:7347-7351, 1983.

13. Barton, 5., Cohen, L, van der Kloot, W. The calcium dependence of spontaneous and
evoked quantal release at the frog neuromuscular junction. J. Physiol. 337:735-751,
1983.

14. Baudry, M., Bundman, M., Smith, E., Lynch, G. Micromolar calcium stimulates
proteolysis and glutamate binding in rat brain synaptic membranes. Science
212:937-938, 1981.



Zucker 161

15. Baudry, M. and Lynch, G. Regulation of glutamate receptors by cations. Nature
282:748-750, 1979.

16. Baudry, M. and Lynch, G. Regulation of hippocampal glutamate receptors:
evidence for the involvement of a calcium-activated protease. Proc. Natl. Acad.
Sci. USA 77:2298-2302, 1980.

17. Baxter, D., Bittner, G., Brown, T. Quantal mechanism of long-term synaptic poten-
tiation. Proc. Natl. Acad. Sci. USA §2:5978-5982, 1985.

18. Berger, T. Long-term potentiation of hippocampal synaptic transmission affects
rate of behavioral learning. Science 224:627-630, 1984.

19. Bennett, M., Model, P., Highstein, S. Stimulation-induced depletion of vesmles
fatigue of transmission and recovery processes at a vertebrate central synapse.
Cold Spring Harbor Symp. Quant. Biol. 40:25-35, 1975.

20. Betz, W. Depression of transmitter release at the neuromuscular junction of the
frog. ]. Physiol. 206:629-644, 1970.

21. Birks, R. and Cohen, M. The action of sodium pump inhibitors on neuromuscular
transmission. Proc. R. Soc. Lond. B 170:381-399, 1968.

22. Birks, R. and Cohen, M. The influence of internal sodium on the behaviour of motor
nerve endings. Proc. R, Soc. Lond. B 170:401-421, 1968.

23. Birks, R., Laskey, W., Polosa, C. The effect of burst patterning of preganglionic in-
put on the efficacy of transmission at the cat stellate ganglion. ]. Physiol.
318:531-539, 1981.

24. Bittner, G. Differentiation of nerve terminals in the crayfish opener muscle and its
functional significance. J. Gen. Physiol. 51:731-758, 1968.

25. Blaustein, M., Ratzlaff, R., Schweitzer, E. Calcium buffering in presynaptic nerve
terminals. II. Kinetic properties of the nonmitochondrial Ca sequestration
mechanism. J. Gen. Physiol. 72:43-66, 1978.

26. Bliss, T., Douglas, R, Errington, M., Lynch, M. Correlation between long-term po-
tentiation and release of endogenous amino acids from dentate gyrus of anaes-
thetized rats. J. Physiol. 377:391-408, 1986.

27. Bliss, T. and Gardner-Medwin, A. Long-lasting potentiation of synaptic trans-
mission in the dentate area of the unanaesthetized rabbit following stimulation
of the perforant path. J. Physiol. 232:357-374, 1973.

28. Bliss, T. and Lomo, T. Long-lasting potentiation of synaptic transmission in the
dentate area of the anaesthetized rabbit following stimulation of the perforant
path. J. Physiol. 232:331-356, 1973.

29, Braun, M. and Schmidt, R. Potential changes recorded from the frog motor nerve
terminal during its activation. Pflugers Arch. 287:56-80, 1966.

30. Briggs, C., McAfee, D., McCaman, R. Long-term potentiation of synaptic acetyl-
choline release in the superior cervical ganglion of the rat. }. Physiol. 363:181-
190, 1985.

31. Brinley, F., Jr. Calcium buffering in squid axons. Annu. Rev. Biophys. Bioeng.
7:363-392, 1978.

32. Brown, T. and McAfee, D. Long-term synaptic potentiation in the superior cervical
ganglion. Science 215:1411-1413, 1982.

33. Byrne, J. Ana]y51s of synaptic depression contribution to habituation of gill-with-
drawal reflex in Aplysia ealifornica. J. Neurophysiol. 48:431-438, 1982.

34. Castellucci, V. and Kandel, E. A quantal analysis of the synaptic depression
underlying habituation of the gill-withdrawal reflex in Aplysiaz. Proc. Natl
Acad. Sci. USA 71:5004-5008, 1974.



162 Frequency Dependent Changes in Synaptic Efficacy

35. Castellucci, V., Pinsker, H., Kupfermann, L., Kandel, E. Neuronal mechanisms of
habituation and dishabituation of the gill-withdrawal reflex in Aplysia.
Science 167:1745-1748, 1970.

36. Ceccarelli, B. and Hurlbut, W. Vesicle hypothesis of the release of quanta of
acetylcholine. Physiol. Rev. 60:396-441, 1980.

37. Charlton, M. and Atwood, H. Modulation of transmitter release by intracellular
sodium in squid giant synapse. Brain Res, 134:367-371, 1977.

38. Charlton, M. and Bittner, G. Presynaptic potentials and facilitation of transmitter
release in the squid giant synapse. J. Gen. Physiol. 72:487-511, 1978.

39, Charlton, M., Smith, S., Zucker, R. Role of presynaptic calcium jons and channels
in synaptic facilitation and depression at the squid giant synapse. j. Physiol.
323:173-193, 1982.

40. Coan, E., Saywood, W, Collingridge, G. MK-801 blocks NMDA receptor-mediated
synaptic transmission and long term potentiation in rat hippocampal slices.
Neurosci, Lett. 80:111-114, 1587,

41. Collingridge, G., Kehl, 5., McLennan, H. Excitatory amino acids in synaptic trans-
mission in the Schaffer collateral-commissural pathway of the rat hippocampus.
J. Physiol. 334:33-46, 1983

42. Connor, |., Kretz, R., Shapiro, E. Calcium levels measured in a presynaptyyic neu-
rone of Aplysia under conditions that modulate transmitter release. J. Physiol
375:625-642, 1986.

43. Cooke, I. Electrophysiological characterization of peptidergic neurosecretory ter-
minals. }. Exp. Biol. 118:1-35,1985.

44. Del Castillo, J. and Katz, B. Statistical factors involved in neuromuscular facili-
tation and depression. ]. Physiol. 124:574-585, 1954.

45. Desmond, N. and Levy, W. Synaptic correlates of associative potentiation-
depression: an ultrastructural study in the hippocampus. Brain Res. 265:21-30,
1983.

46. Dingledine, R. N-methyl aspartate activates voltage-dependent calcium conduc-
tance in rat hippocampal pyramidal ‘cells. J. Physiol. 343:385-405, 1983.

47. Dodge, F. and Rahamimoff, R. Co-operative action of calcium ions in transmitter
release at the neuromuscular junction. }. Physiol. 193:419-432, 1967.

48, Dudel, ]. The effect of reduced calcium on quantal unit current and release at the
crayfish neuromuscular junction. Pflugers Arch. 391:35-40, 1981.

49. Dudel, J. and Kuffler, 5. Mechanism of facilitation at the crayfish neuromuscular
junction. J. Physiol. 155:530-542, 1961.

50. Dutton, A. and Dyball, R. Phasic firing enhances vasopressin release from the rat
neurchypophysis. J. Physiol. 290:433-440, 1979.

51. Errington, M., Lynch, M., Bliss, T. Long-term potentiation in the dentate gyrus:
induction and increased glutamate release are blocked by D(-Jaminophosphono-
valerate. Neuroscience 20:279-284, 1987,

52. Erulkar, S. and Rahamimoff, R. The role of caicium jons in tetanic and post-tetanic
increase of miniature end-plate potential frequency. J. Physiol. 278:501-511, 1978,

53. Feasey, K., Lynch, M., Bliss, T. Long-term potentiation is associated with an in-
crease in calcmm~dependent potassium-stimulated release of 14C glutamate from
hippocampal slices: an ex vivo study in the rat. Brain Res. 364:39-44, 1986.

54. Finn, R., Browning, M., Lynch, G. Trifluoperazine inhibits hippocampal long-term
potentiation and the phosphory]atlon of a 40,000 dalton protein. Neurosci. Lett.
19:103-108, 1980.



Zucker _ 163

55. Fogelson, A. and Zucker, R. Presynaptic calcium diffusion from various arrays of
single channels. Implications for transmitter release and synaptic facilitation.
Biophys. J. 48:1003-1017, 1985.

56. Gardner, D. and Kandel, E. Physiological and kinetic properties of cholinergic re-
ceptors activated by multiaction interneurons in buccal ganglia of Aplysia. J.
Neurophysiol. 40:333-348, 1977.

57. Gingrich, K. and Byrne, ]. Simulation of synaptic depression, posttetanic patentia-
tion, and presynaptic facilitation of synaptic potentials from sensory neurons
mediating gill-withdrawal reflex in Aplysia. J. Neurophysiol. 53:652-669, 1985.

58. Hoshi, T., Rothlein, J., Smith, S. Facilitation of Ca2* channel currents in bovine
adrenal chromaffin cells. Proc. Natl. Acad. Sci. USA 81:5871-5875, 1984.

59, Hu, G.-Y., Hvalby, O., Walaas, 5., Albert, K., Skjeflo, P., Andersen, P., Greengard,
P. Protein kinase C injection into cells elicits features of long term potentiation.
Nature 328:426-429, 1987.

60. Hubbard, ]. Repetitive stimulation at the neuromuscular junction, and the mobili-
zation of transmitter. J. Physiol. 169:641-662, 1963.

61. Hubbard, J., Jones, S., Landau, E. On the mechanism by which calcium and magne-
sium affect the release of transmitter by nerve impulses. }. Physiol. 196:75-87,
1968.

62. Katz, B. and Miledi, R. The role of calcium in neuromuscular facilitation. J.
Physiol. 195:481-492, 1968.

63. Katz, B. and Miledi, R. Further study of the role of calcium in synaptic trans-
mission. J. Physiol. 207.789-801, 1970.

64. Kelso, 5. and Brown, T. Differential conditioning of associative synaptic enhance-
ment in hippocampal brain slices. Science 232:85-87, 1986.

65. Kelso, 5., Ganong, A., Brown, T. Hebbian synapses in hippocampus. Proc. Natl.
Acad. Sci. USA 83:5326-5330, 1986.

66. Klein, M., Shapiro, E., Kandel, E. Synaptic plasticity and the modulation of the
Ca* current. . Exp. Bicl. 89:117-157, 1980.

67. Koyano, K, Kuba, K., Minota, S. Long-term potentiation of transmitter release
induced by repetitive presynaptic activities in bull-frog sympathetic ganglia. J.
Physiol. 359:219-233, 1985

68. Kretz, R., Shapiro, E., Kandel, E. Post-tetanic potentiation at an identified
synapse in Aplysia is correlated with a CaZt activated K* current in the
presynaptic neuron: evidence for Ca?* accumulation. Proc. Natl. Acad. Sci. USA
79:5430-5434, 1982.

69. Kusano, K., Landau, E. Depression and recovery of transmission at the squld giant
synapse. J. Physiol. 245:13-32, 1975.

70. Landau, E. and Lass, Y. Synaptic frequency response: the influence of sinusoidal
changes in stimulation frequency on the amplitude of the end-plate potential. J.
Physiol. 228:27-40, 1973,

71. Larimer, ]., Eggleston, A., Masukawa, L., Kennedy, D, The different connections
and motor outputs of lateral and medial giant fibres in the crayfiSh. J. Exp. Biol.
54:391-402, 1971.

72, Larson, J. and Lynch, G. Induction of synaptic potentiation in hlppocampus by pat-
terned stimulation involves two events. Science 232:985-988, 1986. :

73. Lee, K., Schottler, F,, Oliver, M., Lynch, G. Brief bursts of high frequency stim-
ulation produce two types of structural changes in rat hippocampus. J.
Neurophysiol. 44:247-258, 1980.



164 Frequency Dependent Changes in Synaptic Efficacy

74. Liley, A. and North, K. An electrical investigation of effects of repetitive stim-
ulation on mammalian neuromuscular junction. J. Neurophysiol. 16:509-527, 1953.

75. Linden, D., Murakami, K, Routtenberg, A. A newly discovered protein kinase C
activator {(oleic acid) enhances long-term potentiation in the intact
hippocampus. Brain Res. 379:358-363, 1986.

76. Llinas, R., Steinberg, I, Walton, K. Relationship between presynaptic calcium
current and postsynaptic potential in squid giant synapse. Biophys. J. 33:323-352,
1981. .

77. Llinas, R., Sugimori, M., Simon, S. Transmission by presynaptic spike-like depol-

" arization in the squid giant synapse. Proc. Natl. Acad. Sci. USA 79:2415-2419,
1982,

78. Lovinger, D., Colley, P., Akers, R., Nelson, R, Routtenberg, A. Direct relation of
long-term synaptic potentiation to phosphorylation of membrane protein Fy, a
substrate for membrane protein kinase C. Brain Res. 399:205-211, 1986.

79. Lynch, G. and Baudry, M. The biochemistry of memory: a new and specific hypo-
thesis. Science 224:1057-1063, 1984. '

80. Lynch, G., Larson, J., Kelso, 5., Barrionuevo, G., Schottler, F. Intraceliular
injections of EGTA block induction of hippocampal long-term potentiation.
Nature 305:719-721, 1983.

81. Lynch, M. and Bliss, T. Long-term potentiation of synaptic transmission in the
hippocampus of the rat; effect of calmodulin and oleoyl-acetyl-glycerol on
release of 3H glutamate. Neurosci. Lett. 65:171-176, 1986.

82, Lynch, M., Errington, M., Bliss, T. Long-term potentiation of synaptic transmission
in the dentate gyrus: increased release of 14C glutamate without increase in
receptor binding. Neurosci. Lett. 62:123-129, 1985.

83. MacDermott, A., Mayer, M., Westbrook, G., Smith, S, Barker, . NMDA-receptor
activation increases cytoplasmic calcium concentration in cultured spinal cord

‘neurones. Nature 321:519-522, 1986.

84. Magleby, K. The effect of tetanic and post-tetanic potentiation on facilitation of
transmitter release at the frog neuromuscular junction. J. Physiol. 234:353-371,
1973.

85. Magleby, K. and Zengel, ]. A quantitative description of tetanic and post-tetanic
potentiation of transmitter release at the frog neuromuscular junction. j. Physiol.
245:183-208, 1975. ' '

86. Magleby, K. and Zengel, ]. Augmentation: a process that acts to increase trans-
mitter release at the frog neuromuscular junction. J. Physiol. 257:449-47G, 1976.

87. Malenka, R., Madison, D., Nicoll, R. Potentiation of synaptic transmission in the
hippocampus by phorbol esters. Nature 321:175-177, 1986,

88. Malinow, R. and Miller, ]. Postsynaptic hyperpolarization during conditioning re-
versibly blocks induction of long-term potentiation. Nature 320:529-530, 1986.

89. Martin, A. and Pilar, G. Presynaptic and post-synaptic events during post-tetanic
potentiation and facilitation in the avian ciliary ganglion. J. Physiol. 175:17-30,
1964.

90. Mayer, M., Westbrook, G., Guthrie, P. Voltage-dependent block by Mg2+ of NMDA
responses in spinal cord neurones. Nature 309:261-263, 1984.

91. McNaughton, B., Douglas, R., Goddard, G. Synaptic enhancement in fascie
dentata: co-operativity among coactive afferents. Brain Res. 157:277.293, 1978.

92. Meiri, H., Erulkar, 5., Lerman, T., Rahamimoff, R. The action of the sodium iono-
phore, monensin, on transmitter release at the frog neuromuscular junction. Brain
Res. 204:204-208, 1981.



Zucker 165

93. Miledi, R. and Parker, I. Calcium transients recorded with arsenazo HI in the pre-
synaptic terminal of the squid giant synapse. Proc. R Soc. Lond. B 212:197-211,
1981.

94. Miledi, R. and Thies, R. Tetanic and post-tetanic rise in frequency of miniature
end-plate potentials in low-calcium solutions. J. Physiol. 212:245-257, 1971.

95. Misler, 5. and Hurlbut, W. Post-tetanic potentiation of acetylcholine release at’
the frog neuromuscular junction develops after stimulation in Ca?* free solutions.
Proc. Natl. Acad. Sci. USA 80:315-319, 1983.

96. Nowak, L., Bregestovski, P., Ascher, P. Herbet, A., Prochiantz, A. Magnesium
gates glutamate-activated channels in mouse central neurones. Nature 307:462-
464,

97. O'Shea, M. and Rowell, C. The neuronal basis of a sensory analyser, the acridid
movement detector system. I1. Response decrement, convergence, and the nature of
the excitatory afferents to the fan-like dendrites of the LGMD. J. Exp. Biol.
65:289-308, 1976,

98. Parnas, H., Dudel, J., Parnas, I. Neurctransmitter release and its facilitation in
crayfish. I. Saturation kinetics of release, and of entry and removal of calcium.
Pflugers Arch. 393:1-14, 1982.

99. Parnas, H. and Segel, L. A thecretical study of calcium entry in nerve terminals,
with application to neurotransmitter release. J. Theoret. Biol. 91:125-169, 1981.

100. Pumplin, D., Reese, T., Llinas, R. Are the presynaptic membrane particles the
calcium channels? Proc. Natl. Acad. Sci. USA 78:7210-7213, 1981.

101. Racine, R. and Milgram, N. Short-term potentiation phenomena in the rat limbic
forebrain. Brain Res. 260:201-216, 1983.

102. Rahamimoff, R., Lev-tov, A., Meiri, H. Primary and secondary regulation of
quantal transmitter release: calcium and sodium. J. Exp. Riol. 89:5-18, 1980.

103. Rahamimoff, R., Meiri, H., Erulkar, S., Barenholz, Y. Changes in transmitter
release induced by ion containing liposomes. Proc. Natl. Acad. Sci. USA 75:5214-
5216, 1978.

104. Requena, J. and Mullins, L. Calcium movement in nerve fibres. Q. Rev. Biophys.
12:371-460, 1979. _

105. Richards, C. Potentiation and depression of synaptic transmission in the olfactory
cortex of the guinea-pig. ]. Physiol. 222:209-231, 1972.

106. Rosenthal, ]. Post-tetanic potentiation at the neuromuscular junction of the frog. J.
Physiol. 203:121-133, 1969.

- 107. Sastry, B. Leupeptin does not block the induction of long-lasting potentiation in
hippocampal CA1 neurones. Br. J. Pharmacol. 86:589F, 1985. _

108. Sastry, B. and Goh, ]. Long-lasting potentiation in hippocampus is not due to an
increase in glutamate receptors. Life Sci. 34:1497-1501.

109. Schlapfer, W., Tremblay, J., Woodson, P., Barondes, S. Frequency facilitation and
post-tetanic potentiation of a unitary synaptic potential in Aplysiz californica
are limjted by different processes. Brain Res. 109:1-20, 1976.

110. Schlapfer, W., Woodson, I, Smith, G., Tremblay, J., Barondes, §. Marked
prolongation of post-tetanic potentiation at a transition temperature and its
adaptation. Nature 258:623-625, 1975.

111. Siman, R., Baudry, M., Lynch, G. Brain fodrin: Substrate for calpain I, an endoge-
nous calcium-activated protease. Proc. Natl. Acad. Sci. USA 81:3572-3576, 1984.

112, Siman, R., Baudry, M., Lynch, G. Regulation of glutamate receptor binding by the
cytoskeletal protein fodrin. Nature 313:225-227, 1985,



166

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

125.

130.

131.

Frequency Dependent Ché.nges in Synaptic Efficacy

Smith, 5. and Zucker, R. Aequorin résponse facilitation and intracellular calcium
accumulation in moliuscan neurones. J. Physiol. 300:167-196, 1980.

Stanton, P. and Sarvey, ]. Blockade of long-term potentiation in rat hippocampal
CALl region by inhibitors of protein synthesis. J. Neurosci. 4:3080-3088, 1984.

Stockbridge, N. and Moore, J. Dynamics of intracellular calcium and its possible
relationship to phasic transmitter release and facilitation at the frog
neuromuscular junction. J. Neurosci. 4:803-811, 1984,

Thies, R. Neuromuscular depression and the apparent depletion of transmitter in
mammalian muscle. ]. Neurophysiol. 28:427-442, 1965.

Wachtel, H. and Kandel, E. Conversion of synaptic excitation to inhibition at a
dual chemical synapse. ]. Neurophysiol. 34:56-68, 1971.

Waziri, R., Kandel, E., Frazier, W. Organization of inhibition in abdominal
ganglion of Aplysia. I Post-tetanic potentiation, heterosynaptic depression, and
increments in frequency of inhibitory postsynaptic potentials. J. Neurophysiol.
32:509-515, 1969.

Weinreich, D. Tonic mechanism of post-tetanic potentiation at the neuromuscular
junction of the frog. J. Physiol. 212:431-446, 1971.

Wigstrom, H., Gustafsson, B., Huang, Y.-Y., Abraham, W. Hippocampal long-term
potentiation is induced by pairing single afferent volleys with intracellularly
injected depolarizing current pulses. Acta Physiol. Scand. 126:317-319, 1986.

Wojtowicz, J. and Atwood, H. Correlation of presynaptic and postsynaptic events
during establishment of long-term facilitation at crayfish neuromuscalar junction.
J. Neurophysiol. 54:220-230, 1985,

Wojtowicz, ]. and Atwood, H. Long-term facilitation alters transmitter releasing
properties at the crayfish neuromuscular junction. J. Neurophysiol. 55:484-498,
1986.

Woodson, P., Traynor, M., Schlapfer, W., Barondes, S. Increased membrane flui-
dity implicated in acceleration of decay of post-tetanic potentiation by alcohols.
Nature 260:797- 799, 1976.

Zengel, . and Magleby, K. Changes in miniature endplate potential frequency
during repetitive nerve stimulation in the presence of Ca%*, Ba2*, and Sr2* at the
frog neuromuscular junction. J. Gen. Physiol. 77:503-529, 1981.

Zengel, ]., Magleby, K., Horn, ], McAfee, D., Yarowsky, P. Facilitation, augmen-
tation, and potentiation of synaptic transmission at the superior cervical ganglion
of the rabbit. ]. Gen. Physiol. 76:213-231, 1980.

Zilber-Gachelin, N., Chartier, M. Modification of the motor reflex responses due
to repetition of the peripheral stimulus in the cockroach. I. Habitation at the
level of an isolated abdominal ganglion. ]. Exp. Biol. 59:359-382, 1973.

Zucker, R. Crayfish escape behavior and central synapses. II. Physiological mec-
hanisms underlying behavioral habituation. J. Neurophysiol. 35:621,637, 1972.

Zucker, R. Changes in the statistics of transmitter release during facilitation. J.
Physiol. 229:787-810, 1973.

Zucker, R. Crayfish neuromuscular facilitation activated by constant presynaptic
action potentials and depolarizing pulses. J. Physiol. 241:69-89, 1974.

Zucker, R. Characteristics of crayfish neuromuscular facilitation and their cal-
cium dependence. ]. Physiol. 241:91-110, 1974.

Zucker, R. Excitability changes in crayfish motor nerve neurone terminals. J.
Physiol. 241:111-126, 1974.

132. Zucker, R. and Bruner, J. Long-lasting depression and the depletion hypothesis at

crayfish neuromuscular junctions. J. Comp. Physiol. 121:223-240, 1977,



Zucker 167

133. Zucker, R. and Lara-Estrella, L. Is synaptic facilitation caused by presynaptic
spike broadening? Nature 278:57-59, 1979.

134. Zucker, R. and Lara-Estrella, L. Post-tetanic decay of evoked and spontaneous
transmitter release and a residual-calctum model of synaptic facilitation at
crayfish neuromuscular junctions. J. Gen. Physiol, 81:355-372, 1983.

135. Zucker, R. and Stockbridge, N. Presynaptic calcium diffusion and the time courses
of transmitter release and synaptic facilitation at the squid giant synapse. .
Neurosci. 3:1263-1269, 1983.





