




















364 T.V.P.BLISS AND A. R. GARDNER-MEDWIN

Fig. 4. Average responses recorded every 9 min and plotted in sequence
down the page. Averages (of 16) are shown for both the first and second
responses to pairs of equal stimuli (30 V, 22 msec apart). A train of stimuli
(30 V, 15[sec, 15sec) was given at the time indicated by an arrow.
Animal WG.
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large population spikes in each response for several seconds. Sixty-three per
cent of the trains produced marked frequency potentiation defined in this
way, so the trains which produced long-lasting potentiation (longer than 1 hr)
constituted 41 %, of those which produced marked frequency potentiation.

In Fig. 4, successive average responses before and after a train are re-
produced in sequence, drawn by the computer. Two stimuli were de-
livered 22 msec apart every 30 sec, so that an average of 16 was obtained
and plotted for both the first and second responses every 9 min. Each new
average is drawn beneath the one before. After about 3 hr of control
recording, the sequence was interrupted for a minute or so for a 15 sec
period with 15/sec stimulation. The effect on the subsequent responses to
the test stimuli is clear. The slope of the initial positive-going phase (the
synaptic wave) of both the first and the second responses was increased.
The amplitude of the population spike in the first response was increased,
and its latency was decreased.

In the experiment of Fig. 5 stimuli were presented at a higher rate (two
stimuli, 22 msec apart, every 6 sec). The averages of parameters measured
from individual responses are plotted against time for the period before
and after the train, and for short periods during the next 2 days. Sample
average responses from before and after the train are shown. Each of the
measured parameters can be seen to have changed as a result of the
conditioning train.

In Fig. 5 there is a clear reduction in the variability of the amplitude of
the population spike. This was seen many times, though it was seldom as
marked as here. The population spike also increased gradually over
about } hr, though the other changes reached their maximum in a few
minutes. A change of the population spike taking only a few minutes was
more common.

Figs. 4 and 5 are chosen because they illustrate within single experi-
ments all the main changes seen during potentiation. An increase in spike
amplitude was seen most commonly (26 times) during the 32 periods of
potentiation which lasted more than 1 hr. An increase in synaptic wave
amplitude was seen 19 times, and a reduction in spike latency 10 times.

On two occasions a reduction of spike latency provided the only sign
of potentiation. Each of these was the first occasion on which the respec-
tive animals (JA and SD) had shown long-lasting potentiation. On one of
them (animal JA) there was actually a decrease in spike amplitude,
although the over-all effect (which lasted for 2 hr) was nevertheless classed
as long-lasting potentiation. On no other occasion did any two of the
various signs of potentiation point in contrary directions.

When the parameters of the test responses were plotted as functions
of the stimulus voltage (Fig. 6), it was evident that there was no change
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in the threshold for a synaptic wave after a train, and that the population
spike was generally earlier or larger even when compared to responses with
an equal-sized synaptic wave before the train.

The duration of the potentiation produced by single trains varied. The
measured parameters returned gradually towards control levels over
periods of up to 3 days. On eleven occasions the duration was more than
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Fig. 5. Average parameters of the responses to pairs of stimuli (50 V,
22 msec apart, averaged in groups of 16), plotted over the period before
and after stimulation at 15[sec (50 V) for 15 sec, and for short periods
during the next 2 days. Dotted lines indicate the approximate average
values before the conditioning train. Average responses recorded at the
times marked 4 and B are shown, with the measurements of the synaptic
wave amplitudes indicated on them by arrows. Animal HE.

6 hr. Sometimes there was a gradual drift downwards of the control re-
sponses during the recording session, in the opposite direction to potentia-
tion. This made it difficult to know how long the longer periods of poten-
tiation really did last (see, for example, the after-effect illustrated later
in Fig. 9). The downward drifts were reduced by connecting the stimula-
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ing electrodes through capacitors (see Methods), and were probably due
to a cumulative effect of the current pulses at the stimulation site.
Upward drifts of the control responses were not seen.

We cannot conclude from our data whether or not previous trains given
to an animal increased or decreased the likelihood that a particular train
would produce long-lasting potentiation. In five animals the first train
which gave marked frequency potentiation also produced long-lasting
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Fig. 6. Graphs of three parameters measured from the average responses
to single stimuli, plotted against stimulus strength at various times
before (filled symbols) and after (open symbols) a period of stimulation at
15[sec (50 V) for 15 sec. Times in hours relative to the time of the con-
ditioning train: ¥, —4-2; A, —2-5; @, —1; O, +1; A, +2:3; ¥V, +52.
Lines are drawn through the average values before and after the train.
Superimposed average responses at three strengths are shown from 1 hr
before and 1 hr after the train: the later response is indicated by arrows.
Averages: 16 responses. Animal PB.

potentiation, and in two of these animals this was the very first train. In
one animal (PB) we gave thirteen trains (at least three of them pro-
ducing marked frequency potentiation) before we produced a clear after-
effect, which was then a substantial one (illustrated later in Fig. 8).
Frequently a train with a high stimulus strength was effective at pro-
ducing potentiation when one at a lower strength had failed, even when
the lower strength shocks were equal to the test shocks. This is illustrated
in Fig. 7, in which test responses were produced with 30 V shocks, while
trains were given at strengths of 10, 30 and 60 V. Only the 60 V trains
produced subsequent potentiation (an increase of the spike amplitude
only), although both the 30 and 60 V trains produced marked frequency
potentiation. After a series of nine trains at these strengths (three each),
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the spike amplitude remained above control levels during recordings
over 16 weeks. This may indicate that an exceedingly long after-effect
was produced, though it is hard to be certain that the spike amplitude
might not have increased gradually and spontaneously over such a long
period.

During periods of up to 3 days with continuous or repeated recording
and without any trains, there were no spontaneous changes in the re-
sponses resembling the effects of a train. Periods of a few minutes at a time
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Fig. 7. Measurements of spike amplitude (from averages of sixteen re-
sponses to 30 V stimuli) plotted as several trains of stimuli (15/sec, 15 sec)
were given at the indicated strengths, and at various indicated times after-
wards. The approximate mean spike amplitude before the conditioning
trains is shown by the dotted lines. Average responses at the times
marked 4, B and C are shown beneath. Animal HE.

occurred, during which the average population spike amplitudes were
higher or lower than normal (see, for example, Figs. 4 and 5). These periods
were short, and were not associated with any obvious changes in the
behaviour of the animals, or with whether they appeared to be asleep or
awake. It is possible that more careful study could reveal such
associations, however.



SYNAPTIC PLASTICITY IN CHRONIC RABBITS 369

After-effects detected with a different stimulating electrode. In three ani-
mals (BM, PP, PB) we had two stimulating electrodes producing satisfac-
tory responses in the hippocampus on the same side of the brain. In these
animals we could look for transfer of the after-effects of repetitive stimula-
tion. There were fifteen occasions in these animals on which we found
long-lasting potentiation of the responses obtained from the conditioning
site while we were also testing the responses to stimulation at a second site.
On nine of these occasions (BM 5, PP 2, PB 2) we saw a similar long-lasting
potentiation of the responses to stimulation at the other site. On six
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Fig. 8. The synaptic wave and population spike amplitudes of responses at
a single recording site to 60 V stimuli given alternately at two stimulation
sites 3 mm apart. Trains of stimulation at 15[sec for 15 sec were given at the
indicated strengths and times to S 1 alone. Sample average responses are
shown below, from the times marked 4 and B. Animal PB.

occasions (BM 5 and PP 1) we saw no effect, or some depression, tested
with the separate stimulus. In each case we were using the same electrode
for recording the responses to both stimuli. Examples of the presence and
absence of transfer are shown in Fig. 8 and Fig. 9.

There is little evidence which helps to explain why in two of the animals

14-2
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there was sometimes transfer and sometimes not. The two results were
sometimes obtained with identical trains; and transfer did not appear
to become either more or less likely as successive trains were given to the
same animal.

Behavioural observations. Stimulation had no marked effect on the
behaviour of the animals. Single shocks given at low rates did not seem
to affect behaviour at all. In four animals there was sometimes evidence
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Fig. 9. The synaptic wave and population spike amplitudes of responses at
a single recording site to stimulation at two sites 2 mm apart. Test stimuli:
S1,70V; 82, 50 V. Trains of stimuli at 15[sec for 15 sec were given at S 1
(70 V) and at S 2 (100 V) at the indicated times. Average responses to the
test stimuli are shown below, from the times marked A, B and C. Animal
BM.

of restlessness during a conditioning train, characterized by rapid eating and
chewing movements, and by circling in the box. One of these animals (PB)
kicked the floor vigorously with its hind legs during and immediately after
some of the trains. In no case did the observed behavioural effects outlast
a train by more than 2-3 min.
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DISCUSSION

The first, and most important, conclusion which can be drawn from this
work is that long-lasting potentiation in the dentate area can be produced
even in healthy, active, unanaesthetized animals. It is thus unlikely that
the effect requires the synapses or cells to be initially in a depressed
unphysiological state.

The second main conclusion is that the after-effects of single periods of
repetitive stimulation may last for more than 24 hr, but do not last
indefinitely. The potentiation which followed just a single train was
studied most commonly in these experiments, since it was found that a
single train was often sufficient to produce a large after-effect. The dura-
tion of the after-effects of these single trains varied widely, but was never
longer than 3 days. It is possible that the effects of repeated trains may
last for longer. This was suggested by one experiment in which there was
an increased spike amplitude for several weeks after a series of trains at
different strengths (Fig. 7).

The responses to single and double shocks. The characteristics of the
responses were largely similar to those in acute anaesthetized preparations
(Lemo, 1971a, b).

Even in the unanaesthetized preparations single perforant path volleys
were unable to activate more than a small proportion of the granule cells,
since the population spike produced by single volleys was much smaller
than that produced during repetitive stimulation (when there is frequency
potentiation). The population spike produced by single volleys was also
extremely variable, so that some shocks produced a normal-sized synaptic
wave with practically no population spike. The variability was often
markedly reduced after a train which led to long-lasting potentiation.
Both this change and the increase in excitability of the granule cells which
was generally seen during potentiation can be explained if there was a
reduction of some varying inhibitory influence on the cells following
a conditioning train.

There was either no potentiation or only slight potentiation of the
synaptic wave produced by a second stimulus at intervals of about
20 msec, even with low stimulus strengths. With high stimulus strengths
the synaptic wave in the second responses was depressed. These charac-
teristics of the second response are unusual in acute anaesthetized prepara-
tions, although in recent work (A.R. Gardner-Medwin & T.Lemo un-
published) acute preparations which closely resembled the chronic pre-
parations have sometimes been found. It seems likely that the short-
lasting potentiation of the synaptic wave described by Lemo (1971b) is
due to an increase in the effectiveness of individual activated synapses,
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and that the magnitude of this intrinsic property of the synapses varies
between preparations. The depression of the synaptic wave after large
volleys in the acute preparations has been found in the cell body layer and
not in the synaptic layer, and thus is probably associated with a change in
the relative conductance of different parts of the granule cell membranes.

The conditions for producing long-lasting potentiation. In some animals
we were able to demonstrate long-lasting potentiation with test stimulat-
ing electrodes more than 2 mm from the site of conditioning. This, together
with the absence of any demonstrable threshold change at the conditioning
electrodes, rules out the possibility that the phenomenon was due to a
local change at the conditioning site.

When after-effects were studied by using test shocks of one strength,
it was often found that conditioning trains at the same strength were in-
effective at producing potentiation while conditioning trains at higher
strengths were effective. This suggests that the phenomenon was not
simply a result of the frequent activation of the synapses, since the
synapses activated with the weak shocks were presumably activated
during conditioning in just the same way whether weak shocks or strong
shocks were used during a train. Thus the effect on the post-synaptic cells
during conditioning seems likely to be important in determining whether
or not potentiation takes place. The fact that potentiation was only seen
in this study on occasions when there had been marked frequency poten-
tiation strengthens this suggestion, though on three occasions in the study
with anaesthetized rabbits long-lasting potentiation was seen without
frequency potentiation (Bliss & Lomo, 1973).

Long-lasting potentiation was not produced on all occasions when there
was frequency potentiation, and on some occasions there was no transfer
to the responses produced by stimulating with separate test electrodes.
This variability makes the phenomenon difficult to work with, and
shows that there must be hidden factors which are important in the con-
ditions for producing potentiation.

The nature of the changes underlying the potentiation. The main possi-
bilities for the basis of the potentiation are a change in the number of
fibres stimulated, a change in the number of synaptic boutons to which
activity in any one fibre can propagate, a change in the effectiveness of
the synapses, a change in the intrinsic properties of the granule cells,
and a change in the tonic excitatory or inhibitory influences which the
granule cells may be subject to.

An increase in the number of fibres activated is unlikely since there
was no detectable decrease in the electrical threshold for producing a re-
sponse, and since the potentiation could not be mimicked by recruiting
extra fibres with a larger stimulus before conditioning.
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The fibres of the perforant path make numerous synapses en passage on
to the granule cell dendrites (Blackstad, 1958). So a failure in transmission
of an action potential somewhere along the axon could result in fewer
synapses being activated. If such failure became less likely after a con-
ditioning train, the effects would not have been distinguishable from
changes due to an increase in the effectiveness of individual synapses.

The increase in the synaptic wave which was sometimes (but not always)
seen during potentiation suggests that there was an increase in the
effectiveness of individual synapses or in the number of synapses activated.
The synaptic wave is a measure of the current which flows into the cells
in the synaptic region of the molecular layer and out of the cells primarily
in the cell body layer; it starts before the cells undergo an action potential
(Lemo, 1971a). The increase could be produced either by an increase in
the number or effectiveness of the activated synapses, or by a change in
the distribution of conductance along the cell membranes. It is not pos-
sible to be certain on present evidence which of these factors is
responsible.

Increases in amplitude of the population spike and decreases in its
latency have sometimes been seen with no change in the synaptic wave.
Such combinations were seen also in the acute anaesthetized preparations
(Bliss & Legmo, 1973). It seems likely therefore that at least a com-
ponent of the potentiation must be due to an increase in post-synaptic
excitability. This could be due to a change of the tonic influences acting
on the granule cells, or to a change in their inherent excitability.

The significance of these results lies in the ability of the perforant path
synapses, after a moderate conditioning regime, to activate the granule
cells more effectively for periods of many hours or days. The mechanism
of the effect remains uncertain. Since the phenomenon is present in healthy
unanaesthetized animals it is at least possible that its mechanism could
underly some form of plasticity under normal conditions in the
hippocampus.

We are grateful for the helpful advice given by T. Lemo during this work.
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