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Abstract
Long-term potentiation (LTP) is the most prominent model to study neuronal plasticity. Previous studies using quantal analysis of an
early stage of LTP in the CA1 hippocampal region (,1 h after induction) suggested increases in both the mean number of transmitter
quanta released by each presynaptic pulse (m, quantal content) and postsynaptic effect of a single quantum (v, quantal size). When LTP
was large, it was m that increased predominantly suggesting prevailing presynaptic contribution. However, LTP consists of several
temporary phases with presumably different mechanisms. Here we recorded excitatory postsynaptic potentials from CA1 hippocampal
slices before and up to 3.5 h after LTP induction. A new version of the noise deconvolution revealed significant increases in m with
smaller and often not statistically significant changes in v. The changes in m were similar for both early (,1 h) and later (1–3 h)
post-tetanic periods and correlated with LTP magnitude. The coefficient of variation of the response amplitude and the number of failures
decreased during both early and late post-tetanic periods. The results suggest that both early (,0.5 h) and later LTP components (0.5–3 h)
are maintained by presynaptic changes, which include increases in release probabilities and the number of effective release sites. In
addition initially silent synapses can be converted into effective ones due to either pre- or postsynaptic rearrangements. If this occurs, our
data indicate that the number and the efficacy of the receptors in the new transmission sites are approximately similar to those in the
previously effective sites.
 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Long-term potentiation (LTP) is a lasting (up to days
and weeks) increase in postsynaptic responses induced by
brief high-frequency activation (tetanization) of respective
afferent fibers [8,43,45,54,60,85]. The phenomenon has
been studied most extensively in the hippocampal CA1
area. Mechanisms of LTP induction are known to include
activation of glutamate receptors of the N-methyl-D-aspar*Corresponding author. Tel.: 17-95-916-0595; fax: 17-95-338-8500.
E-mail address: voronin@cc.nifhi.ac.ru (L.L. Voronin).

tate (NMDA) type and an increase in intracellular Ca 21
concentration. The major mechanisms of LTP expression
or maintenance depend on a lasting increase in the efficacy
of excitatory synaptic transmission mediated by glutamate
receptors of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) type. However, whether the increase is
primarily due to pre- or postsynaptic changes (or both)
remains a matter of vigorous debate (for reviews see
[8,51,54,83–85]).
Several methods have been used to distinguish between
pre- and postsynaptic locations of LTP mechanisms. One
popular approach is fluctuation analysis of intracellular
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excitatory postsynaptic potentials (EPSPs) based on the
quantal
hypothesis
of
synaptic
transmission
[36,65,83,84,96]. This approach had been firstly applied to
LTP in area CA3 in vivo [81] and later has been extended
to analysis of LTP in area CA1 in vitro by this [82,91] and
other groups (for reviews of initial data see [51,83,84] and
also [10,31,69,74,76–78]).
The traditional quantal analysis determines two major
parameters: the mean quantal content (m) which is the
average number of transmitter portions (quanta) released
by each presynaptic pulse and quantal size (v) or quantal
efficacy which is the postsynaptic potential change (or
postsynaptic current) induced by action of one transmitter
quantum. Although both changes in m and v have been
reported, increases in m prevailed in a majority of the
above publications when LTP was large. The changes in v
appeared to be less consistent and could explain primarily
cases with relatively small LTP (,60% increase above the
pretetanic baseline [22,90]) although sometimes larger
(e.g. twofold) increases in v had been encountered
[10,50,77,78,84]. The increase in m suggested presynaptic
changes: either in the release probability (Pr ) or number of
effective release sites or both. Several recent publications
denied changes either in v or in the number of release sites
[10,74,76], attributing early LTP maintenance exclusively
to increased Pr .
In general, the formal quantal analysis supports a strong
contribution of presynaptic mechanisms into LTP maintenance. However, the analysis has been restricted mainly to
very early LTP stages, i.e. ,30–40 min after its induction.
Sometimes this phase is termed ‘short-term potentiation’,
but we shall keep here an early nomenclature [61] and will
term this phase ‘LTP1’ in distinction from a later LTP2 (up
to 2–3 h) and even later LTP3 phases. One hypothesis
[8,16] suggests that presynaptic mechanisms are primarily
responsible for maintaining LTP1, but that thereafter,
changes in sensitivity of subsynaptic receptors become
important. However, other authors also consider synaptic
receptor changes to be important for LTP1 [18,54,60,73].
The aim of the present study was to extend quantal
analysis to LTP of up to 2–3 h corresponding to the LTP2
phase. We hoped to specify differences between mechanisms of LTP1 and LTP2 analyzing changes in quantal
parameters. Specifically we tested whether estimated quantal size would increase during LTP2 as predicted from the
above hypothesis on delayed changes in sensitivity of
glutamate receptors [8,16]. Several modifications had been
introduced as compared to the previous quantal analysis of
LTP mechanisms [82,89–91]. The modifications include
whole cell recordings in the current clamp mode, blockade
of GABAA -mediated inhibition, lasting control recordings
without afferent tetanus and a new ‘unconstrained’ algorithm for the deconvolution analysis, which imply a priori
neither a uniform quantal size for different release sites nor
binomial transmitter release. A part of this work was
published in abstract form [71].

2. Materials and methods
Experiments were performed on transverse hippocampal
slices from 5–7-week-old male Wistar rats as previously
described [72]. The slices were superfused (3 ml / min)
with solution containing (in mM): NaCl 124, KCl 1.5,
MgCl 2 1.3, CaCl 2 2.4, KH 2 PO 4 1.25, NaHCO 3 25,
glucose 10 and 100 mM picrotoxin at 30 8C.
EPSPs were recorded from CA1 pyramidal cells using
patch pipettes (2–3 MV) filled with a solution (in mM):
K 1 gluconate 135, KCl 5, MgCl 2 2, HEPES 10, glucose
20 (pH 7.2). To avoid the epileptic activity a cut was made
between CA3 and CA1 regions and tetrodotoxin (TTX, 2
nM) was added in the perfusion solution [29]. We used the
PATCH CLAMP L / M-EPC-7 amplifier (List-Medical, Darmstadt, Germany). Membrane potentials, not currents, were
recorded. Due to lower dependence on the variations of the
electrode (and generally access) resistance and the superior
signal-to-noise ratio, this method provides advantages over
the voltage clamp with minimal EPSP recordings [33].
Paired 0.2-ms pulses (50-ms interpulse interval, 6- or 8-s
interstimulus interval) were delivered via glass or
platinum–iridium stimulation electrodes positioned in
stratum radiatum. In several experiments two stratum
radiatum inputs were tested to the same neuron. The
stimulus (20–50 mA) was adjusted to evoke just suprathreshold (minimal) EPSPs with occasional failures in
response to the first pulse in the pair (EPSP1). Absence of
the failures in the second response (EPSP2) confirmed
reliable stimulation of at least one presynaptic axon. LTP
was induced by three trains (1 s, 100 Hz with 0.4–0.6 ms
stimulus duration, 20-s intervals) accompanied by 20-mV
depolarization through the intracellular current injections.
Hyperpolarizing current pulses (10 pA, 100 ms) were
delivered via recording electrode in the time intervals
between the testing stimulus to control the access resistance and cell membrane resistance. The input resistance
(R) was evaluated as shown in Fig. 1D. Note that we used
an amplifier without electronic bridge and did not balance
the access resistance. Therefore, the potential drop shown
in Fig. 1D was proportional to the sum of the access and
membrane resistances. The membrane resistance of the
recorded neuron was evaluated from the lower part of the
potential drop (Fig. 1D, below the dashed line). Only data
from neurons with stable (within 620%) mean membrane
resistances over the respective plateau region (see below
for the definition of the plateaus regions) and with stable
(within65 mV) membrane potentials below 260 mV were
used.
The experimental protocol was as follows. After stabilization of recording conditions, testing stimuli were delivered for 40–300 trials (typically 120–300 trials). Afterwards conditioning tetani were applied followed by a
resumption of the testing stimuli (up to 2000 trials). The
neuron was recorded as long as it remained under stable
conditions as defined above. All responses were recorded
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Fig. 1. Examples of whole cell recordings of EPSPs before (left column)
and after LTP (two right columns). (A) Averaged (n550) responses to the
paired pulse stimuli. Note characteristic paired-pulse facilitation and large
LTP. (B,C) Superimposed consecutive single responses (n510) to the
first (B) and second (C) stimuli of the pulse pair. Note decreases in the
number of response failures and increases in the number of large
responses in the post-tetanic sweeps as compared to the pretetanic ones.
(D) averaged (n550) responses to 210 pA current steps and illustration
of the measurement of the general input resistance (R). The horizontal
dashed line separates the voltage drops on the access resistance (upper
part) and cell membrane resistance (lower part). A case is illustrated
when R increased for about 30% (D, right column) but the membrane
resistance did not change significantly. Recordings in the current clamp
mode are not sensitive to such changes in R.

on disk at 5 kHz sampling frequency and analyzed offline.
Measurements from plateaus regions [35,89–92], which
were defined as continuous regions without significant
amplitude drift over 40–300 trials (typically 120–200
trials) were taken for analysis. In distinction from commonly used amplitudes averaged over the EPSP peak
[44–48] or over an initial part of the EPSP slope [89–92]
we used a covariance measure provided by a modification
[2] of the principal component analysis (PCA) that is a
standard method of multivariate statistics [27,34]. The
application of PCA to minimal EPSPs has been described
in details previously [2,7]. Briefly, standard PCA scores
were determined from a window covering the whole initial
EPSP slope (sometimes including the EPSP peak). The
first component score represents a correlation (covariance)
between single response and average. Because this measure is strongly correlated with peak amplitude, the mean
results did not depend on whether they are derived from
amplitude or first PCA component measurements [7,35].
However, the latter gave a better signal-to-noise ratio using
most of information containing in the response waveform
[34] that is especially important for quantal analysis. The
covariance amplitudes were expressed in mV and termed
amplitudes for simplicity.The noise was measured in the
same manner as the responses using a window of the same
duration but before stimulus artefact.
A recently elaborated variant [1] of the noise deconvolution procedure [65] was applied to determine quantal
parameters m and v. The algorithm used an L1-metric in
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the space of distribution functions for the deconvolution
(minimization) procedure. The aim of the procedure was to
find a discrete distribution (see bars in Fig. 4A) with the
best fit to the experimental amplitudes (dotted columns in
Fig. 4A). In distinction from the previously used binomial
[90,91] and ‘quantal’ [88,89] deconvolution algorithms
(for definitions see [65,83,84]) the present algorithm was
‘unconstrained’ in the sense that neither binomial nor
generally quantal models have been assumed. As usual for
noise deconvolution procedures [65] the independence of
the signal and noise was assumed. We set the intrinsic
coefficient of variation of v equal to 0.2v on the basis of
previous
data
[21,33,40,76,78,86,95]
(but
see
[23,28,52,59,69] for larger intrinsic quantal variances, e.g.
in immature animals, cell cultures or under increased
external Ca 21 concentration). As for any statistical analysis, an important problem was response stationarity. Because of large variations in minimal EPSP amplitudes,
especially prominent after LTP [56] we selected the
plateau regions (as defined above) from the pretetanic
period and also from the post-tetanic periods of 15–45,
46–75 min, etc. The mean amplitudes and estimated
quantal parameters from these regions were plotted in the
graphs at 0.5, 1 h, etc, respectively. The control region was
taken immediately before tetanus. The mean number of
trials was 145632 and 224648 for pre- and post-tetanic
regions, respectively. Computer simulations [2] show that
such small samples can give reliable estimates of v
provided v /Sn .1.33 with the best estimates of the mean v
at v /Sn between 1.33 and 3. The mean v /Sn for 24
pretetanic regions analyzed was 2.660.2, for 106 posttetanic regions it was 2.960.2. Although our deconvolution algorithm did not suggest uniform quantal efficacy for
different release sites [2] we estimated a ‘weighted mean
quantal size’ (v), which will be termed ‘quantal size’ for
simplicity. It was determined as the weighted interval
between the components (bars) of the deconvolution
solution: the sum of products x i Pi was divided by the sum
of products iPi . Here x i is the location (distance from 0) of
a component with number i and Pi is its weight. Similarly
to other authors which used ‘unconstrained deconvolution’
or related procedures (e.g. [42]) we assumed that significant changes in the quantal efficacy even in a part of
release sites should change the mean distance between the
components of the solution. The mean quantal content of
individual EPSPs (m) was calculated by dividing their
mean amplitude (E) by v. In addition to the quantal
parameters, the inverse square of the coefficient of variations (1 /(CV)2 ) was calculated. It was corrected for the
background noise variance.
To obtain further insight into the mechanisms of the
changes in the quantal parameters, correlation and regression analyses were performed. The Pearson’s product
moment correlation coefficient (r) was calculated according to standard methods [68]. In addition more sophisticated multiple regression analysis was done [5] to reveal
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more precisely different contributions of changes in estimated parameters to different LTP periods. The analysis
assumes that the relation between four variables has the
form: y 5 b 0 1 b 1 x 1 1 b 2 x 2 1 b 3 x 3 and allows the evaluation of effects of one variable with exclusion of influences
from other ones [5]. Regression coefficients b i were
calculated together with their significance levels. For better
comparison of influences of different variables, ‘standardizes regression coefficients’ [5] were used: BETA i 5
(standard deviation of x i ) /(standard deviation of y).
LTP magnitude was defined as the difference between
100% and the ratio of the post-tetanic EPSP1 amplitude to
the baseline amplitude, i.e. 0 corresponded to absence of
LTP. Throughout the text means are given together with
6S.E.M. Significant differences correspond to P,0.05 if
not specified otherwise (paired or unpaired t-test, as
appropriate).

3. Results

3.1. LTP induction and persistence
LTP induction was attempted in 94 neurons but about
half of them had been lost within 1 h of tetanus. Forty-six
neurons were followed for at least 1 h post-tetanus, but
twenty-five neurons either did not show any signs of
potentiation or did not pass the selection criteria (see
Materials and methods).
Complete analysis was performed for 21 neurons (24
inputs) with at least 1 h stable post-tetanic recordings and
with signs of response potentiation. The majority of the
neurons (n514) were recorded for more than 2 h; nine,
seven and two neurons were recorded for more than 2.5, 3
and 3.5 h, respectively. In addition, 20 control neurons that
satisfied the selection criteria for at least 1 h, were
recorded without tetanization. Responses of eleven, seven
and five control neurons were followed for more than 1.5,
2 and 2.5 h, respectively.
Fig. 1A (left column) shows examples of averaged

EPSPs recorded in response to paired pulses before
tetanus. Superimposed single responses evoked by the first
and by the second pulse (EPSP1 and EPSP2) are shown in
Fig. 1B and C, respectively. Comparison of pre- and
post-tetanic responses in Fig. 1B and C shows that EPSP
potentiation was due to both increases in the number of
large responses and decreases in the number of response
failures, i.e. poststimulus traces not distinguishable from
the baseline noise. Fig. 1A illustrates large paired-pulse
facilitation (PPF) characteristic for hippocampal synapses
under the same conditions [72]. Fig. 1D illustrates the
evaluation of the general input resistance (R) from the
voltage changes induced by 10 pA hyperpolarizing current
pulses. Note the stability of the voltage below the dashed
lines in Fig. 1D indicating the stability of the membrane
resistance (see Materials and methods) in spite of about
30% increase in R later after tetanus in this particular
experiment (right column). Such increase would influence
a recording in the voltage mode [33] but should not
significantly influence the current clamp recordings. This is
supported by the relative stability of the estimated v in this
neuron over more than 3 h post-tetanus (shown below
together with the membrane resistance, see Fig. 4).
Fig. 2 represents summary plot for all neurons of the
experimental and control groups. A large LTP persistent
over all recorded period is evident in Fig. 2A. The dots and
squares depict relative amplitudes of EPSP1 and EPSP2,
respectively, both showing a persistent potentiation. In
contrast, the control group (Fig. 2B) showed no statistically significant changes at any period with only an insignificant tendency to an amplitude increase after 2 h.
Fig. 3 illustrates varieties of LTP magnitudes and time
courses. The first group (Fig. 3A) represents cases with
small or absent LTP during initial (0.5 h) post-tetanic
period (LTP magnitude of 0–50%). A clear delayed
potentiation was evident 1.5 h following the conditioning
procedure. The magnitude of the potentiation showed a
strong tendency to further increase although the sample
sizes (numbers in parenthesis) diminished after 1.5 h. In
the small second group (Fig. 3B) EPSP amplitudes strong-

Fig. 2. Mean post-tetanic changes in the amplitudes of the first (dots) and second (squares) EPSPs in the testing pairs. (A) experimental group with afferent
tetanus at time 0. (B) control group without tetanus. The numbers in the parenthesis show the number of analyzed EPSPs for the later periods. The dashed
horizontal line, in this and other figures, indicates the pretetanic baseline for the first EPSP in the pair. S.E.M. values are indicated by vertical bars, except
when smaller than the symbols.
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Fig. 3. Mean post-tetanic changes in the amplitudes of the first (dots) and second (squares) paired EPSPs in separate groups. All recordings were divided
into four groups (A–D) according to LTP magnitude and time course during initial hour post-tetanus. (A) Cases with small (0–50%) LTP magnitudes. (B)
Decremental potentiation. (C,D) Persistent LTP with magnitudes in the range of 50–800% (D) and .1400% (E). See Fig. 2 for other notations.

ly increased during the initial post-tetanic period (0.5 h)
but the potentiation declined already 1 h post-tetanus. The
basic group (Fig. 3C) represents the majority of the
analyzed cases (n513) with a persistent LTP of 50–800%
magnitudes. Mean data for additional two neurons (Fig.
3D) are shown separately. They showed very large (.14
fold) LTP persistent almost without decrement over the
whole recording period (2.5 h). Both neurons showed very
small pretetanic responses (40 and 220 mV) with a large
proportion of failures (92 and 75%, respectively) representing synapses with apparently very low initial release
probability. We showed this two cases group separately
because they represent very low-efficacy synapses, a kind
of a border case with so-called ‘presynaptically silent’
synapses (see Discussion) that demand special approaches
to be revealed [13,25]. Note that the basic group (Fig. 3C)
showed LTP of EPSP1 (dots) of about 300%, which was
not significantly different from that of the average LTP in
the summary graph (Fig. 2A, dots).

3.2. Noise deconvolution analysis
An example of the deconvolution procedure used to
evaluate the quantal parameters is shown in Fig. 4A. The
dashed columns show experimental distributions obtained
at different periods before and after LTP induction. The
potentiation was accompanied by decreases in the number
of response failures (see peaks around zero amplitude) and
by a shift of the amplitudes to larger values as compared to
the pretetanic distribution. This was a typical LTP pattern:
only in two cases from our sample of fifteen experiments
with large LTP (Fig. 3C and D) did the number of failures
decrease without significant changes in the mean amplitude

of the ‘nonfailures’, i.e. of positive responses clearly
distinct from the noise level [10,74].
The bars in Fig. 4 show deconvolution solutions and the
continuous lines show predicted (reconvolved) distributions. Note that most of the bars correspond to the peaks in
the experimental distributions. Accordingly, the predicted
distributions (continuous lines) fit well to the experimental
data (dashed columns). Consideration of the quantal parameters (insets) shows that the post-tetanic changes in the
EPSP amplitudes (represented as E in Fig. 4) were mainly
due to changes in the mean quantal content (m) whereas
the increase in the estimated quantal size (v) was relatively
small (100–130 min post-tetanus) or even statistically not
significant (10–40 min post-tetanus). Although the comparison of the early and late post-tetanic periods does show
the expected increase in v later post-tetanus, the increase
was not persistent as is evident from the more detailed plot
of changes in v in the same experiment (Fig. 4B, v). In
contrast, changes in m paralleled post-tetanic changes in
the EPSP amplitude (open and closed circles, respectively).
In principle, post-tetanic increases in v could be missed
if the cell membrane resistance declined after tetanus.
However, in accordance with the selection criteria the
membrane resistance was stable within 620%. Fig. 4B
(triangles) shows that there were no changes in the general
input resistance, which could mask any significant posttetanic increases in v.

3.3. Changes of quantal parameters in the whole sample
and in separate LTP groups
Fig. 5 (left column, A and B) summarizes the posttetanic changes in the quantal parameters for all neurons

66

M.V. Sokolov et al. / Brain Research 957 (2002) 61–75

Fig. 4. Quantal analysis at various LTP periods. (A) noise deconvolution analysis before LTP induction and at two indicated periods after LTP induction in
a representative neuron. Bars show deconvolved components; experimental and predictive distributions are shown as dashed columns and continuous
curves, respectively. The left numbers on the ordinate correspond to the number of events (N9); the right numbers correspond to the bar heights expressed
in probabilities (Pi ). The insets give the mean EPSP amplitude (E), estimated quantal size (v); mean quantal content (m) and sample size (N). Values for E
and v are in mV. (B) changes in EPSP amplitude (E), quantal parameters (m and v), general input resistance (B) and the inverse square of the coefficient of
variation (1 /(CV)2 ) following LTP induction in the same experiment shown in (A). Note that m (open circles) increased approximately in parallel with
EPSP amplitudes (crosses), whereas v was relatively stable. Note also that the general input resistance (triangles) measured as shown in Fig. 1D could vary
within 620% but its variations did not correlate with variations in the estimated v.

Fig. 5. Mean changes in quantal parameters (A,B) and in the inverse square of the coefficient of variation (C) of EPSP amplitudes for all inputs (left
column), for neurons recorded for at least 2 h post-tetanus (middle column) and for the control group without tetanus (right column). Dots and squares
represent the values for EPSP1 and EPSP2, respectively. Note persistent significant changes in the mean quantal content (B) and the coefficient of variation
(C) compatible with presynaptic mechanisms of both early and late LTP phases and the lack of significant changes in the control recordings.
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analyzed. Note a large (about fourfold for EPSP1) and
statistically significant increase in the mean quantal content
(Fig. 5B, dots) with only a weak trend to an increase in v
for about 5–15% (Fig. 5A; note the differences in the
ordinate scales in A and B). The trend was slightly more
evident for the later post-tetanic periods (1.5–3 h, Fig. 5A,
dots). To check whether this trend could depend on smaller
sample sizes for the later periods, we calculated v and m
only for neurons recorded for at least 2 h (Fig. 5 middle
column, A and (B) respectively). The delayed increase in v
(Fig. 5 A left, dots) appeared to be even smaller than for
the whole group (Fig. 5A middle, dots). To further test
reliability of our procedures, we estimated quantal parameters for the control group without tetanus. There was only a
small and statistically insignificant trend to an increase in v
at later recording periods and no changes in m (Fig. 5 right
column, A and B, respectively).
Considerations of changes in the quantal parameters
(Fig. 6) for the three major LTP groups described above
(Fig. 3) confirm the conclusion on relative stability of v
and essential changes in m following LTP induction. Note
that the average m changes in different groups (Fig. 6A–
C) matched the post-tetanic changes in EPSP amplitudes
(Fig. 3A–C). The estimated v did not change significantly
in the major groups (Fig. 6A and C) and tended to
diminish in the neurons of the small group (Fig. 6B)
simultaneously with the strong decrement in the potentiation in this particular group. The membrane resistances
were stable within 610% in all three neurons of this
group. There was a weak trend to a small (about 20–30%)
increase in v for the later LTP periods as compared to the
early (0.5–1 h post-tetanus) periods in the major group but
it was essentially smaller than changes in m (Fig. 6C,
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middle and left columns, respectively, note different yscales).
As one more control for the validity of the procedures
used, we calculated quantal parameters for the second
EPSPs in the testing pairs (Fig. 6, open squares). Initial
quantal size appeared to be similar to that of EPSP1 within
5–15% and the relative changes in v were practically the
same. Changes of m for EPSP2 roughly repeated the
changes of the same parameter for EPSP2 but were slightly
smaller reflecting a decrease in presynaptic PPF after LTP
as previously described ([72], see also [39]).

3.4. Changes in the coefficient of variation following
LTP induction
One popular approach to distinguish between pre- and
postsynaptic location of LTP mechanisms is the variance
method. Using this method and the method of failures it is
possible to calculate quantal parameters assuming the
Poisson or binomial model of transmitter release
[83,90,92]. We did not calculate quantal parameters by any
of these methods because we would not like to constrain
our model of transmitter release. Instead, following many
other authors (for reviews see [19,83,84]) we constrained
ourselves to calculations of changes in the inverse squared
coefficient of variations (Figs. 4B, 5C and 6, right column). The results showed significant increases in this value
after LTP comparable with the increases in m. Similar
changes are traditionally interpreted as evidence in favour
of presynaptic contribution (but see [19]). No significant
changes in the coefficient of variation were found in the
control group without tetanus (Fig. 5C, right column).

Fig. 6. Changes in quantal parameters (two left columns) and in the inverse square of the coefficient of variation (right column) for three groups separated
according to LTP magnitude or time course as in Fig. 3A–C, respectively. Note persistent changes in the quantal content, which paralleled EPSP amplitude
changes in different groups (see Fig. 3 for comparison). In contrast, quantal size showed variable changes with only a small increase in one group (D),
suggesting a small (if any) contribution of postsynaptic mechanisms to LTP. Note different y-scales for the quantal content and quantal size.
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Fig. 7. Correlation analysis of relations between LTP magnitudes and changes in the quantal content at various periods after LTP induction. The
coefficients of correlation (r) are given for all inputs and for inputs with statistically significant LTP during initial 0.5 h (numbers in parenthesis). Note that
LTP magnitudes strongly correlated with changes in the quantal content.

3.5. Correlation analysis of changes in quantal
parameters
Fig. 7 shows a large and highly statistically significant
correlation between LTP magnitude and changes in m
during initial 2 h after tetanus. Table 1 expands the data to
the recording period of up to 3 h post-tetanus. Note that the
coefficient of the correlation (r) was very similar for
different periods except 1 h when it was slightly smaller.
The correlation was not changed when cases without
significant LTP during the early post-tetanic period were
excluded (Fig. 7, number in parenthesis). In contrast to the
changes in m (Fig. 7 and Table 1) the small post-tetanic
changes in v did not show any significant correlation to the
LTP magnitude (Table 1). It should be noted that increases
in v for .20% were rare. The small differences of r from
0 at the earlier periods (Table 1) were created by decreases
in the estimated v in some experiments with small LTP
magnitudes. The changes in m and v did not correlate to
each other at any post-tetanic period (Table 1). The lack of
this correlation is expected from the other two relationships in Table 1, but it is contrary to the expectation from
the hypothesis on the substitution of early presynaptic
mechanisms of LTP by later postsynaptic ones (see
Introduction).
Pretetanic control values of m correlated inversely with
LTP magnitude. The correlation was moderate for 0.5 h
and 1 h (r5 20.47 and 20.43, respectively, see Table 1)

and slightly larger for 1.5 and 2 h post-tetanic periods
(r50.52 and 0.56). However, again, the difference was
small and did not suggest any difference in underlying
mechanisms. Several groups reported similar correlations
for the early (about 30 min after induction) LTP periods
[48,50,77,78,84]. However, unlike some other groups
[48,50] we found no statistically significant correlation
between LTP magnitude and initial quantal size as well as
between changes in v and its initial value (data not shown).
The latter result is similar to that of Sticker et al. [77,78].
Fig. 8A summarizes the changes in the EPSP amplitude
and quantal parameters. It stresses large changes in m
(black bars) that are absent in the control recordings
without tetanus (Fig. 8B). Fig. 8 shows also that the
changes in m were similar for different post-tetanic
periods. In an attempt to reveal different contributions of
changes in m and v to different LTP periods, we used
multiple regression analysis that gives a possibility to
evaluate effects of one variable with exclusion of influences from other ones [5]. LTP magnitude (Fig. 8A,
open bars) was classed as a dependent variable whereas the
changes in m and v were treated as independent variables
in the multiple regression. The analysis calculated the
multiple regression coefficients, their significance levels
and standardized correlation coefficients (BETA i , see
Materials and methods). Fig. 8C plots the standardized
correlation coefficients for different post-tetanic periods.
The plot supports the above observations: it shows the

Table 1
Correlation coefficients for relations between changes in quantal size, mean quantal content and magnitudes of long-term potentiation
Correlated values

m ch vs.LTP
vch vs. LTP
vch vs. m ch
m in vs. LTP
vin vs. LTP

0.5
(n524)

1h
(n524)

1.5 h
(n519)

2h
(n514)

2.5 h
(n59)

3h
(n57)

0.94**
0.33
0.16
20.47*
0.06

0.87**
0.35
0.06
20.43*
20.01

0.95**
0.09
20.06
20.52*
0.03

0.92**
0.03
20.15
20.56
0.13

0.98*
0.18
0.05
20.52
0.1

0.95*
0.13
20.18
20.41
20.27

The Pearson product–moment correlation coefficients (r) are given for six post-tetanic periods. The number of measurements are given in parenthesis for
each period. vch , changes in quantal size; m ch , changes in the quantal content; LTP, magnitude of long-term potentiation. Significance levels (two-tailed
test): *, P,0.01; **, P,0.001.
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Fig. 8. Summary plots of changes in the quantal parameters and multiple correlation analysis. Relative EPSP amplitude (open bars), quantal content (m,
black bars) and quantal size (v, hatched bars) are calculated for the experimental (A) and control (B) groups. Note large increases in the quantal content
similar for all post-tetanic periods (A) and no significant changes in the control group (B). The multiple correlation analysis (C) investigates relations
between the dependent variable, LTP magnitude, and the following three independent variables: changes in the mean quantal content (dots), changes in
quantal size (squares) and pretetanic EPSP amplitude (crosses). Asterisks mark time periods when the respective coefficients of multiple regression (b i , see
Materials and methods) were significant at the significance levels as shown. Note that the contribution of m changes in LTP magnitude was strong and
highly significant over all post-tetanic periods. The contribution of changes in v was small and not significant for half of the regions analyzed.

major contribution in LTP from the changes in m (Fig. 8C,
dots). The contribution was highly significant and did not
differ for different LTP periods. The contribution from the
changes in v was essentially smaller (Fig. 8C, squares) and
was not statistically significant for some periods. It was
significant for the periods of 0.5, 1 and 3 h post-tetanus.
However, as mentioned above, this contribution was
mainly due to the fact that cases with a relatively small
LTP magnitudes (,300%) tended to contain a large
proportion of v decreases rather than increases in v after
tetanus. Fig. 8C (squares) shows no signs of the larger
contribution of v changes in the late LTP maintenance as it
would be expected from the hypothesis described in the
Introduction. The pretetanic EPSP amplitude (Fig. 8C,
crosses) was found to have no influence on the LTP
magnitude at any period.

4. Discussion

4.1. Increased quantal content during LTP
The present study demonstrates significant increases in
m following LTP induction. The result is consistent with

presynaptic modifications and confirms previous observations of our and other groups made for LTP1 (see
Introduction). We used here several new approaches as
compared to previous studies from this and other groups
(for reviews, see [51,83,84]). The approaches were aimed
at increasing reliability of the quantal analysis and facilitating comparison of the present results with previous ones.
First, we blocked GABAA inhibition. The block had not
been used previously in this group but was used routinely
by several others (see Introduction for references). It
decreases the spontaneous noise, increases the signal-tonoise ratio and diminishes influences of possible changes
in the inhibitory inputs on EPSP amplitude measurements.
It should be mentioned that the inhibition blockade has
disadvantages; the most serious one is the risk of spontaneous seizures, which can change the state of the preparation and even lead to a slow onset potentiation [24]. By our
experience, the cut between CA3 and CA1 is not always
sufficient to prevent spontaneous seizures. We used, therefore, a small amount of TTX to decrease the excitability of
the preparation [29] in addition to the cut. An input
nonspecific ‘delayed LTP’ has been described under
picrotoxin however under different recording conditions
[24]. Nevertheless this phenomenon could contribute to
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LTP time-course in our experiments and might express
itself in a delayed potentiation in rare cases (Fig. 3A).
However, a major contribution under our conditions is
unlikely because our control experiments without tetanus
did not show any delayed potentiation. The difference
from the above cited observations on the ‘delayed LTP’
[24] could be due to methodological differences, specifically to the lower neuronal excitability under our
conditions due to addition of TTX to the perfusion
solution. An additional complication from the inhibition
blockade is a possible contamination from polysynaptic
activity, which can influence the determination of quantal
parameters, especially when peak amplitude measurements
are used. Different waveforms for different amplitude
range that have been noted by some authors [76,77] could
indicate polysynaptic contributions. Our amplitude measurements (see Materials and methods), which used information predominantly from the initial EPSP slope,
should be less sensitive to the polysynaptic contamination
as compared to the conventional peak amplitude measures.
In addition, our data of the component analysis reported
elsewhere [2] suggest that essential polysynaptic contribution is unlikely under conditions of our experiments.
The second new approach was the whole cell recording
in the current clamp mode. This approach gives better
signal-to-noise ratios as compared to both the sharp
electrode intracellular recordings [22,48,82–92] and the
whole cell recordings in the voltage clamp mode
[6,42,57,74,76–78] used in previous LTP studies. In
addition, the current clamp mode makes the EPSP amplitudes independent of the variations of the access resistance [33], which is important for statistical analysis of
lasting recordings.
The third modification is the response measurement
using the covariance amplitudes based on the PCA [2]. The
covariance amplitudes utilize more information about the
waveform and can be more reliable compared to the
conventional electrophysiological measures [12].
Fourth, we used a new variant of the deconvolution
procedure [1]. In distinction from several previous models
used for the quantal analysis of LTP, the present model
was not restricted to any particular type of the release
process [65,83] and assumed neither binomial release nor
equal effects of a single quantum for different release sites.
In this respect it was similar to approaches used by two
other groups [42,77,78]. However, our computer simulations [1] indicated that the algorithm could give a better
resolution, especially at small samples. We note that in
distinction from some publications on quantal analysis
[10,74] but similar to many others (for review see [83,84];
see also [46,47,76–78]) we used a traditional model
assuming a moderate (0.2v in our case) intrinsic quantal
variation (Sv , see Materials and methods) and made no
suggestion about the number of presynaptic fibers or
release sites activated. The alternative ‘monoquantal’ mode
[23,74] suggests activation of a single release site with a

large Sv (about 0.5v). We prefer the former model by
several reasons. In practice, statistical tests of these models
(one mode with large Sv or several modes with a smaller
Sv ) give usually an essential preference to the latter
[77,78], especially when the noise level is small enough.
The unimodal model assumes that regular peaks in the
amplitude distributions of hippocampal responses represent
sampling artifacts. However, it had been shown to be
unlikely in many cases by others [33,44,46–48,50,75–78]
and seems unlikely for our cases in view of approximately
equal distances between major modes in the amplitude
distributions calculated for several consecutive regions
during lasting recordings of the same cell. Evaluations of
Sv from evoked responses gave moderate values (about
0.2–03v or less) for various central synapses including
hippocampal synapses in mature animals [21,33,40,86,94].
However, as mentioned above (see Materials and methods)
we cannot exclude appearance of larger Sv under other
conditions [23,28,52,59,69]. Altogether the problem of the
intrinsic quantal variance is closely related to several other
unresolved questions like subsynaptic receptors saturation,
multiquantal release from single release sites and multiquantal spontaneous release [4,18,20,23].
Fifth, in distinction from many previous related works
we kept to the low frequency testing stimulation (6- or 8-s
interstimulus interval). The testing frequency of about 1
Hz used by some authors is favorable for inducing shortterm frequency depression or even long-term depression
and therefore may influence pretetanic state of the preparation, e.g. release probabilities [80] and LTP mechanisms in
general. The low frequency testing protocol has disadvantage in diminishing sample sizes. It is especially unfortunate for the whole cell recordings which are associated
with a rather short (about 20 min) ‘time window’ [6,42,57]
after which LTP induction is practically impossible (but
see [14]). This phenomenon might explain why LTP was
induced only in about half of our experiments. As a result,
the general output of potentiated neurons was significantly
lower than in previous sharp microelectrode recordings
[88–92] (but see [48]). Therefore, in many cases we had to
use small sample sizes (typically 120) for pretetanic
regions. In previous works [1,92] we paid a special
attention to the problem of small samples (like 100).
Computer simulations showed that our present algorithm
[1] usually gave reliable solutions as an average from
several (e.g. 10) histograms even when each histogram
contained about 100 measurements when the estimated
v /Sn ratio was large enough and the number of effective
release sites was small (#10). The v /Sn ratio appeared to
be much more important for the proper estimation of v
than the sample size so that with v comparable to Sn even
‘very large’ samples (like 1000 or 10000) were not
helpful. Here, the mean v /Sn ratio was high enough (see
Materials and methods).
At last, according to the major aim of the present study,
the important difference from previous studies was that we
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evaluated changes in the quantal parameters not only for
the early (LTP1) but also for later (LTP2) periods. We note
that the major conclusion of the present study (stability of
v over different periods following LTP induction) is
supported by data from several post-tetanic regions and
therefore from larger sample sizes as compared to the
confirmational result on the changes in quantal parameters
for LTP1.
The basic method of the present study, that is the noise
deconvolution analysis, has limitations inherent to any
methodology that attempts to solve a typical ‘inverse
problem’ having in general terms no unique solution.
However, the reliability of determination of v is confirmed
by similarities between v values estimated from the same
samples for EPSP1 and EPSP2 as well as from successive
small (n5100) samples (as shown in Fig. 4B) or from
respective large and small samples (data not shown).
Several additional arguments, specifically based on extensive computer simulations, support the validity of the
analysis of peaky amplitude histograms [1,9,33,40,78,92].
The general conclusion from the deconvolution analysis is
supported by changes in the failure rate and by the
variance analysis that represent approaches independent of
the deconvolution analysis [65,83, but see [19] for reservations related to the variance analysis]. We applied the
simplest variant of the variance method. Similar to the
deconvolution analysis the results were consistent with the
presynaptic mechanisms for both studied LTP phases
(LTP1 and LTP2).

4.2. LTP is accompanied by changes in both the number
of failures and mean amplitude of nonfailures
It has been reported [10,74] that LTP is accompanied by
decreases in the number of failures without increases in the
mean amplitude of nonfailures. These observations are
compatible with lack of changes in receptor sensitivity and
in the number of release sites and attributed LTP induction
exclusively to increases in Pr . Because this observation
was in variance with many previous publications (see
[15,83,84]) and some more recent ones [30,65,77,78] we
tested it for LTP1 and LTP2 periods. In agreement with
most other publications, the number of failures decreased
whereas the mean amplitude of nonfailures increased in a
large majority of our present experiments. Both changes in
the failure rate and in the mean amplitudes of successes
did not significantly differ for LTP1 and LTP2, which is
compatible with similarity of their maintenance mechanisms (see below).
In view of our data on small post-tetanic changes in v,
the invariance of the nonfailure amplitudes is easy to
understand by suggesting that only one release site had
been activated in the above publications [10,74]. However,
it demands to postulate a very large Sv, which seems to us
unlikely, at least for our case of hippocampal slices from
adult animals as discussed above. In the frame of the

71

model with several release sites, one possible reason for
the invariance of the mean amplitude of nonfailures
following LTP induction is simultaneous decrease in v.
Decreases in apparent v had been found in some cases,
especially when LTP was small. Our measurements
showed that they could not be accounted for by changes in
the membrane resistance in the present study. However,
voltage clamp recordings used by others [10,74] are very
sensitive to changes in access resistance [33]. More
‘physiological’ explanations of the decreases in v could be
based, firstly, on addition of new release sites with smaller
v as compared to previously active release sites and,
secondly, on superposition of processes related to either
long-term depression or short-term low-frequency depression [46,48,80,83].

4.3. Changes in quantal content are correlated with LTP
magnitude and time course
The present study confirmed previously described strong
correlation between changes in m and LTP magnitude
during initial 30–50 min [50,85,88–90] and expanded this
finding to the later LTP periods (up to 3 h post-tetanus).
Similar correlations for LTP1 and LTP2 periods were
illustrated by the comparison of LTP and m time courses.
The correlation strengthens the conclusion that the mechanisms responsible for LTP1 maintenance include a presynaptic locus and is compatible with the suggestion that
expression mechanisms of LTP1 and LTP2 are similar (see
below).

4.4. Changes in quantal size are small and not
correlated with LTP magnitude or time course
In contrast to the changes in m, the general changes in v
were small and did not correlate with LTP magnitude and
time courses. On average, they could explain at best
,20% of LTP magnitude and could probably contribute
essentially only when LTP magnitude was small as it has
been previously found for the early LTP1 [88–90] (see
also [22]).
Under the present conditions we did not find large (e.g.
twofold) increases in v reported in some cases in previous
publications [50,77,78,84,85]. However, we did encounter
such large changes in v in our preliminary quantal analysis
of separate EPSP components [2]. It has been hypothesized
that such doubling of v could be due to synchronized
release of two quanta [85]. Independently whether this
hypothesis is correct or not, it should be stressed that even
these large changes in v could not explain the major part
of LTP so that increases in m remained the major
explanation.

4.5. Implications for mechanisms of LTP2 phase
The major finding of the present study is that m
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increased during the periods corresponding to both LTP1
and LTP2. The changes in m are traditionally interpreted
as an indication of presynaptic location of underlying
mechanisms. This interpretation is further supported by
several additional observations: decreases in the coefficient
of variation and in the number of failures, and especially in
the PPF ratio under similar condition [72]. These findings
were unexpected from the above hypothesis [8,16] suggesting that pre- and postsynaptic mechanisms are responsible for LTP1 and LTP2, respectively.
However, as discussed previously [38,83,84,89] and
stressed by others [32] the results of the quantal analysis
became more complicated if new synapses appear or
previously ‘silent’ synapses become functional. This is
compatible with increases in the mean amplitudes of
nonfailures and the number of peaks reported here. As
discussed elsewhere [38,72,93] the apparent changes in the
classical parameters of transmitter release could be not
only due to presynaptic increase in Pr in synapses with
very low initial Pr but also due to expression of new
postsynaptic receptors or combined pre- and postsynaptic
rearrangements, i.e. formation of spinules and new transmission zones [18,26,79]. The latter possibility is attractive
for the explanation of LTP2 because the expected time
delay for spinule formation (up to 30–40 min) is similar to
the period of LTP2 development (see [85]). Previously
noted delayed (15–45 min) appearances of additional
EPSP components [2] are compatible with combined preand postsynaptic rearrangements.
The expression of new effective transmission zones
gives a reasonable interpretation to both the previously
reported observations on the delayed increase in glutamate
sensitivity [16] and to the increased quantal content during
LTP2. This hypothesis is supported by LTP-related structural changes [26] see also [18,85] and found strong
confirmations in the studies of LTP induced by application
of cyclic adenosine 39,59-monophosphate (c-AMP) [9,11].
However, it is not clear whether mechanisms of the cAMP-induced potentiation are the same as those of the
conventional tetanus-induced LTP and if they are similar
to what LTP phase they could correspond.
In principle, quantal analysis data can be explained
suggesting a purely postsynaptic mechanism [41]: expression of the AMPA type glutamate receptors in previously
‘postsynaptically silent’ synapses with only NMDA receptors active before LTP induction [17,32,54,58]. However, this ‘purely postsynaptic’ hypothesis cannot easily
explain several other lines of evidence in favour of strong
involvement of presynaptic mechanisms of the maintenance of both LTP1 and LTP2. (i) PPF decrease correlated
with LTP magnitude [39,70,72]. (ii) Dependence of LTP
magnitude on initial PPF ratio and Pr [38,49,72]. We note
that changes in PPF can be absent when LTP is small [22]
or composite responses are recorded (e.g. [3]). In the latter
case, responses mediated by different fibers could express
different degrees of LTP and PPF changes. (iii) Changes in

presynaptic vesicle turnover at individual synapses
[55,67,97]. (iv) Fast (,10 min) increase in phosphorylation of a presynaptic protein correlated to LTP magnitude
[63]. (v) Direct or indirect measurements of increased
glutamate release during LTP [8,13] (but see [53,64]). (vi)
Occurrence of silent synapses with functional AMPARs,
i.e. ‘presynaptically silent’ synapses [13,25,37,66] and
their potentiation [7,93]. Therefore we favour a scheme
according to which combined pre- and postsynaptic
changes including insertion of new receptors support the
maintenance
of
late
LTP2 / LTP3
phases
[8,18,23,38,62,72,85]. Crosstalk between pre- and postsynaptic elements [51] is crucial for such coordinated
(matched) pre- and postsynaptic modifications. Therefore,
as it has been already emphasized by other authors [51]
this surpasses the controversy of whether late LTP maintenance is pre- or postsynaptic.
As has been mentioned [83,84,89] in the case of
appearance of new synapses or transmission zones, the
lack of essential changes in v reported here indicates that
the number and the efficacy of the receptors in the new
transmission sites are approximately similar (or only
slightly larger) than those in the previously effective sites.
In conclusion, we performed lasting (up to 3.5 h)
recordings of minimal EPSPs from the hippocampal CA1
region following LTP induction. Persistent increases in the
mean quantal content with only small changes in quantal
efficacy are compatible with involvement of presynaptic
mechanisms in the maintenance of both very early (,0.5
h) and later (up to 3 h) LTP phases, i.e. LTP1 and LTP2.
The presynaptic mechanism may include changes in
release probability and in the number of effective transmission zones due to pre- or postsynaptic rearrangements or
both. In case of expression of previously ‘postsynaptically
silent’ synapses or appearance of new transmission zones,
the present data suggest that the efficacy of the new
receptors is approximately similar to that in the previously
active sites.
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