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ABSTRACT There is great interest in understanding the
mechanisms of expression underlying long-term potentiation
(LTP). They are agreed to involve an increase in synaptic
efficacy, which is described by three multiplicative parame-
ters: p, the probability of neurotransmitter release; n, the
number of active release sites; and q, the postsynaptic unit
response to transmitter release. We report three new lines of
evidence suggesting that increases in p contribute to LTP
expression. (i) When the contributions to LTP by p, n, and q
are maximized, and p alone is decreased, another high-
frequency stimulation elicits additional LTP. The additional
potentiation is only associated with decreases in paired-pulse
facilitation (PPF) suggesting an increase in p. (ii) There is an
inverse relationship between baseline Ip and the magnitude of
LTP elicited, consistent with Ip having more or less room to
increase when p is smaller or greater. (iii) It has been shown
that there is an inverse relationship between the magnitude of
LTP induced and the associated changes in PPF. Now I find
that decreasing p before inducing LTP moves the set-point for
measuring those changes in PPF from before to after p is
decreased, which would only occur if p contributes to LTP.
Three lines of evidence, then, suggest that increases in p
contribute to LTP expression, which is consistent with a
presynaptic contribution to LTP. These experiments do not
address potential postsynaptic contributions.

Long-term potentiation (LTP) is of great interest as a cellular
substrate that contributes to memory storage. Its mechanisms
of expression are intensely debated, but are agreed to involve
an increase in synaptic efficacy. Therefore, they must involve
increases in one or more of the three multiplicative parameters
that describe synaptic efficacy: p, the probability of neuro-
transmitter release; n, the number of active release sites; and
q, the postsynaptic unit response to transmitter. Identifying
which parameters increase with LTP is important for suggest-
ing underlying loci of change. This, in turn, directs efforts at
elucidating the mechanisms underlying LTP to one side of the
synapse or the other. Increases in p or q, for example, direct
one to pre- or postsynaptic loci. Increases in n, however, can
result from either pre- or postsynaptic changes.
The possibility that p increases with LTP has been tested

with some evidence supporting its involvement (1–4) and other
evidence weighing against it (5–9). One approach to addressing
this question has been to test for associated changes in
paired-pulse facilitation (PPF). PPF is an increase in a second
population excitatory postsynaptic potential (pEPSP) when it
follows shortly after a first (,0.5 s), which is attributed to
increases in p (5, 10). Because neurotransmitter release is

limited, maneuvers that increase p decrease PPF by decreasing
the capacity for p to increase (11, 12). This lead to the
hypothesis that if LTP involves increases in p, then PPF might
decrease as it is induced. Most authors (13–18), including
ourselves, however, have found no change in average PPF as
LTP is induced (but see ref. 19). But PPF in individual slices
does change: it increases or decreases depending on its initial
value (20, 21, 22).
The mechanism underlying the increases and decreases in

PPF was initially unclear. To better understand the result, we
modeled the changes in PPF with LTP and found that they are
better explained by increases in the number of release sites
than by increases in p (23). In addition, modeling suggested
that increases in n could obscure the detection of increases in
p of the original release sites (porig). To determine whether
there are increases in porig, then, I have held n constant, and
report evidence that porig, in fact, increases with LTP. Some
early results were reported in abstract form (24).

MATERIALS AND METHODS

Brains from adult Sprague–Dawley rats (150–200 g) were
quickly removed and placed in iced saline. The hippocampi
were dissected out and 400 mm slices were made perpendicular
to the septotemporal axis with a vibratome (Technical Prod-
ucts International, St. Louis). Slices were transferred to a
Haas-type (25) interface recording chamber (Medical Systems,
Greenvale, NY) at 32.56 0.18C andmaintained using standard
procedures (22).
Two perfusing salines were used: a normal-calcium solution

containing 120 mMNaCl, 3 mMKCl, 23 mMNaHCO3, 11 mM
dextrose, 1.5 mM CaCl2, and 1.2 mM MgCl2; and a high-
calcium saline containing 120 mM NaCl, 2.4 mM KCl, 25 mM
NaHCO3, 10 mM dextrose, 4.5 mMCaCl2, 1.5 mMMgCl2, and
10 mMpicrotoxin. Both were gassed with 95%O2y5%CO2. As
indicated, the solution contained 200 mM2-hydroxysaclofen to
reduce g-aminobutyric acid type B (GABAB)-mediated inhi-
bition (Research Biochemicals, Natick, MA), 20 mM CdCl2,
100 mM D,L-amino-phosphono-valerate (APV) to block N-
methyl-D-aspartate (NMDA) currents, or 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX; Research Biochemicals)
to reduce a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) currents. CNQX was dissolved in dimethyl
sulfoxide and diluted for use (final dimethyl sulfoxide con-
centration, 0.01–0.1%). The N-type calcium channel antago-
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nist v-conotoxin GVIA (v-CgTX; Sigma, 10 mM) (26, 27) was
prepared in water and was drop applied.
Microelectrodes were pulled from 1.5-mm outside diameter

glass tubing using a FlamingyBrown micropipette puller (Sut-
ter Instruments, Novato, CA) and were filled with 750 mM
NaCl (resistances were 1 to 5 MV). Stimulation at 20-sec
intervals was given via bipolar, Teflon-coated platinum stim-
ulating electrodes (stimulus duration, 50 msec).
Stimulus intensities were used that initially yielded a 1.3 mV

pEPSP. That intensity was used throughout each experiment.
High-frequency stimulation (HFS) consisted of 10 trains (100
Hz, 50 msec) at 200-msec intervals. PPF was measured with a
55-msec interstimulus interval.
pEPSP slopes were determined by linear regression over the

maximum initial slope points. To avoid bias, the same time-
points on the initial slope were analyzed throughout the
experiment. Standard statistical tests were used (28).

RESULTS

LTP Expression Through Increases in p Alone. Three
predictions of the hypothesis that increases in p contribute to
LTP expression were tested. The first was that when potential
contributions to LTP by increases in n and q were eliminated,
then LTP would be elicited through increases in p alone. This
was tested by saturating LTP (Fig. 1A) and then applying
v-CgTX to selectively lower p (open arrow). n and q, then,
could no longer increase so that if additional potentiation were
elicited, it could only be due to increases in p. Another HFS,
in fact, elicited additional LTP. The same result was obtained
when less LTP was elicited in saturating it (Fig. 1B). Averaging
and normalizing across all slices demonstrates the additional
potentiation elicited by HFS with v-CgTX (Fig. 1C, F) vs. the
previous HFS in which LTP was saturated (E, 24.6 6 5.8% vs.
20.3 6 2.2% [mean 6 SEM], n 5 8, P 5 0.0027, t test). These
results are surprising considering that this paradigm biases
against additional LTP: decreasing the pEPSP size used for the
last HFS decreases cooperativity and thereby should decrease
the LTP elicited (29). These results are similar, however, to the
finding that LTP could not be elicited when p was large, but
could be elicited after it was decreased (30).

We reasoned that if the additional LTP elicited by the final
HFS in Fig. 1 A–C was due to increases in p alone, then PPF
should have decreased, as increases in p are associated with
decreases in PPF (11, 12). All slices in which additional
potentiation was elicited (7y8), in fact, showed decreases
(25.7 6 2.3%, P 5 0.016, Sign Test, all changes in PPF are in
absolute percent rather than percent changes), consistent with
increases in p. An example is shown in Fig. 1D where PPF
decreased from 68 to 53% with the last HFS given to the slice
in Fig. 1A. One could argue that these decreases were due to
postsynaptic saturation. However, the amplitude of the pEP-
SPs used for the final HFS were typically smaller than the
original 1.3 mV pEPSPs (Fig. 1A). And HFS with a 1.3 mV
pEPSP decreases PPF only half the time (23), suggesting that
the decreases in PPF observed every time here are due to
increases in p.
The mechanism of expression for PPF of AMPA-mediated

responses has classically been ascribed to a presynaptic loci.
Evidence for this comes from examining quantal parameters
(5, 31–35), presynaptic calcium transients during PPF (36), and
the effect of altering membrane potential (37), and from
finding that maneuvers that alter p are associated with changes
in PPF (11, 12, 38). However, there is also evidence for a
postsynaptic component to its expression (39). Thus, the
finding that PPF decreases does not guarantee that the addi-
tional LTP elicited above is due to increases in p. Nonetheless,
the finding that additional LTP can be elicited after saturation
by decreasing p argues independently that increases in p can
support LTP.
Five alternate explanations for the additional LTP elicited

in Fig. 1C were considered. First, v-CgTX might have washed-
out over the time-course of the experiments (40). v-CgTX,
however, shows no wash-out over 40 min (Fig. 2A, n 5 3),
which was recently confirmed (41). Second, the additional
potentiation might have been due to release of v-CgTX from
its receptor by HFS. To test this, v-CgTX was applied and HFS
was given in the presence of APV, which blocks LTP. There
was no change in the pEPSP in a single slice (Fig. 2B) or in the
group average (Fig. 2C, n5 4, 956 5% of baseline) indicating
that the additional potentiation was due to LTP.
Third, the additional LTP might have been unique to using

v-CgTX. Thus, cadmium (Cd21), another calcium channel

FIG. 1. LTP can be expressed through increases in p. (A) LTP was saturated by repeated HFS (arrows), thereby maximizing the potential
contributions to LTP by increases in the three synaptic parameters p, n, and q. v-CgTX was then applied (a), which decreases only p. HFS then
elicited additional LTP, which should only be due to increases in p. (B) Even when less LTP was induced at saturation (25.7%), additional LTP
was still elicited after applying v-CgTX. (C) Superimposing the average, normalized HFS before v-CgTX application (E) and the HFS with v-CgTX
(F) demonstrates the additional LTP elicited by the last HFS (24.6 6 5.8% vs. 20.3 6 2.2%, averages 6 SEM, n 5 8, P 5 0.0027 by t test). (D)
All slices that potentiated showed decreases in PPF (25.76 2.3%, P5 0.016 by Sign Test; all changes are in percent PPF rather than percent change),
consistent with increases in p. An example is shown in D where PPF decreased from 68 to 53% with the last HFS administered to the slice in A.
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antagonist, was tested. After LTP saturation, Cd21was applied
and an additional HFS was given. 5 of 7 slices showed
additional potentiation vs. the preceding HFS (Fig. 3A, dis-
played as in Fig. 1B, 14.66 4.3% vs.22.86 3.6%, P5 0.022).
Thus, the effect was not specific to v-CgTX. Less LTP was
probably induced with Cd21 vs. v-CgTX (14.6 vs. 24.6%)
because Cd21 partially blocks NMDA receptors (42), which
decreases the probability of inducing LTP (43). The additional
LTP was also associated with decreases in PPF indicating that
p had increased (212.3 6 4.0%, 4 of 5 slices). A decrease in
one slice from 90 to 73% is shown (Fig. 3B).
Fourth, the additional LTP might have been due to a

decrease in current flow from a saturated level. Or v-CgTX
and Cd21 may have acted through another postsynaptic mech-
anism. To test these possibilities, LTP was saturated and the
size of the pEPSPs were decreased through a postsynaptic
rather than a presynaptic mechanism—i.e., by washing-in
CNQX (Fig. 4A). To ensure that the depressing effect of
CNQX was maximized, 10 mMCNQX was washed in until the
pEPSP amplitude was near zero (Fig. 4A). Then the CNQX
concentration was changed to 0.5 mM and the size of the
pEPSPs increased as CNQX washed out. When the pEPSP
slopes stabilized, an additional HFS was administered. Be-
cause the size of the pEPSPs was increasing as CNQX washed
out, this biased toward observing additional LTP; however, no

additional LTP is evident in individual slices (Fig. 4A) or the
group average (Fig. 4B, 3.9 6 2.7% vs. 0.3 6 2.2%, P 5 0.64,
n 5 9).
These experiments suggest that the ability to elicit additional

LTP is specific to having decreased p rather than having
decreased the postsynaptic response. They also address the
concern that a delay before the final HFS might have allowed
additional LTP to be elicited (44). Because there was a longer
delay in CNQX than in v-CgTX, these experiments are biased
toward evoking more LTP in CNQX than in v-CgTX. One
might also be concerned that the longer delay in CNQX
decreased the probability of eliciting LTP; however, the Cd21
experiments had the same delay and yet showed LTP. Finally,
one could argue that if LTP relied on ‘‘AMPAfication,’’ then
CNQX might block the induction of LTP or mask its expres-
sion. However, it is well known that LTP can be induced even
when AMPA receptors are blocked (45, 46). And, CNQXy
DNQX do not mask LTP expression when smaller concentra-
tions are present (45, 46).
Finally, the additional LTP might have been due to a

decrease in inhibition. This would increase depolarization
during HFS and produce additional LTP. The GABAA an-
tagonist picrotoxin was present in all experiments. The effect
of a decrease in GABAB receptor activity was tested here by
adding 5-hydroxysaclofen after LTP saturation, and giving
another HFS (Fig. 4C). No additional LTP was elicited (Fig.
4D, 24.3 6 9.6% vs. 28.3 6 3.2%, P 5 0.70, n 5 3).
In summary, five control experiments suggest that the results

of Figs. 1 and 3 are most easily explained by the ability of
increases in p to support LTP expression.
LTP Magnitude Correlates with Initial p. A second predic-

tion of the hypothesis that increases in p contribute to LTP is
that there should be an inverse relationship between baseline
p and the magnitude of LTP elicited. This would occur because
as baseline p is increased or decreased, the range for p to
increase with LTP would be correspondingly smaller or
greater. This prediction was tested by comparing the LTP
elicited in three groups of slices. Group 1 was tested in the
normal-calcium saline. Baseline p was greater in group 2
because of testing in the high-calcium saline. The 3-fold
increase in calcium produces a 7.4-fold increase in pEPSP size
elicited by the same stimulus intensity (22). And baseline p was
less in group 3 because of adding v-CgTX. The baseline
pEPSPs were 1.3 mV in all groups, which was about one-third
of the maximum elicitable pEPSP on an input–output curve.
LTP was then saturated by repeated HFS until no additional
LTP was elicited.
Examples of LTP saturation from slices in groups 1 (Fig.

5A), 2 (Fig. 5B), and 3 (Fig. 5C) are shown. The average LTP
at saturation was 91.4 6 11.7% (Fig. 5D, filled bar, n 5 27),
33.8 6 7.1% (open bar, n 5 20), and 79.2 6 16.6% (hatched
bar, n 5 10). The three means differ significantly [P , 0.005
by ANOVA, F(2;53) 5 7.63]. The inverse relationship between

FIG. 2. The potentiation associated with the final HFS in Fig. 1 is not due to reversal of the v-CgTX-induced depression of the pEPSP. (A)
v-CgTX-induced depression does not reverse spontaneously over the 40-min duration after application in Fig. 1 (n 5 3, average shown). (B and
C) v-CgTX-induced depression does not reverse with HFS in the presence of APV, which blocks LTP induction, either in a single slice (B) or for
the group average (C, n 5 4).

FIG. 3. Additional LTP is elicited after LTP saturation when p is
decreased by cadmium (Cd21). (A) Using the same protocol as in Fig.
1 A and B, LTP was saturated, Cd21 was washed-in, and an additional
HFS was given (data not shown). Displaying the data as in Fig. 1C
demonstrates that additional LTP was elicited [14.66 4.3% with Cd21
(F) vs. 22.8 6 3.6% (E), P 5 0.022; additional potentiation in 5 of 7
slices], despite Cd21 blocking NMDA receptors (42). (B) PPF de-
creased in association with the additional LTP by 212.3 6 4.0% (4 of
5 slices). The change in PPF for one slice from 90 to 73% is shown.

5890 Neurobiology: Schulz Proc. Natl. Acad. Sci. USA 94 (1997)



baseline p and LTP magnitude suggests that increases in p
contribute to LTP, but four other explanations were tested.
First, there could have been slice selection bias. To avoid

this, the data in groups 2 and 3 were obtained in alternating
groups of slices. Second, the lesser LTP elicited in group 2
might be attributed to the previous induction of LTP by the
high-calcium saline itself. Such LTP, however, occurs in a

higher-calcium, high-potassium saline. In addition, groups 2
and 3 were studied in the same high-calcium saline, differing
only in that v-CgTX was added to group 3 just before HFS.
Third, there might have been a difference in synaptic activity

during HFS. In the high-calcium saline, for example, there
could have been more transmitter depletion during HFS,
which would lead to less NMDA receptor activation, and less

FIG. 5. There is an inverse relationship
between initial p and the magnitude of LTP
elicited suggesting that p increases with LTP.
(A–C) Examples of LTP saturation in slices
examined in the low- (A) or high-calcium
saline (B), or in the high-calcium saline after
application of v-CgTX (C). (D) The average
LTP at saturation for the three groups was
91.46 11.7% (filled bar, n5 27), 33.86 7.1%
(open bar, n 5 20), and 79.2 6 16.6%
(hatched bar, n 5 10, three different groups
of slices). The means differ significantly
[F(2;53) 5 7.63, P , 0.005, ANOVA). (E) The
differences in LTP are not due to differences
in synaptic activity during HFS due, for ex-
ample, to neurotransmitter depletion. (Right)
Examples traces from HFS in the low- and
high-calcium salines delivered for 1 sec at 100
Hz. (Left) Average 6 SEM for all slices,
sampled at 100-msec intervals, indicates that
synaptic activity during HFS in the two salines
is equivalent (n 5 6 and 5).

FIG. 4. The additional LTP elicited by HFS after applying v-CgTX or Cd21 is not due to a postsynaptic effect (e.g., saturation of current entry)
or a change in inhibition. (A and B) HFS after LTP saturation and bath-application of CNQX (bar) did not yield additional LTP in a single slice
(A) or for the group average (B; 3.9 6 2.7% vs. 0.3 6 2.2%, P 5 0.64, n 5 9). (C and D) HFS after LTP saturation and bath-application of
5-hydroxysaclofen (bar) also did not result in additional LTP (24.3 6 9.6% vs. 28.3 6 3.2%, P 5 0.70, n 5 3). All experiments were performed
in the presence of picrotoxin.
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LTP. To test for this, we gave HFS at 100 Hz for 1 sec to slices
in high- and normal-calcium saline. Versus Fig. 5D, this is twice
as many stimuli over half the time. Examples of the resulting
synaptic activity (raw traces) are shown in Fig. 5E Right. Ten
points in each raw trace were measured at 100-msec intervals.
The mean 6 SEM for all traces are plotted in Fig. 5E Left (E,
high-calcium; and F normal-calcium). Because the two curves
are identical, synaptic activities under the two conditions are
identical. To specifically examine transmitter depletion, the
final points at 900 msec were compared and did not differ
(0.65 6 0.07 mV for normal-calcium vs. 0.68 6 0.15 mV for
high-calcium, n 5 6 and 5, P 5 0.84).
Finally, if the initial pEPSP magnitudes differed between

groups, the differences in LTP magnitude could be attributed
to differences in cooperativity. To avoid this, the same size
pEPSPs (1.3 mV) were used for each experiment. It could be
argued that the pEPSPs should be the same percentage of the
maximum observed on an input–output curve. The 1.3 mV
pEPSPs, in fact, tend to be about the same percentage of
maximum in our hands because slices are selected that produce
a 3.5–4 mV pEPSP. A 1.3-mV pEPSP, then, is consistently
about one-third of that. It could also be argued that a stronger
stimulus is needed to produce the 1.3 mV pEPSP in the
normal-calcium saline, which might produce more LTP. Two
arguments, however, weigh against this. First, in the high-
calcium saline, the activity of fewer synapses is necessary to
produce the 1.3-mV pEPSP because there is greater activity
per synapse. That should induce greater LTP vs. the normal-
calcium saline. Second, because the extracellular calcium is
greater, more calcium should enter postsynaptically during
HFS, also increasing LTP. Thus, it is somewhat surprising that
less LTP is elicited in high-calcium. Evidently the decrease in
LTP due to greater p outweighs the increase due to greater
postsynaptic calcium influx since the net effect is a decrease in
LTP.
Thus, these four alternate explanations do not appear to

explain the data of Fig. 5. It appears that the best explanation
is that baseline p affects LTP magnitude.

Lowering Baseline p Changes the Set-Point for Measuring
Changes in PPF. There is a significant correlation between the
magnitude of LTP induced and the associated change in PPF
(20, 21, 23). A subset of that data obtained in high-calcium is
shown in Fig. 6 B and D (E). The third test of the hypothesis
that increases in p contribute to LTP involved examining the
effect of altering baseline p on that relationship between LTP
and PPF. The protocol used for this test is shown in Fig. 5C.
PPF was measured at baseline, v-CgTX was applied, PPF was
remeasured, LTP was saturated, and PPF was remeasured.
We reasoned that if increases in p contribute to LTP, then

changing baseline p from ‘‘a’’ to ‘‘b’’ would destroy the
correlation between PPF and LTP when change in PPF is
calculated using points ‘‘a’’ and ‘‘c.’’ On the other hand, if the
correlation between PPF and LTP is an epiphenomena, it
would persist using those points.
When change in PPF is calculated using points ‘‘c’’ and ‘‘a,’’

there is, in fact, no correlation with LTP magnitude (Fig. 6A,
r5 0.37, n5 10, P. 0.05 by linear regression). Superimposing
that data (F) on the control data in Fig. 6B (E) shows that the
points are outside the range of controls. In contrast, when the
values of PPF at ‘‘c’’ and ‘‘b’’ are used, there is a significant
correlation between change in PPF and LTP magnitude (Fig.
6C, r 5 0.87, n 5 10, P , 0.005, solid line 5 linear regression)
that is similar to control data (Fig. 6D). The difference in
slopes of the linear regression lines for this (Fig. 6D, F,25.22)
and the control data (E,23.54) is not significant. The move of
the set-point from ‘‘a’’ to ‘‘b’’ by v-CgTX supports the hy-
pothesis that increases in p contribute to LTP.

DISCUSSION

This study presents three lines of evidence supporting the
hypothesis that increases in p contribute to LTP expression. (i)
After contributions by q and n are maximized for a given set
of conditions, LTP can be elicited through increases in p alone.
(ii) There is an inverse correlation between baseline p and the
magnitude of LTP elicited. (iii) When p is decreased before
inducing LTP, it moves the set-point for measuring change in
PPF versus LTP magnitude.
It was previously shown that average PPF does not change

with LTP, but PPF in individual slices does change (22), and
the changes correlate with the magnitude of LTP induced (23).
These results were confirmed recently (20, 21). What mecha-
nisms underlying LTP produce these consistent results? Neu-
ral modeling suggests that they are due to an increase in n with
LTP (23), which is supported by two more recent reports of an
increase in n (47, 48).
Increases in n may then make it difficult to demonstrate

changes in either p or PPF with LTP. As an example, if porig
increases, but new release sites are added with a low p, then
both average p and PPF would not change. One might then
mistakenly conclude that porig had not increased when, in fact,
those increases were just obscured by the increases in n (23).
To address the question, then, of whether porig also increases,
one has to hold n constant. By doing this, I was able to
demonstrate here that, in fact, increases in p can also support
LTP (Figs. 1 and 3).
An increase in p with LTP was demonstrated here by

saturating LTP, decreasing p, and giving an additional HFS. A
similar paradigm was recently used by another group to
demonstrate that slices with a high p from young animals do
not express LTP until p is lowered by decreasing extracellular
calcium (30). I had also initially decreased p after LTP
saturation by decreasing extracellular calcium, and an addi-
tional HFS had also elicited additional LTP. This maneuver,
however, also increased fiber volley size indicating that new
axonal fibers were recruited. To avoid recruiting experimen-
tally naive fibers, we subsequently used v-CgTX or cadmium
to lower p as they do not alter the fiber volley. Using a very

FIG. 6. Decreasing p at baseline alters the set-point for measuring
change in PPF suggesting that p contributes to LTP. There is a linear
correlation between the magnitude of LTP induced and the associated
change in PPF (20, 21, 23) as shown in B and D (E, linear regressions
shown). Here we tested whether decreasing p with v-CgTX before
inducing LTP disrupts that relationship. Protocol is shown in Fig. 5C.
(A) When change in PPF is calculated using time-points ‘‘c’’ and ‘‘a’’
in Fig. 5C, there is no correlation between change in PPF and LTP
magnitude (n 5 10, r 5 0.37, P . 0.05 by linear regression, dotted
line 5 regression for open circles in B). (B) Data from A (F) is
superimposed over control data (E), demonstrating a loss of correla-
tion. (C andD) When change in PPF is calculated using points ‘‘b’’ and
‘‘c,’’ there is a significant correlation between change in PPF and LTP
(C, r5 0.87, n5 10, P, 0.005, linear regression shown) that is similar
to that of the control data (D, E, data from C superimposed).
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different paradigm, an increase in p with LTP was also recently
demonstrated by examining MK-801 occlusion of NMDA
receptors in naive slices vs. after LTP induction (49).
How is it that after LTP is saturated, decreasing p allows

more LTP to be expressed via increases in p? The mechanism
underlying LTP is evidently not an increase in presynaptic
calcium influx (36), and therefore must be due to a down-
stream effect on p. There may be several other downstream
factors that also affect p. LTP may appear to saturate, then,
when a combination of factors causes p to reach a maximum.
The contribution to p by LTP, however, may not be maximal
at that point. Thus, decreasing p through decreasing calcium
influx may allow the expression of an increase in p via the
mechanisms of LTP.
Three lines of evidence, then, support the hypothesis that

increases in p contribute to LTP. These increases suggest that
presynaptic mechanisms contribute to LTP expression. From
our other work, LTP also appears to involve an increase in n,
which could be due to either pre- or postsynaptic mechanisms.
These new release sites apparently have a lower p than porig
since the net effect of increases in porig and n is no change in
average p: hence average PPF also does not change with LTP.
Because the contribution of increases in p to LTP varies with
the initial conditions, the relative contributions of p and n to
LTP also vary with the initial conditions.
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