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In spike-timing-dependent plasticity (STDP), the direction and
degree of synaptic modification are determined by the coherence
of pre- and postsynaptic activities within a neuron. However, in
the adult rat hippocampus, it remains unclear whether STDP-like
mechanisms in a neuronal population induce synaptic potentiation
of a long duration. Thus, we asked whether the magnitude and
maintenance of synaptic plasticity in a population of CA1 neurons
differ as a function of the temporal order and interval between
pre- and postsynaptic activities. Modulation of the relative timing
of Schaffer collateral fibers (presynaptic component) and CA1
axons (postsynaptic component) stimulations resulted in an asym-
metric population STDP (pSTDP). The resulting potentiation in
response to 20 pairings at 1 Hz was largest in magnitude and most
persistent (4 h) when presynaptic activity coincided with or
preceded postsynaptic activity. Interestingly, when postsynaptic
activation preceded presynaptic stimulation by 20 ms, an immedi-
ate increase in field excitatory postsynaptic potentials was ob-
served, but it eventually transformed into a synaptic depression.
Furthermore, pSTDP engaged in selective forms of late-associative
activity: It facilitated the maintenance of tetanization-induced
early long-term potentiation (LTP) in neighboring synapses but
not early long-term depression, reflecting possible mechanistic dif-
ferences with classical tetanization-induced LTP. The data demon-
strate that a pairing of pre- and postsynaptic activities in a
neuronal population can greatly reduce the required number of
synaptic plasticity-evoking events and induce a potentiation of a
degree and duration similar to that with repeated tetanization.
Thus, pSTDP determines synaptic efficacy in the hippocampal
CA3-CA1 circuit and could bias the CA1 neuronal population to-
ward potentiation in future events.
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t is widely accepted that learning and memory are subserved by

long-term modifications of synaptic efficacy in neural circuits
(1). The most studied forms of such synaptic plasticity include
long-term potentiation (LTP) and long-term depression (LTD).
Both LTP and LTD are dissociated into different temporal
phases (early LTP or LTD and late LTP or LTD) that are
governed by distinct but related molecular mechanisms (2-4).
The induction of both LTP and LTD is mediated by the dy-
namics of postsynaptic calcium influx and calcium-dependent
signaling cascades (2, 5, 6). Furthermore, cellular consolidation
of LTP and LTD is also determined by other neural activities
occurring near the time of induction, as outlined by the synaptic
tagging and capture (STC) hypothesis (7-9). The STC hypothesis
points out that a strong activation (e.g., strong tetanization)
of synapses potentiates those synapses by a dual mechanism—
setting synapse-specific “tags” and triggering the synthesis of
plasticity-related products (PRPs). In addition, other synapses
that form a synaptic tag but express a transient synaptic poten-
tiation (early LTP) due to a weak tetanization can capture and
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utilize the previously formed PRPs to stabilize their potentiation.
The STC phenomenon has not only been observed in synapses
expressing plasticity of the same polarity but also in synapses
expressing opposing directions of change. In a phenomenon
termed “cross-tagging,” LTP and LTD positively interact, such
that translation-dependent late LTP or late LTD reinforces
translation-independent early LTD or LTP on neighboring syn-
apses, respectively (3, 10, 11). The STC hypothesis highlights the
fact that synaptic efficacy is shaped by neural activity occurring on
a multitude of time scales (9).

Timing lies at the core of another subject of study of Hebbian
plasticity—spike-timing-dependent plasticity (STDP). In STDP, the
critical determinants of synaptic plasticity induction are the order of
and relative timing between pre- and postsynaptic action potentials.
Commonly, potentiation ensues when presynaptic activities re-
peatedly precede postsynaptic backpropagating action potentials
within tens of milliseconds; conversely, depression results when
synaptic transmission follows postsynaptic spikes (12, 13).

Studies of STDP in the hippocampus have described a variety
of STDP curves with varying potentiation and depression win-
dows depending on the experimental conditions (13-18). These
STDP curves delineate changes in synaptic efficacy observed
immediately after STDP induction (typically <20 min after induc-
tion). To our knowledge, no one has yet systematically investigated
whether spike-timing-dependent potentiation or depression results
in a synaptic change that lasts several hours. Previous studies of
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STDP relied on whole-cell voltage-clamp recordings that do not
permit the recording of synaptic events for many hours as with field
recordings. As mentioned, conventional tetanization-induced LTP
and LTD are shown to display distinguishable phases over the
course of its construction. Given that STDP has been theorized to
constitute the basis of synaptic modification, it is fair to assume that
STDP shares common induction and maintenance mechanisms with
classical LTP and LTD. Empirical evidence supports the notion that
spiking patterns modulate calcium transients in the postsynaptic cell
and hence determine the polarity and degree of synaptic change (17,
19). By the same token, it seems plausible that these timing-
dependent dynamics of calcium flux could lead to differential acti-
vation of downstream signaling cascades governing the long-term
maintenance of such synaptic modifications, similar to that in
tetanization-induced early LTP and late LTP. Therefore, we hy-
pothesize that the persistence, in addition to the direction and
magnitude, of STDP would vary as a function of the timing between
pre- and postsynaptic events.

Here, we investigated the timing dependency of long-term
synaptic plasticity in the hippocampal CAl region using field
recordings and extracellular stimulation of pre- and postsynaptic
components of CAl neurons by timed activation of Schaffer
collaterals (SC) and CALl axons in the alveus, respectively. Fur-
thermore, we tested some of the molecular mechanisms medi-
ating STDP expression and maintenance using pharmacological
approaches. Finally, we examined the participation of STDP in
late associativity, STC, in CA1 neurons.

Results

Coincidental Pre- and Postsynaptic Stimulation Induces Input-Specific
Population STDP. Most systematic investigations of STDP in acute
rat hippocampal slices were conducted using juvenile animals
(P < 28) (14, 15, 17-19). Using whole-cell patch-clamp record-
ings in acute slices, some groups have shown that while pairing of
SC stimulation with single postsynaptic spikes is sufficient to
induce potentiation in juvenile animals, pairing of presynaptic
stimulation with bursts of postsynaptic action potential is needed
for the induction of potentiation in adult rats (14, 16, 17, 20).
Therefore, we first investigated whether pairing of SC and alveus
layer axon stimulation was sufficient to induce changes in syn-
aptic strength in CA3—-CA1 synapses in young adult [postnatal
day (P) 35-49] rat acute hippocampal slices (Fig. 1 4 and B). The
stimulation of alveus layer axons is known to induce antidromic
action potentials in CA1 pyramidal neurons (21). A significant
potentiation was observed immediately after 20 pairings of si-
multaneous stimulations of synaptic input S1 in the stratum
radiatum (s.r.) and alveus layer axons of CA1 pyramidal neurons
(SO; relative timing interval between SO and S1 stimulations At =
0 ms) at 1 Hz [Fig. 1C, red circles; n = 7; at +30 min, normalized
field excitatory postsynaptic potential (fEPSP) = 139.5 + 6.86%
of baseline; +30 min vs. —15 min, Wilcox test, P = 0.02]. The
synaptic potentiation stabilized within 30 min and lasted for 4 h
(Fig. 1C; at 4240 min, normalized fEPSP = 138.4 + 9.15%;
+240 min vs. —15 min, Wilcox test, P = 0.02; at +240 min, S1 vs.
S2, Mann-Whitney U test, P = 0.002). The potentiation was
input-specific as no significant changes in fEPSPs were ob-
served in the unpaired control input S2 (Fig. 1C, blue circles; at
+240 min, normalized fEPSP = 100.8 + 4.85%; +240 min vs.
—15 min, Wilcox test, P = 0.58). In contrast, lasting potentiation
in input S1 was not observed with alveus stimulation alone
(20 repeats at 1 Hz; see SI Appendix, Fig. S14) or with SC
stimulation alone (20 repeats, 1 Hz; see SI Appendix, Fig. S1B).
Although 20 repeats of presynaptic stimulation alone resulted in
a slight increase in fEPSPs, this potentiation was brief and much
lower than that observed in response to pairing of pre- and
postsynaptic stimulations. Furthermore, no change in synaptic
transmission was observed when simultaneous s.r. and stratum
oriens stimulations were given (SI Appendix, Fig. S1D). This
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suggests that the coupling of pre- and postsynaptic activities was
required for persistent potentiation, as depicted in Fig. 1C.

Furthermore, as a proof of concept, we repeated the experi-
ments with whole-cell patch-clamp recordings. We measured
single-cell EPSPs in CA1 pyramidal neurons evoked by stimula-
tion of the s.r. and applied the same population STDP (pSTDP)
induction protocol to induce synaptic plasticity. Similar to the field
recordings, repeated pairing of extracellular s.r. and alveus stim-
ulations (At = 0 ms) led to a significant increase in EPSPs in single
CALl pyramidal neurons (Fig. 1D, red circles; n = 7; at +17.5 min,
normalized EPSP = 249.4 + 66.88%; +17.5 min vs. —1.5 min, Wilcox
test, P = 0.03). In addition, repeated stimulation of the s.r. or alveus
alone did not lead to significant changes in single-cell EPSPs in
CA1 neurons (Fig. 1FE, red circles; n = 7; at +17.5 min, normalized
EPSP = 126.8 + 27.05%; +17.5 min vs. —1.5 min, Wilcox test, P =
1.00; Fig. 1F, red circles; n = 5; at +17.5 min, normalized EPSP =
101.5 + 8.46%; +17.5 min vs. —1.5 min, Wilcox test, P = 0.63).

In summary, pairing of presynaptic SC stimulation with alveus
stimulation at a low frequency (1 Hz) was sufficient to induce
long-lasting potentiation of synaptic transmission of SC-CAl
synapses. This change in synaptic strength will be referred to as
pSTDP henceforth.

Strength and Persistence of Synaptic Modification Are Dependent on
the Relative Timing and Order of Pre- and Postsynaptic Activities.
The relative timing between SC stimulation (S1) and alveus
stimulation (S0) was systematically varied to investigate the effect
of spike timing on the endurance of synaptic modification. Forward
pairing of pre- and postsynaptic stimulations at positive timing in-
tervals (At = 10 to 40 ms; Fig. 2) led to potentiations of various
persistence. When presynaptic stimulation (S1) of SC preceded the
alveus stimulation (S0) by 10 to 20 ms (At = 10 and 20 ms; Fig. 2.4
and C), a lasting fEPSP potentiation was observed in S1 for 4 h
(Fig. 24, red circles; n = 8; S1: at +240 min, normalized fEPSP =
130.2 + 9.39%; +240 min vs. +15 min, Wilcox test, P = 0.02; at
+240 min, S1 vs. S2, Mann—-Whitney U test, P = 0.007; Fig. 2C, red
circles; n = 11; S1: at +240 min, normalized fEPSP = 116.1 +
6.22%; +240 min vs. +15 min, Wilcox test, P = 0.03; at +240 min,
S1 vs. S2, Mann—Whitney U test, P = 0.02). The potentiation ob-
served with At = 10- to 20-ms paired stimulations appeared to be
lower in magnitude than that elicited by simultaneous pre- and
postsynaptic stimulations, although the maintenance of the poten-
tiation in all three experimental paradigms was equal. The control
input S2 did not show any significant changes in both sets of ex-
periments (Fig. 24, blue circles; at +240 min, normalized fEPSP =
97.77 £ 6.05%; +240 min vs. —15 min, Wilcox test, P = 0.55; Fig.
2C, blue circles; at +240 min, normalized fEPSP = 97.02 + 3.49%;
+240 min vs. —15 min, Wilcox test, P = 0.37).

When the synaptic input S1 was stimulated 30 ms before the
alveus (At = 30 ms), a small but significant potentiation was ob-
served in the paired input S1 (Fig. 2E, red circles). The potentia-
tion was statistically significant until 140 min (n = 10; at +140 min,
normalized fEPSP = 113.0 + 4.26%; +140 min vs. —15 min, Wilcox
test, P = 0.03; at +140 min, S1 vs. S2, Mann—Whitney U test, P =
0.01), after which the fEPSP gradually returned to baseline (at
240 min, normalized fEPSP = 101.0 + 9.49%; +240 min vs.
—15 min, Wilcox test, P = 0.92; at +240 min, S1 vs. S2, Mann-
Whitney U test, P = 0.48). Similarly, pairing of presynaptic (S1)
and postsynaptic (S0) stimulations with a relative timing interval of
At = 40 ms resulted in a slight potentiation in the paired input S1
(Fig. 2G, red circles) that was statistically significant until 70 min
after pairing and eventually decayed to baseline (n = 11; at
+70 min, normalized fEPSP = 112.2 + 5.72%; +70 min vs. —15 min,
Wilcox test, P = 0.03; at +70 min, S1 vs. S2, Mann—Whitney U test,
P = 0.04). No significant changes were observed in the control input
S2 in either sets of experiments (Fig. 2 E and G, blue circles; Fig. 2E,
S2: at +240 min, normalized fEPSP = 96.47 + 4.17%; +240 min
vs. —15 min, Wilcox test, P = 0.97; Fig. 2G, S2: at +240 min,
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Fig. 1. Pairing-dependent induction of persistent potentiation in hippocampal CA1 pyramidal neurons. (A) A schematic diagram of electrode locations and
stimulation protocol in electrophysiology experiments is depicted. The two gray inverted triangles represent recording electrodes placed in the stratum pyramidale
(s.p.) and s.r. of acute adult rat hippocampal slices. Red and blue triangles represent two stimulating electrodes (Stim. S1 and Stim. S2) that were placed in the s.r. to
stimulate two independent SC pathways, and the purple triangle represents a stimulating electrode (Stim. S0) located in the alveus (alv.) layer to elicit antidromic
action potentials in CA1 pyramidal neurons. Purple and red bars represent the timings at which postsynaptic and presynaptic stimulations were delivered, re-
spectively. Relative timing At = to — t;, where t, and t; are the time points at which stimulus SO (postsynaptic component) and S1 (presynaptic component) were
initiated. (B) Analog traces representing field potentials that were typically recorded from the s.p. and s.r. in response to simultaneous pairing of alv. (Stim. SO) and
s.C. (Stim. S1) stimulation. (C) Simultaneous extracellular stimulation (arrow) of the presynaptic input S1 and the alv. layer (S0) (20 pairings, 1 Hz) induced a persistent
pathway-specific increase in synaptic responses of input S1 (red circles) that lasted 4 h. Unpaired input S2 (blue circles) remained stable (n = 7). (D) Single-cell EPSPs
displayed significant potentiation after pairing of simultaneous extracellular s.r. and alv. stimulations (n = 7). (E) Twenty repeats of s.r. stimulation alone did not
lead to any changes in single-cell EPSPs (n = 7). (F) Repeated alv. stimulation alone did not lead to changes in single-cell EPSPs (n = 5). All data are shown as mean +
SEM. In C, analog traces show representative fEPSPs at 15 min before (S1 and S2: black dashed lines), 30 min after (S1: orange dashed line; S2: turquoise dashed line),
and 240 min after (S1: red solid line; S2: blue solid line) the induction of pSTDP. In D-F, analog traces show representative single-cell EPSPs before (black lines) and
after (red line) pairing or the delivery of other stimulation protocols. (Scale bars for analog traces in B: 5 mV/10 ms, C: 3 mV/5 ms, D-F: 4 mV/10 ms.)
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normalized fEPSP = 95.67 + 4.10%; +240 min vs. —15 min,
Wilcox test, P = 0.28).

In contrast, post-pre backward pairing had a smaller potenti-
ation window and seemingly greater variation in maintenance
(Fig. 3). When alveus stimulation (SO) was followed by pre-
synaptic stimulation (S1) by 10 ms (At = —10 ms), an input-
specific potentiation that lasted for 4 h was observed in the
paired input S1 (Fig. 34, red circles; n = 7; at +240 min, nor-
malized fEPSP = 132.6 + 9.26%; +240 min vs. —15 min, Wilcox
test, P = 0.02; at +240 min, S1 vs. S2, Mann-Whitney U test, P =
0.02). No discernable changes were observed in the unpaired
input S2 (Fig. 34, blue circles; at +240 min, normalized fEPSP =
95.52 + 6.74%; +240 min vs. —15 min, Wilcox test, P = 0.69).
Stimulating the alveus layer (SO0) 20 ms before stimulating the
presynaptic pathway S1 (At = —20 ms) resulted in a short-term
potentiation in S1 that was statistically significant until 20 min
(Fig. 3C, red circles; n = 7; at +20 min, normalized fEPSP =
110.6 + 3.72%; +20 min vs. —15 min, Wilcox test, P = 0.03; at
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Fig. 2. Potentiation of various persistence ensues
when presynaptic pathway activity precedes post-
synaptic pathway activity within a time window of
40 ms in the hippocampal area CA1. Normalized
fEPSP plasticity induced by pairing protocols with
different time intervals between extracellular stim-
ulation of SC pathway S1 (red bar) and subsequent
alveus (alv.) stimulation SO (purple bar). (A) Persis-
tent potentiation of 4 h was observed in the synaptic
input S1 (red circles) after pairing of s.c. stimulation
S1 (red bar) with subsequent alv. stimulation SO
(purple bar) with a 10-ms time difference (n = 8). (B)
Representative analog traces of extracellular re-
cordings at the stratum pyramidal (s.p.) and s.r. lay-
ers during pairing of s.c. stimulation and subsequent
alv. stimulation at a relative timing of 10 ms. Traces
in red represent those elicited by stimulation of
presynaptic pathway S1 and traces in purple repre-
sent those evoked by alv. stimulation S0. (C) Pairing

17

| ]

(arrow) of s.c. S1 (red bar) and alv. SO (purple bar)
stimulations at a relative timing interval of 20 ms
resulted in a statistically significant potentiation in
pathway S1 (red circles) that lasted throughout the
recording (n = 11). (D) Representative analog traces
of pairing at a relative timing of 20 ms are shown.
(E) Following pairing (arrow) of s.c. stimulation S1
(red bar) and alv. stimulation SO (purple bar) with a
relative timing of 30 ms, pathway S1 (red circles)
displayed a potentiation that was statistically sig-
nificant until 140 min (n = 10). (F) Representative
analog traces of pairing at a relative timing of 30 ms
are depicted. (G) Pairing (arrow) of s.c. stimulation
S1 (red bar) and alv. stimulation SO (purple bar) with
a relative timing of 40 ms resulted in a transient
potentiation that decayed to baseline within 70 min
in the paired input S1 (red circles; n = 11). (H) Rep-
resentative analog traces of pairing at a relative
timing of 40 ms are shown. The control input S2
(blue circles) showed no observable change in fEPSPs
in all experiment series A, C, E, and G. All data show
mean + SEM. Analog traces show representative
fEPSPs at 15 min before (S1 and S2: black dashed
line), 30 min after (S1: orange dashed line; S2: tur-
quoise dashed line), and 240 min after (S1: red solid
line; S2: blue solid line) the induction of pSTDP.
(Scale bars for analog traces in A, C, E, and G: 3 mV/
5ms; in B, D, F, and H: 5 mV/5 ms.)

-

L

+20 min, S1 vs. S2, Mann—Whitney U test, P = 0.04). Afterward,
synaptic efficacy in S1 gradually decreased. The depression stabilized
and became statistically significant from 175 min onward (at
+175 min, normalized fEPSP = 87.05 + 3.52%; +175 min vs.
—15 min, Wilcox test, P = 0.03; at +175 min, S1 vs. S2, Mann-
Whitney U test, P = 0.02). Throughout the recording period, control
input S2 remained stable (blue circles; at +240 min, normalized
fEPSP = 99.48 + 3.59%; +240 min vs. —15 min, Wilcox test, P =
1.00). Following repeated pairing of alveus stimulation at 30 ms be-
fore s.r. stimulation (At = —30 ms), no significant changes in synaptic
efficacy were observed in both the paired input S1 and the control
input S2 throughout the recording session (Fig. 3E; n = 8; S1, red
circles: at +240 min, normalized fEPSP = 99.31 + 5.03%; +240 min
vs. —15 min, Wilcox test, P = 0.95; S2, blue circles: at +240 min,
normalized fEPSP = 100.8 + 4.72%; +240 min vs. —15 min, Wilcox
test, P = 0.84; at +-240 min, S1 vs. S2, Mann—Whitney U test, P = 0.88).

The results from Figs. 2 and 3 are summarized in Fig. 4. In
brief, we observed an asymmetric pSTDP curve that changed
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Fig. 3. Bidirectional synaptic plasticity of SC-CA1 synapses when presynaptic activity follows postsynaptic activity within a timing window of up to 30 ms. fEPSP
plasticity was induced by different pairing protocols with time lags from 0 to 30 ms between alveus (alv.) stimulation SO (purple bar) and subsequent extracellular
stimulation of SC pathway S1 (red bar). (A) Persistent potentiation in S1 (red circles) resulted from repeated pairing (arrow) of alv. stimulation (50) and subsequent s.c.
stimulation (S1) with a relative time lag of —10 ms. Potentiation in S1 was statistically significant until the end of the recording (n = 7). (B) Representative analog traces
of extracellular recordings at the stratum pyramidal (s.p.) and s.r. layers during pairing of presynaptic stimulation (red) and subsequent postsynaptic stimulation
(purple) at a relative timing of —10 ms are shown. (C) When alv. stimulation SO preceded s.c. stimulation S1 by 20 ms (arrow), a transient potentiation was observed in
input S1 (red circles). fEPSP slope in S1 gradually decreased after pairing and stabilized into a statistically significant depression from 175 min onward (n = 7). (D)
Representative analog traces of pairing at a relative timing of —20 ms are shown. (E) Pairing (arrow) of s.c. stimulation (S1) and alv. stimulation (SO) at a relative timing
interval of —30 ms had no effect on synaptic transmission in both the paired pathway S1 (red circles; n = 8). (F) Representative analog traces of pairing at a relative
timing of —30 ms are shown. The control input S2 (blue circles) showed no observable change in fEPSPs in all experiment series A, C, and E. All data show mean + SEM.
Analog traces show representative fEPSPs at 15 min before (S1 and S2: black dashed line), 30 min after (S1: orange dashed line; S2: turquoise dashed line), and 240 min
after (S1: red solid line; S2: blue solid line) the induction of pSTDP. (Scale bars for analog traces in A, C, E, and G: 3 mV/5 ms; in B, D, F, and H: 5 mV/5 ms.)
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Fig. 4. Inverted-U-curve-like dependency of fEPSP potentiation on the
timing of pre- and postsynaptic activity. Changes in synaptic transmission
resulted from pairing of SC stimulation (red bar) and alveus stimulation
(purple bar) are summarized in this graph. The relative increase of fEPSP
slopes at 30 min (orange circles) or 240 min (red circles) after pSTDP in-
duction are plotted against relative timings of pre- and postsynaptic stim-
ulations. Magnitude and persistence of synaptic change differ as a function
of the relative pairing timing. All data show mean + SEM.

over time: immediately after pSTDP induction, successive pair-
ing of presynaptic stimulation and postsynaptic stimulation
within 40 ms (At < 40 ms) led to fEPSP potentiation, but when
presynaptic stimulation followed the postsynaptic one, instanta-
neous potentiation was only observed when the two events were
separated by no more than 20 ms (At > —20 ms). However, 4 h
after pSTDP induction, the endurance of pSTDP differed such
that the efficient pairing time window narrowed down to
—10 ms < At < 20 ms. Notably, a depression was observed at
At = =20 ms, while no change in synaptic transmission was ob-
served beyond At = 30 ms and At = —30 ms.

Interestingly, when we doubled the number of repeats (from
20 to 40 pairs), the pairing of presynaptic (S1) and postsynaptic
(S0) stimulations at a relative timing interval of At = 40 ms
resulted in a slight, transient potentiation (SI Appendix, Fig.
S2A4). This potentiation was similar in magnitude but slightly
more persistent than that observed with 20 pairing repeats (Fig.
2G). However, 60 pairings at At = 40 ms did not lead to any
observable changes in synaptic transmission in both the test input
S1 and the control input S2 (SI Appendix, Fig. S2B). These re-
sults suggest that the number of pairing repeats influences the
pSTDP curve as well.

pSTDP Requires CaMKIl Signaling but Not Extracellular BDNF. We
next examined some of the possible molecular mediators of
pSTDP. First, TrkB-Fc (1 pg-mL™"), which chelates extracellular
BDNEF, was bath-applied to the hippocampal slices 30 min before
and after pSTDP induction (At = 0 ms; Fig. 54). Perfusion of
TrkB-Fc had no discernible effects on the expression and the
maintenance of pSTDP; pairing at 0 ms resulted in a potentia-
tion that lasted until the end of the 4-h recordings (Fig. 54, red
circles; n = 7; at +240 min, normalized fEPSP = 139.8 + 11.11%;
+240 min vs. —30 min, Wilcox test, P = 0.03; at +240 min, S1 vs.
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S2, Mann—-Whitney U test, P = 0.03). Application of the soluble
ligand did not affect basal transmission of the control input S2
(blue circles; at +240 min, normalized fEPSP = 99.11 + 6.05%;
+240 min vs. —30 min, Wilcox test, P = 0.94). These exper-
iments suggest that pSTDP induced by our protocol was not
dependent on extracellular BDNF.

In contrast, bath application of KN-93, which selectively inhibits
CaMKII at the concentration used (1 pM), prevented pSTDP
induction by repeated pairing of alveus (SO) and s.r. (S1) activa-
tion (At = 0 ms). In the presence of KN-93, pairing led to a slight
facilitation of fEPSP, which returned to baseline within 40 min
(Fig. 5B, red circles; n = 8; at +35 min, normalized fEPSP =
107.8 + 2.86%; +35 min vs. =30 min, Wilcox test, P = 0.04; at
+35 min, S1 vs. S2, Mann-Whitney U test, P = 0.01). Field EPSP
in S1 at the end of the recording was not significantly different
from the baseline values (at +240 min, normalized fEPSP =
101.8 + 5.74%; +240 min vs. —30 min, Wilcox test, P = 0.55; at
+240 min, S1 vs. S2, Mann—Whitney U test, P = 0.33). As a
control, KN-92 (an inactive analog of KN-93) was also bath-
applied to slices at 1 pM. Induction of pSTDP (At = 0 ms) in
the presence of KN-92 resulted in persistent potentiation that
lasted 4 h (Fig. 5C, red circles; n = 7; at +240 min, normalized
fEPSP = 138.0 + 11.97%; +240 min vs. —30 min, Wilcox test, P =
0.03; at +240 min, S1 vs. S2, Mann—Whitney U test, P = 0.02),
similar to that observed in control conditions. In both Fig. 5 B and
C, control input S2 was not affected by the drug application and
pSTDP induction in S1, and fEPSP in S2 remained at baseline
levels throughout the experiment (Fig. 5B, blue circles; at
+240 min, normalized fEPSP = 95.69 + 4.69%; +240 min vs.
—30 min, Wilcox test, P = 0.31; Fig. 5C, blue circles; at +240 min,
normalized fEPSP = 103.9 + 5.01%; +240 min vs. —30 min,
Wilcox test, P = 0.47). The above experiments indicate that
CaMKII signaling is likely required for pSTDP induction.

Additionally, bath application of AP5 (50 uM), an NMDA
receptor antagonist, during the induction of pSTDP completely
blocked pSTDP expression (SI Appendix, Fig. S3A4), suggesting
the requirement of NMDA receptors for pSTDP induction.

pSTDP Engages in Selective Forms of Long-Term Associativity:
Promoting STC but Not Cross-Tagging. In addition to the need for
CaMKII and NMDA receptors for pSTDP expression, we ob-
served that pSTDP also required protein synthesis for prolonged
maintenance (SI Appendix, Fig. S3 B and C). Bath application of
protein synthesis inhibitors emetine (20 pM) or anisomycin
(25 pM) during pSTDP induction did not impair the initial ex-
pression of pSTDP but impeded its maintenance. As pSTDP
required de novo translation for the stabilization of synaptic
enhancement, we investigated whether the implicated up-
regulation of PRPs triggered by pSTDP induction could influ-
ence the modification of neighboring activated synapses, as im-
plied in the STC hypothesis (7, 9). To this end, an experimental
procedure akin to the “strong before weak” paradigm (8) was
employed. After a stable baseline was obtained in the inputs
S1 and S2, pSTDP was induced in S1 (Fig. 64, red circles) by
pairing of alveus (SO) and s.r. (S1) stimulations at a relative
timing interval of At = 0 ms. One hour thereafter, early LTP
(which usually decays to baseline within 1 to 3 h; see SI Appendix,
Fig. S44) was induced in presynaptic input S2 (Fig. 64, blue
circles) by a “weak” tetanization (WTET). pSTDP induction in
S1 resulted in a statistically significant potentiation that lasted
for 4 h (Fig. 64, red circles; n = 11; at +240 min, normalized
fEPSP = 147.1 + 10.84%; +240 min vs. —15 min, Wilcox test, P =
0.001), while pairing had no observable effects on basal trans-
mission in S2 (blue circles; at +60 min, normalized fEPSP =
104.6 + 2.67%; +60 min vs. —15 min, Wilcox test, P = 0.24). After
the induction of WTET, S2 expressed an immediate increase in
fEPSP that was statistically significant until the end of the re-
cording (at +240 min, normalized fEPSP = 140.2 + 15.66%;
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Fig. 5. pSTDP is dependent on CaMKIl signaling but not BDNF/TrkB-Fc sig-
naling. (A) Bath application of TrkB-Fc (1 pg-mL™"; striped box) during si-
multaneous stimulations (arrow) of presynaptic input S1 (red circles) and
alveus (S0) had no effect on the induction of pSTDP (n = 7). (B) pSTDP in-
duction (arrow) was blocked by the bath application of KN-93 (1 uM; cross-
hatched box), a CaMKIl inhibitor. fEPSP in paired input S1 (red circles)
showed a slight potentiation that returned to baseline within 40 min, while
control input S2 (blue circles) remained stable (n = 8). (C) Bath application of
KN-92 (1 uM; solid box), an inactive analog of KN-93, had no significant
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+240 min vs. —15 min, Wilcox test, P = 0.0068). Similarly, we
tested whether a “strong” pSTDP induction (At = 0 ms) could
reinforce a “weak,” short-lasting pSTDP (At = 40 ms). As expected,
pSTDP induction by repeated simultaneous presynaptic (S1) and
postsynaptic (SO) stimulations (At = 0 ms) led to an immediate
potentiation in S1 that lasted for 4 h (Fig. 6B, red circles; n = 6,
at +240 min, normalized fEPSP = 137.7 + 7.87%; +240 min vs.
—15 min, Wilcox test, P = 0.03). One hour after pSTDP induction
in S1, stimulation of another independent presynaptic input S2 was
repeatedly paired with alveus (S0) stimulation at a relative timing
interval of At = 40 ms. Although it usually led to short-term po-
tentiation only (Fig. 2G), pairing at At = 40 ms led to a statistically
significant potentiation that lasted for at least 3 h when it followed a
“strong” pSTDP induction (At = 0 ms) in a separate pathway (Fig.
6B, blue circles; n = 6; at +240 min, normalized fEPSP = 132.2 +
10.39%; +240 min vs. —15 min, Wilcox test, P = 0.03). Together,
these results imply that pSTDP induction triggers the synthesis of
PRPs in amounts sufficient to be shared across multiple synapses
potentiated by different events.

Subsequently, we examined whether the pSTDP-induced
PRPs are process-specific, that is, whether these PRPs can only
be captured and utilized by potentiated synapses or whether
some of those PRPs can also support the maintenance of LTD.
Hence, we explored the possible interactions between pSTDP
and LTD using the “cross-tagging” paradigm (10). pSTDP was
induced in the presynaptic pathway S1 by the pairing of simul-
taneous SO and S1 stimulations (Fig. 6C, red circles); 30 min
after pSTDP induction, transient early LTD was induced in an
independent pathway S2 by “weak” low-frequency stimulation
(WLFS) (Fig. 6C, blue circles). Early LTD induced by WLFS
typically returns to baseline levels within 2 h (SI Appendix, Fig.
S4B). If early LTD could cross-capture the pSTDP-induced
PRPs, it would be transformed into a long-lasting late LTD. In
Fig. 6C, induction of pSTDP led to a statistically significant
potentiation in S1 that lasted for 4 h (Fig. 6C, red circles; n = 7,
at +240 min, normalized fEPSP = 142.0 + 7.75%; +240 min vs.
—15 min, Wilcox test, P = 0.02), while WLFS in S2 only led to a
transient depression that was statistically significant until
210 min (Fig. 6C, blue circles; at +210 min, normalized fEPSP =
93.21 + 3.34%; +210 min vs. —15 min, Wilcox test, P = 0.05).
This suggests that pSTDP could not strengthen early LTD into
prolonged LTD. In contrast, cross-tagging was observed when
late LTP induced by “strong” tetanization (STET) supported the
reinforcement of early LTD into late LTD in a separate pathway
(Fig. 6D). STET induced LTP that lasted for 4 h in S1 (Fig. 6D,
red circles; n = 7; at +240 min, normalized fEPSP = 160.3 +
12.55%; +240 min vs. —15 min, Wilcox test, P = 0.02). Thirty
minutes after STET, WLFS was applied to an independent
pathway S2 (blue circles). This led to a significant decrease in
fEPSP that was stable until the end of the recording (at
+240 min, normalized fEPSP = 63.91 + 3.76%; +240 min vs.
—15 min, Wilcox test, P = 0.02).

To address the possibility that pSTDP induction increased the
excitability of the neuronal population and hence the threshold
for LTD induction, we reversed the order of pSTDP and early
LTD induction. Nevertheless, we did not observe positive late
association of LTD and pSTDP (Fig. 6E). When early LTD was
induced in the synaptic pathway S1, a significant decrease in
fEPSP was observed immediately after WLFS, yet the fEPSP
gradually reverted to baseline. The depression was statistically

effects on the induction of pSTDP. All data show mean + SEM. Analog traces
show representative field EPSPs at 15 min before drug application (S1 and
S2: black dashed lines), 15 min after drug application (51 and S2: gray dashed
lines), 30 min after (S1: orange dashed line; S2: turquoise dashed line), and
240 min after (S1: red solid line; S2: blue solid line) the induction of pSTDP.
(Scale bars for analog traces in A-C: 3 mV/5 ms.)
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Fig. 6. pSTDP reinforces early LTP into late LTP in a neighboring pathway but does not support the maintenance of LTD. (A4) Pairing (solid arrow) of si-
multaneous pre- (51) and postsynaptic (S0) pathway stimulations resulted in a statistically significant potentiation in the paired input S1 (red circles) without
affecting the unpaired input S2 (blue circles). Induction of early LTP (dashed arrow) by WTET in synaptic input S2 1 h after pSTDP induction resulted in a
statistically significant potentiation in S2 that lasted for 3 h after the WTET (n = 11). (B) Experiment design is similar to that in A. Instead of WTET, a “weak”
pSTDP was induced in synaptic input S2 by pairing of pre- (S2) and postsynaptic (SO) pathway stimulations at 40 ms (blue arrow). Both inputs S1 and
S2 displayed statistically significant potentiation until the end of the recording (n = 6). (C) pSTDP was induced in synaptic input S1 (red circles) by pairing (solid
arrow) of simultaneous stimulations of pre- (51) and postsynaptic (S0) pathways. Thirty minutes after pairing, WLFS (dotted arrow) was delivered to an in-
dependent synaptic input S2 (blue circles). Input S2 showed an immediate decrease in fEPSPs which returned to baseline level by the end of the recording (n =
7). (D) Persistent potentiation was observed in input S1 (red circle) for 4 h after the induction of late LTP by three consecutive trains of high-frequency
tetanization (STET; small solid arrows). Subsequently, 30 min after the onset of STET, WLFS (dotted arrow) was delivered to a separate synaptic input S2 (blue
circles). This resulted in a stable depression in S2 that was statistically significant throughout the experiment (n = 7). (E) WLFS (dotted arrow) resulted in a
transient depression in input S1 (red circles) that reverted to baseline level within 220 min. Thirty minutes after the onset of WLFS, pSTDP was induced in
synaptic input S2 (blue circles) by pairing of simultaneous stimulations of presynaptic (S2) and postsynaptic (S0) pathways; this led to a statistically significant
potentiation in input S2 that maintained until the end of the recording (n = 6). (F) A stable depression was observed in input S1 (red circles) from immediately
after WLFS (dotted arrow) until the end of the recording. On another independent pathway S2 (blue circles), STET (small solid arrows) was delivered 30 min
after the onset of WLFS. This led to a stable potentiation that was statistically significant throughout the recording (n = 7). All data show mean + SEM. Analog
traces show representative fEPSPs at 15 min before (S1 and S2: black dashed lines), 30 min after (S1: orange dashed line; S2: turquoise dashed line), and
240 min after (S1: red solid line; S2: blue solid line) the first induction of synaptic plasticity. (Scale bars for analog traces in A-F: 3 mV/5 ms.)
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significant until 220 min (Fig. 6E, red circles; n = 6; at +220 min,
normalized fEPSP = 89.98 + 3.34%; +220 min vs. —15 min,
Wilcox test, P = 0.03). Thirty minutes after the start of WLFS,
pSTDP was induced in an independent pathway S2 by repeated
pairing of simultaneous alveus SO and presynaptic pathway
S2 stimulations. This resulted in a statistically significant po-
tentiation in S2 that lasted until the end of the recording (Fig.
6F, blue circles; at +240 min, normalized fEPSP = 128.8 +
2.29%; +240 min vs. —15 min, Wilcox test, P = 0.03). In contrast,
persistent LTD was observed when WLFS preceded late-LTP
induction by 30 min (Fig. 6F). A stable homosynaptic de-
pression was observed for 4 h after WLFS induction in synaptic
input S1 (Fig. 6F, red circles; n = 6; at +240 min, normalized
fEPSP = 72.51 + 1.69%; +240 min vs. —15 min, Wilcox test, P =
0.02). STET was delivered to synaptic pathway S2 30 min after
WLES onset, and this led to a persistent LTP in S2 throughout
the recording (Fig. 6F, blue circles; at +240 min, normalized
fEPSP = 143.5 + 9.09%; +240 min vs. —15 min, Wilcox test,
P =0.02).

Discussion

Our study demonstrates that STDP can be induced in a pop-
ulation of SC-CA1 synapses in acute rat hippocampal slices by
repeated pairing of presynaptic stimulation and antidromically
induced population spike. A small number of repeats (20 pairs of
costimulations) at a low frequency (1 Hz) was sufficient to elicit
persistent changes in synaptic efficacy that lasted for as long as
4 h. Such a long duration of recording had not been reported in
previous studies of STDP, which employed whole-cell voltage
clamping or optical imaging experiments that typically lasted for
less than 90 min (13, 15, 18-20). Importantly, our prolonged
recordings revealed that, in addition to the initial change in
magnitude of synaptic strength, the long-term persistence and
maintenance of synaptic change also vary as a function of the
timing interval between pre- and postsynaptic activities.

By pairing the s.r. and the alveus stimulations, we timed the
presynaptic glutamate release with an independent postsynaptic
depolarization event at various intervals. As aforementioned,
this simulates possible depolarization of CAl neurons due to
ongoing neuronal network activity. Although the extracellular
stimulation of the various pathways admittedly allows less precise
control over the spike timing of the CA1 pyramidal neurons, we
were still able to observe a strong dependency of the strength
and persistence of pathway-specific synaptic modification on the
temporal sequence and timing of pre- and postsynaptic activities.
Furthermore, we conducted these experiments without addi-
tional interference of the neuronal network due to inhibition of
GABAergic or glial systems, as it was necessary in the previously
mentioned whole-cell voltage-clamp studies. Even in the pres-
ence of intact inhibitory circuits (22, 23) or glial cells that were
most likely activated by the antidromic stimulation (24) in the
CA1 region, the pSTDP timing dependency remained similar to
that in whole-cell voltage-clamp studies. In general, inhibitory
circuits and glial cells that dynamically respond to CAl pyra-
midal neuron activity might present a third factor that influences
pSTDP (19, 23, 25). Nevertheless, this presumably resembles a
physiological situation in which multiple CA1 principle neurons
would be active concurrently and their concomitant activity
could influence feedforward and feedback microcircuits in the
CALl region (26). Our results present how excitatory and in-
hibitory connections integrate within the hippocampal CAl
network and regulate synaptic plasticity at SC-CA1 synapses in a
timing-dependent manner.

Furthermore, we observed that pSTDP was dependent upon
mRNA translation. This observation implies that even a small
number of near-coincidental pre- and postsynaptic activities is
sufficient to trigger the synthesis of PRPs. This stands in contrast
to the convention that repeated tetanic trains are necessary for
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protein synthesis-dependent LTP (27). In addition, these newly
synthesized PRPs could presumably be available at nearby syn-
apses that received insufficient synaptic activity to express lasting
synaptic potentiation by themselves but were still able to express
a synaptic “tag.” Thus, by capturing and utilizing the PRPs syn-
thesized in response to pSTDP induction, a transient weak LTP
was transformed into a lasting one. These results suggest that the
basic mechanisms of STC are shared between potentiation in-
duced by pairing protocols and conventional tetanization-
induced LTP. Furthermore, the result that a “strong” pSTDP
could reinforce a “weak” pSTDP into a long-lasting potentiation
suggests that pairing at 40 ms led to the setting of synaptic tags
without inducing PRPs synthesis by itself. In view of this, the shift
in pSTDP curve over time (depicted in Fig. 4) could be inter-
preted as an indicator of the efficacy of particular activity pat-
terns in setting synaptic tags and inducing PRPs synthesis:
Pairing pre- and postsynaptic stimulations at a relative timing
interval of —10 ms < At < 30 ms led to both tag setting and PRP
synthesis, while pairing at At > 30 ms only led to the setting of
transient synaptic tags.

On the contrary, pSTDP induced in one synaptic pathway could
not support the maintenance of pathway-specific LTD induced by
a low-frequency stimulation protocol on a separate pathway. In-
terestingly, this suggests that the set of PRPs induced by our
pairing protocol is process-specific as it only reinforced LTP but
not LTD. This is strikingly different from the cross-tagging phe-
nomenon observed with tetanization-induced LTP, in which high-
frequency stimulation triggers the synthesis of PRPs that could
support both LTP and LTD (3, 10). A transformation of synaptic
transmission by spike-timing-dependent mechanisms could further
enhance input-specific information processing, probably through
more localized and process-specific protein synthesis. Neverthe-
less, it has been demonstrated that BDNF is required for the
transformation of early LTD into late LTD in cross-tagging (11).
However, our results suggest that pSTDP does not require BDNF
release (discussed below with further elaboration). The lack of
BDNF contribution in pSTDP could underlie the absence of
cross-tagging between pSTDP and LFS-LTD.

We have shown that pSTDP required functional CaMKII,
NMDA receptors, and de novo protein synthesis and that pSTDP
engaged in STC. These results indirectly suggest postsynaptic
mechanisms of expression of pSTDP. Pre- and postsynaptic ac-
tivity pairs elicit calcium transients through NMDA receptors and
other calcium channels in the postsynaptic neuron. Varying
calcium dynamics, determined by the order and temporal dif-
ference between presynaptic and postsynaptic stimulations (19),
activates downstream signaling cascades, for example the CaMKII-
dependent pathway, to different degrees, thus resulting not only in
differences in initial synaptic modification but also differences in
the endurance of the evoked synaptic state.

Interestingly, when postsynaptic stimulation preceded pre-
synaptic stimulation by 20 ms, a slight potentiation was observed
immediately; yet, the potentiation was not sustained and grad-
ually transformed into a stable depression around 3 h after
pSTDP induction. A possible interpretation is that this pattern of
activity concomitantly triggered local synaptic state changes for
potentiation and set covert tags for depression. The tags for
depression were masked by the immediate changes that tran-
siently increased synaptic transmission. However, it appears that
only the tags for depression captured newly synthesized PRPs,
while the synaptic changes that support potentiation gradually
waned; hence, a lasting weakening of the synapses was rein-
forced. Wang et al. (28) showed that specific spike patterns can
concurrently activate potentiation and depression processes,
which integrate nonlinearly in a timing-dependent fashion. Fur-
thermore, as mentioned above, conventional LTP and LTD rely
on tags of different kinase signaling cascades (29), even though
some PRPs are shared between LTP and LTD (3). Therefore, it
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seems plausible that cellular mechanisms for potentiation and
depression were activated concurrently, yet to various degrees,
by specific pSTDP induction patterns. These processes in-
tegrated, modified the activated synapses on different time
scales, and manifested in synaptic states that morphed gradually.
However, the exact molecular mechanisms involved remain to
be investigated.

In the study of the possible involvement of BDNF in pSTDP,
the hippocampal slices were perfused with TrkB-Fc 30 min be-
fore and 30 min after the pSTDP induction. This treatment
presumably depletes constitutively released extracellular BDNF
and those, if any, newly secreted in response to activity induction.
pSTDP expression was not eliminated by TrkB-Fc application,
suggesting that BDNF does not play a key role in pSTDP in our
preparation. These results stand in contrast to some earlier
studies (30, 31) but are in broad agreement with other reports on
the involvement of this neurotrophin in STDP. Edelmann et al.
(32) reported that blocking BDNF/TrkB signaling had no effect
on STDP induced by canonical 1:1 pairing but impaired STDP
induced by 1:4 pairing of presynaptic and postsynaptic stimula-
tions. Also, a pairing-induced release of BDNF from cultured
hippocampal neurons was dependent on the number of pairs of
glutamate-spike stimulation (33): A minimum of 40 to 80 pairs of
stimuli was required to induce spike-timing-dependent secretion
of BDNF, while 20 pairs did not lead to a detectable release of
BDNF from dendritic spines. Our results corroborate these
earlier findings that BDNF requirement and release in STDP are
dependent on the activity pattern—specifically, BDNF is un-
necessary for STDP induced by a low number of paired, single
pre- and postsynaptic activities.

On a similar note, we also observed dependence of pSTDP
expression on the number of pre- and postsynaptic stimuli pairs,
although only one timing interval was tested. However, how the
number of pairings influences the full pSTDP curve and its
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physiological implications on CAl network functions remain a
topic for future studies.

In summary, near-synchronous pre- and postsynaptic activity
was sufficient to trigger long-lasting changes in synaptic efficacy
in a group of CA3-CA1 synapses. Specifically, we showed that
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function of the order and timing between pre- and postsynaptic
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the synthesis of PRPs that also strengthen weak LTP and weak
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CA3 and CAl neurons is able to drastically increase the po-
tential of modulation of synaptic transmission. Significantly, we
demonstrated that STDP lasts for many hours. Corroborating
previous publications, this highlights the importance of STDP-
related mechanisms in achieving synaptic plasticity under
physiological conditions.

Materials and Methods
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for electrophysiological experiments. All experimental procedures were
approved by the Institutional Animal Care and Use Committee of the Na-
tional University of Singapore. Further details about slice preparation, field
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and statistical analysis are provided in SI Appendix.
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