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Abstract Synaptic strength is modified by the temporal
coincidence of synaptic inputs without back-propagating
action potentials (BPAPs) in CAl pyramidal neurons. In
order to clarify the interactive mechanisms of associative
long-term potentiation (LTP) without BPAPs, local paired
stimuli were applied to the dendrites using high-speed laser
uncaging stimulation equipment. When the spatial distance
between the paired stimuli was <10 micrometer, nonlinear
amplification in excitatory postsynaptic potential summa-
tion was observed. In the time window from —20 to 20 ms,
supralinear amplification was observed. Supralinear
amplification was modulated by antagonist of voltage-
gated Na™/Ca®" channels and NMDA-type glutamate
receptors. These results are closely related to the spatio-
temporal-characteristics of associative LTP without
BPAPs. This study proposes an essential aspect of dendritic
information processing.
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Introduction

Hebb (1949) proposed the idea that synaptic strength is
enhanced when pre- and post-synaptic neurons are acti-
vated simultaneously (Hebb’s rule). One piece of experi-
mental evidence for Hebb’s rule is spike timing-dependent
plasticity (STDP), in which the order and relative timing of
pre- and post-synaptic spiking determines the direction of
plasticity (Bi and Poo 1998; Nishiyama et al. 2000;
Tsukada et al. 2005; Dan and Poo 2006). Positive timing is
when the excitatory postsynaptic potential (EPSP) precedes
the postsynaptic action potential (AP) while negative tim-
ing is when the EPSP follows the AP. For hippocampal
neurons in dissociated culture, positive timing induces
long-term potentiation (LTP), whereas negative timing
induces long-term depression (LTD). These results show
the temporal asymmetry of plasticity caused by a differ-
ence in the input—output order of activation (Bi and Poo
1998). Tsukada et al. (2005) reported symmetric plasticity
of STDP in a hippocampal CAl slice preparation, caused
by an inhibitory network controlled by GABAergic
interneurons.

LTP induction by input—input association without back
propagating action potentials (BPAPs) has been observed
as a non-Hebb learning rule in hippocampal CA1 pyrami-
dal neurons (Tsukada et al. 2007). This type of LTP was
named “heterosynaptic associative LTP”. Huang et al.
(2004) reported that temporal coincident input of paired
stimuli (strong and weak input) induces LTP in both strong
and weak pathways (heterosynaptic associative LTP).
Heterosynaptic associative LTP was also observed when
BPAPs were blocked by low-level TTX application
(Tsukada et al. 2007). These results show that a BPAP is
not necessary for heterosynaptic associative LTP induction.
This data is an important motivator for Tsukada’s
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spatiotemporal learning rule (STLR) (Tsukada et al. 1996,
2007). In heterosynaptic associative LTP, the temporal
coincidence of a strong input (which can induce LTP
alone) and a weak input (which cannot induce LTP alone)
can induce LTP in the weak input pathway (Huang et al.
2004; Tsukada et al. 2007). Heterosynaptic associative
LTP has the characteristic feature of an interaction of
strong and weak inputs. However, few studies of the
association of the interactions of two inputs at the intra-
cellular recording level have been done.

Recently, two papers concerning the basic mechanism
of associative LTP have been published. Cash and Yuste
(1999) reported that the associative property of EPSP
summation, when the distance between two input sites (Ad)
was more than 50 pum, was linear or sub-linear on den-
drites. Gasparini and Magee (2006) reported supralinear
amplification of EPSP summation on dendrites when 7
inputs with similar peak amplitudes were applied to den-
drites within an area of 25 pm during a 3-ms interval.
However, Cash and Yuste (1999) did not show the asso-
ciation property near the soma (<50 um) or for
Ad < 50 pm, and Gasparini and Magee (2006) did not
examine the detailed spatiotemporal properties of the su-
pralinear association.

In this study, the interaction mechanism of EPSP for two
independent inputs was investigated in order to clarify
basic mechanism for associative LTP without BPAPs.
Local stimulation was applied to the dendrite using high-
speed uncaging equipment and the sub-threshold post-
synaptic membrane potential without AP induction was
recorded by the whole cell patch-clamp method. Detailed
spatiotemporal properties were examined: the distance
between the two inputs was varied from 5 to 40 pm and the
input timing difference was varied from —20 to 40 ms.

Materials and methods

All experiments were approved by the Tamagawa Uni-
versity Animal Care and Use Committee.

Animals and brain slices

Hippocampal slices were prepared from Wister rats (P14-
21) as described previously (Tsukada et al. 2005). Rats
were anesthetized, the brain was quickly removed from the
skull, and placed into cold artificial cerebrospinal fluid
(ACSF) containing 142 mM NaCl, 2 mM MgSO,, 5 mM
KCl, 2.6 mM NaH,PO,, 2 mM CaCl,, 26 mM NaHCOs3,
and 10 mM glucose bubbled with 95% O, and 5% CO,.
The brain was sliced at an angle of 30°-45° along the long
axis of the hippocampus, with a thickness of 300 pum.
Slices were kept in ACSF at room temperature for at least

@ Springer

60 min before recording. During recording, in order to
block the GABA, receptor mediated current, 25 uM of
picrotoxin (Sigma) was added to the ACSF.

Stimulation with high-speed uncaging equipment

Stimulation was applied using a laser confocal microscope
with high-speed UV-laser uncaging equipment (Kojima
et al. 2006) custom-built by Carl-Zeiss (Germany). The
radius of the laser irradiation spot was <1 um. To visualize
the arborization of dendrites, Oregon Green BAPTA-1
(OGB-1, Molecular Probes) was added to the pipette
solution and absorbed into the cell for 10 min. Dendrites
were visualized using an argon laser (488 nm) with a
confocal laser scan microscope. MNI-caged glutamate
(final concentration: 125 pM, Tocris) was added to the
ACSF before the laser uncaging stimulation. The UV laser
irradiated the dendrite in the stratum radiatum near the
soma (Fig. 1a). The duration of laser irradiation was 1 ms,
and laser power was adjusted so that the peak amplitude of
unitary EPSP was 1-1.3 mV. With this unitary EPSP
amplitude, none of the stimulus patterns induced APs. In
the hippocampal CA1 area, stimulation to a single synapse
induces an EPSP with a 0.2 mV peak, which was not
dependent on dendritic site (Magee and Cook 2000).
Therefore, the unitary EPSP (1-1.3 mV) in this study is
believed to involve responses from 5 to 7 synapses.

Experiment 1

In order to clarify the spatial properties of EPSP summa-
tion on dendrites, paired stimuli were applied to 2 sites (5,
10, 15, 20, 40, 45, 50, 55, and 60 um away from soma) on a
dendrite. Two types of stimulation pattern were defined
(Fig. 1c¢), corresponding to the types of stimulation used in
studies of heterosynaptic associative LTP (Huang et al.
2004; Tsukada et al. 2007). Strong and weak stimulations
involve 3 pulses (at 10-ms intervals) and 1 pulse, which
induce three and one unitary EPSPs, respectively
(Fig. 1c(1)).

Three types of electrical stimulation sets were used in
this study (Fig. 1b). Two stimulation sets consist of a
strong and a weak input: in Type 1 the strong input is
applied to the proximal site and the weak input to the distal
site (Fig. 1b left); in Type 2 the strong input is applied to
the distal site and the weak input to the proximal site
(Fig. 1b middle). The other type (Type 3) consists of weak
inputs applied to both sites (Fig. Ib right). Individual
strong or weak stimulation was applied for linear summa-
tion, as a control (Fig. 1c(2)). To reduce the sequential
effects of stimulation, the order of the stimulation sequence
was chosen randomly for each neuron.
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Fig. 1 Experimental protocols. a Image of hippocampal CA1 neuron
visualized with Ca®" sensitive dye (OGB-1). Arrow heads indicate
stimulations sites and the numbers below the arrow heads indicate the
distance from the soma (um). b Three types of electrical stimulation
set. Two stimulation sets consist of a pair of strong (three pulses at
10-ms intervals) and weak (one pulse) stimulation: in Type 1 there is
strong input to the proximal site and weak input to the distal site; in

Experiment 2

To clarify the spatial area dependency of stimulation sites,
paired stimuli were applied to the proximal area (5-30 pm
from the soma, Fig. 4a top) or the distal area (30-60 pm
from the soma, Fig. 4a bottom). Stimuli pairs of Type 1, 2,
and 3 were used, and the distance between two stimulation
sites (Ad) was 5, 10, or 15 um.

Experiment 3

To clarify the molecular mechanism of supralinear ampli-
fication, a pharmacological experiment was conducted. An
antagonist was added to the ACSF: AP-5 (100 pM, Sigma)
for the NMDA-type glutamate receptor; TTX (0.5 uM,
Wako Chemicals, Japan) for the voltage-gated Na* chan-
nel; or NiCl, (50 pM, Kanto Chemicals, Japan) for volt-
age-gated Ca®" channel. Paired stimuli in Type 3 were
applied to the proximal area (5-30 pm from the soma) at
Ad = 5 or 10 pm.

Experiment 4

To clarify the temporal dependence on input timing, paired
stimuli were applied at temporally inconsistent timings (5
and 15 pm from the soma, Ad = 10 pm, Fig. 5a). The
onset of strong stimulation was fixed, and the timing of
weak stimulation was shifted by —20, —10, 0, +10, 420,
430, and +40 ms (Fig. 6b). Types 1 and 2 paired stimuli
were used.

100 ms

N

Type 2 there is strong input to the distal site and weak input to the
proximal site; Type 3 consists of weak inputs to both sites.
¢ Comparison between the traces from paired stimuli and sum of
the traces of the two individual stimulations. Each trace indicates (1)
responses by strong and weak stimulation individually, (2) sum of the
two traces shown in (/), (3) Response by paired stimuli, and (4)
overlay of traces shown in (2) and (3)

Recording

Patch-clamp recordings were made from CAl pyramidal
neurons. The recording electrode was a micro glass pipette
made using a puller. The resistance of the electrode was
5-8 MQ. The patch solution contained 120 mM KMeSOy,
20 mM KCl, 10 mM HEPES, 10 mM EGTA, 4 mM
Mg,ATP, 0.3 mM TrisGTP, 14 mM Tris,phosphocreatine,
and 4 mM NaCl (pH 7.25 with KOH). To visualize the
dendrites, OGB-1 was added to the patch solutions (final
concentration was 100 uM). Neural responses were recor-
ded using the whole-cell patch clamp method (current-
clamp mode). A patch clamp amplifier (EPC-7plus, Heka)
was used for recording. Neurons whose starting membrane
potential was <—50 mV were used for experiment. The
membrane potential was adjusted to be —70 £+ 1.5 mV by
current injection. The neural response was high-cut filtered
at 5 kHz and stored at 48 kHz using personal computer
software (Clampex 9.2, Molecular Devices).

Analysis

In one neuron, three responses to the paired stimuli were
averaged and used as representative data. The resting
membrane potential from 800 to 300 ms before the stim-
ulation was averaged and defined as 0 mV. The waveforms
of EPSPs induced by individual strong or weak inputs
(Fig. 1c(1)) were summed (Fig. 1c(2)) by adjusting the
onset timing of stimulation. As shown in Fig. 1c(4), the
linear EPSP sum (Fig. 1c(2)) was compared to the EPSP
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Fig. 2 Nonlinear amplification by three stimulation sets. a Schematic
diagram of stimulation sites. The distance between two stimulation
sites is defined as Ad. b Examples of responses to the three
stimulation sets at Ad =5 um. Black and gray lines indicate
responses to paired stimuli and the sum of the responses to the two

induced by paired stimuli (Fig. 1c¢(3)). The decay time
constant (7) was the time for the membrane potential to fall
from its peak to 1/e of the peak potential in the subtracted
trace (Fig. 2c). The statistical analysis used ANOVA and
P < 0.05 was used as the significance level.

Results

Responses by paired stimuli and sums of individual
stimulation

Figure 2 shows examples of EPSPs from 3 types of paired
stimuli and the sums of EPSPs from individual inputs. The
distance between the two stimulation sites on the dendrite
(Ad) was 5 um (Fig. 2a). Effect of supralinear amplifica-
tion by paired stimuli was measured as an “amplification
ratio” («), which was defined as the ratio of the peak
amplitude of the response to paired stimuli divided by the
peak amplitude of the linear sum of responses to individual
stimulation (Fig. 2b). In Fig. 2c the subtracted traces show
the supralinear amplification produced by paired stimuli.

Spatial pattern dependency

Figure 3 shows the distance dependency of supralinear
amplification by paired stimuli (Experiment 1, n = 36).
For any type of paired stimuli, significant amplification was
observed (z > 1) at Ad = 5, and 10 pm. At Ad = 15, and
20 pm, significant amplification was not observed (o ~ 1).
At Ad = 40 pm, significant amplification was not observed
for Type 2 and 3 pairs of stimuli, but a sub-linear sum-
mation effect (« < 1) was observed for Type 1 pairs. At
Ad = 40 pm, the summation effect was only linear
(¢ = 1) or significantly decreased (x < 1), which agrees
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individual inputs, respectively. The peak of amplitude of the response
to paired stimuli and sum of two responses are defined as (A) and
(B) in the figure, respectively. The amplification rate (o) was defined
as oo = B/A. ¢ The difference between the response to paired stimuli
and the sum of individual responses
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Fig. 3 Distance dependency of amplification by paired stimuli. The
Y-axis indicates the amplification («), the X-axis indicates the
distance between the two stimulation sites (Ad). The symbols in the
graph indicate the type of stimulation: Type 1 (filled diamond); Type
2 (filled square); and Type 3 (filled triangle). Error bars indicate the
standard error of the mean and asterisks indicate the level of
significance: * P < 0.05 and ** P < 0.01

with the results of a previous study (Cash and Yuste 1999).
Our results show that supralinear amplification is observed
when Ad is <10 pum, but is not observed when Ad is more
than 15 pm.

The dependency of supralinear amplification on paired
stimuli type (Types 1, 2, and 3) was examined. At Ad = 5
pm significant differences of amplification ratio were
observed (mean & SE): Type 3 (139 & 4%) > Type 2
(118 £ 2%) > Type 1 (111 & 2%). These results show
that the amplification ratio was dependent on the stimulus
pattern (combination of proximal or distal, and strong or
weak input) when Ad is short. Considering the fact that
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Fig. 4 Dependency of amplification of the area of stimulation sites.
a The dendritic area 5-30 pum away from the soma was defined as the
proximal area, and the area 30-60 um away was defined as the distal
area. Paired stimuli were applied in both areas. b The graphs of area
dependency for (I) Ad=5um, (2) Ad =10 pum, and (3)
Ad = 20 pm. The Y-axis indicates the amplification ratio (o), and

Type 3 (weak—weak) paired stimuli show the strongest
supralinear amplification, it appears that the interaction
between the weak input and the first of the three pulses in
the strong input at coincident timing was the strongest due
to temporal coincidence. In contrast, the interaction
between the weak input and the second or third pulses in
the strong input at inconsistent timings was relatively
small.

Next, in order to clarify area dependency of stimulation
sites, paired stimuli (Ad = 5, 10, 20 um) were applied to
the proximal (5-30 pm from the soma) or distal (30-60 pum
from the soma) areas on the dendrite (Experiment 2,
n =15 in proximal area, n = 12 in distal area, see
Fig. 4a). Figure 4b shows that, at Ad = 5 pum, the ampli-
fication ratios for Type 2 and 3 pairs in the proximal area
were significantly larger than those in the distal area and
that the supralinear amplification effect in the proximal
area was larger than that in the distal area when Ad was
short but the effects were similar when Ad was sufficiently
large.

Molecular mechanisms for supralinear amplification

Pharmacological effects on the amplification ratio were
examined by adding channel blockers to the ACSF
(Experiment 3, Fig. 5). A normalized amplification ratio
(Aa) was defined relative to the amplification ratio with
normal ACSF which was defined as 100%. At Ad = 5 and
10 um, Ao was significantly reduced when Ni** or TTX
was added to the ACSF (Fig. 5b, ¢). When AP-5 was added
to the ACSF, no significant difference was observed.

the X-axis indicates the stimulation area. The symbols in the graph
indicate the type of stimulation: Type 1 (filled diamond), Type 2
(filled square), and Type 3 (filled triangle). The errors bar indicate
standard errors of the mean and asterisks indicate the level of
significance: ** P < 0.01

Furthermore, the decay time constant (t) was measured
from the subtracted trace (Fig. 2c) corresponding to a
specific increment in supralinear amplification. The decay
time constant was measured at Ad = 5 and 10 pm, when
significant supralinear amplification was observed. The
decay time constant in normal ACSF was defined as 100%
(leading to a normalized time constant ratio, At). To clarify
the effect of channel blockers, time constant ratios at
Ad = 5 and 10 pm were measured. The value of At was
significantly reduced when AP-5 was added to the ACSF
(Fig. 5d), but no significant difference was observed for
any other condition. The decay time constant at
Ad =5 um was 7 = 69.7 £+ 2.9 ms (mean + SE) in nor-
mal ACSF, 7=66249.1ms with TTX (n=06),
1=605+40ms with Ni*" @=35), and
T=46.6 =58 ms in ACSF with AP-5 (P < 0.05)
(n =7). There were no significant differences at
Ad = 10 um.

Temporal dependency of input timing

The dependence of EPSP interaction on the temporal
relation of paired stimuli was examined (Experiment 4).
The onset of the strong input was fixed, and onset timing of
the weak input was shifted (At) relative to that by —20 to
440 ms in 10 ms steps (see Fig. 6a,b). Figure 6¢ shows an
example of the results for Type 1 pairs. Supralinear
amplification was observed at At = —20, —10, 0, +10, and
420 ms. Figure 6d shows a summary of the results for
Type 1 and Type 2 pairs (n = 7). Supralinear amplification
was observed for timings from At = —20 to 420 ms for
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Fig. 5 Effects of channel blockers, AP-5, TTX, and Ni2™. a A
schematic drawing of the experiment. Type 3 paired stimuli were
applied to the proximal area at Ad = 5 or 10 pm. b The effects of
channel blocker application at Ad = 5 um. Black and gray lines
indicate the traces for paired stimuli (Type 3) and the linear
summation of individual inputs. ¢ The graphs summarize the effects

Type 1 pairs (Fig. 6d, left), and for timings from At = —10
to +20 ms for Type 2 pairs (Fig. 6d, right). These results
suggest supralinear amplification have a well-defined time
window from —10 to +20 ms (30 ms width).

In addition, a type dependency was observed at At =
—20 ms: supralinear amplification was observed in Type 1
but not in Type 2 (Fig. 6d). This suggests that the timing
dependency of supralinear association was affected by the
sites of the strong and weak input pair. When the onset of
the weak input was earlier than that of the strong input
(At = =20 and —10 ms), supralinear amplification was
observed. On the other hand, when the onset of the strong
input was earlier than that of the weak input (At = 430
and 440 ms), supralinear amplification was not observed.
This suggests that the timing dependence of the supralinear
amplification shows an asymmetry with respect to the order
of the weak and strong inputs in paired stimuli.

Figure 6e shows the statistical differences between the
responses to paired inputs with various timings and the sum
of the responses to individual strong and weak inputs at
At=0ms. In Type 1 and Type 2 pairs, significant
amplification by paired stimuli was observed for At = 0,
+10, and 420 ms (Fig. 6e). In Type 2 pairs, a significant
reduction was observed at At = —20 and +40 ms. The
timing dependency for Type 2 pairs, therefore, has a
sharper, “Mexican hat”-like, time window than for Type 1
pairs.

Next, the latency to the peak amplitude of the EPSP,
whose starting time was adjusted to match the onset of the
strong input, was measured for paired stimuli (Fig. 6f). No
statistically significant effect was observed for any type of
paired stimuli from At = —20 to +20 ms, but a significant
delay was observed for At = 430 and +40 ms.
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of channel blocker application at Ad =5 and 10 pm. The Y-axis
indicates the supralinear amplification ratio (Ao, see text). d The time
constant ratio (At, see text) at Ad = 5 and 10 pm. Error bars indicate
the standard error of the mean and asterisks indicate the level of
significance: * P < 0.05 and ** P < 0.01

Discussion
Spatial properties of EPSP summation on a dendrite

Cash and Yuste (1999) revealed that the EPSP summation
rule was linear or sub-linear depending on the input sites of
the dendrite by using a puff of glutamate. However, the
application area of glutamate was not restricted because
they used the puff technique. In addition, they did not
examine the detailed spatial properties of EPSP summa-
tion, when the distance between two stimulation sites was
50 pum or less. In Gasparini and Magee (2006), 7 input
pulses at 3-ms intervals within a 25 pm length on a den-
drite induced supralinear amplification of EPSP summation
by a local spike. However, they did not examine the
detailed spatial dependence on the distance between the
two input sites (Ad). In addition, they did not examine the
summation property of the dendrite near the soma
(<50 pm). In this paper, we have clarified the detailed
spatial properties of EPSP summation near the soma using
high-speed laser uncaging equipment (Experiment 1,
Fig. 3). Our results indicate that EPSP summation by
paired stimuli was significantly larger than a linear sum of
EPSPs from individual weak and strong inputs. This is the
supralinear amplification effect of EPSP summation on a
dendrite. Supralinear amplification was dependent on Ad,
and was observed when Ad is 10 um or less. When Ad was
15 pm or more, the EPSP sum was linear. This result is
consistent with the result of Cash and Yuste (1999), which
shows a linear summation on dendrites when Ad is more
than 50 pm. Our results give a quantitative-assessment of
the distance dependence of EPSP summation, which was
not shown by Gasparini and Magee (2006).
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Fig. 6 Dependence on input timing. a Schematic diagram of
stimulation sites. The distance (Ad) was fixed at 10 pm.
b Schematic drawing of the timing of the two inputs. The timing of
the strong input was fixed, and the timing of the weak input was
shifted relative to that by —20 to +40 ms in 10 ms steps. ¢ Examples
of responses to Type 1 stimulation at each input timing. Black and
gray lines indicate the response to paired stimuli and the sum of
responses to the two individual inputs, respectively. d The graph of
input timing dependency of amplification rate for Type 1 (leff) and
Type 2 (right) stimulation sets. The Y-axis indicates peak amplitude

Our results also showed a dependence on the type of
paired stimuli at Ad = 5 pm: that is, supralinear amplifi-
cation is affected by which of the strong and weak inputs is
proximal, even though total input strength of information is
similar.

In addition, we showed that there is an area dependency
on the dendrite (Experiment 2, Fig. 4). At Ad =5 pm,
supralinear amplification from inputs in the proximal area

(mV), and the X-axis indicates the timing of the weak input (At). The
responses to paired stimuli are shown as open squares, and the sum of
the responses to the two individual inputs are shown as open circles.
e The comparison between sum of the individual inputs at At = 0 and
the response to paired stimuli at each timing. f Input timing
dependency of latency to the peak of the response. Error bars
indicate standard errors of the mean and asterisks indicate the level of
significance: * P < 0.05 and ** P < 0.01. (For f the comparison is to
the latency at At = 0.)

was significantly larger than that from inputs in the distal
area. Because supralinear amplification showed a depen-
dence on the temporal relation of paired stimuli (Fig. 6),
there is a possibility that the proximal area on dendrites
encodes information of temporal coincidence. In STDP
protocols of LTP, the proximal area on dendrite shows a
sharper timing sensitivity than the distal area (Froemke
et al. 2005; Aihara et al. 2007). These results suggest that
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the proximal area on a dendrite encodes sharp timing
information (Hebb’s rule) or “input—output” (STLR)
information. The distal area on a dendrite has relatively
broad time window, and encodes relatively broad timing
information. This dependence on dendritic area may be
related to the induction of associative LTP.

Now, we discuss the relation of our work to heterosy-
naptic associative LTP (Tsukada et al. 1996, 2007; Huang
et al. 2004). In these experiments, paired stimuli were
applied using micro glass electrodes. A precise stimulation
area could be defined but the detailed spatial characteristics
of LTP induction on the dendrite could not be examined.
Huang et al. (2004) showed the induction protocol of
heterosynaptic LTP. However, they did not check firing of
APs, so they could not show the existence of associative
LTP without a BPAP. In our study, the spatial properties of
EPSP summation on a dendrite were examined quantita-
tively and the AP induction was confirmed by patch-clamp
recording. These results are useful basic data for the spatial
properties of heterosynaptic associative LTP induction
without BPAPs.

Timing dependence of EPSP summation

There are few previous studies related to timing depen-
dence (At) in heterosynaptic associative LTP without AP
induction. Tsukada et al. (2007) reported population-level
neural responses related to associative LTP from the hip-
pocampal CAl area by using voltage sensitive dye, and
showed a temporal dependence of associative LTP induc-
tion on paired input timing for At = —50 to +50 ms.
However, AP firing could not checked for technical rea-
sons, so the temporal dependence of heterosynaptic asso-
ciative LTP without AP induction was not clearly shown.
Our results in this paper suggest the existence of a precise
time window related to supralinear amplification and that
the time window is dependent on the association timing of
strong—-weak paired stimuli (At). The time window is from
At = —20 to +20 ms, and is similar to the time window in
heterosynaptic associative LTP induction (Tsukada et al.
2007). From these similarities, the supralinear amplifica-
tion of EPSP summation shown in this study is thought to
be closely related to the mechanism for the time window
for heterosynaptic associative LTP induction.

Furthermore, our results showed that the effect of su-
pralinear amplification was largest when weak input timing
overlapped with one of the three pulses in the strong input
(for At = 0 to +20 ms). Neither the amplitude nor the
latency of the EPSP peak showed any significant differ-
ences for At = 0 to 420 ms. These results suggest that the
effect of supralinear amplification is similar when the onset
of the weak input corresponds to the 1st, 2nd, or 3rd pulse
in the strong input.

@ Springer

When the weak input was applied after the third pulse in
the strong input (At = 430 and +40 ms), supralinear
amplification was not observed. In contrast, when the
strong input was applied after the weak input (At = —20
and —10 ms), supralinear amplification was observed.
These results suggest that supralinear amplification of
EPSP summation was dependent on the temporal order of
the strong and weak inputs. These results lead to the
hypothesis that the neural response of hippocampal CA1 is
dependent not only on the total strength of the input, but
also on temporal order information.

Temporal differences on the scale of 10 ms are critical
for both supralinear summation in this experiment and the
STDP protocol. In STDP protocols, LTP is induced when
the neuron receives an EPSP and APs were subsequently
induced. In this study, supralinear amplification was larger
when the neuron received a weak input followed by a
strong input. In terms of the time scale and the importance
of sequential information processing, the characteristics of
supralinear amplification in this study and STDP were
similarly asymmetric. In addition, a delay of latency to
peak amplitude was observed when the neuron received a
strong input followed by a weak input (At = +30 and
440 ms). In contrast, the delay was not observed when the
neuron received a weak input followed by a strong input
(At = —20 and —10 ms). From both the nonlinear char-
acteristics of the timing dependence of the supralinear
amplification and the delay of latency, these data suggest
that temporally coincident inputs induce specific channel
opening and that, consequently, a boosting of EPSP sum-
mation is observed.

Molecular mechanism of supralinear amplification

In order to clarify the molecular mechanism of supralinear
amplification, pharmacological experiments were carried
out in this study (Fig. 5). The normalized amplification
ratio at Ad =5 and 10 um was <80% with TTX, and
<90% with Ni*". These results suggest that the voltage-
gated Na™ and Ca®" channels are related to the supralinear
amplification of EPSP summation.

Na™ and Ca®" channels have channel opening kinetics
with a short time constant and could induce a local den-
dritic spike (Hille 2001). These channels were supposed to
be related to the sharp uptake of the EPSP in supralinear
amplification. Gasparini and Magee (2006) showed that
supralinear amplification produced by spatiotemporal syn-
chronous input was TTX sensitive. It is possible that the
supralinear amplification in our results and in Gasparini
and Magee (2006) have a partly common molecular
mechanism. In our results, addition of AP-5 did not pro-
duce any significant effect on the normalized amplification
ratio. NMDA receptors sometimes induce dendritic local
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spikes in hippocampal CA1 pyramidal neurons (Gasparini
et al. 2004; Remy et al. 2009). But it seems that the NMDA
receptor is not related to the peak amplitude in supralinear
amplification.

The decay time constant (7) in supralinear amplification
uptake was T = 69.7 £ 2.9 ms. No significant differences
in the decay time constant at Ad = 5 pm were observed
with TTX or Ni2+, but a significant decrease was observed
(t = 46.6 £ 5.8 ms) with AP-5. The decay time constant
of the NMDA-type glutamate receptor is 50-300 ms (He-
strin et al. 1990; Lester et al. 1990), and supralinear
amplification was large at Ad = 5 um. These results sug-
gest that NMDA channels extend the response of EPSP
uptake in supralinear amplification.

Relationship to learning rule

In a Hebb type learning rule, learning is established by the
coincident timing of input and output (Hebb 1949). Phys-
iologically, the input and output of neurons correspond to
EPSP and BPAP, respectively (Magee and Johnston 1997;
Markram et al. 1997). STDP is learning based on Hebb
type learning rules (Bi and Poo 1998, 2001), and extensive
research into the interaction mechanism between BPAP
and EPSP has been carried out. In a Hebb type learning
rule, BPAP is modulated by voltage-gated Na® and K*
channels (Hoffman et al. 1997; Stuart and Hausser 2001;
Watanabe et al. 2002), and is boosted by local EPSP on
dendrites (Gasparini et al. 2007). The other type of learning
rule is a non-Hebb type learning rule, which is based on
association among several pre- and hetero-synaptic inputs
and not dependent on BPAPs, is known to be one of the
LTP induction rules (Tsukada et al. 1996; Golding et al.
2002; Tsukada and Pan 2005; Tsukada et al. 2007).
However, the basic mechanism for non-Hebb type LTP
induction was not clear. Our results in this study show the
spatiotemporal properties of supralinear amplification in
EPSP summation on dendrites. The specific characteristics
of supralinear amplification are as follows. (1) Supralinear
amplification is induced by two spatially close inputs
(within 10 pm) and (2) supralinear amplification exhibits a
temporally sharp time window (<30 ms). The rapid depo-
larization of the membrane potential by the opening of
voltage-gated cation channels induced by the opening of
NMDA channels, increments the Ca** influx to the post-
synapse, enhances the phosphorylation process, and indu-
ces synaptic LTP. For these reasons, our results are useful
basic data about the induction mechanism of heterosy-
naptic associative LTP by synaptic input without BPAPs.
In the hippocampal network, networks based on both Hebb
and non-Hebb learning rules cooperate closely, and they
process the spatiotemporal information related to learning
and memory.
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