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Interaction of Inhibition and Triplets of Excitatory Spikes Modulates
the NMDA-R-Mediated Synaptic Plasticity in a Computational Model
of Spike Timing-Dependent Plasticity
Vassilis Cutsuridis*
ABSTRACT:
Spike timing-dependent plasticity (STDP) experiments have
shown that a synapse is strengthened when a presynaptic spike precedes a
postsynaptic one and depressed vice versa. The canonical form of STDP
has been shown to have an asymmetric shape with the peak long-term
potentiation at 16 ms and the peak long-term depression at 25 ms. Experiments in hippocampal cultures with more complex stimuli such as triplets
(one presynaptic spike combined with two postsynaptic spikes or one postsynaptic spike with two presynaptic spikes) have shown that pre–post–pre
spike triplets result in no change in synaptic strength, whereas post–pre–
post spike triplets lead to significant potentiation. The sign and magnitude
of STDP have also been experimentally hypothesized to be modulated by
inhibition. Recently, a computational study showed that the asymmetrical
form of STDP in the CA1 pyramidal cell dendrite when two spikes interact
switches to a symmetrical one in the presence of inhibition under certain
conditions. In the present study, I investigate computationally how inhibition modulates STDP in the CA1 pyramidal neuron dendrite when it is
driven by triplets. The model uses calcium as the postsynaptic signaling
agent for STDP and is shown to be consistent with the experimental triplet
observations in the absence of inhibition: simulated pre–post–pre spike
triplets result in no change in synaptic strength, whereas simulated post–
pre–post spike triplets lead to significant potentiation. When inhibition is
bounded by the onset and offset of the triplet stimulation, then the strength
of the synapse is decreased as the strength of inhibition increases. When inhibition arrives either few milliseconds before or at the onset of the last
spike in the pre–post–pre triplet stimulation, then the synapse is potentiated. Variability in the frequency of inhibition (50 vs. 100 Hz) produces no
change in synaptic strength. Finally, a 5% variation in model’s calcium parameters (calcium thresholds) proves that the model’s performance is robust. V 2012 Wiley Periodicals, Inc.
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INTRODUCTION
In 1949, Hebb stated that coincident firing of inputs onto a neuron
or coincident firing of presynaptic and postsynaptic neurons strengthens
synaptic connections. The cellular correlates of this associative learning
law were later found to be the long-term potentiation (LTP; Bliss and
Lomo, 1970) and long-term depression (LTD; Stent, 1973). LTP is generally induced by short, high-frequency stimulation (HFS), whereas
LTD is generally induced by prolonged low-frequency stimulation (DunDivision of Engineering, King’s College London, United Kingdom
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widdie and Lynch, 1978). Typical frequencies used to
induce HFS–LTP are in the range of 10–250 Hz and
contain 20–100 stimuli with trains of stimuli presented multiple times (Dunwiddie and Lynch, 1978).
For LTD induction, frequencies range from 1 to 3
Hz, and the number of stimuli is 100–900 (Dunwiddie and Lynch, 1978; Dudek and Bear, 1993).
Although effective, HFS does not resemble any
physiological patterns of activity. Patterned stimulation
resembling physiological activity is the theta burst
stimulation, which has been shown to be effective for
LTP induction (Larson et al., 1986). Theta burst stimulation consists of short bursts (4–5 stimuli at 100
Hz) repeated at 5 Hz, which lies within the hippocampal theta frequency range (4–12 Hz; Bland, 1986;
Buzsáki, 2002). Primed burst stimulation, another
form of patterned stimulation, involves delivery of a
priming stimulus followed by a single short burst
(Larson and Lynch, 1986; Rose and Dunwiddie,
1986). Primed burst LTP is induced in intervals ranging from 140 to 200 ms (Larson and Lynch, 1986,
1989). Intervals less than 140 ms or greater than 200
ms have been shown to be ineffective. Recently, burst
stimulation at frequencies ranging from 2 to 3.5 Hz
induced maximal LTP at Schaffer collateral CA1 synapses (Grover et al., 2009). Theta burst stimulation
has also been used in urethane-anesthetized animals
(Pavlides et al., 1988) and in awake-behaving animals
(Hyman et al., 2003).
It is currently accepted that the critical component for
the induction of long-term synaptic change is an increase
in intracellular Ca21 concentration in the postsynaptic
dendrite with the magnitude and duration of Ca21
increase determining the direction of plasticity (Bear
et al., 1987; Lisman, 1989; Hansel et al., 1996). It was
proposed that short, large magnitude increases in intracellular Ca21 concentration lead to synaptic potentiation, whereas prolonged, small magnitude increases lead
to synaptic depression (Cho et al., 2001; Ismailov et al.,
2004; Gall et al., 2005; Hansel et al., 1997).
The increase in intracellular Ca21 is due to a number of different sources including voltage-dependent
Ca21 channels, intracellular Ca21 stores, and through
NMDA receptors. An NMDA receptor opens and
allows Ca21 to flow in only when presynaptic glutamate release is coincident with postsynaptic depolarization causing the removal of voltage-dependent magne-
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sium block inside the NMDA channel pore (Mayer et al., 1984;
Nowak et al., 1984). Strong activation of the NMDA receptor
leading to a large Ca21 influx at the postsynaptic site induces
LTP, whereas weak NMDA receptor activation and moderate
Ca21 influx result in LTD (Bliss and Collingdridge, 1993).
Recently, it has been shown that the temporal precision of the
presynaptic and postsynaptic action potentials (APs) is critical. If
the presynaptic AP occurred before the postsynaptic AP, then
LTP is induced, but when the timings are reversed, LTD is
induced (Bell et al., 1997; Magee and Johnston, 1997; Markram
et al., 1997; Bi and Poo, 1998; Debanne et al., 1998; Nishiyama
et al., 2000). This phenomenon has been termed spike-timing
dependent plasticity (STDP) and has been demonstrated in a
number of brain areas and across species both in vivo and in
vitro (Bi and Poo, 1998; Debanne et al., 1998; Zhang et al.,
1998; Feldman, 2000; Sjostrom et al., 2001; Froemke and Dan,
2002; Tzounopoulos et al., 2004; Bender et al., 2006; Cassenaer
and Laurent, 2007). However, experiments with pairs of spikes
do not necessarily mean that the spike pairs are more important
than three spikes (triplets) and four spikes (quadruplets).
Recent experiments (Froemke and Dan, 2002; Wang et al.,
2005; Froemke et al., 2006) have investigated STDP triggered
by spike triplets (one presynaptic spike combined with two
postsynaptic spikes or one postsynaptic spike with two presynaptic spikes) and spike quadruplets (a pair of pre- and postsynaptic spikes followed by another pair of post- and presynaptic
spikes or a pair of post- and presynaptic spikes followed by
another pair of pre- and postsynaptic spikes). It was shown in
hippocampal cultures that pre–post–pre spike triplets result in
no change in synaptic strength, whereas post–pre–post spike
triplets lead to significant potentiation (Wang et al., 2005).
This result was shown to be partially consistent with the findings in visual cortical slices (Sjostrom et al., 2001).
Another set of experiments have shown that the STDP
observed asymmetry when two spikes pair can sometimes change
with the target and the location of the synapse (Tzounopoulos
et al., 2004; Froemke et al., 2005; Letzkus et al., 2006; Caporale
and Dan, 2009) and can be dynamically regulated by the activity
of adjacent synapses (Harvey and Svoboda, 2007; Caporale and
Dan, 2009), presynaptic GABA inhibition (Tsukada et al., 2005;
Aihara et al., 2007), or by the action of neuromodulators (Seol
et al., 2007; Caporale and Dan, 2009). Optical imaging studies
(Tsukada et al., 2005; Aihara et al., 2007) in the hippocampus
suggested that the asymmetry-to-symmetry transition of the
STDP profile in the CA1 pyramidal cell dendrites might be due
to inhibition, but they failed to specify the inhibitory conditions
under which such a transition is possible.
In the hippocampus, inhibition comes in various frequencies
(theta, gamma, and ripples) and different phases with the
ongoing network oscillations and inhibits distinct subcellular
domains of pyramidal cells (PCs; Gloveli et al., 2010; references therein). Axo-axonic (AACs) cells innervate exclusively the
axon initial segment of PCs, whereas basket cells (BCs) innervate the somata and proximal apical dendrites. OLM cells innervate the distal PC dendrites, whereas the bistratified (BSC),
trilaminar, and radiatum cells innervate the proximal and
Hippocampus

oblique PC dendrites. In CA1, during sharp wave ripple oscillations, BCs and BSCs strongly increase their discharge rates in
phase with the ripple episode (Klausberger and Somogyi,
2008). In contrast, AACs fire before the ripple episode, but
pause their activities during and after it. OLM cells pause their
firings during ripples. On the other hand, during theta oscillations, OLM cells, BSCs, and PCs increase their firing rates at
the troughs of the extracellular theta, whereas BCs and AACs
fire at the peaks of it. During gamma oscillations, the firing
rates of BCs, AACs, and BSCs correlate with the extracellular
gamma in different degrees, whereas OLM cells do not correlate with gamma oscillations.
Inhibitory interneurons entrain excitatory cells to fire at different frequencies. BCs have been shown to phase spontaneous
firing and subthreshold oscillations in CA1 pyramidal cells at
theta frequencies (Cobb et al., 1995), whereas OLM cells constitute an intrahippocampal mechanism for pacing nested
gamma–theta rhythms in CA1 and CA3 regions (White et al.,
2000). Networks of inhibitory interneurons have been shown
to entrain hippocampal pyramidal cells at 40 Hz (Whittington
et al., 1995). During gamma oscillations in vivo and in vitro,
the different classes of interneurons fire APs at different phases
with respect to the external oscillation and the firing of the
pyramidal cells (Gloveli et al., 2010).
Cutsuridis (2011) was the first to computationally show in a
quantitative way the inhibitory conditions under which this
asymmetry-to-symmetry transition is possible in the CA1 pyramidal cell stratum radiatum (SR) dendrites. The model predicted
that (1) inhibition is the necessary factor for the asymmetry-tosymmetry switch in the STDP form as suggested by experimentalists (Nishiyama et al., 2000; Tsukada et al., 2005; Aihara
et al., 2007), (2) a theta-modulated inhibitory spike has no effect
on the asymmetrical form, sign, and magnitude of STDP, (3) a
theta-modulated inhibitory burst is the necessary condition for
the asymmetry-to-symmetry transition in the pyramidal cell dendrite, (4) the transition strongly depends on the strength inhibition and its relative onset with respect to excitatory stimulation,
and (5) variability in the frequency of the inhibitory burst produces no differential effect in the sign, magnitude, and form of
STDP in the pyramidal cell dendrite. Experimental studies
(Klausberger et al., 2003; 2004; Klausberger and Somogyi,
2008; Klausberger, 2009) have shown that the firing activities of
most inhibitory cells in region CA1 are phasic (bursting), oscillatory (repeated every theta cycle), and present at various phases of
the field theta and the activity of pyramidal cells. OLM cells
tend to fire right after the pyramidal cells, which resembles the
Cutsuridis (2011) simulated pattern (doublets preceding the inhibitory burst). BSC cells firing partially overlap with the firing
of pyramidal cells, much like in the Cutsuridis’s (2011) computational study where inhibition precedes and partially overlaps
with the doublet excitatory pattern. Inhibition repeats in every
theta cycle as in the Cutsuridis’s (2011) study.
In contrast to the Cutsuridis’s study (2011) where a pair of
pulse stimuli was used to study how the form of STDP profile
changes in the presence of inhibition, the scope of this work is
to understand how spike timing-dependent synaptic plasticity is
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induced by triplets and how this plasticity is affected when inhibition is present. The model’s performance is initially validated against the Wang et al.’s (2005) experimental data (see
Fig. 3). Then, STDP is tested against the strength, frequency,
and timing of inhibition with respect to the excitatory pre–
post–pre or post–pre–post triplet stimulation. Excitatory and
inhibitory theta-modulated inputs drive the soma and dendrite
of a CA1 pyramidal cell model. Plasticity effects in the dendrite
are measured via a biophysical mechanism based on a calcium
detector system, which respond not only to calcium level
(Abarbanel et al., 2002; Karmarkar and Buonomano, 2002;
Shouval et al., 2002) but also to Ca21 temporal dynamics in
the dendrite (Sabatini et al., 2001; Ismailov et al., 2004). This
calcium detector system has been shown to yield a number of
empirical findings from multispike experiments (e.g., pre–post
LTP, post–pre LTD without a pre–post LTD window; Rubin
et al., 2005; Cutsuridis, 2011). The CA1 pyramidal cell model
leads to a number of experimentally testable predictions that
may lead to a better understanding of the STDP in the CA1
pyramidal cells of the hippocampus.

MATERIALS AND METHODS
The CA1 Pyramidal Cell Model
The model CA1 pyramidal cell (see Fig. 1A) consists of two
compartments: a soma and a dendrite. The somatic compartment contains a sodium (Na1) current, a delayed rectifier K1
current, an A-type K1 current, a calcium-activated after-hyperpolarizing (AHP) K1 current, and a HVA L-type Ca21 current. The dendritic compartment contains a sodium (Na1) current, a delayed rectifier K1 current, an A-type K1 current, and
a HVA L-type Ca21 current. AMPA, NMDA, and GABA-A
synapses are present only in the dendrite.
In the model, calcium enters the neuron through (1) voltage-gated calcium channels (VGCCs) and (2) NMDA channels
located at the dendrite. VGCCs are activated by the arrival of
back-propagating action potentials (BPAPs) initiated in the
soma by excitatory postsynaptic spikes. The NMDA channels
are activated by the synergistic action of excitatory postsynaptic
potentials and sufficient membrane potential depolarization due
to the BPAP, which removes the magnesium block and allows
calcium to enter the cell.
Plasticity is measured by a Ca21 dynamics model (Rubin
et al., 2005). The Ca21 dynamics model consists of three biochemical detectors, which respond to the instantaneous calcium
level and its time course in the dendrite and change the strength
of the synapse accordingly (Fig. 1A). More specifically, the detection system consists of (1) a potentiation detector (P), which
detects calcium levels above a high-threshold (4 lM) and triggers
LTP, (2) a depression filter (D), which detects calcium levels that
exceed a low-threshold level (0.6 lM), remain above it for a
minimum time period, and trigger LTD, and (3) a veto detector
(V), which detects levels exceeding a mid-level threshold (2 lM)
and triggers a veto of the model’s depression components.
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The detailed mathematical formalism of the model and its detector system can be found in the Mathematical Formalism section (see Supporting Information). The parameters of all ionic
and synaptic currents used in the model are listed in Table S1
(see Supporting Information). The parameters of the calcium detector system are listed in Table S2 (see Supporting Information).

Inputs
Two spike generators emulating the excitatory transient
inputs to the soma and the dendrite were used to simulate the
experimental STDP protocols. The presynaptic spike generator
at the dendrite is given by
Fpre ðt Þ ¼ H ðt  1Þ  ðH ðsinð2p  ðt  2Þ=T ÞÞ
 ð1  H ðsinð2p  ðt  1Þ=T ÞÞÞÞ þ ror  H ðt  1Þ
 ðH ðsinð2p  ðt  2  Ds1  Ds2 Þ=T ÞÞ  ð1  H ðsinð2p
 ðt  1  Ds1  Ds2 Þ=T ÞÞÞÞ

ð1Þ

where Ds1 is the interval between the first presynaptic (dendritic)
spike and the postsynaptic (somatic) spike, Ds2 is the interval
between the postsynaptic (somatic) spike and the second presynaptic (dendritic) spike, ror is a free parameter (1 when a presynaptic stimulation is followed by a postsynaptic one followed by a
second presynaptic stimulation (pre–post–pre) and 0 otherwise),
T is the period of oscillation, and H( ) is the Heaviside function.
The postsynaptic spike generator at the soma is given by
Fpost ðt Þ ¼ H ðt  1Þ  ðH ðsinð2p  ðt  2  Ds1 Þ=T ÞÞ
 ð1  H ðsinð2p  ðt  1  Ds1 Þ=T ÞÞÞÞ þ oro  H ðt  1Þ
 ðH ðsinð2p  ðt  2 þ Ds2 Þ=T ÞÞ
 ð1  H ðsinð2p  ðt  1 þ Ds2 Þ=T ÞÞÞÞ

ð2Þ

where oro is a free parameter [1 when a postsynaptic stimulation is followed by a presynaptic one followed by a second
postsynaptic stimulation (post–pre–post) and 0 otherwise]. In
all experiments, a triplet was repeated every 300 ms typically
for 5 s unless mentioned otherwise.
An inhibitory transient input to the dendrite was also used to
investigate how inhibition modulates the NMDA-R-mediated
STDP. The dendritic inhibitory spike generator is given by
FGABA ðtÞ ¼

N
X

FGABAi ðtÞ

ð3Þ

i¼1

where
FGABAi ðtÞ ¼ ror  aai  H ðt  1Þ  ðH ðsinð2p
 ðt  2 þ offset  ði  1Þ  DsGABA Þ=T ÞÞ
 ð1  H ðsinð2p  ðt  1 þ offset  ði  1Þ
 DsGABA Þ=T ÞÞÞÞÞ  oro  aai  H ðt  1Þ
 ðH ðsinð2p  ðt  2 þ offset  Dsi  ði  1Þ  DsGABA Þ=T ÞÞ
 ð1  H ðsinð2p  ðt  1 þ offset  Dsi  ði  1Þ
 DsGABA Þ=T ÞÞÞÞÞ
where offset is the relative timing between the onset of the
GABA spike train and the pre–post interstimulus interval,
Hippocampus
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FIGURE 1.
A: The model CA1 neuron with its three transient
inputs to the soma and dendrite. Synaptic plasticity at the dendritic
synapses (circled region) is computed by a model detector system that
responds to [Ca21] and produces an output of appropriate sign and
magnitude. Three detector agents respond to the instantaneous
[Ca21] in the model dendrite. Different calcium time courses lead to
different time courses of the detectors P, V, and A. An intermediate
element B is activated by A, while an additional agent D is activated
by B, which is suppressed or vetoed by V. P and D then compete to
influence the plasticity variable W, which serves as a measure of sign
and magnitude of synaptic strength changes from the baseline. D acts
as a filter to map [Ca21] time course onto W. B: Model triplet stimulation protocol consisting of a presynaptic dendritic stimulation followed by a postsynaptic somatic stimulation followed by a second

presynaptic dendritic stimulation. Ds1 was the interval between the
postsynaptic spike and the first presynaptic spike, whereas Ds2 was
the interval between the second presynaptic spike and the postsynaptic one. The repetition period of each triplet was set to 300 ms. C:
Model triplet stimulation protocol consisting of a postsynaptic somatic stimulation followed by a presynaptic dendritic stimulation followed by a second postsynaptic somatic stimulation. Ds1 was the
interval between the first postsynaptic spike and the presynaptic one,
whereas Ds2 was the interval between the second postsynaptic spike
and the presynaptic one. The repetition period in this triplet protocol
was set to 300 ms. D,E: Model triplet stimulation protocols (pre–
post–pre and post–pre–post) in the presence of an inhibitory burst
with interspike interval of 10 ms (100 Hz). Both inhibitory burst and
triplet stimulation was repeated every 300 ms.

DsGABA is the inhibitory burst interspike interval, and aai is either 1 or 0 depending on the duration of the interval between
the presynaptic and the postsynaptic stimuli used.

dt 5 0.075 ms. The MATLAB graphics toolbox was used for
the visualization of the simulation results.

Implementation
All simulations were performed using the software XPPAUT
(Ermentrout, 2002). A fourth-order Runge–Kutta method was
used for numerical integration in XPPAUT with a step size of
Hippocampus

EXPERIMENTAL
A series of experiments in the presence of triplets with and
without inhibition were performed, while varying the strength
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FIGURE 2.
A: Comparison of experimental [Wang et al.,
2005; see also Table 2 in Pfister and Gerstner (2006)] and simulated synaptic weight changes W‘ for four different pre–post–pre
triplet (pre-5-post-5-pre, pre-10-post-10-pre, pre-5-post-15-pre,
and pre-15-post-5-pre) stimulation scenarios in the absence of inhibition. B: Comparison of experimental [Wang et al., 2005; see

also Table 2 in Pfister and Gerstner (2006)] and simulated synaptic weight changes W‘ for four different post–pre–post triplet
stimulation scenarios (post-5-pre-5-post, post-10-pre-10-post,
post-5-pre-15-post, and post-15-pre-5-post) in the absence of
inhibition.

and frequency of inhibition and the relative timing between
the inhibitory spike train and the triplet excitation and measured the calcium influx and subsequently the synaptic strength
change at the dendrite. The same model (Cutsuridis, 2011) has
been successful at replicating a series of experimental data when
two excitatory spikes (doublet) were paired together in the presence and absence of inhibition (Bi and Poo, 1998; Tsukada
et al., 2005; Aihara et al., 2007).

and t2pre are the first and second presynaptic spikes of the triplet. Each simulated post–pre–post triplet paradigm (see Fig.
1C) consisted of 16 triplets repeated at 300 ms for about 5
s. In contrast to the previous protocol, in this one, a triplet
consisted of one dendritic presynaptic and two somatic postsynaptic spikes. In this case, Ds1 5 t1post 2 tpre and Ds2 5
tpre 2 t2post, where t1post and t2post are, respectively, the first
and second postsynaptic spikes of the triplet. The synaptic
strength value (W1) was recorded at the end of each simulation run. The simulated synaptic strength resembles very
closely the experimental one in all eight triplet stimulation
paradigms.
As we can see from Figure 2, the plasticity results are inconsistent, because no obvious rule for potentiation and depression
based on spike timings is evident. For instance, in the pre-5post-5-pre and pre-10-post-10-pre scenarios, the saturated synaptic weight value W1 fluctuates around 0.0 and 0.05, respectively, whereas in the pre-5-post-15-pre scenario, W1 saturates
at 0.23 (see Fig. 2A). In all post–pre–post stimulation paradigms, the synaptic weight changes are higher (see Fig. 2B). In
the pre-10-post-10-pre paradigm where the spike timings are
small (10 ms) and equal, the presynaptic and postsynaptic
spikes add nonlinearly and produce a single high-peaked calcium spike (see Fig. 3B). This calcium pulse spends sufficient
time above the 2 lM (veto) and 4 lM (potentiation) thresholds, thus yielding a high potentiation (P) response (see Fig.
3C). This high-peaked calcium response is followed by a prolonged decay back to zero due to the second presynaptic (dendritic) stimulation, which yields an additional calcium influx
through the NMDA channels (see Fig. 3B). This calcium tail
stays below the 2 lM and above the 0.6 lM thresholds for few
tens of ms and triggers the depression signal (see Fig. 3D),
which counteracts the effects of the potentiation signal (P)

Model Validation: Triplets in the Absence of
Inhibition
In cultured hippocampal neurons, triplet spiking with
110-ms pre–post spike timing and 210-ms post–pre spike
timing (pre-10-post-10-pre) induces no significant synaptic
strength change, whereas triplet spiking with 210 ms post–
pre spike timing and 110-ms pre–post spike timing (post10-pre-10-post) induces significant LTP (Wang et al., 2005).
Similar results were obtained in experiments with spike timing 65 ms (Wang et al., 2005). Triplet experiments with
unequal spike timings (pre-15-post-5-pre, pre-5-post-15-pre,
post-5-pre-15-post, and post-15-pre-5-post) resulted in three
with significant potentiation (pre-5-post-15-pre, post-5-pre-15post, and post-15-pre-5-post) and one with small synaptic
change (pre-15-post-5-pre; Wang et al., 2005). Figure 2
shows a direct comparison of the Wang et al. (2005) experimentally observed synaptic strength change and the simulated
one (W1) from all eight triplet stimulation paradigms. Each
simulated pre–post–pre triplet paradigm (see Fig. 1B) consisted of 16 sets of three spikes repeated at 300 ms for about
5 s. Each pre–post–pre triplet consisted of two presynaptic
dendritic spikes and one postsynaptic somatic spike characterized by Ds1 5 tpost 2 t1pre and Ds2 5 t2pre 2 tpost where t1pre

Hippocampus
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FIGURE 3.
Comparison of (A) synaptic weight (W), (B) calcium concentration, (C) potentiation P, and (D) LTD agents (A, B, V, and D) time courses for two triplet stimulation protocols: pre-10-post-10-pre and post-5-pre-15-post in the absence of inhibition.

resulting in a low-synaptic strength (W) level (see Fig. 3A). In
post-5-pre-15-post case, the calcium response is bimodal with
the first low calcium peak resulting from the interaction of
post-5-pre stimulation and second higher calcium peak resulting from the interaction of the pre-15-post stimulation (see
Fig. 3B). The post–pre response is primarily due to calcium
influx through VGCCs, whereas the pre–post one is due to calcium influx through the NMDA receptors. Because the calcium
peak value is lower than in the pre-10-post-10-pre case, then
the potentiation response (P) is lower (see Fig. 3C). The
depression (D) response in this case is zero, because it is counteracted by the veto (V) signal, which prevents the B signal
from exceeding the 2.5 threshold value and triggering depression (see Fig. 3D). Thus, depression (D) does not counteract
the potentiation (P) effects as in the pre-10-post-10-pre case,
and hence a much higher synaptic strength (W) change is
observed (see Fig. 3A).

pair of spikes) stimulation, then the LTP and LTD peak values
of the asymmetric STDP curve decrease. Here, I investigated
the effects of a theta modulated high gamma (100 Hz) inhibitory spike train bounded by the onset and offset of the triplet
stimulation (see Fig. 1D,E). As its strength (gGABA) is gradually
increasing, then the synaptic weight W decreases, as expected,
in all pre–post–pre and post–pre–post stimulation paradigms
(see Fig. 4). This is because the high-frequency inhibitory burst
signal reduces the calcium influx through both the VGCC and
the NMDA channels, thus resulting in the lower than normal
calcium peak value, which does not cross the 4 lM threshold
value, thus resulting in a low peak value for the potentiation P
variable and an increased peak value for the depression D variable. The winner of the competition between P and D is, in
most cases, the depression D (data not shown).

Triplets in the Presence of an Inhibitory Burst
With Temporal Offset
Triplets in the Presence of an 100 Hz Inhibitory
Burst Bounded by the Onset and Offset of the
Triplet Stimulation
Cutsuridis’s (2011) study has shown that when a 100 Hz inhibitory burst bounded by the onset and offset of a doublet (a
Hippocampus

Cutsuridis (2011) has shown that when a theta-modulated
gamma inhibitory spike is present with the doublet excitatory
stimulation and its onset coincides or partially overlaps with
the onset of the postsynaptic stimulation, then the STDP shape
undergoes a transition from asymmetry to symmetry. Here, I
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FIGURE 4.
A: Model triplet stimulation protocols (pre–post–
pre and post–pre–post) in the presence of an inhibitory burst with
interspike interval of 10 ms (100 Hz). Both inhibitory burst and
triplet stimulation were repeated every 300 ms. B: Comparison of
synaptic weight (W) time courses for six different triplet (pre-5-

post-5-pre, pre-10-post-10-pre, pre-15-post-5-pre, post-5-pre-5post, post-10-pre-10-post, and post-5-pre-15-post) stimulation scenarios in the presence of an inhibitory burst with 10-ms interspike
interval (100 Hz) bounded by the first and last spike of the triplet
stimulation as a function of gGABA.

investigated the effects of a theta-modulated high-gamma (100
Hz) inhibitory spike train present with the triplet excitatory
stimulation and when its onset is either few milliseconds before
or is partially overlapping with the onset of the first or last
spike in the triplet stimulation. Then, depending of the stimulation paradigm employed, the synaptic weight W may decrease
or increase as the inhibition strength increases (see Figs. 5 and
Supporting Information Fig. S1). In Figures 5 and Supporting
Information Fig. S1, each triplet stimulation paradigm (pre–
post–pre or post–pre–post) with inhibition was repeated every
300 ms for about 5 s. In the pre-10-post-10-pre with inhibition scenario (see Fig. 5), where the inhibition precedes the triplet stimulation and its presentation offset aligns either with
the onset of the first triplet spike or the second triplet spike,
then as the strength of inhibition (gGABA) increases, then the
synaptic strength W decreases (see Figs. 5A,B). On the other
hand, when the inhibition follows the triplet stimulation and

its presentation onset aligns either with the onset of the second
triplet spike or the last triplet spike, then as the strength of inhibition (gGABA) increases, then the synaptic strength W
increases (see Figs. 5C,D). In the post-5-pre-15-post with inhibition scenario (see Supporting Information Fig. S1), regardless
of when the inhibition is introduced, as the strength of inhibition (gGABA) increases, the synaptic strength W decreases.
In the pre-10-post-10-pre stimulation paradigm, when the
onset of the inhibitory burst coincides with the onset of the
last triplet spike [offset 5 2(Ds1 1 Ds2)], an increase in P
peak is evident as gGABA increases (Fig. 6C). This is due to the
high-calcium spike with the slow tail (see Fig. 6B), which prevents the depression component B to cross the 2.5 threshold
value (see Fig. 6D), thus preventing the depression D signal to
get activated (see Fig. 6D), which it would have counteracted
the potentiation (P) signal. Thus, the synaptic weight change
(W) is larger when gGABA is nonzero.
Hippocampus
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FIGURE 5.
A–D: Comparison of synaptic weight (W) time courses for pre-10-post-10-pre
stimulation scenario in the presence of an inhibitory burst with 10-ms interspike interval (100
Hz) with temporal offset as a function of gGABA. Both GABA burst and triplet stimulation were
repeated every 300 ms for about 5 s.

In the post-5-pre-15-post stimulation paradigm, when the
onset of the inhibitory burst coincides with the onset of the
last triplet spike [offset 5 2(Ds1 1 Ds2)], a decrease in the P
peak is evident as gGABA increases (Supporting Information Fig.
S2C). This is due to the progressive reduction of the calcium
spike peak below the 4 lM threshold as gGABA increases (Supporting Information Fig. S2B). The failure to cross the 4 lM
threshold by the calcium spike results in the activation of a
veto (V) response (Supporting Information Fig. S2D), which
inhibits the initial but low-D response due to the low (barely
above the 0.6 lM threshold) first calcium spike. So, the reduction in synaptic weight (see Supporting Information Fig. S2A)
is due to a reduced P response and not due to an increased D
response (Supporting Information Fig. S2C).
Direct comparison of the saturated synaptic weight (W1)
value in the pre-10-post-10-pre stimulation paradigm with
temporally offset inhibition [offset 5 2(Ds1 1 Ds2)] as a
function of inhibitory strength (gGABA) and frequency of inhibition (50 Hz vs. 100 Hz) shows no synaptic weight change
between the low gamma (50 Hz) and high gamma (100 Hz)
cases (see Supporting Information Fig. S3).

Model Variations
The performance of the model was tested against a 5% variation of the calcium threshold basal parameter values (CmHC,
CnHC, and uc in Table 2) in the pre-10-post-10-pre and post5-pre-15-post stimulation paradigms in the presence of an 100Hippocampus

Hz inhibitory burst with temporal offset equal to –(Ds1 1
Ds2; see Supporting Information Fig. S4). It is evident that the
model’s performance is robust enough under a 5% variation in
its calcium dynamics.

DISCUSSION
What Have We Learned From the Model?
A two-compartment model of the CA1 pyramidal cell was
presented to investigate how STDP in the dendrite of a CA1
pyramidal cell is induced by complex firing patterns such as
triplets and how this plasticity is affected when the strength,
frequency, and timing of inhibition co-present with the triplet
stimulation is varied. The pyramidal cell model was an extension of the Cutsuridis’s model (2011) to more complex inputs
(triplets), which investigated the conditions under which the
form of the STDP curve changes in the presence of inhibition
(Nishiyama et al, 2000; Tsukada et al., 2005; Aihara et al.,
2007). The present model’s dynamics matched the experimentally observed triplet STDP results in the hippocampal cultured
neurons (Wang et al., 2005; see Fig. 2 in this manuscript).
With the parameter set unchanged, it computationally investigated how triplets and inhibition interact to shape the STDP
when the strength, frequency, and timing of inhibition varied.
The present model made a number of theoretical predictions:
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FIGURE 6.
Time courses of (A) synaptic weight (W), (B) calcium concentration, (C)
potentiation P, and (D) LTD agents (A, B, V, and D) for the pre-10-post-10-pre triplet stimulation protocol in the presence of a 100 Hz inhibitory burst with temporal offset as a function
of gGABA. Temporal offset was set to –(Ds1 1 Ds2), where Ds1 5 10 ms and Ds2 5 10 ms.

 The synaptic strength on a dendrite of a CA1 pyramidal cell
is inversely proportional to the strength of inhibition impinging
on it, when the presentation timing of inhibition coincides
with the onset and offset of the triplet stimulation (see Fig. 4).
 When inhibition arrives either few milliseconds before or at
the onset of the last spike in the pre–post–pre triplet stimulation, then the synapse is potentiated (see Fig. 5).
 Variability in the frequency of inhibition (50 vs. 100 Hz)
co-present with the triplet stimulation shows no difference in
synaptic strength value on the CA1 pyramidal cell dendrite (see
Supporting Information Fig. S3).These theoretical predictions
can easily be verified by experiments and that may lead to a
better understanding of STDP in the CA1 pyramidal cell of
the hippocampus.

Comparison With Other Models
Although few modeling studies have been published over the
years where they attempted to investigate how triplets affect
STDP, no modeling studies have been published with the
exception of the author (Cutsuridis, 2011) who tried to study

how pair excitation and theta-modulated inhibitory bursts
interact to shape the STDP form. Mihalas (2011) recently
introduced a simplified biochemical model of STDP where the
heterogeneity of calcium concentrations of three calcium sources (VGCCs, NMDAR, and IP3R) in the nearby region of a
spine was used as a STDP signal. The model was based on the
biochemical cascades and assumption of spatial locations of
four calcium-dependent enzymes: calcium/calmodulin-dependent protein kinase II located near NMDARs, calcineurin
located near VGCCs, cyclic nucleotide phosphodiesterase
(PDE) located near IP3Rs or NMDARs and adenylyl cyclase,
located between VDCCs and NMDARs. The model reproduced the shape of STDP when pairs of spikes were used. The
model predicted that if the cyclic nucleotide PDE is located
near the IP3 receptors, then the triplet experimental findings in
hippocampal neuronal cultures were reproduced. If PDE is
located near NMDAR, then the model behavior resembles that
observed in cortical L2/3 slices. Pfister and Gerstner (2006)
introduced a phenomenological model of STDP to fit the
experimental triplet data from visual cortical slices and hippocampal cultures. The model predicted that in the presence of
stochastic spike trains, the triplet learning rule maps to the
Hippocampus
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BCM learning rule. Later, Hennequin et al. (2010) used the
Pfister and Gerstner model to investigate close-to-optimal information transmission. Shah et al. (2006) introduced a calcium-based plasticity model where the interaction of the triplet
stimulation and the BPAP was quantitatively studied to explain
the contradicting triplet experimental findings in visual cortical
slices and hippocampal cultures. Cutsuridis (2011) is the only
study and the basis of the present study where the effects of inhibition on spike timing-dependent synaptic plasticity were
investigated quantitatively. Experimental evidence has shown
that the form of STDP is location-dependent. More proximal
to the soma of a CA1 pyramidal cell, the form of STDP is
symmetric, whereas more distal to the soma is asymmetric
(Nishiyama et al., 2000; Tsukada et al, 2005; Aihara et al.,
2007). The Cutsuridis (2011) computational modeling study
showed that this transition is due to inhibition under certain
conditions such as its frequency, strength, and relative onset
with pre–post excitatory stimulation.

naptic spike or a presynaptic spike is paired with a postsynaptic
burst. One of our future goals is to explore how a presynaptic
burst interacts with a postsynaptic burst, how their interaction
modulates STDP, and how STDP changes in the presence of a
theta-modulated inhibition.
Finally, the effects of neighboring synapses on homosynaptic
and heterosynaptic induction of LTP/LTD at the SR synapses
of a CA1 pyramidal neuron will be computationally studied.
These synapses can be localized on the same dendritic branch
or on neighboring branches. The proximal, middle, and distal
SR dendrites are bombarded by CA3 bursting Schaffer collateral inputs. Understanding the mechanisms under which adjacent synapses interact to generate homosynaptic and/or heteosynaptic LTP/LTD is of great importance to both single and network level modeling (Bi, 2002).
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