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abstract
Spike timing dependent plasticity (STDP) has been demonstrated in various neural systems of many
animals. It has been shown that STDP depends on the target and the location of the synapse and
is dynamically regulated by the activity of adjacent synapses, the presence of postsynaptic calcium,
presynaptic GABA inhibition or the action of neuromodulators. Recent experimental evidence has
reported that the profile of STDP in the CA1 pyramidal neuron can be classified into two types depending
on its dendritic location: (1) A symmetric STDP profile in the proximal to the soma dendrites, and (2)
an asymmetric one in the distal dendrites. Bicuculline application revealed that GABAA is responsible
for the symmetry of the STDP curve. We investigate via computer simulations how GABAA shapes the
STDP profile in the CA1 pyramidal neuron dendrites when it is driven by excitatory spike pairs (doublets).
The model constructed uses calcium as the postsynaptic signaling agent for STDP and is shown to
be consistent with classical long-term potentiation (LTP) and long-term depression (LTD) induced by
several doublet stimulation paradigms in the absence of inhibition. Overall, simulation results provide
computational evidence for the first time that the switch between the symmetrical and the asymmetrical
STDP operational modes is indeed due to GABA inhibition. Furthermore, gamma frequency inhibition and
not theta one is responsible for the transition from asymmetry-to-symmetry. The resulted symmetrical
STDP profile is centered at +10 ms with two distinct LTD tails at −10 and +40 ms. Finally, the asymmetryto-symmetry transition is strongly dependent on the strength (conductance) of inhibition and its relative
onset with respect to pre- and postsynaptic spike stimulation.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Spike timing-dependent plasticity (STDP) is a refinement of the
Hebbian correlation based law, where the precise timing of the
presynaptic and postsynaptic action potentials determines the sign
and magnitude of synaptic modifications (Bell, Han, Sugawara, &
Grant, 1997; Bi & Poo, 1998; Debanne, Gahwiler, & Thompson,
1998; Magee & Johnston, 1997; Markram, Luebke, Frotscher, &
Sakmann, 1997; Sjostrom, Turrigiano, & Nelson, 2001; Yao & Dan,
2001; Zhang, Tao, Holt, Harris, & Poo, 1998). The spike timing dependent plasticity rule has been demonstrated in various brain circuits over a range of species. Bi and Poo (1998) showed that the
shape of the STDP curve in the in-vitro hippocampal network has
an asymmetric shape with the largest LTP/LTD value at τ =
tpost − tpre = +/− 10 ms, respectively. New experimental evidence has shown that the STDP asymmetry can sometimes change
with the target and the location of the synapse (Caporale & Dan,
2009; Froemke, Poo, & Dan, 2005; Letzkus, Kampa, & Stuart, 2006;
Tzounopoulos, Kim, Oertel, & Trussell, 2004) and can be dynamically regulated by the activity of adjacent synapses (Caporale &
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Dan, 2009; Harvey & Svoboda, 2007) or by the action of neuromodulators (Caporale & Dan, 2009; Seol et al., 2007).
In a recent study by Nishiyama and colleagues it was reported
that ‘‘... the profile of STDP induced in the hippocampal CA1 network with inhibitory interneurons is symmetrical for the relative timing of pre- and postsynaptic activation’’ (Nishiyama, Hong,
Mikoshiba, Poo, & Kato, 2000). Further optical imaging studies in
CA1 revealed that the shape of the STDP curve depends on the location on the stratum radiatum (SR) dendrite. A symmetric STDP
profile was observed in the proximal-to-the-soma SR dendrite and
an asymmetric STDP profile in the distal-to-the-soma one (Aihara
et al., 2007; Tsukada, Aihara, Kobayashi, & Shimazaki, 2005) (Fig. 1).
It was reported that the switch between STDP operational modes
(i.e. symmetry-to-asymmetry) is due to the presence of GABAA
inhibition in the proximal SR dendrites (Tsukada et al., 2005).
However, no study so far has ever investigated the GABAergic
conditions (e.g. presentation frequency, conductance, etc.) under which such as a transition from asymmetry to symmetry is
possible.
The functional consequences of such operational switching are
of great importance in neural network dynamics. The symmetrical
STDP profile with short temporal windows serves as a coincidence
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Fig. 1. CA1 pyramidal cell. Asymmetric STDP learning curve at distal dendrite.
Symmetric STDP curve at the proximal dendrite.

detector between the incoming input and the CA1 neuronal output
and plays a functional role in heteroassociation of memories
(Cutsuridis, Cobb, & Graham, 2010). An asymmetric STDP profile
with broad temporal window may play a role in chunking of items
in sequence learning (Hayashi & Igarashi, 2009).
In the hippocampus, inhibitory interneurons (INs) play an
active role in the encoding, storage and retrieval of information.
They are successful in this role by innervating distinct regions
of principal excitatory cells as well as of other interneurons
in the same area or across hippocampal areas via feedforward
and feedback modes and shaping their activities (Houser, 2007;
Klausberger & Somogyi, 2008; Morgan, Santhakumar, & Soltesz,
2007). For example, axo-axonic cells (AAC) innervate exclusively
the axon-initial segment of pyramidal cells (PC), granule cells (GC)
and mossy cells (MC), whereas basket cells (BC) innervate their cell
bodies and proximal dendrites. Bistratified cells (BSC) innervate
the basal and oblique dendrites of CA3 and CA1 PCs and orienslacunosum-moleculare (OLM) cells target the apical dendritic tuft
aligned with the entorhinal cortical input (Klausberger & Somogyi,
2008).
Furthermore, inhibitory interneurons display diverse firing
patterns during network oscillations (Klausberger & Somogyi,
2008), which have different functional roles (Cutsuridis, Cobb, &
Graham, 2008; Cutsuridis et al., 2010; Cutsuridis & Wennekers,
2009; Graham & Cutsuridis, 2009). In the hippocampus, gamma
frequency oscillations (30–80 Hz) may constitute a basic clock
cycle (Graham, 2003) and are embedded in theta frequency
oscillations (4–10 Hz), which in turn control the phasing of
storage and recall (Hasselmo, Bodelon, & Wyble, 2002). Sharp
wave associated ripples (100–200 Hz) occur during the offline
replay and consolidation of previous experiences (Diba & Buzsaki,
2007; Foster & Wilson, 2006). In CA1, during sharp wave ripple
oscillations, BCs and BSCs strongly increase their discharge rates
in phase with the ripple episode (Klausberger & 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 at all with gamma oscillations.
Moreover, inhibitory interneurons entrain excitatory cells to
fire at different frequencies. Basket cells has been shown to phase
spontaneous firing and subthreshold oscillations in CA1 pyramidal
cells at theta frequencies (Cobb, Buhl, Halacy, Paulsen, & Somogyi,
1995), whereas OLM cells to constitute an intrahippocampal

mechanism for pacing nested gamma–theta rhythms in CA1 and
CA3 regions (White, Banks, Pearce, & Kopell, 2000). Networks of
inhibitory interneurons have been shown to entrain hippocampal
pyramidal cells at 40 Hz (Whittington, Traub, & Jeffreys, 1995).
In this paper, we are investigating via computer simulations
the effects of GABA inhibition on the NMDA-R mediated spiketiming dependent plasticity of the proximal SR synapses on a
CA1 pyramidal cell driven by spike pairs (doublets). In particular,
we are quantitatively investigating the validity of the reported
GABAA effects on the STDP symmetry-to-asymmetry transition
(Aihara et al., 2007; Tsukada et al., 2005). We are investigating
how the shape of the STDP profile changes under various doublet
experimental protocols in the presence of GABAA inhibition, while
varying the presentation frequency of GABA inhibition (theta vs
slow gamma vs fast gamma), its conductance value and the relative
timing between the GABA spike train and the pre- and postsynaptic
excitation. Preliminary results have been published previously in
Cutsuridis, Cobb, and Graham (2009).
2. Materials and methods
2.1. The pyramidal cell model
The CA1 pyramidal cell model consists of two compartments: a
soma and a dendrite. The generation of action potentials is due to
the interplay of a wealth of ionic currents such as Na+ , K+ , Ca2+ activated K+ and Ca2+ currents as well as synaptic currents (AMPA,
NMDA and GABAA ).
For the plasticity mechanism a deterministic Ca2+ dynamics
model is used (Bi & Rubin, 2005; Rubin, Gerkin, Bi, & Chow, 2005).
The Ca2+ dynamics model has a modular structure consisting of
three biochemical detectors, which respond to the instantaneous
calcium level and its time course in the SR dendrite and changes
the strength of the synapse accordingly (Fig. 2). More specifically,
the detection system consists of: (1) a potentiation detector (P),
which detects calcium levels above a high-threshold (4 μM) and
triggers LTP, (2) a depression filter (D), which detects calcium
levels that exceed a low threshold level (0.6 μM), remains
above it for a minimum time period and triggers LTD, and (3)
a veto detector (V), which detects levels exceeding a mid-level
threshold (2 μM) and triggers a veto of the model’s depression
components. The detector system is inspired by the molecular
pathways of protein phosphorylation and dephosphorylation. The
potentiation detector is an abstraction of the phosphorylation
cascade of Ca2+ /calmodulin-dependent protein kinase II (CaMKII),
whereas the depression detector represents the kinetics of
dephosphorylation agents such as protein phosphotase 1 (PP1).
The veto system represents the competition of kinases and
phosphatases, such as the inhibitory action of protein kinase A
(PKA).
The mathematical formalism of the model and its detector
system are listed in Appendix. The parameters of all ionic and
synaptic currents used in the model are listed in Table 1. The
parameters of the calcium detector system are listed in Table 2.
2.2. The inputs
Two spike generators simulating the two excitatory transient
inputs to the soma and the dendrite were used to simulate the
experimental STDP protocols. The presynaptic spike generator,
which drove the dendritic compartment, is given by
Fpre = H (t − 1) · (H (sin(2π · (t − 2)/T ))

× (1 − H (sin(2π · (t − 1)/T ))))

(1)

where T is the period of oscillation and H ( ) is the Heaviside
function. The postsynaptic spike generator, which drove the soma,
is given by
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Table 1
Parameter values of all ionic and synaptic currents.
Symbol

Value

Symbol

Value

Symbol

Value

Symbol

Value

gL
gNa,s
gNa,d
gmAHP ,s
gKA,s
gKA,d
gKdr ,s
gKdr ,d
gCaLs
gCaLd
gNMDA
gAMPA
gCa,NMDA
gGABA

0.1
30
7
25
75
12
14
0.867
7
25
0.3
0.05
22
0

gcoup
VAMPA,NMDA
VGABA
VNa
VCa
VK
VL
VCa,NMDA

1.125
0
−75
60
140
−80
−70
140
0.05
0.07
1000
2
2
0.28

T

23
Variable
Variable
300
72
0.11
2
64
1
0.1
0.1
0.083
0.083

η
ξ
λ

6
0.001
0
1
0
40
3.6
2
10
45
0
7
30
0.00048

χ0,s
χ0,d
Caτ
Ca
Mg
qmb

τ
τGABA
period

ζ
ζ2
ζ3
ζ4
ζ5
ϕs
ϕd
βs
βd

q̄
s1
s2
s3
NMDArate
ndf
nds
buff

κ
ζp
qma

Table 2
Parameters in the calcium detector equations.
Symbol

Value

Symbol

Value

Symbol

Value

Symbol

Value

αw
βw

0.8
0.6
0.3
0.05
−0.1
−0.002
500

τA
τB
τC
τD
τE

500
5
10
250
40
5
4

θc
θd
θe
σc
σd
σe

2
2.6
0.55
−0.05
−0.01
−0.02
10

numb
numc
numd
nume
Cm HC
Cm HN
Cn HC
Cn HN

1
1
1
5
4
4
0.6
3

a
d
pa
pd

τW

cp
cd

numa

− (i − 1) · τGABA )/T )) · (1 − H (sin(2π · (t − 1
+ offset − (i − 1) · τGABA )/T ))))

(4)

where offset is the relative timing between the onset of the GABA
spike train and the pre-post interstimulus interval, τGABA is the
GABA interspike interval and aai is either 1 or 0 depending on the
duration of the interval between the presynaptic spike and the
postsynaptic spike used.
2.3. Implementation

Fig. 2. The model CA1 neuron with its three transient inputs to the soma and
dendrite. Synaptic plasticity at the dendritic synapses (circled region) is governed by
a model calcium detector system. P: potentiation detector; A: Depression detector;
B: Intermediate element; D: filter activated by B and vetoed by V; V: veto detector;
W: synaptic weight. P and D compete to influence the plasticity variable W, which
serves as a measure of the sign and magnitude of synaptic strength changes from
the baseline.

Fpost = H (t − 1) · (H (sin(2π · (t − 2 − τ )/T ))

× (1 − H (sin(2π · (t − 1 − τ )/T ))))

(2)

where τ is the interval between the presynaptic spike and
the postsynaptic spike. In all doublet experiments the pairing of
the two excitatory inputs was repeated every 300 ms (3.5 Hz),
typically for 5 s. The interstimulus interval τ between the preand postsynaptic spikes was variable ranging from −100 to 100 in
increments of 10 ms, unless stated otherwise.
An inhibitory transient input to the dendrite was also used to
investigate how GABAA modulates the NMDA-R mediated spike
timing dependent plasticity. The GABAergic spike generator is
given by
FGABA =

11


FGABAi (t )

i=1

where
FGABAi (t ) = −aai · H (t − 1) · (H (sin(2π · (t − 2 + offset

(3)

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 δ t = 0.075
ms. The MATLAB graphics toolbox was used for visualization of the
simulation results.
3. Simulation results
A series of experiments in the presence of pre- and postsynaptic
spike pairs (doublets) with GABA was performed, while varying
the presentation frequency of GABA spike train (theta vs slow
gamma vs fast gamma), the GABA conductance value, and the
relative timing of onset of the GABA spike train and the pre- and
postsynaptic excitation and measured its effect on the membrane
potential, calcium influx and subsequently the strength change of
the synapse at the dendrite.
In the model, calcium entered the neuron through: (1) voltagegated calcium channels (VGCCs), and (2) NMDA channels located
at the SR dendrite. VGCCs were activated by the arrival of backpropagating action potentials (BPAPs) initiated in the soma by
excitatory postsynaptic spikes. The NMDA channels were activated
by the synergistic action of excitatory and inhibitory postsynaptic
potentials and sufficient membrane potential depolarization due
to the BPAP, which removed the magnesium block and allowed
calcium to enter the cell. In the model, calcium influx from neither
channels alone elicited plasticity. Plasticity resulted only from the
synergistic action of the two calcium sources (NMDA and VGCC).
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Fig. 3. Postsynaptic calcium time courses in the absence of GABAA . Times shown
are measured relative to the onset of the stimulation experiments. (A) Pre-10-post
case. (B) Pre-30-post case. (C) Post-10-pre case. (D) Post-30-pre case.

3.1. Model validation: Pairing of presynaptic (dendritic) and postsynaptic (somatic) spikes in the absence of inhibition
In the paired pre-10-post stimulation protocol, where a presynaptic (dendritic) stimulation is followed 10 ms later by a postsynaptic (somatic) stimulation, a large calcium influx through the
NMDA channels is evident in the SR dendrite due to the removal
of the magnesium block by the BPAP (Fig. 3(A)). In the pre-30post scenario, 30 ms after the presynaptic (dendritic) stimulation a
BPAP will arrive at the dendrite causing removal of the magnesium
block from the NMDA channels. By then though more and more
NMDA channels will be inactivated and hence the calcium influx
will be greatly reduced (compare peak calcium level in Fig. 3(A)
and (B)). The peak calcium level will continue to decrease as the
pre-post interstimulus interval is lengthened.
In the post-10-pre scenario (see Fig. 3(C)), the calcium influx is
once again greatly reduced due to a different time course than in
the pre-30-post case. This time most of the calcium comes through
the VGCCs producing a slight amplitude increase in calcium influx
almost immediately, followed by a second calcium with a lower
peak. The valley that separates the two peaks is above the 0.6 μM
threshold, but below the 2 μM threshold, which triggers the
depression (D) detector, but not the veto (V) detector and produces
LTD. In the post-30-pre case, the two calcium level peaks are more
distinguishable, because of the 30 ms delay between the post
stimulation and the pre-stimulation (see Fig. 3(D)). The valley that
separates them drops below the 0.6 μM threshold causing a much
smaller LTD.
The saturated synaptic weight values (W∞ ) as a function of the
interstimulus interval, τ = tpost − tpre are depicted in Fig. 4.
τ is the interstimulus interval between the presynaptic dendritic
spike and the postsynaptic somatic spike. For each τ , the preand postsynaptic pairing was repeated every 300 ms (3.5 Hz) until
saturation, typically for 5 s. W∞ is measured as the saturated value
of the readout variable W at t = 5 s. In the case where the saturated
W is oscillating between two values, W∞ is the mean value of these
two values. Simulations were performed with τ ranging from
−100 to 100 in increments of 10 ms. An asymmetrical STDP curve
is shown with the largest LTP and LTD values at +10 ms and at −10
ms, respectively.

Fig. 4. Asymmetric STDP profile from spike pair simulations in the absence of
GABAA . τ (tpost − tpre ) ranges from −120 to 100 in increments of 10 ms.

3.2. Theta rhythmic inhibition is not responsible for the asymmetryto-symmetry transition
Experimental evidence has indicated that the switch between
the ‘‘symmetrical’’ and the ‘‘asymmetrical’’ STDP operational
modes at the SR dendrite of the CA1 pyramidal cell is due to
the GABAA inhibition inhibiting the SR synapses (Tsukada et al.,
2005). We will first examine the effect of a single presynaptic
(dendritic) GABA spike slid at different times between the preand post-synaptic stimulation or at 10 ms before the presynaptic
(dendritic) stimulation or 10 ms after the postsynaptic (somatic)
one (see insets of Fig. 5 for input presentation details). The GABA
and excitatory somatic and dendritic stimulations were repeated
every 300 ms (3.5 Hz) for about 5 s.
Fig. 5 depicts the saturated synaptic weight values (W∞ ) with
respect to the interstimulus interval τ in the presence of a single
GABA spike. As before, τ is the interstimulus interval between
the presynaptic and postsynaptic stimulation. Simulations were
performed with τ ranging from −100 to 100 in increments of
10 ms. An asymmetrical STDP curve is shown with the largest
LTP value at 10 ms and the largest LTD value at −10 ms. As the
conductance value is increased (gGABA = 0.1–0.2 mS/cm2 ), the
asymmetry is preserved, but either the peak LTP or the peak LTD
is reduced depending on the presentation onset of the GABA spike
see Figs. 5(C) and 6(E).
3.3. Effects of slow and fast gamma rhythmic inhibition on asymmetry-to-symmetry transition
We next examined the effects of a GABA spike train with
interspike intervals of 20 ms (50 Hz; slow gamma) or 10 ms (100
Hz; fast gamma) (see Fig. 6). The GABA spike train was bounded
by the onsets of the presynaptic and postsynaptic stimulations
(i.e. no temporal offset). As before, the pre- and post-synaptic
spike pairing in the presence of the GABA spike train was repeated
every 300 ms (3.5 Hz) for about 5 s. It is evident from Fig. 6 that
at both slow (50 Hz) and fast (100 Hz) gamma frequency bands
the asymmetry is preserved with the exception of an all-positive
symmetrical curve appearing at 100 Hz GABA inhibition when
gGABA ranged from 0.3 to 0.4 mS/cm2 . As the gGABA increases both
the LTP and LTD peak values decrease. At 100 Hz as gGABA increases
the effect is stronger for LTD values than for LTP. At gGABA =
0.3 mS/cm2 , no LTD is evident and an all-positive symmetrical
STDP curve appears. In contrast, at slow gamma (50 Hz) the
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Fig. 5. Saturated synaptic weight values (W∞ ) as a function of interstimulus interval τ = tpost − tpre in the presence/absence of a single GABA spike for
different gGABA values. t is the time interval between the GABA spike and the first excitatory spike pair. (A) t = 0 ms. (B) t = 5 ms. (C) t = 95 ms.
(D) t = −10 ms. (E) t = 110 ms.

asymmetry is not destroyed even at high gGABA values (e.g. gGABA =
0.4 mS/cm2 ). As gGABA increases, LTD diminishes at τ greater than
−10 ms.
In the pre-10-post scenario in the presence of an 100 Hz GABA
spike, the peak values of [Ca2+ ], W, P and LTD agents decrease as

the gGABA increases (see Fig. 7). The peak calcium level at gGABA =
0.3 mS/cm2 is well above the 4 μM threshold and hence all
detectors are triggered (see Fig. 7(B)). Increases in the potentiation
(P) detector lead to growth of the readout variable W (see Fig. 7(C)
and 7(D)). A veto response is also present, which is activated at
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Fig. 9 compares the effects of a 50 Hz and an 100 Hz GABA
spike train in the post-10-pre scenario when gGABA is 0.3 mS/cm2
(see Fig. 6 for LTD value). To remind our readers in the post-10pre case in the absence of inhibition, most calcium comes through
the VGCCs producing a slight amplitude increase in calcium influx
almost immediately, followed by a second calcium with a lower
peak (see Fig. 3(C)). At 100 Hz, the effects of inhibition on the peak
value and time course of [Ca2+ ] are severe as it barely crosses the
0.6 μM threshold (Fig. 9(A)) and it peaks at 0.8 μM. The valley that
separates the two peaks is below the 0.6 μM threshold, resulting in
a very small (almost zero) depression response (see Fig. 9(D)). This
translates into a zero level-off W value at the end of the simulation
result (Fig. 9(B)). The potentiation (P) response also decays to zero,
since the [Ca2+ ] never crosses the 4 μM threshold. In contrast at
50 Hz, the effects of inhibition is less severe on the peak value and
time course of [Ca2+ ] as it is well above the 0.6 μM threshold, but
below the 2 μM one (Fig. 9(A)), and hence a D response is triggered,
but not a V one and LTD is produced (see Fig. 9(D)). W decreases
and levels off at −0.33 at the end of the simulation run (Fig. 9(B)).
As expected, the time course of the P response is also a decaying
one, as the calcium peak in this case too never crosses the 4 μM
threshold (Fig. 9(C)).
3.4. A temporal offset between the the GABA inhibition and the preand postsynaptic excitation is responsible for the asymmetry-tosymmetry transition

Fig. 6. Saturated synaptic weight values (W∞ ) as a function of the interstimulus
interval τ . τ = tpost − tpre and ranges from −100 to 100 in increments of 10 ms.
(A) A 50 Hz GABA spike train present within τ . (B) An 100 Hz GABA spike train
present within τ .

moderate calcium levels (above 2 μM). The veto response stays on
for a sufficient time period to prevent the intermediate depression
agents (A and B) from increasing, cross the 2.5 mark threshold
on Fig. 8(E), and activate the depression (D) response. Hence, the
reduced LTP value, as gGABA increases, is due to a reduced P response
and not due to the presence of a depression, D, response (see
Fig. 7(E)).
In the post-10-pre scenario in the presence of an 100 Hz GABA
spike as gGABA increases, the peak values of [Ca2+ ] and LTD agents
decrease, whereas the W and P increase. At gGABA = 0.3 mS/cm2 ,
the readout variable W levels off at positive non-zero values. From
Fig. 8(D), the potentiation response is decaying to zero as time
progresses for all values of gGABA . On the other hand, when gGABA ≤
0.2 mS/cm2 , the intermediate depression agent B is above the
2.5 threshold, which in turn activates the depression detector, D.
When gGABA = 0.3 mS/cm2 , the B response drops below the 2.5
threshold level, which fails to activate the depression detector and
a zero D response is present. Hence, the decrease in the LTD peak
when post-10-pre is due to a reduced depression in the absence of
a potentiation response and not due to the competition between
the depression and potentiation responses.

In this section we continue to examine the effects of a 50
Hz and an 100 Hz GABA spike trains presented with a temporal
offset with respect to the interstimulus interval τ (see insets
in Fig. 10(A)–(D) and 11(A)–(D) for details). Only when the GABA
spike train is presented right after or partially overlaps the onset
of the second spike of the doublet, a symmetric STDP curve with a
single LTP peak at +10 ms and two LTD tails at −10 ms and +50
ms is evident. The symmetric STDP curve is more evident when
the GABA spike train starts after the onset of the second doublet
spike as gGABA increases (compare Fig. 11(C) and (D)). At high gGABA
values, when there is a partial overlap with the second doublet
spike, the asymmetry curve shifts at more positive τ values.
Fig. 12 zooms in to the time courses of [Ca2+ ], W, P and LTD
agents in pre-50-post scenario when the GABA spike train at 100
Hz starts at the onset of the second doublet spike (see inset of
Fig. 11(D)). As gGABA increases the second Ca2+ peak as a result of
the BPAP decreases as expected (Fig. 12(A)). Since its peak is below
the 4 μM threshold, then the potentiation detector is inactive and
decays to zero values (Fig. 12(C)). The second calcium peak values
is also less than the 2 μM threshold when gGABA = 0.4 mS/cm2 and
hence the veto detector is inactive, but the depression detector is
active (Fig. 12(D)). When gGABA ≤ 0.2 mS/cm2 , the second calcium
peak is above the 2 μM threshold, which allows the veto signal
to grow and suppress the depression signal D. This explains why
the D response is smaller when gGABA is 0.1 and 0.2 mS/cm2 than
when it is 0.4 mS/cm2 . Finally, the readout variable W decays to
more negative values as gGABA increases, because the depression
response increases as gGABA increases.
4. Discussion
4.1. What have we learned from the model?
Experimental evidence has shown that the profile of STDP induced in the hippocampal CA1 network with inhibitory interneurons depends on the dendritic location and has a symmetric
profile in the proximal-to-the-soma dendrite and an asymmetric
one in the distal-to-the-soma one (Aihara et al., 2007; Tsukada
et al., 2005). Further experimental evidence has shown that the
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Fig. 7. (A) Graphical representation of the pre-10-post in the presence of an 100 Hz GABA spike train stimulation paradigm used. (B)–(E) Composite graph of [Ca2+ ], W, P
and LTD agents (A, B, V and D) with respect to time as a function of gGABA in the pre-10-post scenario.

switch between symmetrical and asymmetrical STDP operational
modes is due to the presence of GABA inhibition in the proximalto-the-soma dendrites (Tsukada et al., 2005).
My computational study aimed at understanding the conditions
under which the STDP profile switch is possible. Particularly how

spike timing dependent synaptic plasticity is affected under
various doublet experimental protocols in the presence of GABA
inhibition (GABAA to be exact, which affects the membrane’s
excitability of the cell compartment to which it is applied to), while
varying the frequency of GABA inhibition, its conductance value
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Fig. 8. (A) Graphical representation of the post-10-pre in the presence of an 100 Hz GABA spike train stimulation paradigm used. (B)–(E) Composite graph of [Ca2+ ], W, P
and LTD agents (A, B, V and D) with respect to time as a function of gGABA in the post-10-pre scenario.

and its relative presentation timing between the GABA spike train
and the pre-postsynaptic excitation. The effect of GABAA inhibition
in the model was reflected on the membrane’s excitability of
the pyramidal cell at the dendrite, which indirectly affected the

calcium influx and subsequently the synaptic strength at the
dendrite.
The central observation is that spike timing dependent plasticity indeed undergoes a switch in its operational mode (asymmetry-
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Fig. 9. Composite graph of [Ca2+ ], W, P and LTD agents as a function of GABA frequency in the post-10-pre scenario when gGABA = 0.3 mS/cm2 .

to-symmetry), which is in the presence of GABAA inhibition in the
proximal SR dendrite, as has been shown by the experimental studies of Aihara et al. (2007), Nishiyama et al. (2000) and Tsukada et al.
(2005). In addition the model made the following further predictions:

• Theta rhythm inhibition is not responsible for the asymmetryto-symmetry transition.

• Instead gamma rhythm inhibition is the necessary condition for
the asymmetry-to-symmetry transition in the SR dendrite.

• The transition depends on the conductance value of GABA as
well as on its relative presentation onset with the pre- and postexcitatory stimulation.
• The asymmetry-to-symmetry transition appears only when
the offset of the pre- and postsynaptic excitation coincides
or partially overlaps with the onset of GABA inhibition (see
Figs. 10(C)–(D) and 11(C)–(D)).
• Slow (50 Hz) and high (100 Hz) gamma frequency inhibition effects are almost identical on the STDP asymmetry-tosymmetry transition when the pre- and postsynaptic excitation
coincides or partially overlaps the onset of GABA inhibition (see
Figs. 10(C)–(D) and 11(C)–(D)).
• The LTP peak of the symmetric STDP curve was found to be centered at ±10 ms and not at 0 ms as it has been shown experimentally (Aihara et al., 2007; Tsukada et al., 2005).

• In contrast to experimental evidence (Aihara et al., 2007;
Tsukada et al., 2005), two LTD windows are evident at −10 ms
and +40 ms and not at ±20 ms.
4.2. Implications for network function
The implications of the above mentioned model predictions are
great to the computational functions of the neuronal networks in
the CA1 region of the hippocampus. First of all, the CA1 region
has been linked to many memory processes including working
memory, acquisition and retrieval of contextual fear conditioning,
temporal pattern completion, spatial and object novelty detection
and many others (Hoang & Kesner, 2008; Hunsaker, Mooy, Swift, &
Kesner, 2007; Lee & Kesner, 2004). The way in which networks of
excitatory and inhibitory neurons in CA1 region contribute to these
memory processes is through comparison (Rolls & Treves, 1994)
or translation (O’Reilly & McClelland, 1994) of information from
its two primary inputs: (1) the Schaffer collateral afferents that
relay information from layer II of the entorhinal cortex through
the trisynaptic loop, and (2) the perforant path input from layer
III of the entorhinal cortex. Comparing the two converging inputs,
the CA1 neurons are able to detect novelty (Vinogradova, 2001)
or mismatch from expectations (Hasselmo & Schnell, 1994), or
activation of retrieval mechanisms (Lee & Kesner, 2002). Recently,
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Fig. 10. Saturated synaptic weight values (W∞ ) as a function of τ in the presence of an 50 Hz GABA spike train with temporal offset for different gGABA values.

Treves (2004) proposed that the CA1 may be involved in directing
movement from one pattern to the next in a stored sequence of
events.
The trisynaptic loop introduces a delay such that information
arising from entorhinal cortex arrives at the distal CA1 dendrites
10–20 ms prior to the arrival of Schaffer collateral information
at the proximal SR dendrites (Leung, Roth, & Canning, 1995;
Soleng, Raastad, & Andersen, 2003; Yeckel & Berger, 1990). This
experimentally reported delay corresponds well with my model’s
predicted 10 ms window for maximum LTP at the proximal CA1
dendrite.
Furthermore, recent experimental evidence by Colgin et al.
(2008) has shown that the Schaffer collateral and perforant path
inputs to CA1 arrive rhythmically in slow (25–50 Hz) and fast
(65–140 Hz) gamma oscillations, respectively. These inputs also
drive inhibitory interneurons causing them to oscillate in similar
rhythms. Slow gamma oscillating inhibitory interneurons such
as bistratified cells, which specifically target the proximal SR
dendrites of CA1 pyramidal cells (Klausberger & Somogyi, 2008),
may then shape the STDP profile of these dendrites causing it to
switch from asymmetrical to symmetrical mode of operation as
predicted by my model. Such a symmetrical STDP profile with short
temporal windows serves as a coincidence detector between the

incoming input and the CA1 neuronal output and plays a functional
role in heteroassociation of memories as in Cutsuridis et al. (2008,
2010) and Cutsuridis and Wennekers (2009).
4.3. Future work
Several extensions to the basic idea of how inhibition affects
the STDP profile resulting from a single event of a pre- and postsynaptic spike pairing deserve consideration. Recent experimental
studies from spike triplets have complicated the picture even further. For example, in hippocampal cultures in the absence of inhibition, pre-post-presynaptic spike stimulation resulted in no change
in synaptic strength, whereas post-pre-postsynaptic spike stimulation led to significant potentiation (Wang, Gerkin, Nauen, & Bi,
2005). Similar results to triplets are observed in quadruplets experiments with small interstimulus intervals (Wang et al., 2005).
In contrast, experiments with large interstimulus intervals have
shown a 70 ms time window within which potentiation dominates. Outside this window, potentiation and depression appear to
cancel each other (Wang et al., 2005). An interesting idea is to
examine via computer simulations the conditions under which inhibition affects these triplet and quadruplet observations. Can inhibition boost synaptic plasticity and result in LTP as opposed to
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Fig. 11. Saturated synaptic weight values (W∞ ) as a function of τ in the presence of an 100 Hz GABA spike train with temporal offset for different gGABA values.

LTD in absence of it? Preliminary simulation results from my group
seem to indicate this (unpublished observations).
While GABAA inhibition is sufficient to achieve a symmetric
STDP curve in the SR dendrites, work is underway in my lab to
explore how STDP is dynamically regulated by adjacent synapses
on the SR dendrite or by the action of neuromodulators such as
acetylcholine and GABA acting on GABAB receptors. Moreover, a
more detailed compartmental model of the CA1 pyramidal neuron
has been constructed to model these conditions under which the
STDP asymmetry appears in the distal SR dendrites. Experimental
evidence has shown that both distal and proximal SR dendrites
receive excitatory inputs from CA3 cells as well as inhibitory inputs
from local CA1 interneurons. An additional excitatory input drives
the lacunosum-moleculare (LM) dendrites of the CA1 pyramidal
neuron. Pairings of the SR and LM presynaptic excitatory and
inhibitory inputs with the postsynaptic somatic activation will
provide us with a more realistic picture of STDP in the SR dendrites.
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Appendix
The somatic (s) and dendritic (d) compartments of the pyramidal neuron obey the following current balance equations
Cm

dVs
dt

= IL + INa,s + IKdr ,s + IA,s + Im,AHAP ,s
+ ICaL,s + Icoup + Iin · Fpost

Cm

dVd
dt

(9)

= IL + INa,d + IKdr ,d + IA,d + Im,AHAP ,d
+ ICaL,d + Icoup + IAMPA + INMDA + IGABA

(10)

where IL is the leak current, INa is the sodium current, IKdr is the
delayed rectifier potassium current, IA is the type A potassium current, Im,AHP is the medium Ca2+ activated K+ after hyperpolarization current, ICaL is the L-type Ca2+ current, Icoup is the electrical
coupling between compartments, Iin is the injected current, and
IAMPA , INMDA and IGABA are the synaptic currents.
The sodium current at the soma is described by:
2
INa,s = −gNa,s · MNa
,s · HNa,s · (Vs − VNa )

(11)
+

where gNa,s is the maximal conductance of the Na current, MNa,s
and HNa,s are the activation and inactivation constants and VNa
is the reversal potential of the Na+ current. The activation and
inactivation constants at the soma are given by
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Fig. 12. Time courses of [Ca2+ ], W, P and LTD agents in the pre-50-post scenario of Fig. 11(D) for different gGABA values.

MNa,s = αM ,s (Vs )/(αM ,s (Vs ) + βM ,s (Vs ))

αM ,s (Vs ) = 0.32 · (−46.9 − Vs )/(exp((−46.9 − Vs )/4.0) − 1.0)
βM ,s (Vs ) = 0.28 · (Vs + 19.9)/(exp((Vs + 19.9)/5.0) − 1.0)

HNa
,s = αH ,s (Vs ) − (αH ,s (Vs ) + βH ,s (Vs )) · HNa,s
αH ,s (Vs ) = 0.128 · exp((−43 − Vs )/18)
βH ,s (Vs ) = 4/(1 + exp((−20 − Vs )/5)).
The sodium current at the dendrite is described by:
2
INa,d = −gNa,d · MNa
,d · HNa,d · DNa,d · (Vd − VNa )

(12)

where

MNa
,d = (M∞Na,d − MNa,d )/τMNa,d
M∞Na,d = 1/(1 + exp((−Vd − 40)/3))

τMNa,d = max(0.1, 0.05)


HNa
,d = (H∞Na,d − HNa,d )/τHNa,d

H∞Na,d = 1/(1 + exp((Vd + 45)/3))

τHNa,d = 0.5

DNa,d = (D∞Na,d − DNa,d )/τDNa,d

D∞Na,d = (1 + λ · exp((Vd + 60)/2))/(1 + exp((Vd + 60)/2))

τDNa,d = max(0.1, (0.00333 · exp(0.0024 · (Vd + 60)
× Q ))/(1 + exp(0.0012 · (Vd + 60) · Q )))
Q = 96 480/(8.315 · (273.16 + T ))

where T is the temperature in Celsius and λ is the Na+ attenuation.
The type-A K+ current at the soma is given by
IKA,s = −gKA,s · As · Bs · (Vs − VK )

(13)

where gKA,s is the maximal conductance, Vk is the reversal potential, As and Bs are the activation and inactivation constants. The activation and inactivation constants are given by
As = (A∞s − As )/τAs
A∞s = 1/(1 + Aα,s )
Aα,s = exp(0.001 · ς(Vs ) · (Vs − 11) · Q )
τAs = max(Aβ,s /((1 + Aα,s ) · QT · 0.05), 0.1)
Aβ,s = exp(0.00055 · Q · (Vs − 11) · ς(Vs ))
ς (Vs ) = −1.5 − (1/(1 + exp((Vs + ςp )/5)))
QT = 5((T −24)/10)

Bs = (B∞s − Bs )/τBs
B∞s = 0.3 + 0.7/(1 + exp(0.02 · (Vs + 63.5) · Q ))

τBs = κ · max(0.11 · (Vs + 62), 2).
The type-A K+ current at the dendrite is given by
IKA,d = −gKA,d · Ad · Bd · (Vd − VK ).
The activation and inactivation constants are given by
Ad = (A∞d − Ad )/τAd

(14)
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2+

A∞d = 1/(1 + Aα,d )

where χs and χd are the Ca concentrations in the soma and dendrite, respectively. The L-type Ca2+ current at the dendrite is described by

Aα,d = exp(ξ · ς (Vd ) · (Vd + 1) · Q )
Aβ,d = exp(0.00039 · Q · (Vd + 1) · ς2 (Vd ))

τAd = max(Aβ,d /((1 + Aα,d ) · QT · 0.1), 0.1)
ς (Vd ) = −1.5 − (1/(1 + exp((Vd + ςp )/5)))
ς2 (Vd ) = −1.8 − (1/(1 + exp((Vd + 40)/5)))
Bd = (B∞d − Bd )/τBd
B∞d = 0.3 + 0.7/(1 + exp(ς2 · (Vs + ς) · Q ))
τBd = κ · max(ς3 · (Vs + ς4 ), ς5 ).

ICaLd = −gCaLd · Sd3 · Td · (Vd − VCa )
S∞d = 1/(1 + exp(−Vd − 37))
τsd = s3 + s1 /(1 + exp(Vd + s2 ))
Td = (T∞d − Td )/τTd
T∞d = 1/(1 + exp((Vd + 41)/0.5))
τTd = 29.

The delayed rectifier K+ current at the soma is given by
IKdr ,s = −gKdr ,s · Ns · (Vs − VK )

(15)

where gKdr ,s is the maximal conductance. The activation constant,
Ns is given by
Ns = αNs (Vs ) − (αNs (Vs ) + βNs (Vs )) · Ns

αNs (Vs ) = 0.016 · (−24.9 − Vs )/(exp((−24.9 − Vs )/5) − 1)
βNs (Vs ) = 0.25 · exp(−1 − 0.025 · Vs ).
+

The delayed rectifier K current at the dendrite is given by
IKdr ,d = −gKdr ,d · Nd2 · (Vd − VK )

(19)

Sd = (S∞d − Sd )/τsd

(16)

where gKdr ,d is the maximal conductance. The activation constant,
Nd is given by

The coupling constant for the compartment i is
Icoup = gcoup · (Vj − Vi ).

(20)

The Ca2+ -NMDA, AMPA, GABA-A and NMDA synaptic currents are
given by
ICa,NMDA = −gCa,NMDA · sNMDA · mCa,NMDA · (Vd − VCa,NMDA )

(21)

INMDA = −gNMDA · sNMDA · mNMDA · (Vd − VNMDA )

(22)

IAMPA = −gAMPA · sAMPA · (Vd − VAMPA )

(23)

IGABA = −gGABA · sGABA · (Vd − VGABA )

(24)

where
mNMDA = 1/(1 + 0.3 · Mg · exp(−0.062 · Vd ))

Nd = (N∞d − Nd )/τNd
N∞d = 1/(1 + exp((−Vd − 42)/2))

mCa,NMDA = 1/(1 + 0.3 · Mg · exp(−0.124 · Vd ))

τNd = 2.2.

with Mg = 2 mM. The activation equations for AMPA, NMDA and
GABA-A currents are

2+

The medium Ca
given by

+

activated K after hyperpolarization current is

ImAHP = −gmAHP · Qm · (Vs − VK )

sx = sxfast + sxslow + sxrise
(17)

where gKmAHP is the maximal conductance. The activation constant,
Qm is given by
Qm = (Qm∞ − Qm )/τQm

sNMDAslow = 20 · (0.473 − sNMDAslow ) · Fpre − (1/nds) · sNMDAslow ,

Qmα = qma · χ/(0.001 · χ + 0.18 · exp(−1.68 · Vs · Q ))

sAMPArise = −20 · (1 − sAMPAfast − sAMPAslow )
× Fpre − (1/0.58) · sAMPArise

Qmβ = (qmb · exp(−0.022 · Vs · Q ))/(exp(−0.022 · Vs · Q )
+ 0.001 · χ )

sAMPAfast = 20 · (0.903 − sAMPAfast ) · Fpre − (1/7.6) · sAMPAfast

τQm = 1/(Qmα + Qmβ ).

sAMPAslow = 20 · (0.097 − sAMPAslow ) · Fpre − (1/25.69) · sAMPAslow

The L-type Ca2+ current at the soma is described by
(18)

where gCaL,s is the maximal conductance and
Ss = (S∞s − Ss )/τss
S∞s = αs (Vs )/(αa (Vs ) + βs (Vs ))

τSs = 1/(5 · (αs (Vs ) + βs (Vs )))
αs (Vs ) = −0.055 · (Vs + 27.01)/(exp((−Vs − 27.01)/3.8) − 1)
βs (Vs ) = 0.94 · exp((−Vs − 63.01)/17)
xx = 0.0853 · (273.16 + T )/2
f (z ) = (1 − z /2) · f2 (z ) + (z /(exp(z ) − 1)) · f3 (z )
f2 (z ) = H (0.0001 − |z |)
f3 (z ) = H (|z | − 0.0001)
ghk = −xx · (1 − ((χs /Ca) · exp(Vs /xx))) · f (Vs /xx)
χs = φs · ICaLs − (βs · (χs − χ0,s )) + (χd − χs )/Caτ
− (βs /η) · χs2
χd = φd · (ICaLd + ICa,NMDA ) − βd · (χd − χ0,d )
− (βd /η) · χd2 − buff · χd

sNMDArise = −20 · (1 − sNMDAfast − sNMDAslow )
× Fpre − (1/NMDArate ) · sNMDArise
sNMDAfast = 20 · (0.527 − sNMDAfast ) · Fpre − (1/ndf ) · sNMDAfast

Qm∞ = q̄ · Qmα · τQm

ICaLs = −gCaLs · Ss · ghk (Vs , χs ) · (1/(1 + χs ))

where x stands for AMPA, NMDA, GABA and

and
sGABArise = −20 · (1 − sGABAfast − sGABAslow )
× Fpre − (1/1.18) · sGABArise
sGABAfast = 20 · (0.803 − sGABAfast ) · Fpre − (1/8.5) · sGABAfast
sGABAslow = 20 · (0.197 − sGABAslow ) · Fpre − (1/30.01) · sGABAslow .
The calcium detector model is governed by the following six equations:
P  = (φa (χd ) − cp · A · P )/τp
V  = (φb (χd ) − V )/τV
A = (φc (χd ) − A)/τA

B = (φe (A) − B − cd · B · V )/τB
D = (φd (B) − D)/τD

W  = (αw /(1 + exp((P − a)/pa )))
− βw /(1 + (exp((D − d)/pd )) − W )/τw
where P is the potentiation detector dynamics, V is the veto detector dynamics, D is the depression detector dynamics, A and B are
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the intermediate steps leading up to D and W is the readout variable (see Fig. 2). The Hill equations are

φa (x) = numa · ((x/CmHC )CmHN )/(1 + (x/CmHC )CmHN )
φb (x) = numb · ((x/CnHC )CnHN )/(1 + (x/CnHC )CnHN )
φc (x) = numc /(1 + exp((x − θc )/σc ))
φd (x) = numd /(1 + exp((x − θd )/σd ))
φe (x) = nume /(1 + exp((x − θe )/σe )).
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