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Abstract Spike timing dependent plasticity (STDP) is a
synaptic learning rule where the relative timing between
the presynaptic and postsynaptic action potentials determines the sign and strength of synaptic plasticity. In its
basic form STDP has an asymmetric form which incorporates both persistent increases and persistent decreases in
synaptic strength. The basic form of STDP, however, is not
a fixed property and depends on the dendritic location. An
asymmetric curve is observed in the distal dendrites,
whereas a symmetrical one is observed in the proximal
ones. A recent computational study has shown that the
transition from the asymmetry to symmetry is due to
inhibition under certain conditions. Synapses have also
been observed to be unreliable at generating plasticity
when excitatory postsynaptic potentials and single spikes
are paired at low frequencies. Bursts of spikes, however,
are reliably signaled because transmitter release is facilitated. This article presents a two-compartment model of the
CA1 pyramidal cell. The model is neurophysiologically
plausible with its dynamics resulting from the interplay of
many ionic and synaptic currents. Plasticity is measured by
a deterministic Ca2? dynamics model which measures the
instantaneous calcium level and its time course in the
dendrite and change the strength of the synapse accordingly. The model is validated to match the asymmetrical
form of STDP from the pairing of a presynaptic (dendritic)
and postsynaptic (somatic) spikes as observed experimentally. With the parameter set unchanged the model investigates how pairing of bursts with single spikes and bursts
in the presence or absence of inhibition shapes the STDP
V. Cutsuridis (&)
Division of Engineering, King’s College London, Strand,
London WC2R 2LS, UK
e-mail: vcut@iit.demokritos.gr

curve. The model predicts that inhibition strength and
frequency are not the only factors of the asymmetryto-symmetry switch of the STDP curve. Burst interspike
interval is another factor. This study is an important first
step towards understanding how STDP is affected under
natural firing patterns in vivo.
Keywords Computer model  Calcium  Theta burst 
Inhibition  Backpropagating action potential  NMDA

Introduction
In 1949 the Canadian psychologist Donald Hebb postulated
that a synapse is strengthened only if the presynaptic and
postsynaptic neurons are activated simultaneously (Hebb
1949). This postulate inspired many experimental neurophysiologists to investigate its cellular correlates, which led
to the discovery of long-term potentiation (LTP) by Bliss
and Lomo (1970) and long-term depression (LTD) by Stent
(1973). The substrate for such synchronous firing in preand postsynaptic neurons was found to be the NMDA
receptor, which acts as a coincidence detector. An NMDA
receptor opens and allows Ca2? to flow in only when
presynaptic glutamate release is coincident with postsynaptic depolarization causing the removal of voltagedependent magnesium block inside the NMDA channel
pore (Mayer et al. 1984; Nowak et al. 1984). Strong activation of the NMDA receptor leading to a large Ca2? influx
at the postsynaptic site induces LTP, whereas weak NMDA
receptor activation and moderate Ca2? influx results in
LTD (Bliss and Collingridge 1993).
Recently, Bi and Poo (1998) discovered that the relative
timing between the pre- and postsynaptic action potentials
determines the sign and amplitude of synaptic plasticity
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(Bell et al. 1997; Bi 2002; Debanne et al. 1998; Magee and
Johnston 1997; Markram et al. 1997; Sjostrom et al. 2001;
Yao and Dan 2001; Zhang et al. 1998). Bi and Poo (1998)
also showed that the profile of the STDP curve in the in
vitro hippocampal network has an asymmetrical shape with
the largest LTP value at about ?6 ms and the largest LTD
value at about -10 ms. The area of the LTP region
(Ds [ 0 ms) was shown to be smaller than the area of the
LTD region (Ds \ 0 ms) (Bi and Poo 1998).
STDP has also been shown to depend on NMDA
receptor activation and calcium influx through NMDAR
channels (Caporale and Dan 2009; Markram et al. 1997;
Sjostrom et al. 2001). When an excitatory postsynaptic
potential (EPSP) is generated before the generation of a
postsynaptic action potential, then the synapse that transmitted the EPSP is potentiated, whereas when the EPSP
arrives after the action potential generation, then the
synapse is depressed. The synapse is informed that the
neuron has generated an action potential by the arrival of
the backpropagating action potential (Magee and Johnston
1997). Action potentials generated in the axon not only
propagate along the axon towards presynaptic terminals,
but are also capable of propagating backwards into the
dendritic tree in many neurons (Stuart et al. 1997). There,
they provide the necessary depolarization to relieve the
Mg2? block of the NMDA receptors, which is essential
for STDP induction (Kampa et al. 2004; Vargas-Caballero
and Robinson 2003). The timing of backpropagating
action potentials relative to glutamate binding to NMDA
receptors determines the amount of NMDA receptor
activation and the Ca2? influx (Koester and Sakmann
1998; Nevian and Sakmann 2004). Many computational
models over the years modeled the postsynaptic Ca2? in
STDP and investigated what aspects of postsynaptic calcium serve as a plasticity signal and how postsynaptic
calcium is used by other postsynaptic elements within the
dendrite (Rubin et al. 2005; Karmarkar and Buonomano
2002; Abarbanel et al. 2003; Shouval et al. 2002; Bienenstock et al. 1982).
STDP has been robustly observed in many species both
in vivo and in vitro. Some of the excitatory glutamatergic
synapses where STDP has been observed are found in:
neurons in the visual cortex (Froemke and Dan 2002;
Sjostrom et al. 2001), neurons in the somatosensory cortex
(Bender et al. 2006; Feldman 2000), neurons in the corticostriatum (Pawlak and Kerr 2008), cultured hippocampal
neurons (Bi and Poo 1998), hippocampal CA3 neurons
(Debanne et al. 1998), neurons in the dorsal cochlear
neurons (Tzounopoulos et al. 2004), neurons in the retinotectal projection of the Xenopus laevis tadpole (Zhang
et al. 1998) and neurons in the olfactory system of the
locust Schistocerca americana (Cassenaer and Laurent
2007).
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The shape of the STDP curve has been shown to be
location dependent (Froemke et al. 2005). A recent
experimental study has shown that when a pair of pulse
stimuli was used to stimulate the stratum radiatum (SR)
and the stratum oriens bordering the alveolar areas of a
CA1 pyramidal cell, then the asymmetry of the STDP
curve was not a fixed property, but as a matter of fact the
shape of the STDP curve depended on the dendritic location of a CA1 pyramidal cell (PC). A symmetric STDP
profile was observed in the proximal-to-the-soma dendrites, whereas an asymmetrical one was observed in the
distal-to-the-soma dendrites (Aihara et al. 2007; Tsukada
et al. 2005). Both experimental groups suggested that this
transition from the symmetry to asymmetry is probably due
to inhibition present in the CA1 PC dendrites, but they
failed to show how and under what conditions this transition takes place.
In the hippocampus, inhibition comes in various frequencies (theta, gamma and ripples) and different phases
with the ongoing network oscillations and inhibits distinct
sub-cellular domains of pyramidal cells (PCs) (Cutsuridis
et al. 2010b). Inhibitory interneurons entrain excitatory
neurons to fire at different frequencies. Basket cells which
target the soma and proximal dendrites of excitatory cells
has been shown to phase spontaneous firing and subthreshold oscillations in CA1 pyramidal cells at theta frequencies (Cobb et al. 1995), whereas OLM cells, which
target the distal dendrites of CA1 and CA3 pyramidal 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 action potentials at different phases with
respect to the external oscillation and the firing of the
pyramidal cells (Gloveli et al. 2010). Feedforward and
feedback inhibition in region CA1 of the hippocampus has
been shown to be a critical regulator of spike timing- and
frequency-dependent plasticity (Nishiyama et al. 2010).
Cutsuridis et al. (2008, 2009b) and Cutsuridis (2011)
was the first to quantitatively investigate via computer
simulations the inhibitory conditions under which symmetry-to-asymmetry transition of the STDP curve occurs
when a dendritic spike was paired with a somatic one at
various interstimulus intervals. In these computational
studies Cutsuridis et al. (2008, 2009b) investigated how
STDP is shaped when presynaptic and postsynaptic action
potentials (APs) are paired together in the presence of
GABA inhibition, while varying the frequency of inhibition, its strength and its relative timing with the pre-postsynaptic excitatory stimulations. The central observation of
the Cutsuridis (2011) study was that the STDP transition
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from the symmetry to asymmetry is indeed due to inhibition as it has been suggested by the experimentalists
(Aihara et al. 2007; Nishiyama et al. 2000; Tsukada et al.
2005). In addition Cutsuridis (2011) showed that (1) an
inhibitory spike repeated every 250 ms (4 Hz) is not
responsible for the asymmetry-to-symmetry transition, (2)
an inhibitory burst repeated every 250 ms (4 Hz) (theta
burst inhibition) is the necessary condition for the asymmetry-to-symmetry transition in the PC dendrite, (3) the
transition depends on the strength of inhibition as well as
on its relative presentation onset with the pre- and postexcitatory stimulation, (4) the asymmetry-to-symmetry
transition appears only when the offset of the pre- and
postsynaptic excitation coincides or partially overlaps with
the onset of the inhibitory burst, (5) slow (50 Hz) and high
(100 Hz) frequency inhibitory bursts repeated every
250 ms (4 Hz) have almost identical effects on the STDP
asymmetry-to-symmetry transition when the pre- and
postsynaptic excitation coincides or partially overlaps with
the onset of the slow or fast inhibitory burst, (6) the LTP
peak of the symmetric STDP curve was found to be centred
at about ±10 ms and not at 0 ms as it has been shown
experimentally (Aihara et al. 2007; Tsukada et al. 2005),
and (7) in contrast to experimental evidence (Aihara et al.
2007; Tsukada et al. 2005), two LTD windows are evident
at about -10 and ?40 ms and not at ± 20 ms.
Synapses of the CA1 PCs have been observed to be
unreliable at signaling the arrival of single spikes to the
postsynaptic neurons (Allen and Stevens 1994), thus
making the pairing of excitatory postsynaptic potentials
and single presynaptic APs ineffective at generating plasticity. In addition under certain experimental conditions
single APs at the soma attenuate and hence fail to propagate to the dendrites (Jarsky et al. 2005; Stuart et al. 1997;
Stuart and Hausser 2001). Thus, it was suggested that these
failures can be addressed with high frequency AP bursts
which will cause either effective AP backpropagation and
generation of dendritic calcium spikes (Kampa and Stuart
2006; Larkum et al. 1999; Williams and Stuart 1999) or
enhanced postsynaptic dendritic responses (Izhikevich
et al. 2003; Lisman 1997; Paulsen et al. 1993). It has been
shown that only bursts above a critical frequency
(*100 Hz) of action potential firing induce dendritic
spikes (Kampa and Stuart 2006; Larkum et al. 1999).
In contrast to Cutsuridis study (2011) where a pair of
pulse stimuli were used to study how the shape of the STDP
curve changes in the presence of inhibition, the scope of this
paper is to understand how spike timing dependent synaptic
plasticity is induced by natural firing patterns such as bursts,
how this plasticity is affected when inhibition is present and
how is the shape of STDP curve affected when bursts and
inhibition interact in the dendrite of a CA1 pyramidal cell.
To do so three stimulation protocols were employed: single

dendritic spikes paired with somatic bursts, dendritic burst
paired with somatic spikes and dendritic bursts paired with
somatic bursts. All three stimulation protocols were applied
in the soma and dendrite of a CA1 pyramidal cell model
(Cutsuridis 2011) both in the absence and presence of theta
modulated inhibition. Because theta modulated slow
(50 Hz) and high (100 Hz) frequency inhibitory bursts had
computationally shown to have almost identical effects on
the STDP asymmetry-to-symmetry transition (Cutsuridis
2011), then I chose for this study the theta modulated
100 Hz inhibition to be present with the pre- and postsynaptic excitatory pairings. Plasticity effects in the dendrite
were measured via a biophysical mechanism based on a
calcium detector system, which responded not only to calcium level (Karmarkar and Buonomano 2002; Abarbanel
et al. 2003; Shouval et al. 2002), but also to Ca2? temporal
dynamics in the dendrite (Ismailov et al. 2004; Sabatini
et al. 2001). This calcium detector system has been shown
to yield a number of empirical findings from multi-spike
experiments (e.g. pre-post LTP, post–pre LTD without a
pre-post LTD window) (Rubin et al. 2005). 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. Preliminary results of this research have been published previously in Cutsuridis (2010) and Cutsuridis et al.
(2009a).

Materials and methods
The CA1 pyramidal cell model
The CA1 pyramidal cell model consists of two compartments: a soma and a dendrite (Fig. 1). The somatic compartment contains a sodium (Na?) current, a delayed
rectifier K? current, an A-type K? current, a calciumactivated after-hyperpolarizing (AHP) K? current and a
HVA L-type CA2? current. The dendritic compartment
contains a sodium (Na?) current, a delayed rectifier K?
current, an A-type K? current and a HVA L-type Ca2?
current. AMPA, NMDA and GABAA 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 SR dendrite. VGCCs are activated
by the arrival of backpropagating action potentials
(BPAPs) initiated in the soma by excitatory postsynaptic
spikes. The NMDA channels are activated by the synergistic action of excitatory and inhibitory postsynaptic
potentials and sufficient membrane potential depolarization
due to the BPAP, which removes the magnesium block and
allows calcium to enter the cell.
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detector (V), which detects levels exceeding a mid-level
threshold (2 lM) and triggers a veto of the model’s
depression components.
The detailed mathematical formalism of the model and
its detector system can be found in the 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.
Inputs
Fig. 1 Our 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 [Ca2?] and produces an output of appropriate sign and magnitude.
Three detector agents respond to the instantaneous [Ca2?] 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 agents 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 [Ca2?] time course onto W

Two spike generators emulating the excitatory transient
inputs to the soma and the dendrite were used to simulate
the experimental STDP protocols. The burst generator
(presynaptic (dendritic) or postsynaptic (somatic)) is given
by

For a measure of plasticity a deterministic Ca2? dynamics
model is used (Bi and Rubin 2005; Rubin et al. 2005). The
Ca2? dynamics model consists of three detectors, which
respond to the instantaneous calcium level and its time
course in the dendrite and change the strength of the synapse
accordingly (Fig. 1). 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

F2 ðtÞ ¼ Hðt  1Þ  ðHðsinð2p  ðt  2  int burÞ=TÞÞ
 ð1  Hðsinð2p  ðt  1  int burÞ=TÞÞÞÞ

Fburst ðtÞ ¼ F1 ðtÞ þ F2 ðtÞ þ F3 ðtÞ

ð1Þ

where
F1 ðtÞ ¼ Hðt  1Þ  ðHðsinð2p  ðt  2Þ=TÞÞ
 ð1  Hðsinð2p  ðt  1Þ=TÞÞÞÞ;

and
F3 ðtÞ ¼Hðt  1Þ  ðHðsinð2p  ðt  2  2  int burÞ=TÞÞ
 ð1  Hðsinð2p  ðt  1  2  int burÞ=TÞÞÞÞ
where int bur is the interspike interval with a burst, T is the
period of oscillation and H() is the Heaviside function.
The spike generator (presynaptic (dendritic) or postsynaptic (somatic)) is given by

Table 1 Parameter values of all ionic and synaptic currents
Symbol
gL

Value
0.1

gNa,s

30

gNa,d

7

Symbol

Value

Symbol

Value

Symbol

Value

gcoup

1.125

T

23

nonc

VAMPA,NMDA

0

Ds

Variable

asap

0.001

DsGABA

Variable

natt

0

period

300

qhat

1

VGABA

-75

6

gmAHP,s

25

VNa

gKA,s

75

VCa

140

inact

72

s1

0

gKA,d

12

VK

-80

inact2

0.11

s2

40

gKdr,s

14

VL

-70

inact3

2

s3

VCa,NMDA

140

inact4

64

NMDArate

inact5
us

1
0.1

ndf
nds

10
45
0

gKdr,d
gCaLs
gCaLd

0.867
7
25

v0,s
v0,d

60

0.05
0.07

3.6
2

gNMDA

0.3

Cas

1,000

ud

0.1

buff

gAMPA

0.05

Ca

2

bs

0.083

j

7

25

Mg

2

bd

0.083

fp

30

0

qmb

0.28

gCa,NMDA
gGABA
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Table 2 Parameters in the
calcium detector equations

The sensitivity of the model
was tested against a 10 %
variation of these parameters.
The model was shown to be
robust against such variations

Symbol

Value

Symbol

Value

Symbol

Value

0.8

sA

500

hc

numb

1

bw

0.6

sB

5

hd

2.6

numc

1

a

0.3

sC

10

he

0.55

numd

1

d

0.05

sD

250

rc

-0.05

nume

5

sE

40

rd

-0.01

CmHC

4

pa

-0.1

2

pd

-0.002

cp

5

re

-0.02

CmHN

4

sW

500

cd

4

numa

10

CnHC

0.6

CnHN

3

 ð1  Hðsinð2p  ðt  1  DsÞ=TÞÞÞÞ

ð2Þ

where Ds is the interval between the first spike of the burst
and the spike (or the first spike of the second burst). In all
experiments the pairing of the two excitatory inputs was
repeated every 300 ms (3.5 Hz), typically for 5 s. The
interstimulus interval Ds between the pre- and postsynaptic
stimuli was variable ranging from -180 to 180 ms in
increments of 5 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 dendritic
GABAergic spike generator is given by
11
X

Symbol

aw

Fspike ðtÞ ¼ Hðt  1Þ  ðHðsinð2p  ðt  2  DsÞ=TÞÞ

FGABA ðtÞ ¼

Value

FGABAi ðtÞ

Pairing of a dendritic burst and a somatic spike
in the absence of inhibition
This protocol (see Fig. 4b) consisted of 16 sets of a dendritic
burst and a somatic spike repeated every 300 ms (3.5 Hz) for
about 5 s. The dendritic burst consisted of three spikes with
variable interspike interval (ISI) (5 ms or 10 ms). Each pair
was characterized by Ds = tpostSpike - tpreBurst, where tpreBurst is the first spike of the presynaptic (dendritic) burst and
tpostSpike is the time of postsynaptic (somatic) spike. Ds was
positive only when the dendritic burst preceded the somatic
spike and negative when otherwise.
Pairing of a dendritic burst and a somatic spike
in the presence of GABA inhibition

ð3Þ

i¼1

where
FGABAi ðtÞ ¼  aai  Hðt  1Þ  ðHðsinð2p  ðt  2 þ offset
 ði  1Þ  DsGABA Þ=TÞÞ
 ð1  Hðsinð2p  ðt  1 þ offset  ði  1Þ
 DsGABA Þ=TÞÞÞÞ
where offset is the relative timing between the onset of the
GABA spike train and the pre-post interstimulus interval,
DsGABA is the GABA interspike interval and aai is either 1
or 0 depending on the duration of the interval between the
presynaptic and the postsynaptic stimuli (spikes or bursts)
used.
Experimental protocols
To investigate how the interaction of a burst with a spike or
a burst with a burst in the presence or absence of inhibition
modulated the NMDA-R spike timing dependent plasticity,
I modelled six different experimental protocols in which
the synaptic weight changed as a function of the presynaptic and postsynaptic spike statistics in the absence or
presence of inhibition.

In this inhibition protocol, an inhibitory spike train with 10 ms
(100 Hz) interspike interval, DsGABA, was repeated every
300 ms (3.5 Hz) for about 5 s (a total of 16 spike trains). Each
inhibitory spike train was bounded by the onset and offset of
the dendritic burst-somatic spike stimulation (see Fig. 4c).
Pairing of a dendritic spike and a somatic burst
in the absence of inhibition
This protocol (see Fig. 10b) consisted of 16 sets of a
dendritic spike and a somatic burst repeated every 300 ms
(3.5 Hz) for about 5 s. The somatic burst consisted of three
spikes with variable interspike interval (ISI) (2 ms or 5 ms
or 10 ms). Each pair was characterized by Ds = tpostBurst
- tpreSpike, where tpostBurst is the first spike of the postsynaptic (somatic) burst and tpreSpike is the time of presynaptic (dendritic) spike. Ds was positive only when the
dendritic spike preceded the somatic burst and negative
otherwise.
Pairing of a dendritic spike and a somatic burst
in the presence of GABA inhibition
In this inhibition protocol, an inhibitory spike train with
10 ms (100 Hz) interspike interval, DsGABA, was repeated
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every 300 ms (3.5 Hz) for about 5 s (a total of 16 spike
trains). Each inhibitory spike train was bounded by the
onset and offset of the dendritic spike-somatic burst stimulation (see Fig. 10c).

with a step size of dt = 0.075 ms. The MATLAB graphics
toolbox was used for visualization of the simulation results.
The implementation code of the model is available upon
request.

Pairing of a dendritic burst and a somatic burst
in the absence of inhibition

Results

This protocol (see Fig. 14b) consisted of 16 sets of a
dendritic burst and a somatic burst repeated every 300 ms
(3.5 Hz) for about 5 s. Each somatic and dendritic burst
consisted of three spikes with variable interspike interval
(ISI) (2 ms or 5 ms). Each pair was characterized by
Ds = tpostBurst - tpreBurst, where tpostBurst is the first spike of
the postsynaptic (somatic) burst and tpreBurst is the time of
presynaptic (dendritic) burst. Ds was positive only when
the dendritic burst preceded the somatic burst and negative
otherwise.
Pairing of a dendritic burst and a somatic burst
in the presence of GABA inhibition
In this inhibition protocol, an inhibitory spike train with
10 ms (100 Hz) interspike interval, DsGABA, was repeated
every 300 ms (3.5 Hz) for about 5 s (a total of 16 spike
trains). Each inhibitory spike train was bounded by the
onset and offset of the dendritic burst-somatic burst stimulation (see Fig. 14c).
Implementation
All simulations were performed using the software
XPPAUT (Ermentrout 2002). A fourth order Runge–Kutta
method was used for numerical integration in XPPAUT

Fig. 2 a Experimentally observed STDP curve as a function of
spiking timing. Spike timing was defined as the time interval between
the onset of the EPSP and the peak of the postsynaptic action potential
during each cycle of repetitive stimulation (reprinted with permission
from Bi and Poo 1998). b Simulated STDP curve from spike pair
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Model validation: pairing of presynaptic (dendritic)
and postsynaptic (somatic) spikes in the absence
of inhibition
When a presynaptic (dendritic) spike is paired with a
postsynaptic (somatic) spike in the absence of inhibition
then an asymmetric STDP curve appears with the largest
LTP and LTD values at ?5 ms and at 210 ms, respectively (Bi and Poo 1998). The saturated synaptic weight
values (W?) as a function of the interstimulus interval,
Ds = tpost - tpre are depicted in Fig. 2. Ds is the interstimulus interval between the presynaptic dendritic spike
and the postsynaptic somatic spike. For each Ds, 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 Ds ranging from
2100 to 100 ms in increments of 5 ms. The area of the
LTP region (Ds [ 0) is smaller than the area of the LTD
region (Ds \ 0), as it has been experimentally observed (Bi
and Poo 1998). At interstimulus intervals Ds [ ? 40 ms
and Ds \-70 ms W? approaches zero.
In the paired pre-10-post stimulation protocol, where a
presynaptic (dendritic) stimulation is followed 10 ms later

simulations in the absence of GABAA. W? is the saturated value of
the readout variable W (see Fig. 1) measured at the end of each
simulation run multiplied by 100 (%). Ds (tpost - tpre) ranges from
-100 to 100 ms in increments of 5 ms
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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-30post case. c Post-10-pre case.
d Post-30-pre case

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. 3a). In the pre-30-post 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. 3a, 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. 3c), 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 lM
threshold, but below the 2 lM 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. 3d). The valley that separates them drops below
the 0.6 lM threshold causing a much smaller LTD. The
results summarized in this section have been published
before in Cutsuridis (2011). The parameter set used to

reproduce the results in this section was used to reproduce
the results in the following sections.
Pairing of a dendritic burst and a somatic spike
in the absence of inhibition (Fig. 4)
The saturated synaptic weight values (W?) at the dendrite
as a function of the interstimulus interval, Ds = tpost - tpre,
and burst interspike interval (bISI) are depicted in Fig. 5.
In this case, Ds is the interstimulus interval between the
first spike of the presynaptic dendritic burst and the postsynaptic somatic spike. For each Ds the pre- and postsynaptic pairing is repeated every 300 ms (3.5 Hz) until
saturation, typically for 5 s. As before W? is measured at
the saturated value of the readout variable W at t = 5 s.
When the saturated W is oscillating between two values,
then W? is the mean of these two values. Simulations were
performed with Ds ranging from -180 to 180 ms in
increments of 5 ms. An asymmetric STDP curve is shown
with the largest LTP and LTD values at ?15 ms and at
-5 ms, respectively, when bISI is 5 ms. As bISI is
increased to 10 ms, the asymmetric STDP curve remains
asymmetric, but shifts to the right with the peak LTP value
increased by 0.14 units and at ?40 ms and the lowest LTP
value increased by 0.1 units and set at 0 ms. The STDP
curve levels off at 0.4 units and never decays back to zero
even at Ds = ± 180 ms. This is due to the repetition
period of the pre-postsynaptic excitatory stimulation (every

123

Author's personal copy
Cogn Neurodyn
Fig. 4 a Our model CA1
neuron with its three transient
inputs to the soma and dendrite.
Inputs: an excitatory burst to the
dendrite, an excitatory spike to
the soma and an inhibitory spike
to the dendrite. Each input
repeats every 300 ms for about
5 s. b Pairing of a dendritic
burst with a somatic spike in the
absence of inhibition. c Pairing
of a dendritic burst with a
somatic spike in the presence of
GABA inhibition

Fig. 5 Simulated STDP profile as a function of burst interspike
interval (burst ISI) in the absence of inhibition. Ds (tpost - tpre) is the
interstimulus interval between the first spike of the dendritic burst and
the somatic spike. Ds ranges from -180 to 180 ms in increments of
5 ms. (Inset—left) PostSpike–PreBurst scenario, where somatic
single spike precedes the dendritic burst, comprised of three spikes,
by Ds. Ds takes values from -5 to -180 ms in increments of 5 ms.
The pairing repeats every 300 ms for about 5 s. (Inset-right)
PreBurst–PostSpike scenario, where a dendritic burst precedes the
somatic spike by Ds. Ds takes values from 0 to ?180 ms in
increments of 5 ms. The pairing repeats every 300 ms for about 5 s

300 ms), which allows the effects of the postsynaptic spike
at Ds [ 150 ms to interact with the effects of the presynaptic burst at the start of next pre-post excitatory
stimulation.
In the preBurst-(40 ms)-postSpike case, the peak LTP
value when the bISI is 5 ms is approximately at 0.27,
whereas when the bISI is 10 ms, the peak LTP value is 0.7

123

(see Fig. 6b). This increase in potentiation (see Fig. 6c) is
due to a larger amount of Ca2? influx through the NMDA
channel when bISI is 10 ms, thus allowing the time course
of its concentration to stay above the 2 lM (veto threshold)
and the 4 lM (potentiation threshold) a longer period of
time (approximately 70 ms) (see Fig. 6a). In the case of
bISI at 5 ms, the calcium influx through the NMDA
channel is greatly reduced, followed by a second calcium
pulse with a higher peak 40 ms after the burst. The NMDA
calcium pulse stays above the 2 lM veto threshold for a
small period of time (approximately 10 ms) and subsequently decays to values below this threshold, thus triggering for 2–3 ms the depression (D) detector, which
counteracts any previously triggered potentiation. The D
response is very brief and it is followed by a calcium influx
through the VGCC, which cause a second calcium pulse to
peak above the 4 lM threshold, which re-potentiates the
synapse and causes the synaptic weight to saturate to 0.27
units (see Fig. 6b).
In the postSpike-(-10 ms)-preBurst case, the calcium
influx is greatly reduced due to a different time course than
in the previous case. The first calcium spike comes from
the VGCC and peaks under the 2 lM threshold, thus
triggering the depression (D) detector (see Fig. 7d). The
second calcium spike comes from the NMDA channels at
the dendrite which opened by the dendritic burst. When
bISI is 5 ms, the second calcium spike peaked and stayed
above the 2 lM threshold for less than 5 ms and then
decayed to zero. When bISI is 10 ms the second calcium
spike peaked at 2.5 lM and stayed above the 2 lM
threshold for a longer period of time, thus triggering a
larger veto response than before (compare veto pulses from
Figs. 7d, e). I remind the reader that the veto (V) response
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Fig. 6 a Bottom: Graphical representation of preBurst-(?40 ms)postSpike stimulation paradigm in the absence of GABA inhibition.
Top: Time course of Ca2? concentration (lM) as a function of burst
interspike intervals (ISIs) (5 and 10 ms) in the absence of GABA
inhibition in the preBurst-(?40 ms)-postSpike scenario. b Time
course of synaptic weight (W) as a function of burst interspike
intervals (ISIs) (5 and 10 ms) without GABA inhibition in the
preBurst-(?40 ms)-postSpike scenario. c Time course of potentiation

(P) as a function of burst interspike intervals (ISIs) (5 and 10 ms)
without GABA inhibition in the preBurst-(?40 ms)-postSpike scenario. d Time course of LTD agents (A, B, V, and D) in the absence of
inhibition in the preBurst-(?40 ms)-postSpike scenario when burst
ISI is 5 ms. e Time course of LTD agents (A, B, V, and D) in the
absence of inhibition in the preBurst-(?40 ms)-postSpike scenario
when burst ISI is 10 ms

inhibits and counteracts the response of the depression
(D) detector. Hence, the D response is larger in the 5 ms
bISI case than in the 10 ms bISI one. Thus, the synaptic
weight (W) saturates to a positive value when bISI is 10 ms
and to a negative one when bISI is 5 ms (see Fig. 7b).

play a role in the heteroassociation of memories (Cutsuridis
et al. 2010a, 2011; Cutsuridis and Wennekers 2009),
whereas an asymmetric STDP profile with broad temporal
windows may play a role in the temporal chunking of
memories (Hayashi and Igarashi 2009). When bISI is 5 ms,
then the peak LTP value is slightly reduced as gGABA is
increased, but the peak LTD value remains unaffected (see
Fig. 8a). Similarly, when bISI is 10 ms, then the peak LTP
value is slightly reduced as gGABA increases and is shifted
rightwards by about 15 ms. A similar reduction is observed
for the peak LTD value when gGABA increases (see
Fig. 8b).
Figure 9 depicts the time courses of Ca2? and LTD
agents in the peak LTP and LTD values as gGABA increases.
In the preBurst-(?40 ms)-postSpike case (see Fig. 9A1),
the peak of the calcium spikes (VGCC and NMDA) are
greatly reduced as gGABA increases. The VGCC calcium
spikes peak just above the 4 lM threshold, but stay over
for a small period of time before decaying to zero. Because
the B agents when gGABA is 0.1 and 0.2 mS/cm2 is well
under the 2.5 threshold (see Fig. 9A2), then the depression
(D) response is zero. Similarly in the postSpike-(-10 ms)preBurst case (see Fig. 9B1), the time course of the NMDA
and VGCC calcium fluxes are most of the time below the

Pairing of a dendritic burst and a somatic spike
in the presence of an 100 Hz inhibitory spike train
as a function of GABA conductance and burst
interspike interval
As GABA inhibition is increased, then the shape of the
STDP curve transitions from asymmetry to symmetry (see
Fig. 8). When gGABA is 0.1 mS/cm2, then the shape of the
STDP curve resembles a Mexican hat consisting of a peak
positive phase at ?10–15 ms when bISI is 5 ms and
?10 ms when bISI is 10 ms and two peak negative regions
at -5 ms and ?65 ms when bISI is 5 ms and at -5 ms and
?80 ms when bISI is 10 ms. As gGABA increases (0.2 mS/
cm2), then the shape of the STDP curve is a fully symmetrical one with flat negative tails and a single positive
region. It has been shown that the symmetrical STDP
profile with short temporal windows may serve as a coincidence detector between the input and the output and may
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Fig. 7 a Bottom: Graphical representation of postSpike-(-10 ms)preBurst stimulation paradigm in the absence of GABA inhibition.
Top: Time course of Ca2? concentration (lM) as a function of burst
interspike intervals (ISIs) (5 and 10 ms) in the absence of GABA
inhibition in the postSpike-(-10 ms)-preBurst scenario. b Time
course of synaptic weight (W) as a function of burst interspike
intervals (ISIs) (5 and 10 ms) without GABA inhibition in the
postSpike-(-10 ms)-preBurst scenario. c Time course of potentiation

(P) as a function of burst interspike intervals (ISIs) (5 and 10 ms)
without GABA inhibition in the postSpike-(-10 ms)-preBurst scenario. d Time course of LTD agents (A, B, V, and D) in the absence of
inhibition in the postSpike-(-10 ms)-preBurst scenario when burst
ISI is 5 ms. e Time course of LTD agents (A, B, V, and D) in the
absence of inhibition in the postSpike-(-10 ms)-preBurst scenario
when burst ISI is 10 ms

2 lM threshold and hence the responses of the D detectors
are larger (compare Fig. 9A2, B2). The NMDA Ca2?
fluxes when gGABA is 0.1 and 0.2 mS/cm2 barely peak
above the 2 lM threshold and hence their veto responses
are smaller than in 0 mS/cm2 case (see Fig. 9B1).

Ca2? curve broader and the Ca2? time course longer (see
Fig. 12a). These increases result in a lightly higher veto
response and smaller peaked B agent response when bISI is
5 ms (see Figs. 12b, c). Thus, the potentiation (P) response
when bISI is 5 ms is greater than when bISI is 2 ms (data
not shown).

Pairing of a dendritic spike and a somatic burst
in the absence of inhibition (see Fig. 10a, b)
The saturated synaptic weight values (W?) at the dendrite
as a function of interstimulus interval, Ds, and bISI are
depicted in Fig. 11. In this case where a dendritic spike is
paired with a somatic burst, the interstimulus interval Ds is
defined as the interval between the dendritic spike and the
first spike of the somatic burst. As before, for each Ds, the
pre- and postsynaptic pairing was repeated every 300 ms
(3.5 Hz) until saturation, for about 5 s. Ds varied from
-180 to 180 ms in increments of 5 ms. W? was the saturated synaptic weight value W at 5 s. A fully symmetric
STDP curve with flat LTD tails is shown with the peak
LTP value at 0–5 ms. As bISI increases from 2 to 10 ms,
the peak LTP value increases by a factor of 0.15 units. This
happens because as the burst ISI increases the Ca2? influx
peaks not once but twice, thus making the area under the
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Pairing of a somatic burst and a dendritic spike
in the presence of an 100 Hz inhibitory spike train
as a function of GABA conductance and burst
interspike interval (see Fig. 10a, c)
In the presence of inhibition many interesting findings are
evident (see Fig. 13). As gGABA is increased, then the shape
of the STDP curve transition from symmetry with flat LTD
tails when gGABA is 0.0 mS/cm2 to Mexican hat shaped
symmetry. When bISI is 2 ms, the peak LTD values are at
?40 and -10 ms, but when bISI is 5 ms LTD peaks at
-15 and ?50–60 ms. The peak LTP value is reduced by
equal amounts as gGABA is increased. The latter is because
inhibition hyperpolarizes the membrane potential bringing
it to values away from the spiking threshold, thus
strengthening the voltage-dependent Mg2? block of
NMDAR, which leads to lower Ca2? influx through the
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NMDA channels is evident in the dendrite followed by a
second high peaked calcium influx through the VGCC. In
the case where bISI is 5 ms the second calcium spike is
doubled and remained above the 4 lM threshold for longer
period of time than when bISI is 2 ms. Thus, the level of
potentiation (P) when bISI is 5 ms is higher than when bISI
is 2 ms (see Fig. 15). In the preBurst-50-postBurst scenario, 50 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. 16a, b). The peak
calcium level will continue to decrease as the pre-post
interstimulus interval is lengthened.
In the postBurst-10-preBurst scenario (see Fig. 16c), the
calcium influx is once again greatly reduced due to a different time course than in the preBurst-30-postBurst 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 lM threshold, but below the 2 lM threshold,
which triggers the depression (D) detector, but not the veto
(V) detector and produces LTD. In the postBurst-50-preBurst case, the two calcium level peaks are more distinguishable, because of the 50 ms delay between the post
stimulation and the pre-stimulation (see Fig. 16d). The
valley that separates them drops below the 0.6 lM
threshold causing a much smaller LTD.
Fig. 8 Saturated synaptic weight (W?) values as a function of
interstimulus time interval, Ds = tpostSpike - tpreBurst. Ds ranges from
-180 to 180 ms in increments of 5 ms. An 100 Hz GABA spike train
is present within Ds. a Burst ISI is set to 5 ms. b Burst ISI is set to
10 ms

NMDAR channels. Similar effects occur through the
VGCC.
Pairing of a SR burst and a somatic burst in the absence
of inhibition (see Fig. 14a, b)
When a dendritic burst is paired with a somatic burst the
symmetry-to-asymmetry transition is evident even in the
absence of inhibition. This transition appears to be a function
of bISI, where the STDP curve shifts to an asymmetrical
shaped curve with the peak LTP and LTD values are ?5 and
-10 ms, respectively as bISI increases (see Fig. 15).
In the paired preBurst-30-postBurst stimulation protocol
(see Fig. 16a), where a presynaptic (dendritic) burst stimulation is followed 30 ms later by a postsynaptic (somatic)
burst stimulation, a low peaked calcium influx through the

Pairing of a dendritic burst and a somatic burst
in the presence of an 100 Hz inhibitory spike train
as a function of GABA conductance and burst
interspike interval (see Fig. 14a, c)
In the presence of inhibition and as a function of bISI the
STDP curve transitions from asymmetry when bISI is 5 ms
to a Mexican-hat symmetry as gGABA increases (see
Fig. 17b). When bISI is 2 ms and when inhibition is absent,
the STDP curve is symmetrical with flat tails but shifts to a
Mexican-hat symmetry as gGABA increases (see Fig. 17a).
The peak LTP in both cases is reduced as gGABA is
increased, but the reduction is stronger when bISI is 2 ms.

Discussion
What have we learned from the model?
A two compartment model of the CA1 pyramidal cell was
presented to investigate how spike timing dependent plasticity is induced by natural firing patterns such as bursts,
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Fig. 9 Postsynaptic calcium and LTD agents time courses when a
presynaptic burst with burst ISI equal to 10 ms is paired with a
postsynaptic spike in the presence of an 100 Hz GABA inhibition as a

Fig. 10 a Our model CA1
neuron with its three transient
inputs to the soma and dendrite.
Inputs: an excitatory burst to the
dendrite, an excitatory spike to
the soma and an inhibitory spike
to the dendrite. Each input
repeats every 300 ms for about
5 s. b Pairing of a dendritic
spike with a somatic burst in the
absence of inhibition. c Pairing
of a dendritic spike with a
somatic burst in the presence of
GABA inhibition
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function of gGABA. Times shown are measured relative to the onset of
the stimulation experiments. (A1 and A2) Ds = ? 40 ms. (B1 and
B2) Ds = - 10 ms
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•

Inhibition and burst interspike interval are two factors
which lead to ‘‘global’’ LTP and/or LTD at large
interstimulus intervals Ds.

These theoretical predictions can easily be verified by
experiments and which may lead to a better understanding
of spike timing dependent plasticity in the CA1 pyramidal
cell of the hippocampus.
Comparison with other models

Fig. 11 Simulated STDP profile as a function of burst interspike
interval (burst ISI) in the absence of inhibition. Ds (tpostBurst
- tpreSpike) is the interstimulus interval between the first spike of
the somatic burst and the dendritic spike. Ds ranges from -180 to
180 ms in increments of 5 ms. The pairing repeats every 300 ms for
about 5 s

how this plasticity is affected when inhibition is present and
how is the STDP curve shaped when theta modulated single
spikes, bursts and inhibition interact in the dendrite of the
CA1 pyramidal cell. The pyramidal cell model was an
extension of the Cutsuridis model (2011) to more complex
inputs (bursts), which investigated the conditions under
which the STDP curve transitions from asymmetry to
symmetry in the presence of inhibition (Aihara et al. 2007;
Nishiyama et al. 2000; Tsukada et al. 2005). The present
model’s dynamics matched the experimental observed
canonical form of STDP (Bi and Poo 1998). With the
parameter set unchanged it computationally investigated how bursts and inhibition interact to shape the STDP
curve. The present model made a number of theoretical
predictions:
•

•

•

•

•

The asymmetry of the STDP is a fixed property when a
dendritic burst with various burst interspike intervals is
paired with a somatic spike.
The symmetry of the STDP is a fixed property when a
somatic burst with various bISIs is paired with a
dendritic spike.
A 1.6-fold increase in LTP is evident when
Ds = 0–5 ms as a function of bISI when a somatic
burst is paired with a dendritic spike.
The transition from asymmetry to symmetry can occur
even in the absence of inhibition when a somatic burst
and a dendritic burst are paired together.
The strength of inhibition (gGABA) is still an important
factor determining the asymmetry-to-symmetry transition of STDP in all stimulation pairings.

Although few modeling studies have been published over the
years where they attempted to investigate how bursts affect
spike timing dependent plasticity, no modeling studies have
been published with the exception of the author (Cutsuridis
2011) who tried to study how excitation and inhibition
interact to shape the STDP curve. Clopath et al. (2010)
introduced a phenomenological model of STPD in which
synaptic changes depended on the presynaptic spike arrival
and the postsynaptic membrane potential filtered with two
different time constants to simulate the development of
localized receptive fields in a recurrent network of spiking
neurons. Their model used different stimulation protocols
consisting of pairs of single spikes and single spikes with
bursts and it was successful at describing several of the
nonlinear effects observed in STDP experiments in the
absence of inhibition. Froemke et al. (2006) considered three
models of STDP for predicting synaptic modifications
induced by complex spike trains such as bursts. They found
that although STDP depends on the burst frequency, later
spikes in the burst have a small effect on synaptic modification. Cutsuridis (2011) is the only study and the basis of my
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. Cutsuridis (2011)
showed that this transition is due to inhibition under certain
conditions such as its frequency, strength and relative onset
with pre-post excitatory stimulation.
Future work
Several extensions to the basic idea of how inhibition
affects the STDP profile resulting from the interaction of a
burst with a spike or a burst with a burst deserve consideration. A more detailed compartmental model of the CA1
pyramidal neuron has been constructed to model these
conditions in the pyramidal cell dendrites (Poirazzi et al.
2003). Experimental evidence has shown that CA1 pyramidal cells receive inputs from the entorhinal cortex to
their distal dendrites and from the CA3 Schaffer collaterals
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Fig. 12 (a bottom) Graphical representation of preSpike-(?10 ms)postBurst stimulation paradigm in the absence of GABA inhibition.
(A top) Time course of Ca2? concentration (lM) as a function of burst
interspike intervals (ISIs) (2 and 5 ms) in the absence of GABA
inhibition in the preSpike-(?10 ms)-postBurst scenario. (Middle)
Comparative bar graph of potentiation (P) and depression (D) values

for two burst ISIs: 2 and 5 ms. b Time course of LTD agents (A, B, V,
and D) in the absence of inhibition in the preSpike-(?10 ms)postBurst scenario when burst ISI is 2 ms. c Time course of LTD
agents (A, B, V, and D) in the absence of inhibition in the preSpike(?10 ms)-postBurst scenario when burst ISI is 5 ms

to their proximal ones. Fibers that impinge on pyramidal
cell’s proximal dendrites immediately above the pyramidal
cell bodies form compact synaptic fields, while those
impinging on the distal ones form much broader and
asymmetrical distributed fields (Shimono et al. 2002). In
the absence of the Schaffer collateral inputs, backpropagating action potentials rarely reach the pyramidal cell
distal dendrites. The Schaffer collateral input thus provides
a boosting mechanism of the bpAP. Work is underway in
my laboratory to explore how STDP is dynamically regulated by the interaction between multiple presynaptic
inputs impinging on different dendritic compartments of
CA1 pyramidal cell (Golding et al. 2002; Letzkus et al.
2006).
Furthermore in CA1, the distal and proximal dendrites
of pyramidal neurons are both targeted by the DAergic
neurons (Cobb and Lawrence 2010). Previous studies have

shown that when DA is applied to the bathing solution, the
field-EPSP (fEPSP) evoked by the EC temporoammonic
(TA) pathway stimulation is depressed, whereas the fEPSP
by the CA3 Schaffer collateral (SC) pathway stimulation
remains unaltered (Otmakhova and Lisman 1999). Subsequent studies by Ito and Schuman (2007) demonstrated
that DA acts as a gate on the direct cortical input to the
CA1 PC distal dendrites, modulating the information flow
and the synaptic plasticity in a frequency-dependent manner. During low frequency stimulation, DA depresses the
excitatory TA inputs to both CA1 pyramidal cells and NGL
interneurons via presynaptic inhibition, whereas during
high frequency stimulation, DA potently facilitates the TA
excitatory drive onto CA1 pyramidal neurons, while
diminishing the feedforward NGL inhibition to the distal
PC dendrites. Understanding the cellular mechanisms by
which dopamine modulation interacts with spike timing
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Cm

Cm

dVs
¼ IL þ INa;s þ IKdr;s þ IA;s þ Im;AHAP;s þ ICaL;s
dt
þ Icoup þ Iin  Fpost

ð4Þ

dVd
¼ IL þ INa;d þ IKdr;d þ IA;d þ Im;AHAP;d þ ICaL;d
dt
þ Icoup þ IAMPA þ INMDA þ IGABA

ð5Þ

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-hyper-polarization current, ICaL is the L-type Ca2?
current, Icoup is the electrical coupling between compartments, Iin is the injected current, IAMPA is the AMPA current, INMDA is the NMDA current and IGABA is the GABA
current.
The sodium current at the soma is described by:
2
INa;s ¼ gNa;s  MNa;s
 HNa;s  ðVs  VNa Þ

ð6Þ

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
MNa;s ¼ aM;s ðVs Þ=ðaM;s ðVs Þ þ bM;s ðVs ÞÞ
aM;s ðVs Þ ¼ 0:32  ð46:9  Vs Þ=ðexpðð46:9  Vs Þ=4:0Þ
 1:0Þ
bM;s ðVs Þ ¼ 0:28  ðVs þ 19:9Þ=ðexpððVs þ 19:9Þ=5:0Þ
 1:0Þ
0
HNa;s
¼ aH;s ðVs Þ  ðaH;s ðVs Þ þ bH;s ðVs ÞÞ  HNa;s

Fig. 13 Saturated synaptic weight (W?) values as a function of
interstimulus time interval, Ds = tpostBurst - tpreSpike, between a
dendritic (pre) spike and a somatic (post) burst. Ds ranges from 180 to 180 ms in increments of 5 ms. An 100 Hz GABA spike train is
present within Ds. a Burst ISI is set to 2 ms. b Burst ISI is set to 5 ms

dependent plasticity is an important step in understanding
how STDP works in more realistic settings.
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aH;s ðVs Þ ¼ 0:128  expðð43  Vs Þ=18Þ
bH;s ðVs Þ ¼ 4=ð1 þ expðð20  Vs Þ=5Þ
The sodium current at the dendrite is described by:
2
INa;d ¼ gNa;d  MNa;d
 HNa;d  DNa;d  ðVd  VNa Þ

ð7Þ

where
0
MNa;d
¼ ðM1Na;d  MNa;d Þ=sMNa;d

M1Na;d ¼ 1=ð1 þ expððVd  40Þ=3ÞÞ
sMNa;d ¼ maxð0:1; 0:05Þ
0
HNa;d
¼ ðH1Na;d  HNa;d Þ=sHNa;d

H1Na;d ¼ 1=ð1 þ expððVd þ 45Þ=3ÞÞ
Appendix
The somatic (s) and dendritic (d) compartments of the
pyramidal neuron obey the following current balance
equations

sHNa;d ¼ 0:5
D0Na;d ¼ ðD1Na;d  DNa;d Þ=sDNa;d
D1Na;d ¼ ð1 þ natt  expððVd þ 60Þ=2ÞÞ=ð1 þ expððVd
þ 60Þ=2ÞÞ
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Fig. 14 a Our model CA1
neuron with its three transient
inputs to the soma and dendrite.
Inputs: an excitatory burst to the
dendrite, an excitatory burst to
the soma and an inhibitory spike
to the dendrite. Each input
repeats every 300 ms for about
5 s. b Pairing of a dendritic
burst with a somatic burst in the
absence of inhibition. c Pairing
of a dendritic burst with a
somatic burst in the presence of
GABA inhibition

constants. The activation and inactivation constants are
given by
A0s ¼ ðA1s  As Þ=sAs
A1s ¼ 1=ð1 þ Aa;s Þ
Aa;s ¼ expð0:001  1ðVs Þ  ðVs  11Þ  QÞ
sAs ¼ maxðAb;s =ðð1 þ Aa;s Þ  QT  0:05Þ; 0:1Þ
Ab;s ¼ expð0:00055  Q  ðVs  11Þ  1ðVs ÞÞ
1ðVs Þ ¼ 1:5  ð1=ð1 þ expððVs þ 1p Þ=5ÞÞÞ
QT ¼ 5ððT24Þ=10Þ
B0s ¼ ðB1s  Bs Þ=sBs
B1s ¼ 0:3 þ 0:7=ð1 þ expð0:02  ðVs þ 63:5Þ  QÞÞ
Fig. 15 Simulated STDP profile as a function of burst interspike
interval (burst ISI) in the absence of inhibition. Ds (tpostBurst tpreBurst) is the interstimulus interval between the first spike of the
dendritic (pre) burst and the first spike of the somatic (post) burst. Ds
ranges from -180 to 180 ms in increments of 5 ms. The pairing
repeats every 300 ms for about 5 s

IKA;d ¼ gKA;d  Ad  Bd  ðVd  VK Þ

A0d ¼ ðA1d  Ad Þ=sAd

Q ¼ 96480=ð8:315  ð273:16 þ TÞÞ

A1d ¼ 1=ð1 þ Aa;d Þ

where T is the temperature in Celcius and natt is the Na
attenuation.
The type-A K? current at the soma is given by

?

ð8Þ

where gKA,s is the maximal conductance, Vk is the reversal
potential, As and Bs are the activation and inactivation
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The type-A K? current at the dendrite is given by

The activation and inactivation constants are given by

sDNa;d ¼ maxð0:1; ð0:00333  expð0:0024  ðVd þ 60Þ
 QÞÞ=ð1 þ expð0:0012  ðVd þ 60Þ  QÞÞÞ

IKA;s ¼ gKA;s  As  Bs  ðVs  VK Þ

sBs ¼ j  maxð0:11  ðVs þ 62Þ; 2Þ

Aa;d ¼ expðasap  1ðVd Þ  ðVd þ 1Þ  QÞ
Ab;d ¼ expð0:00039  Q  ðVd þ 1Þ  12 ðVd ÞÞ
sAd ¼ maxðAb;d =ðð1 þ Aa;d Þ  QT  0:1Þ; 0:1Þ
1ðVd Þ ¼ 1:5  ð1=ð1 þ expððVd þ 1p Þ=5ÞÞÞ
12 ðVd Þ ¼ 1:8  ð1=ð1 þ expððVd þ 40Þ=5ÞÞÞ

ð9Þ
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Fig. 16 Postsynaptic calcium time courses in the absence of inhibition. Times shown are measured relative to the onset of the stimulation
experiments. a preBurst-(?30)-postBurst case. b preBurst-(?50)0

postBurst case. c postBurst-(-10)-preBurst case. d postBurst-(-50)preBurst case

Bd ¼ ðB1d  Bd Þ=sBd

The delayed rectifier K? current at the dendrite is given by

B1d ¼ 0:3 þ 0:7=ð1 þ expðinact2  ðVs þ inactÞ  QÞÞ

IKdr;d ¼ gKdr;d  Nd2  ðVd  VK Þ

sBd ¼ j  maxðinact3  ðVs þ inact4 Þ; inact5 Þ

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

The delayed rectifier K? current at the soma is given by
IKdr;s ¼ gKdr;s  Ns  ðVs  VK Þ

ð10Þ

where gKdr,s is the maximal conductance. The activation
constant, Ns is given by
Ns0 ¼ aNs ðVs Þ  ðaNs ðVs Þ þ bNs ðVs ÞÞ  Ns
aNs ðVs Þ ¼ 0:016  ð24:9  Vs Þ=ðexpðð24:9  Vs Þ=5Þ
 1Þ
bNs ðVs Þ ¼ 0:25  expð1  0:025  Vs Þ

ð11Þ

Nd0 ¼ ðN1d  Nd Þ=sNd
N1d ¼ 1=ð1 þ expððVd  42Þ=2Þ
sNd ¼ 2:2
The medium Ca2? activated K? after hyperpolarization
current is given by
ImAHP ¼ gmAHP  Qm  ðVs  VK Þ
ð12Þ
where gKmAHP is the maximal conductance. The activation
constant, Qm is given by
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sSs ¼ 1=ð5  ðas ðVs Þ þ bs ðVs ÞÞÞ
as ðVs Þ ¼ 0:055  ðVs þ 27:01Þ=ðexpððVs  27:01Þ=3:8Þ
 1Þ
bs ðVs Þ ¼ 0:94  expððVs  63:01Þ=17Þ
xx ¼ 0:0853  ð273:16 þ TÞ=2
f ðzÞ ¼ ð1  z=2Þ  f2 ðzÞ þ ðz=ðexpðzÞ  1ÞÞ  f3 ðzÞ
f2 ðzÞ ¼ Hð0:0001  jzjÞ
f3 ðzÞ ¼ Hðjzj  0:0001Þ
ghk ¼ xx  ð1  ððvs =CaÞ  expðVs =xxÞÞÞ  f ðVs =xxÞ
v0s ¼ /s  ICaLs  ðbs  ðvs  v0;s ÞÞ þ ðvd  vs Þ=Cas
 ðbs =noncÞ  v2s
v0d ¼ /d  ðICaLd þ ICa;NMDA Þ  bd  ðvd  v0;d Þ
 ðbd =noncÞ  v2d  buff  vd
where vs and vd are the Ca2? concentrations in the soma
and dendrite, respectively. The L-type Ca2? current at the
dendrite is described by
ICaLd ¼ gCaLd  S3d  Td  ðVd  VCa Þ
S0d

ð14Þ

¼ ðS1d  Sd Þ=ssd

S1d ¼ 1=ð1 þ expðVd  37ÞÞ
ssd ¼ s3 þ s1 =ð1 þ expðVd þ s2 ÞÞ
Td0 ¼ ðT1d  Td Þ=sTd
T1d ¼ 1=ð1 þ expððVd þ 41Þ=0:5ÞÞ
sTd ¼ 29
Fig. 17 Saturated synaptic weight (W?) values as a function of
interstimulus time interval, Ds = tpostBurst - tpreBurst, between a dendritic (pre) burst and a somatic (post) burst. Ds ranges from -180 to
180 ms in increments of 5 ms. An 100 Hz GABA spike train is present
within Ds. a Burst ISI is set to 2 ms. b Burst ISI is set to 5 ms

Q0m ¼ ðQm1  Qm Þ=sQm

The coupling constant for the compartment i is
Icoup ¼ gcoup  ðVj  Vi Þ

ð15Þ

The Ca2?-NMDA, AMPA, GABA-A and NMDA synaptic
currents are given by

Qm1 ¼ qhat  Qma  sQm

ICa;NMDA ¼ gCa;NMDA  sNMDA  mCa;NMDA  ðVd
 VCa;NMDA Þ

ð16Þ

Qma ¼ qma  v=ð0:001  v þ 0:18  expð1:68  Vs  QÞÞ

INMDA ¼ gNMDA  sNMDA  mNMDA  ðVd  VNMDA Þ

ð17Þ

Qmb ¼ ðqmb  expð0:022  Vs  QÞÞ=ðexpð0:022  Vs  QÞ
þ 0:001  vÞ

IAMPA ¼ gAMPA  sAMPA  ðVd  VAMPA Þ

ð18Þ

IGABA ¼ gGABA  sGABA  ðVd  VGABA Þ

ð19Þ

sQm ¼ 1=ðQma þ Qmb Þ

where

The L-type Ca2? current at the soma is described by

mNMDA ¼ 1=ð1 þ 0:3  Mg  expð0:062  Vd ÞÞ

ICaLs ¼ gCaLs  Ss  ghk ðVs ; vs Þ  ð1=ð1 þ vs ÞÞ
where gCaL,s is the maximal conductance and
S0s ¼ ðS1s  Ss Þ=sss
S1s ¼ as ðVs Þ=ðaa ðVs Þ þ bs ðVs ÞÞ
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ð13Þ

mCa;NMDA ¼ 1=ð1 þ 0:3  Mg  expð0:124  Vd ÞÞ
with Mg2? = 2 mM. The activation equations for AMPA,
NMDA and GABA-A currents are
sx ¼ sxfast þ sxslow þ sxrise

ð20Þ
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where x stands for AMPA, NMDA, GABA and
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 sNMDAslow ;
s0AMPArise ¼ 20  ð1  sAMPAfast  sAMPAslow Þ  Fpre
 ð1=0:58Þ  sAMPArise
s0AMPAfast ¼ 20  ð0:903  sAMPAfast Þ  Fpre  ð1=7:6Þ
 sAMPAfast
s0AMPAslow ¼ 20  ð0:097  sAMPAslow Þ  Fpre  ð1=25:69Þ
 sAMPAslow
and
s0GABArise ¼ 20  ð1  sGABAfast  sGABAslow Þ  FGABA
 ð1=1:18Þ  sGABArise
s0GABAfast ¼ 20  ð0:803  sGABAfast Þ  FGABA  ð1=8:5Þ
 sGABAfast
s0GABAslow ¼ 20  ð0:197  sGABAslow Þ  FGABA  ð1=30:01Þ
 sGABAslow
The calcium detector model is governed by the following
six equations:
P0 ¼ ð/a ðvd Þ  cp  A  PÞ=sp

ð21Þ
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