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Abstract Activation of NMDA receptors (NMDARs) is
highly involved in the potentiation and depression of
synaptic transmission. NMDARs comprise NR1 and
NR2B subunits in the neonatal forebrain, while the
expression of NR2A subunit is increased over time, leading
to shortening of NMDAR-mediated synaptic currents. It
has been suggested that the developmental switch in the
NMDAR subunit composition regulates synaptic plasticity,
but its physiological role remains unclear. In this study, we
examine the effects of the NMDAR subunit switch on the
spike-timing-dependent plasticity and the synaptic weight
dynamics and demonstrate that the subunit switch contrib-
utes to inducing two consecutive processes—the potentia-
tion of weak synapses and the induction of the competition
between them—at an adequately rapid rate. Regulation of
NMDAR subunit expression can be considered as a
mechanism that promotes rapid and stable growth of
immature synapses.
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1 Introduction

NMDA receptors (NMDARs) are cation channels that are
gated by the excitatory neurotransmitter glutamate and are

required for the experience-dependent modifications of
synaptic circuits (Rema et al. 1998; Daw et al. 1999).
Functional NMDARs are heterotetramers formed by the
co-expression of the NR1 and NR2 subunits (Stephenson
2001). While the NR1 subunit is expressed throughout, the
expression of different NR2 subunits is both spatially and
developmentally regulated (Monyer et al. 1994; Sheng et al.
1994). NR2B-containing receptors are predominant in the
neonatal forebrain, whereas expression of the NR2A
subunit increases with a certain time lag after birth,
suggesting a developmental switch in the NMDAR subunit
composition. Physiological experiments have shown that
the subunit switch depends on the sensory experience
during development (Quinlan et al. 1999a,b) and that the
decay time of the NMDAR-mediated synaptic current reduces
along with a change in the subunit (Flint et al. 1997;
Mierau et al. 2004). These findings suggest the possibility
that the functional property of NMDARs is controlled via
subunit expression depending on the developmental
stages.

The decay time of the NMDAR current appears to be
critical for the coincidence detection of pre- and postsynaptic
events, which is reflected in Ca2+ increase necessary for
synaptic plasticity (Bear et al. 1987). Therefore, it has been
hypothesized that the higher ability of plasticity in young
animals is correlated with the longer decay time of the
NMDAR current (Crair and Malenka 1995; Feldman et al.
1998), and that a reduction in this decay time induces the
end of the developmental “critical” period (Fagiolini et al.
1994; Dumas 2005). However, the biophysical mechanisms
by which the change in the NMDAR function regulates
synaptic development are not fully understood. Thus, in
this paper, we consider the effects of the NMDAR subunit
switch on early synaptic circuit formation.
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Recent experimental results have revealed that synaptic
modification depends on the precise timing of pre- and
postsynaptic spikes (Markram et al. 1997; Debanne et al.
1998; Bi and Poo 1998; Zhang et al. 1998; Feldman 2000;
Nishiyama et al. 2000; Froemke et al. 2005; for review, see
Abbott and Nelson 2000), which is termed as spike-timing-
dependent plasticity (STDP). In many systems, STDP is
characterized by its dependence on the relative timing of
the pre- and postsynaptic spikes (Abbott and Nelson 2000);
long-term potentiation (LTP) is induced if a presynaptic
spike precedes a postsynaptic spike in a short time window,
while the reversed spike order induces long-term depression
(LTD). Biophysical models of STDP (Kitajima and Hara
2000; Shouval et al. 2002; Karmarkar and Buonomano
2002; Karmarkar et al. 2002; Abarbanel et al. 2003; Rubin
et al. 2005) have shown that the timing and order sensitivity
of STDP can be largely explained by the standard
hypothesis of calcium-dependent plasticity that states that
higher levels of Ca2+ induce LTP, while moderate levels
induce LTD (Lisman 1989; Artola and Singer 1993).
Therefore, it is possible that the developmental change in
the NMDAR kinetics and the resulting change in NMDAR-
mediated Ca2+ signals act as a higher-order plasticity that
modulates the time window and strength of STDP.

An important feature of STDP is that it provides a
mechanism that forces synapses to compete with each other
such that when some synapses to a given postsynaptic cell
are strengthened, others are weakened (Song et al. 2000;
Rubin et al. 2001). Such a competitive mechanism is
particularly important during early development since it
is considered to be responsible for input selectivity that is
necessary for synaptic organization such as cortical maps
(Kepecs et al. 2002). The strong competition between
presynaptic inputs also stabilizes the postsynaptic firing rate
within a physiological range (Song et al. 2000). These
advantages of STDP are based on the property that it
potentiates only the presynaptic inputs that frequently
contribute to evoking the spike and weakens inputs that
cannot contribute to it (Abbott and Nelson 2000). This also
indicates a disadvantage of STDP in that it takes a
considerably long time for synaptic growth since early
synapses are very weak and difficult to evoke a frequent
discharge (Issac et al. 1997).

Therefore, in this study, we examine the possibility that
the modulation of STDP by the NMDAR subunit switch
serves to satisfy both the requirements during early
development: the rapid growth of immature synapses and
the induction of competition between them. We address two
main issues: how the NMDAR subunit switch modifies the
STDP learning rule and how the synaptic weight growth is
regulated by this change in STDP. To address the first issue,
we construct a biophysical model of Ca2+-based plasticity
and show that the acceleration of the NMDAR decay

mainly suppresses LTP induction in STDP. With regard to
the second issue, we examine the synaptic weight dynamics
by the Fokker–Planck approach and predict that the
NMDAR subunit switch first strengthens each synapse and
then introduces competition in order to stabilize the system.
We also perform numerical simulations using the integrate-
and-fire model to validate the theoretical prediction.

2 Methods

2.1 Calcium-dependent plasticity model

Here, we construct a model that incorporates the hypothesis
of calcium-dependent plasticity (Lisman 1989; Artola and
Singer 1993). The basic assumptions of this model are
similar to those in Shouval et al. (2002): (1) a change in the
synaptic efficacy is determined by the Ca2+ concentration
in the spine (Lisman 1989; Artola and Singer 1993),
(2) NMDAR is the major source of Ca2+ entry into the
spine, and (3) the action potential (AP) of a postsynaptic
neuron has a slow afterdepolarization (ADP).

The second assumption with respect to the source of Ca2+

current is based on recent experiments (Kovalchuk et al.
2000; Sabatini et al. 2002). These studies have observed the
Ca2+ signals in dendritic spines of rat CA1 pyramidal
neurons during a few postnatal weeks—around the period
where the NMDAR subunit switch occurs in this prepara-
tion (Kirson et al. 1999). The results have shown that the
synaptic Ca2+ signals are primarily attributable to the Ca2+

entry through the NMDARs (Kovalchuk et al. 2000);
further the synaptically evoked Ca2+ transient through
NMDARs during postsynaptic depolarization is much
larger than the single AP-induced Ca2+ current through
voltage-gated calcium channels (VGCCs) (Sabatini et al.
2002). The contribution of intracellular stores to the
amplitude of Ca2+ signals is also small (Kovalchuk et al.
2000; Sabatini et al. 2002). The sources of spine Ca2+

transients, which are actually involved in the induction of
long-term plasticity, continue to be debatable (for review,
see Sabatini et al. 2001). However, in addition to the above
experimental findings, a theoretical study indicates that the
Ca2+ influx through NMDARs is sufficient to explain the
various forms of synaptic plasticity simultaneously
(Shouval et al. 2002). Therefore, in the current model, we
consider the long-term plasticity induced by NMDAR-
mediated Ca2+ signals.

The third assumption for ADP is required for creating
moderate levels of postsynaptic Ca2+ in order to induce LTD
when the presynaptic event follows postsynaptic firing
(Shouval et al. 2002; Karmarkar et al. 2002). Slow ADP is a
prominent feature of neocortical pyramidal cells (McCormick
et al. 1985; Feldman 2000; Froemke et al. 2005) and is also
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found in hippocampal pyramidal cells (Callaway and
Ross 1995).

We define Δt = tpost−tpre to be the interspike interval
(ISI) between pre- and postsynaptic events; Δt > 0 indicates
that the postsynaptic spike occurs after the presynaptic
spike (pre-post timing), while Δt < 0 corresponds to a spike
pair in the reverse order (post-pre timing). In conventional
STDP models (Kitajima and Hara 2000; Karmarkar et al.
2002), the Ca2+ peak level [Ca]peak is calculated for each
ISI from the Ca2+ time course during the paring protocol.
A change in the synaptic efficacy Δw is then determined
such that higher and moderate Ca2+ peak levels elicit LTP
and LTD, respectively (Fig. 1(a), left) (Lisman 1989):

Δw ¼ fP Ca½ �peak
� �

þ fD Ca½ �peak
� �

: ð1Þ

Here, fp(≥0) and fD(≤0) are the functions associated with
LTP and LTD induction, respectively. This model always
induces two disconnected LTD ranges in the pre-post and
post-pre timing (Fig. 1(a), right) (Bi and Rubin 2005). This
type of STDP curve appears in hippocampal slices
(Nishiyama et al. 2000), but it does not agree with the
asymmetric time windows (Fig. 1(b), right) observed in
other experiments (e.g., Bi and Poo 1998; Feldman 2000;

Froemke et al. 2005). Additionally, there is evidence that
the LTD in pre-post timing may be an indirect effect
mediated by feedforward GABAergic circuitry (Togashi
et al. 2003).

The appearance of two LTD ranges in the conventional
model (Eq. (1)) originates from the fact that the calcium
time course is converted into just one variable [Ca]peak.
When Δt moves from −∞ to +∞, [Ca]peak first increases
from a base line value to the LTP range and then returns to
the base line so that [Ca]peak passes the LTD range twice
(Fig. 1(a), left). A simple method to overcome this problem
is to consider the duration of Ca2+ elevation. If we define
TCa as the time interval in which [Ca2+] is above a
threshold σD, we can consider a plane spanned by [Ca]peak
and TCa. In this two-variable model, it is possible to
produce a closed path that passes the LTD range just once
(Fig. 1(b), left) and reproduce a temporal asymmetry in
STDP (Fig. 1(b), right).

Actually, there is evidence that the duration of the
increase in Ca2+ affects the plasticity. Physiological experi-
ments have shown that a high Ca2+ elevation induces LTP
even if its duration is short, while a prolonged period of a
moderate Ca2+ increase is required for the stable induction
of LTD (Mizuno et al. 2001; Yang et al. 1999). Therefore,
we make an assumption that the LTD induction is blocked
when the duration of Ca2+ increase TCa is less than a
threshold T̂ . If we also assume that T̂ is an increasing
function of [Ca]peak, the plasticity model can be written as
follows:

Δw ¼ fP Ca½ �peak
� �

þ fD Ca½ �peak
� �

� fB TCa �T̂ Ca½ �peak
� �� �

:

ð2Þ
Here, the function responsible for the LTD block fB is a
step function unless otherwise stated: fB(x) = 1 for x > 0 and
fB(x) = 0 for x ≤ 0. We have assumed that T̂ increases with
[Ca]peak because a larger [Ca]peak generally requires a
longer period for Ca2+ decay and leads to a larger TCa. This
assumption may be consistent with the action of cAMP-
dependent protein kinase that makes the LTD induction
difficult for higher Ca2+ levels (Lisman 1989). The explicit
forms of fP and fD are as follows (Fig. 3(a)):

fP xð Þ ¼ hP � x� sM

sM � sP

� �2

þ1

" #2

; for x2 sP; sMð Þ;

0; otherwise;

ð3Þ
8><
>:

fD xð Þ¼ �hD � 2x� sPþsDð Þ
sP � sD

� �2

þ1

" #2

; for x2 sD; sPð Þ;

0; otherwise:

8>><
>>: ð4Þ
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Fig. 1 The calcium-dependent plasticity model. (a) In the conven-
tional model (Eq. (1)) plasticity Δw is determined by the calcium peak
level [Ca]peak such that LTP and LTD occur at a higher and medium
range of [Ca]peak, respectively (left). When ISI Δt changes from −∞ to
+∞, [Ca]peak first increases and then decreases (left, dashed line);
therefore, the LTD range always appears in both positive and negative
ISIs (right). (b) In the proposed model (Eq. (2)), Δw is given as a
function of [Ca]peak and TCa, where TCa is defined as the duration of
period that [Ca2+] is above a threshold σD. Hence, it is possible that a
set of points ([Ca]peak, TCa) for all ISIs form a closed path such that
LTD occurs only once (left, dashed line). In this case, the LTD range
appears only for negative ISIs (right). Note that TCa converges to 0
when [Ca]peak is less than σD
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The maximum levels of LTP and LTD are ηP=1.3 and
ηD=1, except for Fig. 6(b), where ηP=0.0085 and ηD=
0.013, respectively. The other parameters are σD=3.5 μM,
σP=6 μM, and σM=9 μM, except for Fig. 4, where σP=5.5
and 6.5 μM are also used. We simply assume that
T̂ð Ca½ �peakÞ is a linear function: T̂ ¼ a Ca½ �peak þ b with a=
14.3 ms/μM and b=−33.2 ms.

2.2 Compartmental model

To simulate the electrophysiological experiments of STDP
(e.g., Feldman 2000), we have constructed a compartmental
model of a cortical neuron with a simplified pyramidal-cell
morphology (Fig. 2(a)). The parameters characterizing the
passive dendrites are Rm=30 kΩcm2, Cm=1 μF/cm2

(membrane time constant τm=30 ms), Ri=300 Ωcm, and
Eleak =−74 mV (Koch 1999; Mainen and Sejnowski
1996; Feldman 2000). The soma contains two voltage-
dependent currents: fast Na+, INa (with a peak conductance
of 200 mS/cm2, ENa=58 mV) and fast K+, IK (with a peak
conductance of 3 mS/cm2, EK=−80 mV). To reproduce the
slow ADP observed in pyramidal cells (McCormick et al.
1985; Feldman 2000; Froemke et al. 2005; Callaway and
Ross 1995), the peak potassium conductance was decreased
to a small value. The simulated waveforms of the AP and
the backpropagating AP in the soma and spine are
represented by the thin and thick solid lines in Fig. 4(b),
respectively. The voltage-gated currents are described by
Hodgkin–Huxley-type equations (Mainen and Sejnowski
1996). The input resistance is Rin=410 MΩ, which is
within the physiological range for the in vitro recording of
neocortical pyramidal cells (Tateno et al. 2004).

Presynaptic inputs to the spine are composed of AMPA
receptor (AMPAR)- and NMDAR-mediated currents.
AMPAR current is described as IAMPA=GA(t)(V−EA). Its
conductance follows an alpha function

GA tð Þ ¼ gA � kA � t exp �t tA= Þ;ð ð5Þ

with the peak conductance gA ¼ 0:5 nS, κA=e/tA, tA=1.5 ms,
and the reversal potential EA=0 mV (Zador et al. 1990). The
NMDAR current is modeled by incorporating a voltage-
dependent Mg2+ block (Jahr and Stevens 1990a,b; Koch
1999). We represent INMDA=GN (t) (V−EN), where

GN tð Þ ¼ gN
exp �t

�
tN1

� �� exp �t
�
tN2

� �
1þ h Mg½ � exp �gVð Þ : ð6Þ

Here, gN denotes the peak conductance; τ1
N and τ2

N, the
decay and rise time constants, respectively; and EN, the
reversal potential. The concentration of Mg2+ ion is [Mg]=
1 mM (Koch 1999). The Ca2+ current through the NMDAR
is represented as ICa=PfINMDA, where Pf is the “fractional

Ca2+ current” (Schneggenburger et al. 1993). If we derive Pf
by the method given by Schneggenburger et al., we obtain
the following expression:

ICa tð Þ ¼ GN tð Þ 4 Ca½ �o V � ENð Þ
4 Ca½ �o þ PM=PCað Þ M½ � 1� exp 2FV=RTð Þ½ � ;

ð7Þ

where F, R, and T(=293 K) have their usual meanings, and
PM /PCa is the permeability ratio of monovalent ions over
Ca2+ ions. The concentrations of extracellular calcium and
monovalent ions are [Ca]o=1.6 mM and [M]=155 mM,
respectively (Schneggenburger et al. 1993; Schneggenburger
1996). The voltage dependence of ICa is shown in
Fig. 2(b).

Calcium in the spine obeys first-order kinetics (Shouval
et al. 2002):

d Ca½ �
dt

¼ � Ca½ �
ts

� ICa
2F � Vol ; ð8Þ

with the time constant τS=20 ms (Sabatini et al. 2002)
and the volume of the spine head Vol=0.29 μm3 (Harris
et al. 1992).

2.3 Integrate-and-fire model

To study the modification of the synapses that drive a
postsynaptic cell, we use the leaky integrate-and-fire (LIF)

-0.06

-0.04

-0.02

0

-100 -50 0 50

I C
a [

pA
]

Membrane potential [mV]

(b)

(a) spinesoma

Fig. 2 A simplified model of a cortical pyramidal neuron. (a) The
compartmental model has a spherical soma 14 μm in diameter (1
compartment), an apical dendrite 4 μm in diameter and 350 μm long
(7 compartments), a basal dendrite 4 μm in diameter and 200 μm long
(4 compartments), and a spine 2.7 μm2 in membrane area (1
compartment). The spine is connected to the center of the apical
dendrite with a spine neck resistance of 41.1 MΩ. The size of each
dendrite is modified from the model for neocortical pyramidal cells of
Bush and Sejnowski (1993), and the shape of the spine is based on the
data of Harris et al. (1992). (b) The voltage dependence of the Ca2+

current through the NMDAR channels (Eq. (7)) with the permeability
ratio PCa /PM=0.6
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model including Ca2+-activated K+ current, IAHP (Liu and
Wang 2001):

C
dV

dt
¼ gleak Vrest � Vð Þ � IAHP þ I ; ð9Þ

IAHP ¼ k Ca½ �d V � EKð Þ; ð10Þ

d Ca½ �d
dt

¼ � Ca½ �d
td

: ð11Þ

Here, the conductance associated with IAHP increases with
[Ca]d, the Ca

2+ concentration at a proximal dendrite, which
is regulated by the spike-induced entry of Ca2+ through
VGCCs (Lancaster and Zucker 1994; Sah and Bekkers
1996; Svoboda et al. 1997). When the membrane potential
reaches a threshold value Vth, the neuron fires a spike. After
firing, the membrane potential is maintained at V=Vreset
during an absolute refractory period τabs. Each spike also
generates a small increase in the Ca2+ concentration, α. The
parameter values (Table 1) were modified from those of
Troyer and Miller (1997) and Liu and Wang (2001). Note
that the properties of the dendritic Ca2+ transients in this
model, such as the decay time constant or the effect of
single spikes on the Ca2+ increase, differ from those of the
spine Ca2+ signals in the compartmental model. This is
mainly because the difference in the surface-to-volume ratio
significantly affects the Ca2+ transient (Schiller et al. 1995;
Helmchen et al. 1996).

The neuron receives inputs from 4,000 excitatory and 800
inhibitory synapses. Each excitatory and inhibitory synapse
is activated by independent Poisson spike trains of 3 Hz. If a
low success rate (∼10%) of the synaptic transmission in
developing neurons (Hessler et al. 1993) is considered, this
input rate corresponds to the presynaptic firing rate of
approximately 30 Hz, which is within the physiological
range of the sensory-evoked response of neocortical cells

(Ahmed et al. 1998; Simons and Carvell 1989; Simons
1978). The excitatory inputs are evoked by AMPAR and
NMDAR conductances given in Eqs. (5) and (6), respec-
tively, while the inhibitory inputs are mediated by the
GABA-type conductance GG tð Þ ¼ gG � kG � t exp �t=tGð Þ
with gG ¼ 1 nS, κG= e/tG, tG=10 ms, and an associated
reversal potential of −70 mV (Bernander et al. 1991). The
currents evoked by past presynaptic inputs are linearly
summed for calculating the synaptic current at the present
instant.

STDP acts on the excitatory synapses with the
additive update rule (Kepecs et al. 2002); in other words,
the weight changes are independent of the present weight.
All the weights are initially set to w(0)=0.25. When a pre-
or postsynaptic event occurs, the synaptic weight is
updated stepwise by a small amount Δw, which is given
by the STDP curve, similar to other studies (Song et al.
2000; Gerstner and Kistler 2002). The updating has been
restricted within [0, wmax] (wmax=2.5). The peak AMPAR
conductance is multiplied by the synaptic weight w(t).

The deviation of the synaptic weight distribution from its
steady state is expressed as Dw ¼ P

i Ni � NSS
i

		 		�2N .
Here, Ni is the number of excitatory synapses with the
weight w satisfying 0.05(i−1)<w/wmax<0.05i; Ni

SS, the
value of Ni at the steady state; and N, the total number
of excitatory synapses. The time for convergence to the
steady state was calculated from the convergence criterion
Dw<0.1.

2.4 Numerical simulation

All models were implemented in the C programming
language and integrated using the fourth-order Runge–
Kutta method (Press et al. 1988) with a time step size of
0.002 ms for the compartmental simulation and the Euler
method with a time step size of 0.02 ms for the LIF
simulation. Simulations were performed on a 3 GHz
personal computer. The source codes are available upon
request.

3 Results

3.1 Developmental change in STDP curve

We performed simulations using a compartmental model
(Fig. 2(a)) to study the developmental change in the STDP
learning. In order to examine the effects of the NMDAR
subunit switch, we performed the simulations with two
different parameters for the NMDAR conductance model
(Eq. (6)): in the “early” model before the subunit switch,
the decay time constant is τ1

N=139 ms, while it is reduced

Table 1 Parameters for LIF model

Parameter Value

Membrane capacitance C 0.5 nF
Leak conductance gleak 25 nS
Resting potential Vrest −74 mV
Firing threshold Vth −54 mV
Refractory period τabs 1.8 ms
Reset potential Vreset −60 mV
τd 200 ms
α 0.2 μM
k 12.5 mS/M
Reversal potential EK −80 mV

τd, time constant for calcium dynamics; α, calcium increase per action
potential; k, coefficient of the conductance for IAHP.
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to τ1
N=89 ms in the “late” model after the subunit switch

(Table 2) (Mierau et al. 2004). Experimental findings
indicate that the peak amplitude of NMDAR-mediated
synaptic currents does not change when their decay time
course accelerates during development (Carmignoto and
Vicini 1992; Shi et al. 1997; Steigerwald et al. 2000). An
experiment with the transfection of NMDAR subunits also
suggests that the subunit composition does not alter the
amplitude of NMDAR-mediated synaptic currents, probably
due to the regulatory mechanism that controls the amount
of NMDARs at functional synaptic sites (Prybylowski et al.
2002). Furthermore, there exists evidence that the rise
time (Carmignoto and Vicini 1992), voltage dependency
(Feldman et al. 1998; Kuner and Schoepfer 1996; Monyer
et al. 1994; but see Kato and Yoshimura 1993), and calcium
permeability (Schneggenburger 1996) of the NMDAR
current are not significantly affected by the developmental
change in the subunit composition. Therefore, the param-
eters other than the decay time constant were set to the
same values for the two NMDAR conductance models
(Table 2).

To simulate the pairing protocol, a presynaptic input was
paired with a brief somatic current injection. After
calculating the Ca2+ time course in the spine for each ISI,
we applied the calcium-dependent plasticity model given
by Eq. (2). As expected, a slower NMDAR decay con-
tributes to the accumulation of Ca2+, and thus, the Ca2+

peak level for the “early” model is larger than that for the
“late” model at all ISIs (Fig. 3(b)). However, the difference
between the two models (Fig. 3(b), dashed line) is
considerably larger in the pre-post timing. This is because
a higher NMDAR conductance remains available in the
“early” condition for a relatively long time after a
presynaptic input and the backpropagating AP in the pre-
post timing triggers a pronounced surge of Ca2+ (Fig. 3(c),
black dashed line). Note that [Ca]peak becomes constant for

sufficiently large positive ISIs in Fig. 3(b), since the Ca2+

increase by the spike is too small to exceed that given by
the presynaptic input alone.

The LTD block mechanism implemented by the step
function fB (Eq. (2)) suppresses the LTD induction in the
pre-post timing in the following manner. The rapid voltage
change in the early phase of the AP affects the Ca2+ time
course only when the postsynaptic AP occurs after the
presynaptic input, i.e., in the pre-post timing. Thus, the
duration TCa, which is the time interval for which [Ca2+] is
above the threshold, is shorter for the pre-post timing than
for the post-pre timing when the same Ca2+ peak level is
attained. Thus, a set of points ([Ca]peak, TCa) for all ISIs
generates a closed path in which TCa takes smaller values
for positive ISIs (Fig. 3(d)). In our model, LTD is
suppressed when TCa is less than T̂ (Eq. (2)). Therefore,
by setting the function T̂ð Ca½ �peakÞ such that it lies between
the paths for the positive and negative ISIs, as shown in
Fig. 3(d) (blue dotted line), the LTD induction for the pre-
post timing is completely blocked while maintaining LTD
for the post-pre timing (Fig. 3(e), solid lines). Additionally,
the LTD block functions effectively even if fB is a more
realistic continuous function: fB(x) = 1/[1+exp(−x/2)]
(Fig. 3(e), dotted lines).

The sign of the integral of the STDP curve plays an
important role in the stability of the synaptic weight
dynamics (Song et al. 2000). Therefore, we have examined
the areas of the STDP curve under the LTP and LTD
portions—Sþ ¼ R

f>0 f xð Þdx and S� ¼ �R
f<0 f xð Þdx—and

their ratio S−/S+ as functions of the NMDAR decay time
constant (Fig. 4). It appears that S−/S+ depends significantly
on how each Ca2+ level is assigned to the LTP or LTD
range. Therefore, we used three sets of functions fP and fD
(Eqs. (3) and (4)) in Fig. 4(a). Additionally, in order to
confirm that the results are not dependent on the detailed
cell morphology or the AP waveform, we performed the
same simulations with the backpropagating AP expressed
as the sum of two exponentials (Fig. 4(b), dashed lines;
Shouval et al. 2002):

VAPðtÞ ¼ AAP � af exp �t
�
t f

� �þ aADP exp �t=tADPð Þ
 �

þVrest: ð12Þ

Figure 4(c–f) show the changes in S+, S−, and S−/S+ for
the simulations using the compartmental model (Fig. 4(c
and d)) and the analytical form of AP in Eq. (12) (Fig. 4(e
and f)). Here, each value has been normalized to that of the
“early” condition since the absolute quantities depend on
the scale of LTP and LTD and are not so meaningful. The
figures indicate that a faster NMDAR kinetics decreases S+
more than S−(Fig. 4(c and e)), leading to an increase in
S−/S+ (Fig. 4(d and f)) independent of the details of the

Table 2 Parameters for NMDAR conductances in the “early” and
“late” models

Parameter “Early” (compartmental/LIF model) “Late”

τ1
N (ms) 139 89

τ2
N (ms) 0.67 –

gN nSð Þ 0.2/0.128 0.2
η (/mM) 0.33 –
γ (/mV) 0.06 –
PCa /PM 0.6 –

τN1, decay time constant; τN2, rise time constant; gN , peak conductance;
η and γ, coefficients representing voltage dependence; PCa/PM,
permeability ratio between Ca2+ and monovalent ions. The notation
‘–’ implies that identical values are used in the “early” and “late”
models.
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model. These results show that the primary effect of the
developmental change in the NMDAR kinetics is to
suppress the degree of LTP, which leads to an increase in
the relative effects of LTD compared to those of LTP.

Previous calcium-based plasticity models also have
examined the effects of the NMDAR kinetics on the STDP
curve (Shouval et al. 2002, Fig. 5; Karmarkar and
Buonomano 2002, Fig. 2). These models significantly
differ from ours on the point that the LTD range appears
for both the pre-post and post-pre timing, as shown in

Fig. 1(a) (right). However, our results and theirs are similar in
that a faster NMDAR kinetics tends to inhibit LTP signifi-
cantly in the pre-post timing. The higher sensitivity of LTP to
the NMDAR kinetics is based on a simple mechanism that the
change in the NMDAR decay primarily influences the spike-
induced Ca2+ influx during the decay phase, i.e., in the pre-
post timing (Fig. 3(b and c)). Therefore, similar results can
be obtained for a relatively wide variety of models or model
parameters (Fig. 4), as long as the magnitude of LTP is
continuously changed with the Ca2+ level.
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Fig. 3 Predicted outcomes of
the compartmental simulations.
(a) The functions fP and fD in
Eqs. (3) and (4). (b) [Ca]peak vs.
ISI relationship for the “early”
(black) and “late” (red) models.
The dashed line denotes the
difference between the two
models. (c) Calcium time course
when a presynaptic input is
paired with a postsynaptic firing
for Δt = −20 ms (solid) and
80 ms (dashed). Black and red
lines correspond to the “early”
and “late” NMDAR models,
respectively. The arrows denote
spike timing for the two ISIs.
(d) Duration TCa, the time in-
terval for which Ca2+ is above a
threshold, is plotted vs. [Ca]peak
for each ISI (similar to Fig. 1(b))
with the “early” (black) and
“late” (red) models. The solid
and dashed lines denote nega-
tive and positive ISIs, respec-
tively. Each number denotes the
value of the corresponding ISI.
Background color shows values
of plasticity Δw for each point
([Ca]peak, TCa). Blue dotted line
shows the lower limit of TCa for
LTD induction (T̂ ), which is a
function of [Ca]peak. (e) The
STDP curves for the “early”
(black) and “late” (red) models.
Solid lines represent cases where
fB in Eq. (2) is the step function,
while dotted lines represent
cases where fB(x) =1/[1+exp(−x/
2)]. Dashed lines indicate the
results of the conventional
plasticity model (Eq. (1)) for
comparison

J Comput Neurosci (2008) 24:1–20 7



3.2 Theoretical prediction by Fokker–Planck approach

If the NMDAR subunit switch acts to modify the STDP
curve, as shown in the above simulations, how does this
change regulate synaptic growth? Here, we theoretically

examine the effects of the change in the STDP curve on the
synaptic weight dynamics. Some experiments suggest that
the change in the NMDAR subunit composition can be trig-
gered by an increase in the neuronal activity quite rapidly
(Quinlan et al. 1999a,b; Philpot et al. 2001; Carmignoto and

Fig. 4 The NMDAR subunit
switch modifies the STDP
curve such that the areas under
the LTP portion (S+) and the
LTD portion (S−) decrease,
while their ratio (S−/S+)
increases. (a) The functions fP
and fD in Eqs. (3) and (4). Since
the ratio S−/S+ depends signifi-
cantly on how each Ca2+ level is
assigned to the LTP or LTD
range, we used three different
values for the Ca2+ concentra-
tion of the LTP threshold
σP: σP=5.5 (red), 6 (black;
identical to Fig. 3(a)), and
6.5 μM (blue). (b) The AP
waveforms obtained by the
compartmental simulations
(solid lines) and the sum of
exponential functions (Eq. (12);
dashed lines) with AAP=90 mV,
af=0.75, aADP=0.25, τf=8 ms,
Vrest=−74 mV, and τADP=20 ms
(green) or 50 ms (orange).
(c) and (d) S+ and S− (c), and
their ratio S−/S+ (d) are plotted
with the NMDAR decay time
constant. These values are
obtained by simulations using
the compartmental model and
are normalized to those for the
“early” model. For each plot,
the functions fP and fD are in the
same color in (a). (e) and (f) The
results similar to (c) and (d),
except that backpropagating AP
is represented by the sum of
exponential functions (Eq. (12)).
For each plot, the shape of the
backpropagating AP is in the
same color in (b). (Functions fP
and fD are the same as the black
curve in (a).)
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Vicini 1992). Therefore, in the following analysis, we
simply assume that the subunit switch occurs instantaneous-
ly when the synaptic activity matures to a certain level.

Van Rossum et al. (2000) have shown that when many
presynaptic inputs randomly drive a postsynaptic cell, the
temporal evolution of the synaptic weights is described by
the Fokker–Planck equation. If we apply their method to
the STDP curve with Δw=A+ for 0<Δt< t+ and Δw=−A−

for −t−<Δt<0 (Fig. 5(a)), the dynamics of the weight
distribution P(w) is represented as follows (Appendix A):

1

fpre fpost

@P w; tð Þ
@t

¼ � @

@w
A wð ÞP w; tð Þ½ �

þ 1

2

@2

@w2
B wð ÞP w; tð Þ½ �; ð13Þ

A wð Þ ¼ Sþ 1� S�=Sþ þ w=Wtotð Þ; ð14Þ

BðwÞ ¼ AþSþ 1þ A�S�=AþSþ þ w=Wtotð Þ: ð15Þ

Here, we have assumed that the weight updating is additive,
i.e., the magnitude of weight change is independent of the
synaptic strength (Kepecs et al. 2002). fpre and fpost denote
the pre- and postsynaptic rates; S+=A+t+ and S−=A−t−, the
areas of the STDP curve under the LTP and LTD portions,
respectively; and Wtot= t+ fpre n<w>, the competition param-
eter for n excitatory synapses (van Rossum et al. 2000). The
drift term A(w) has a role similar to the average force, and a
synapse for a given weight w increases or decreases
depending on whether A(w) is positive or negative (Risken
1989; Kepecs et al. 2002). Thus, if we define a potential
U wð Þ ¼ �R w

0 A w¶ð Þdw¶ (Kepecs et al. 2002), the average
motion of the synapses is determined by the gradient of the
potential.

The behavior of the synaptic weights depends greatly on
which among S+ and S− is greater. When S−<S+, A(w)
satisfies A(0)>0 and ∂A(w)/∂w>0. Therefore, A(w) is
always positive (Fig. 5(b)), and the potential U(w)
monotonically decreases with increasing w (Fig. 5(c)).
Hence, if an upper limit on the synaptic weight, wmax, is
imposed, each synapse is pushed toward the limit, and the
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areas under the LTP and LTD portions, respectively. (b) Schematic
illustrations of the drift term A(w) for two cases: (1) S−<S+, and (2)
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states I–V and the solid arrows illustrate the synaptic weight change
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switching. (d) Steady-state weight distribution predicted by the
potential in (c)
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final weight distribution clusters near wmax (Fig. 5(d), left).
On the other hand, if S− is slightly greater than S+ such that
1<S−/S+<1+wmax/Wtot, A(0)<0 and A(wmax)>0 hold. This
implies that A(w) changes from negative to positive values
with increasing w (Fig. 5(b)) so that U(w) takes a peak
value at w satisfying A(w)=0 (Fig. 5(c)). Therefore, the
steady-state weight distribution is bimodal with two clusters
around w=0 and wmax (Fig. 5(d), right).

An STDP model that results in a bimodal weight
distribution has two significant features—synaptic compe-
tition and firing rate stabilization (Kepecs et al. 2002).
These properties are particularly important for early
development. The synaptic competition underlies a mech-
anism by which a cell acquires selectivity to specific
aspects of its inputs and is necessary for the formation of
cortical maps. Moreover, the number of synapses per
cortical cell increases by more than ten-fold during the first
few postnatal weeks (Micheva and Beaulieu 1996);
therefore, it is important to stabilize the firing activity by
developmentally regulating the total excitatory inputs.

However, the potential for S−>S+ depicted in Fig. 5(c)
also indicates a defect in that the system takes a long
time to converge to the bimodal distribution. Since each
synapse is initially very weak in early development (Issac
et al. 1997), some synapses must be increased from w≈0 to
reach the bimodal distribution. However, this process is
very slow since these synapses have to climb over the
potential. We have shown the possibility that the NMDAR
subunit switch modifies the STDP curve such that the ratio
of the area under the LTD portion to that under the LTP
portion (S−/S+) increases (Fig. 4). Let us consider that this
change leads to a transition of the potentials in Fig. 5(c)
from the state of S−<S+ to S−>S+. Initially, the potential for
S−<S+ plays a role in increasing all the synapses toward
wmax. Hence, the synaptic weights increase rapidly from
state I, which is denoted by the open circles in Fig. 5(c). If
the potential is switched when the synapses reach state II,
the system transforms into state III, where the synapses
cluster around the peak of the potential for S−>S+. After
switching, the synapses can split into two groups and travel
down the potential either to the state around w=0 (state IV)
or to the state near wmax (state V). Therefore, we predict
that the NMDAR subunit switch will enable the system to
rapidly converge to the bimodal distribution without the
slow process of climbing up the potential.

It should be noted that the discussion here also predicts
the existence of an “optimal” switch timing that enables the
fastest convergence to the bimodal weight distribution.
Consider that the system starts from state I in Fig. 5(c). If
the potential switch is delayed, the system passes over state
II and comes close to state VI (dotted circles), where the
synaptic weights are much larger than those in state II.
After switching the potential, some synapses must decrease

by climbing over the potential for S−>S+ in order to attain
bimodal distribution. Thus, a delay in switching will lead to
slower convergence.

The key assumption in this theory is that S− becomes
slightly larger than S+ after the subunit switch. In the
discussion, we consider the possibility that causes this
balanced state.

3.3 Synaptic weight dynamics regulated by NMDAR
subunit switch

To examine the validity of the theoretical prediction, we
performed a numerical simulation of the synaptic weight
dynamics. We used the LIF neuron model including IAHP
(Liu and Wang 2001) to reproduce the physiological
neuronal gain with lower computational costs. The initial
as well as the steady-state f−I curves are shown in Fig. 6(a),
which are comparable to the data of in vivo recordings of
neocortical cells (Ahmed et al. 1998). The neuron receives
random inputs from excitatory and inhibitory synapses, and
the strength of the excitatory synapses is modified by the
STDP rule. The number of excitatory and inhibitory
synapses (4,000 and 800, respectively) was chosen such
that it closely agrees with the data of the rat somatosensory
cortex on postnatal day 15 (Micheva and Beaulieu 1996),

Fig. 6 The results of the simulations using the LIF neuron model. (a)
The f−I relationship of the model neuron is similar to that of in vivo
neocortical cells (Ahmed et al. 1998). The instantaneous spike
frequency for the first spike interval and the steady-state discharge
frequency are denoted by the dashed and solid lines, respectively. (b)
The STDP curves used in the LIF simulations for the “early” (black)
and “late” (red) models. Two curves were obtained by the simulations
using the compartmental model (similar to Fig. 3(e)). The magnitude
of the STDP curve ∣Δw/wmax∣ is up to ∼0.003 and ∼0.005 for the
potentiation and depression, respectively (the maximum weight wmax

=2.5). These values correspond to the relative weight changes of
∼45% and ∼75% for the synapses with weight size w=1, when 60
pairs of pre- and postsynaptic spikes occur repeatedly as in the
case of the physiological experiment (Froemke et al. 2005). (c) and
(d) Steady-state weight distribution when the “early” (c) or “late” (d)
model is used. (e) and (f) Time course of average synaptic weight (e)
and postsynaptic firing rate (f). Black lines show the cases where
switching from the “early” to “late” model occurs when the
postsynaptic rate reaches a given value (switching rate). The switching
rate changes by 20 Hz between 20 and 180 Hz, as shown by the
labels. The blue and red lines represent the cases where either the
“early” (blue) or “late” (red) model is used throughout. The horizontal
dashed lines indicate the steady-state values. (g) The time taken for
convergence to the steady-state bimodal weight distribution shown
in (d). Data shown are the mean and standard deviation of the
convergence time for eight simulations using different Poisson trains
of inputs. The leftmost bar represents the convergence time when the
“late” model is used without switching, and the other bars represent
the cases where the NMDAR subunit switch occurs at various
switching rates. The difference between the convergence time for
each switching rate and that for no switching (horizontal line)
represents the reduction of the convergence time by the NMDAR
subunit switch

b
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which is around the period during which the NMDAR
subunit switch occurs in this brain area (Mierau et al. 2004).
In order to incorporate the effects of the NMDAR subunit
switch on STDP, we used two STDP curves corresponding
to the “early” and “late” models obtained by the compart-
mental simulations (Fig. 6(b)). The ratio S−/S+ is 0.75 for the

“early” model and 1.02 for the “late” model, which agree
with the assumption in the theory. For the input frequency in
the current simulation (3 Hz), it appears that the charge
transfer mediated by the NMDAR current does not change
significantly by the subunit switch because of a slower
recovery from the desensitization of the NR2B-containing
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receptors (Erreger et al. 2005, Vicini et al. 1998). Hence, the
peak conductance of the “early” NMDAR model was
decreased such that its charge transfer matches that of the
“late” model (Table 2). The steady-state weight distributions
obtained by the “early” and “late” models are shown in
Fig. 6(c and d). The final distribution of the “early” model
clusters near the upper limit (Fig. 6(c)), while that for the
“late” model is bimodal (Fig. 6(d)). These results are
consistent with the theory (Fig. 5(d)).

We then examined how the NMDAR subunit switch
affects the transient response of the system. As mentioned
above, some experiments suggest that the change in the
NMDAR subunit composition can be rapidly induced by
the increase in neuronal activity (Quinlan et al. 1999a,b;
Philpot et al. 2001; Carmignoto and Vicini 1992). There-
fore, the properties of both the NMDAR conductance
(Table 2) and the STDP curve (Fig. 6(b)) were changed
from the “early” to “late” model at the moment the
postsynaptic firing rate attains a given value, which we
refer to as the switching rate. The time for convergence to
the steady-state bimodal distribution was measured for
various switching rates (Fig. 6(g)) (see Section 2).

Figure 6(e and f) show the time course of the average
synaptic weight and the postsynaptic firing rate for different
switching rates. The synapses are potentiated much faster
with the “early” model than with the “late” model
(Fig. 6(e)). Therefore, by switching the model after the
synapses are strengthened, the time for convergence to the
bimodal weight distribution is significantly shortened, as
shown in Fig. 6(g). The figure also indicates the existence
of an optimal switching rate (approximately 110 Hz) that
enables the fastest convergence. These results agree with
the theoretical prediction. An additional set of simulations
were carried out by fixing the NMDAR conductance model
to either the “early” or “late” condition and switching only
the STDP curve. Also in this case, similar results were
obtained (data not shown). Hence, the results here are
mainly attributable to the effects of switching the STDP
curve, as predicted by the theory.

It should be noted that even when the switching rate is
greater than the optimal rate, an increase in the convergence
time from its minimum is small (Fig. 6(g)). This is because
the delay in switching increases the average postsynaptic
rate (Fig. 6(f)) and increases the total number of pre- and
postsynaptic spike pairs that elicit STDP. The effect can
also be understood from the fact that the inverse of the
product of the pre- and postsynaptic rates becomes the time
constant of the Fokker–Planck equation (Eq. (13)). There-
fore, a small delay in the switch timing would not have a
strong influence on the convergence time. This appears to
suggest that the NMDAR subunit switch induces rapid
convergence to the bimodal distribution without precise
control of the switch timing.

4 Discussion

In this study, we explored the effects of the developmental
change in the NMDAR subunit expression on the STDP
curve and the synaptic weight dynamics. Our results
suggest the following hypothesis to explain the possible
roles of the subunit switch. The acceleration of the
NMDAR decay attenuates Ca2+ influx to the spine when
a presynaptic event is paired with postsynaptic firing
(Fig. 3(b)). Since this effect is much more prominent at
positive ISIs than at negative ISIs (Fig. 3(b), dashed line),
the NMDAR subunit switch decreases the overall effects of
LTP more than those of LTD, leading to an increase in the
LTD/LTP ratio (Fig. 4(c–f)). Prior to the subunit switch,
LTP exceeds LTD. This contributes to the potentiation of all
the synapses (Fig. 5(c)), which are initially very weak
during early development (Issac et al. 1997). After the
switch, LTD slightly exceeds LTP, inducing competition
among different synapses quite rapidly (Figs. 5(c) and
6(g)). Synaptic competition is very important for early
synaptic organization as well as the stabilization of
neuronal activity (Kepecs et al. 2002; Song et al. 2000).
However, competition involves the potentiation of strong
synapses and depression of weak synapses, and thus, it
inhibits the growth of the initially weak synapses. There-
fore, the modulation of the STDP learning rule by the
NMDAR subunit expression is required to fulfill the two
conflicting requirements—potentiation of immature synap-
ses and induction of competition between them—at an
adequately rapid rate.

The LIF neuron model used for examining the prediction
by the Fokker–Planck analysis can reproduce a firing rate
gain similar to that of neocortical cells, as mentioned above
(Fig. 6(a)). However, this model still ignores the mecha-
nism of spike generation by voltage-dependent Na+ and K+

conductances, which are incorporated in the compartmental
model used for examining the change in the STDP curve.
Although the voltage-gated conductances may have impor-
tant effects on the firing behavior (Llinas 1988), we
consider that the results of the LIF simulation (Fig. 6) do
not significantly depend on the output cell dynamics. The
general theoretical analysis of Rubin et al. (2001) indicates
that independent of the details of the firing dynamics, the
additive STDP model (Kepecs et al. 2002) that has a bias
towards LTP elicits the positive drift of the synapses, while
the STDP model that has a weak bias towards LTD induces
the positive and negative drift for the strong and weak
synapses, respectively, as shown in Fig. 5(b). Therefore, the
transition from the former to the latter STDP model will
yield faster convergence to the bimodal weight distribution,
as shown in the schematic diagram in Fig. 5(c). The
argument here is also supported by the recent studies that
have revealed that STDP can induce synaptic competition
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in the compartmental neuron that contains voltage-gated
Na+/K+ currents in the soma and dendrites (Iannella and
Tanaka 2006; Rumsey and Abbott 2006).

4.1 Ca2+-dependent plasticity model

The plasticity model that determines the synaptic modifi-
cations solely from the amplitude of Ca2+ signals induces
LTD in two distinct domains of positive and negative ISIs
(Fig. 1(a), right) (Bi and Rubin 2005). This type of STDP
curve is observed for hippocampal slices (Nishiyama et al.
2000), but it disagrees with other experimental results that
show asymmetric temporal windows (Fig. 1(b), right).
Therefore, previous STDP models have considered various
factors that prevent pre-post timing LTD, such as the
stochasticity in Ca2+ dynamics (Shouval and Kalantzis
2005), independent chemical pathways activated by Ca2+

entry through NMDARs and VGCCs (Karmarkar and
Buonomano 2002), and the temporal property of Ca2+

signals (Rubin et al. 2005). Among these, the model of
Rubin et al. is closely related to ours, although their
mathematical description is quite different. Rubin et al.
(2005) have reproduced STDP not only by pre- and
postsynaptic spike pairs but also by spike triplets or
quadruplets based on three assumptions: (1) LTP is induced
by the increase in Ca2+ above a high threshold; (2) LTD is
induced if the period in which [Ca2+] is above a low
threshold is sufficiently long; and (3) LTD induction is
suppressed by the increase in Ca2+ above a mid-level
threshold. Our model used the first two assumptions and
also assumed that the minimal duration of Ca2+ signals for
LTD induction (T̂ ) increases with the Ca2+ peak ampli-
tude. This assumption appears to play a role similar to
assumption (3) in the study by Rubin et al. (2005) for
making LTD induction hard to occur as the Ca2+ level
increases. The two models consistently indicate that the
temporal factors of Ca2+ signals are sufficient to explain the
temporal asymmetry of the STDP curve. As mentioned
above, a key result of our model that the NMDAR kinetics
affects LTP more than LTD (Fig. 4(c and e)) is due to
the sensitivity of the spike-induced Ca2+ influx to the
NMDAR decay process. Therefore, similar results would
be obtained independent of the manner in which the
pre-post timing LTD is prevented when NMDAR current
contributes significantly to the Ca2+ signal in the spine
(Sabatini et al. 2001).

Recently, it has been shown that a Ca2+/calmodulin-
dependent protein kinase II (CaMKII)-mediated potentia-
tion process and a calcineurin-mediated depression process
are activated in STDP (Wang et al. 2005), suggesting that
STDP is regulated by the calcium and subsequent kinase
and phosphatase pathways in a manner similar to classical
LTP and LTD (Lisman 1989, 1994; Blitzer et al. 1998;

Bhalla and Iyengar 1999; Holmes 2000; Zhabotinsky 2000;
Lisman and Zhabotinsky 2001; Cavazzini et al. 2005).
Although the detailed molecular pathways that lead to
STDP are still unclear, we consider that each term in the
proposed plasticity model (Eq. (2)) may be correlated with
the different signaling pathways that control the kinase and
phosphatase activity. The effect of function fP is similar to
that of the autophosphorylation of CaMKII, which produ-
ces LTP at higher Ca2+ concentrations (Lisman 1989;
Holmes 2000; Lisman and Zhabotinsky 2001). The LTD
induction and blocking mechanisms incorporated by func-
tions fD and fB resemble the competing actions of
calcineurin and cAMP, which elicit the activation and
inactivation of protein phosphatase 1 (PP1), respectively,
and control the LTD production depending on the Ca2+

concentration (Lisman 1989; Bhalla and Iyengar 1999).
These signaling pathways are mediated through calmodulin
(CaM)-regulated proteins. CaM has four Ca2+-binding sites
with an average dissociation constant (Kd) of ∼15 μM (Xia
and Storm 2005), which is greater than the peak Ca2+

concentration in our model (3–9 μM; Fig. 3(b)); however,
the activation of the CaM-stimulated enzymes would be
possible at this concentration, since the affinity of CaM for
Ca2+ is enhanced in the presence of CaM-binding proteins
(Xia and Storm 2005). However, it is not yet understood
how the slow intracellular signaling of these agents can
detect the difference in Ca2+ signals and produce STDP.
One possibility is that the nonlinear interaction of the Ca2+-
dependent activity of the kinase and phosphatase (Bhalla
and Iyengar 1999; Wang et al. 2005) amplifies the small
difference in the initial induction of different signaling
pathways (Cavazzini et al. 2005). In particular, the
interaction between the cAMP- and calcineurin-mediated
pathways (Lisman 1989; Bhalla and Iyengar 1999; Blitzer
et al. 1998) might be responsible for regulating the LTD
induction, depending on not only the amplitude but also
the duration of the Ca2+ transients in our plasticity model
(Eq. (2)) (Mizuno et al. 2001; Yang et al. 1999). Calcium
affects adenylate cyclase in a biphasic manner: relatively
low Ca2+ concentrations can stimulate the enzymic activity,
while the inhibition of the activity is more difficult and
requires higher Ca2+ concentrations (Piascik et al. 1980).
Therefore, it may be possible that during the early phase of
the time course of the Ca2+ transient, Ca2+ activates ade-
nylate cyclase, which enhances the cAMP-mediated LTD
blocking process (Lisman 1989, 1994); however, the pro-
longation of Ca2+ elevation might deactivate the cyclase
activity again (Piascik et al. 1980). In this case, the
calcineurin-mediated LTD process, which is activated by
the moderate levels of Ca2+ increase (Lisman 1989, 1994),
overcomes the LTD blocking process by cAMP at a later
phase of the Ca2+ time course, leading to LTD induction for
the moderate and prolonged Ca2+ increase. Furthermore,
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such interaction between enzymic activities would also
regulate the prolongation of the kinase and phosphatase
response even after the Ca2+ signal is terminated (Bhalla
and Iyengar 1999).

4.2 Effects of NMDAR subunit expression
on the synaptic plasticity

Our model provides an experimentally verifiable prediction
that the NMDAR subunit switch alters the STDP curve
such that the areas of the STDP curve under both the LTP
and LTD portions decrease, while the ratio of the area under
the LTD portion to that under the LTP portion increases
(Figs. 3(e) and 4). This prediction is quite robust and does
not depend on either the precise parameters in the plasticity
model or the action potential waveform (Fig. 4).

There is both direct and indirect evidence that some
forms of plasticity may be regulated by the NMDAR
expression. Protocols of “pairing” in which presynaptic
stimulation is paired with postsynaptic depolarization have
shown that the induction of thalamocortical LTP and LTD
becomes more difficult when the NMDAR decay accel-
erates during development (Crair and Malenka 1995;
Feldman et al. 1998). These findings are quite similar to
our result that the areas of the STDP curve under the LTP
and LTD portions decrease (Fig. 4(c and e)). An experiment
with thalamocortical synapses has reported that the ability
of LTP induction in NR2A knockout mice declines with
age, in a manner similar to that observed in wild-type mice,
while the NMDAR decay kinetics remains unchanged (Lu
et al. 2001). This result may lead to the hypothesis that the
developmental decrease in LTP or the critical period
plasticity is an NMDAR-independent process (Lu et al.
2001). However, the study by Lu et al. also indicates that
the expression levels of NR1 and NR2B subunits are not
different between the NR2A knockout and wild-type mice
near the end of the critical period (Lu et al. 2001, Fig. 5; see
also Sakimura et al. (1995) for similar results). There exists
evidence that a significant amount of NR1 protein lacks an
NR2 subunit partner (Huh and Wenthold 1999) and the
expression of the NR2 subunit rather than that of the NR1
subunit determines the number of functional NMDAR
channels (Prybylowski et al. 2002). Therefore, the obser-
vation that the NR2A knockout elicits no difference in the
NR2B expression (Lu et al. 2001) suggests that the NR2A
knockout mice cannot increase the number of NR2B-
containing NMDARs and compensate for a loss in NR2A-
containing receptors. Therefore, we favor the hypothesis
that the total number of functional NMDARs decreases in
the NR2A knockout mice near the end of the critical period
and the reduction in the total NMDAR current acts to
attenuate the synaptically evoked Ca2+ influx, leading to the
reduction in the synaptic potentiation. Although Lu et al.

did not observe the difference in the relative amplitude of
the AMPAR and NMDAR currents (AMPA/NMDA)
between the NR2A knockout and wild-type mice, another
experiment reveals a significant reduction in both the
NMDA/AMPA ratio and synaptic potentiation at the
hippocampal synapses in the NR2A knockout mice
(Sakimura et al. 1995).

Recent experiments have examined the effects of the
NR2A- and NR2B-selective antagonists and have shown
that selectively blocking the NR2B-containing NMDARs
eliminates the LFS-induced LTD but not the HFS-induced
LTP, while the inhibition of the NR2A-containing
NMDARs prevents the HFS-induced LTP without affecting
the LTD production by LFS (Liu et al. 2004; Massey et al.
2004). These findings may be considered to indicate that
the activation of NR2A- and NR2B-contatining NMDARs
is required for the induction of LTP and LTD, respectively
(Liu et al. 2004; Massey et al. 2004). This idea leads to the
prediction that the developmental increase in the NR2A/B
ratio (Quinlan et al. 1999a; Mierau et al. 2004) also
increases the LTP/LTD ratio, which is not consistent with
our model that indicates an increase in the LTD/LTP ratio
(Fig. 4(d and f)). However, the hypothesis that LTP is
induced selectively via the NR2A-containing NMDARs is
not in agreement with the facts that the thalamocortical LTP
becomes difficult to induce when the NMDAR kinetics
accelerate (Crair and Malenka 1995) and that the over-
expression of NR2B enhances the LTP induction (Tang et
al. 1999). Other studies also show contradictory results that
indicate that the induction of LTP (Berberich et al. 2005)
and LTD (Morishita et al. 2007) does not depend on the
activation of specific NR2 subunits in the hippocampus.
Furthermore, it may be possible that the frequency- and
subunit-dependent regulation of postsynaptic Ca2+ signals
explains in part the distinct effects of the subunit-specific
antagonists on LTP and LTD (Erreger et al. 2005).
Therefore, we favor the hypothesis that the direction of
synaptic plasticity is determined not by the activation of
distinct subtypes of NMDARs, but by their coordinated
actions for regulating the magnitude and time course of Ca2+

signals (Morishita et al. 2007).
In rat medial vestibular nuclei (MVN), the HFS protocol

induces LTD at very early stage of development, while the
probability of inducing LTP increases from the beginning
of the second postnatal week and attains the adult level at
the end of the third week (Puyal et al. 2003). The LTD
process in the MVN is independent of the NMDAR
activation; it requires metabotropic glutamate receptor
subtype mGluR5 and GABA activity (Puyal et al. 2003),
which are beyond the scope of this study. The develop-
mental increase in the ability of LTP induction, which
depends on the NMDAR activation (Puyal et al. 2003), is
inconsistent with our model. In rat vestibular nuclei, a
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significant increase in the NR2C subunit expression is
observed within the second and third weeks (Sans et al.
2000). The decay kinetics of the NR1/NR2C NMDARs is
as slow as that of the NR1/NR2B receptors (Monyer et al.
1994; Vicini et al. 1998), and the NR1/NR2C channels are
less sensitive to the Mg2+ block as compared to the NR1/
NR2A and NR1/NR2B channels (Monyer et al. 1994;
Kuner and Schoepfer 1996). Therefore, the increase in the
NR2C-containing receptors may contribute to enhancing
the accumulation of intracellular Ca2+ and increasing the
ability of LTP induction. Furthermore, the developmental
increase in the mGluR1 expression also plays a role in the
facilitation of LTP (Puyal et al. 2003).

4.3 Effects of regulating STDP by NMDAR subunit
expression on synaptic weight dynamics

The LIF model simulation has demonstrated that the
convergence of synaptic weights into the bimodal distribu-
tion is accelerated by switching the STDP learning rule
(Fig. 6), as predicted by the Fokker–Planck analysis
(Fig. 5). These results suggest that the regulation of STDP
by the NMDAR subunit expression can be considered as a
biophysical mechanism that promotes rapid and stable
growth of immature synapses. The critical role of the
subunit switch in this model is to shorten the time required
for strengthening weak synapses by STDP with a bias
towards LTP at an early phase and induce the bimodal
distribution by STDP with a weak bias towards LTD at a
later phase (Figs. 5(c) and 6). The timescale of convergence
and the impact of the NMDAR subunit switch on the
convergence time shown in Fig. 6(g) would be affected by
the factors that our model does not incorporate. In
particular, the developmental change in the number of
synapses and their activity would have a great influence.
The LIF model comprises the same number of synapses as
that of the third postnatal week and the synaptic input
frequency corresponding to the sensory-evoked response
for neocortical cells, as mentioned above. However, the
number of synapses per neocortical neuron in the neonate is
less than one-tenth of that in the third week (Micheva and
Beaulieu 1996) and the early phase of synaptic circuit
formation can be driven by the spontaneous firing before
the onset of sensory-evoked activity (Katz and Shatz 1996;
Stern et al. 2001). Therefore, it appears that the pre-
and postsynaptic rates of the LIF simulation would be
overestimated, particularly in the early phase of the time
course of the synaptic weight modification. Since the
Fokker–Planck equation (Eq. (13)) suggests that the inverse
of the product of the pre- and postsynaptic rates determines
the time constant, the inclusion of these effects will greatly
expand the timescale of the synaptic weight dynamics
during the early phase. This leads to a greater difference in

the time required for strengthening initially weak synapses
between the “early” and “late” models (Figs. 5(c) and 6(e)),
further increasing the efficacy of the NMDAR subunit
switch in accelerating the induction of the bimodal
distribution (Fig. 6(g)).

Although the STDP model that induces the bimodal
weight distribution makes a significant contribution to the
competition and rate stabilization (Kepecs et al. 2002), it is
difficult to strengthen weak synapses that cannot evoke
frequent postsynaptic firing. The activity-dependent regu-
lation of the NMDAR subunit expression (Quinlan et al.
1999a,b; Carmignoto and Vicini 1992) may function to
compensate for this disadvantage of STDP. When the
postsynaptic activity is weak, the lower NR2A/B ratio acts
to decelerate the NMDAR decay, which primarily increases
the possibility of LTP induction and the magnitude of
weight change when LTP occurs (Fig. 4(c and e)).
Conversely, if the postsynaptic activity becomes sufficient-
ly strong, the higher NR2A/B ratio accelerates the NMDAR
decay and decreases the effects of LTP more than those
of LTD, which in turn activates the competitive function of
STDP (Fig. 5(c)). The activity-dependent expression of
NMDARs is particularly important when an undesirable
sensory environment, such as dark rearing in a visual
system, delays synaptic growth. In this case, the increase in
the NR2A/B ratio must be postponed until the environment
improves and each synapse is sufficiently strengthened.
Otherwise, premature subunit switch may decrease the
probability of potentiation and result in greater delay in
synaptic growth.

A key assumption in our model is that in order to obtain
a bimodal weight distribution, the STDP curve after the
subunit switch must satisfy the condition that the area under
the LTD portion is slightly larger than that under the LTP
portion (Song et al. 2000). This requirement may be
automatically satisfied by the Ca2+-dependent desensitiza-
tion of the NMDAR channels (Tegner and Kepecs 2002). If
the potentiation of the presynaptic inputs increases the
postsynaptic activity, frequent discharge would promote the
accumulation of intracellular Ca2+ that enters through
VGCCs (Helmchen et al. 1996), which is small at very
low frequencies (Sabatini et al. 2002). The accumulation of
Ca2+ in turn induces the desensitization of the NMDAR
channels (Umemiya et al. 2001; Rosenmund et al. 1995).
This activity-dependent feedback mechanism may create a
balanced state in STDP such that the overall level of
depression becomes slightly greater than that of potentia-
tion (Tegner and Kepecs 2002). It should be noted that in our
model, STDP before the subunit switch plays a role in rapidly
increasing the synaptic weights, and thus, the feedback
mechanism is required only after the subunit switch. This
can explain the experimental findings that Ca2+-dependent
inactivation is observed in NR1/NR2A receptors but not in
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NR1/NR2B receptors (Umemiya et al. 2001; Krupp et al.
1996). It would be of interest to study how early synapses
are organized when the subunit-specific Ca2+-dependent
desensitization of NMDARs is introduced in combination
with a change in the decay kinetics considered here.

4.4 Effects of NMDAR subunit expression
on the development of topographic maps

Our model also predicts that the NMDAR subunit expres-
sion regulates the development of topographic maps. Let us
consider how the subunit switch affects the network in
Fig. 7(a) (lower panel), which represents the projections
from thalamic relay neurons (open circles) to recurrently
interconnected cortical neurons (colored circles) (Song and
Abbott 2001). The activity of each thalamic relay cell may,
for example, represent the location of a tactile stimulation
on the skin or the orientation of a visual image on the
retina. In very early development, a coarse topographic map
is generated in an activity-independent manner (Goodman
and Shatz 1993) (Fig. 7(a), lower panel). Since the initial
synaptic connections are very weak and overlapping (Issac
et al. 1997; Goodman and Shatz 1993), the firing activity of
each cortical cell is weak and less-selective to sensory
inputs, as shown by the response tuning curve for each
cortical neuron (Fig. 7(a), upper panel). A small NR2A/B
ratio and the resulting slower NMDAR kinetics strengthen
all the presynaptic connections to a given postsynaptic cell
(Figs. 5(c), 6(c), and 7(b) (lower panel)); therefore, it is
difficult to increase the input selectivity of the cortical cells.
The resulting response tuning curves have higher peak
amplitude, while each curve remains broad (Fig. 7(b), upper
panel). On the other hand, a large NR2A/B ratio accelerates
the NMDAR decay and induces competition among the
presynaptic inputs (Figs. 5(c) and 6(d)). This contributes to
refining the topographic map (Fig. 7(c), lower panel),
increasing the input selectivity, and making sharp response
tuning curves (Fig. 7(c), upper panel), as shown by
the model of Song and Abbott (2001). In cases where the
NMDAR subunit switch occurs during development, the
synaptic connections are at first strengthened by the smaller
NR2A/B ratio and then refined by the increase in the
NR2A/B ratio (Fig. 7, curved arrow). Therefore, we can
predict that the input selectivity of neurons is significantly
increased during a period in which the NMDAR subunit
composition changes. This prediction is experimentally
verifiable by simultaneously measuring the developmental
change in the selectivity of neurons for some aspects of
inputs with the NMDAR decay time constant or the
expression levels of different NR2 subunits. Furthermore,
the discussion here suggests that the input selectivity of
neurons can be regulated via transgenic manipulations. For
example, the overexpression of the NR2B subunit, which

decelerates the NMDAR decay particularly in later devel-
opmental stages (Tang et al. 1999), will reduce the input
selectivity of neurons at adulthood. The region-specific
knockout of NMDARs (McHugh et al. 1996) will severely
impair the selectivity to specific aspects of the input. The
knockout of the NR2A subunit may also impair the input
selectivity to some degree by the decrease in the total
NMDAR current (Sakimura et al. 1995), as discussed
above. The topographic maps with neurons with adequate
levels of input selectivity would be important to permit
efficient communication between appropriate sets of neu-
rons (Kaas 1997). Therefore, we consider that increasing
the rate of induction of the synaptic competition through
the NMDAR subunit switch (Fig. 6(g)) is required for

  Large NR2A/B  Small NR2A/B

(a)

(b) (c)

Subunit 
switch

Fig. 7 Predicted effects of the NMDAR subunit expression on the
development of topographic maps. The lower panel in (a–c): the
synaptic circuits that represent the projections from the thalamic relay
neurons (open circles) to the cortical neurons (colored circles). The
thalamic relay neurons are spatially distributed such that their
positions reflect their preferred stimuli (e.g., orientation angle of a
visual image). The strength of feedforward connections are denoted by
the line thickness. The upper panel in (a–c): the neural response tuning
curves for the cortical neurons (e.g., firing activity of a neuron in the
primary visual cortex vs. orientation angle of the visual image). The
color of each line corresponds to that of the cortical neuron. (a) In
very early development, weak and coarse topographic connections are
formed by activity-independent mechanisms (lower panel). In this
stage, the firing activity of neurons is low and their tuning curves are
broad (upper panel). (b) A small NR2A/B ratio strengthens all
synaptic connections (lower panel); therefore, the response tuning
curves remain broad (upper panel). (c) A large NR2A/B ratio induces
competition among the presynaptic inputs and refines the topographic
map (lower panel), producing sharp tuning curves (upper panel). The
curved arrow: when the NMDAR subunit switch occurs, synaptic
connections are strengthened initially with the smaller NR2A/B ratio
and the topographic pattern is then refined by the larger NR2A/B
ratio. This contributes to developing the refined topographic maps
quite rapidly
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developing the input selectivity of neurons and producing
refined topographic connections in earlier stages.

Appendix A: Derivation of Eqs. (13–15)

As shown in van Rossum et al. (2000), synaptic weight
distribution P(w) obeys

1

fpre

@P w; tð Þ
@t

¼ � @

@w
r1 wð ÞP w; tð Þ½ �

þ 1

2

@2

@w2
r2 wð ÞP w; tð Þ½ �; ð16Þ

r1 wð Þ ¼ Aþ pp � A�pd ; ð17Þ

r2 wð Þ ¼ A2
þ pp þ A2

� pd; ð18Þ

where pp and pd denote the probability that LTP and LTD
occur by the presynaptic event, respectively. By the same
assumptions as van Rossum et al., we obtain the following
relations: pd= fpost t− and pp=pd(t+/t−)(1+w/Wtot ). If we
substitute these equations into Eqs. (17) and (18), and set
A(w) = r1(w)/fpost and B(w) = r2(w)/fpost , then Eqs. (16–18)
can be rewritten as Eqs. (13–15).
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