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Abstract—The spike-timing dependent plasticity
(STDP) is a synaptic weight plasticity rule, and is observed
mainly by electrophysiological measurements on the
minute time scale. On the other hand, a morphological
imaging shows the spine volume plasticity on the day time
scale. They have been investigated independently but it
is natural that the former can derive the latter since the
weights of the synaptic connections correlate highly with
the volumes of the spine. This paper shows that the spine
volume plasticity corresponds partially with the STDP.

1. Introduction

Neurons are connected via spines and synapses. Con-
necting the neurons is considered to imply building the
memory and disconnecting is considered to imply forget-
ting. Also, the connection has a amplitude called synaptic
weight. The synaptic weight is plastic and is assumed to be
mediated by some kind of plasticity rule.

The short-term electrophysiological measurements have
found that the synaptic weights represented by the exci-
tatory postsynaptic current (EPSC) injected to the soma
change mainly depending on the difference between the
spike timing of the pre-synaptic neuron and that of the post-
synaptic neuron and also on the current synaptic weight.
This plasticity rule is calledspike-timing dependent plas-
ticity (STDP) rule [1–7]. Many formulations of the STDP
have been presented according to the experimental result
curves, the biological limitation, and the information the-
ory.

Another plasticity rule is measured by long-term mor-
phological dendritic imaging of the expressed enhanced
green fluorescent protein (eGFP) [8, 9]. The imaging can
measure the volumes of the spines represented by the flu-
orescence intensity, and has found that the spine volume
change depends on the current spine volume and the neu-
ronal activity. This rule is calledspine volume plasticity in
this paper. Since the synaptic weight is proportional to the
volume of the corresponding spine [10–14], it can be said
that the synaptic weight changes depending on the current
synaptic weight.

The above two plasticity rules should not occur indepen-

dently but should come from the same phenomenon. This
paper shows that the spine volume plasticity corresponds
with one of the STDP formulations, called multiplicative
STDP [4].

2. Results

Spike-Timing Dependent Plasticity
The synaptic weight is the amplitude of the connec-

tion of the two neurons and it is often represented by
the excitatory postsynaptic current (EPSC) injected to the
soma. The electrophysiological measurements have found
that the EPSC changes mainly depending on the differ-
ence∆t = tpre − tpost between the spike timingtpre of the
presynaptic neuron and thattpost of the postsynaptic neu-
ron. This plasticity rule is calledspike-timing dependent
plasticity (STDP) rule [1–7, 15]. For example, a presynap-
tic action potential which precedes a postsynaptic action
potential (i.e.,∆t < 0) depresses the EPSC, and vice versa.
The detailed description is as follows;

∆W(W,∆t) =































W+(W) exp

(

−|∆t|
τ+

)

if ∆t < 0

−W−(W) exp

(

−|∆t|
τ−

)

if ∆t > 0,

whereW denotes the EPSC,W+(W) and W−(W) are the
functions which determine the magnitude of the EPSC
changes∆W in the positive and negative directions, andτ+
andτ− are their time constant, respectively. As described
above, the magnitude of the EPSC changes∆W is assumed
to depend on the current EPSCW, and many types of for-
mulation have been presented. This paper focuses on the
multiplicative STDP presented by van Rossumet al. [4],
which is described as

W+(W) = c+ + νW∼ N( c+, (σnW)2),
W−(W) =c−W + νW∼ N(c−W, (σnW)2),

whereν ∼ N(0, σ2
n) is a noise term. The parametersc+, c−,

τ+, andτ− are determined by the electrophysiological mea-
surements of the pyramidal neurons in the rat hippocampus
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subregion CA1 [2,4] as follows;

c+ =7 [pS], c− =0.003,
τ+ =17 [msec], τ− =34 [msec],
σn =0.0015.

Since the resting potential of a neuron and the reverse po-
tential of an AMPA receptor are assumed to be−60 mV
and 0 mV,c+ is denoted as 0.42 [pA] alternatively.

The expectation valueµunit(W) of the EPSC changes∆W
per unit time is

µunit(W) = fpostfpre(c+τ+ − c−Wτ−),

where fpre Hz ( fpost Hz) is the probability of the evocation
of the presynaptic (postsynaptic) action potential.

Spine Volume Plasticity
Dendritic spines are located on the dendrites of a neuron.

They receive neurotransmitters the corresponding synapses
release. When the neurotransmitters bind to the recep-
tors on the spine, the corresponding ion channels are ac-
tivated, and the miniature excitatory postsynaptic current
(mEPSC) is injected to the spine. Since a large spine
expresses a large number of AMPA glutamate receptors,
the volumeV of a spine is proportional to the ampli-
tude of the mEPSC [10–14] The volumeV of the spine
can be measured morphologically by the dendritic imag-
ing of the expressed enhanced green fluorescent protein
(eGFP) [8, 9, 14]. The LTP enlarges the spine and vice
versa [11, 12, 14, 16, 17]. Thus, measurements of the spine
volumes contribute to understand the long-term plasticity
of the synapse since this is a measurement of the spines on
the day time scale in contrast to the electrophysiological
measurements on the minute time scale.

In the case of the the pyramidal neurons in the rat hip-
pocampus subregion CA1, the expectation valueµC(V) of
the spine volume changes∆V per day by the spine volume
plasticity [8,9] is

µC(V) = −γV + δ,

where the parameter values are

γ =0.16δ =0.01 [µm3].

Figure 1 shows the expectation valueµC(V).

STDP and Spine Volume Plasticity
The presence of D-AP-5, which is an antagonist of the

NMDA glutamate receptors, blocks any synaptic potentia-
tion and depression induced by the STDP [2, 15]. This in-
dicates that the STDP requires the activation of the NMDA
glutamate receptors. Similarly, in the case of the presence
of D-AP-5 [8], the expectation valueµI(V) of the spine vol-
ume plasticity is zero. Hence, the spine volume plasticity
is assumed to be induced mainly by the STDP. The EPSC
W is assumed to be converted to the spine volumeV as

V = WF−1
V,W ,
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Figure 1: The expectation valuesµ of the plasticity. That
µS (W) of the STDP, thatµC(V) of the spine volume plastic-
ity, and thatµC2(V) of the spine volume plasticity for large
spines, and thatµI(V) of the intrinsic spine volume plastic-
ity.

whereFVW is a coefficient. The probabilitiesfpost and fpre

are also undetermined but are assumed to be equal because
of symmetry, i.e.,

µunit(W) = f 2
AP(c+τ+ − c−Wτ−),

where fAP = fpost = fpre is the probability of the evocation
of the neuronal action potential. For simplicity, the expec-
tation valueµ(W) of the EPSC changes per day induced by
the STDP is assumed as

µS (W) = Tdayf 2
AP(c+τ+ − c−Wτ−),

whereTday is a number of unit time per day. The detailed
discussion of this simplification is omitted due to the page
length limitation. Therefore, the following relations arede-
rived:

γ=Tdayf 2
APc−τ−,

δ=
γ

FV,W

c+τ+
c−τ−

,

and
fAP≈0.134 [Hz],

FV,W =1120 [pA/µm3].

Future works should validate of the values of the param-
etersFV,W and fAP. At least, fAP ≈ 0.134 [Hz] is not an
inconceivable value for a rat hippocampus culture without
any activations. Note that the relationshipsFV,Wm of the
spine volumeV to the mEPSC (the EPSC for the spine) are
measured [10–14] and it is aroundFV,Wm = 200 [pA/µm3],
but thatFV,W to the EPSC for the soma is unknown. Since
the dendrites and the soma have voltage-gated ion chan-
nels, the injected current to the soma can be larger than the
injected current to the spine. Thus,FV,W = 1120 [pA/µm3]
is also not an inconceivable value.

Figure 1 showsµS (W), which is equal toµC(V) when
converted with these parameter values.

Variance of Changes
The varianceσ2

S (W) of the STDP per day is

σ2
S (W) = Tdayf 2

AP
1
2

(τ+ + τ−)(σnW)2,
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Figure 2: The standard derivationσ (the square-root of the
variance

√
σ2) of the plasticity. ThatσS (W) of the STDP,

thatσC(V) of the spine volume plasticity, thatσI(V) of the
intrinsic spine volume plasticity, thatσA(V) of the activity-
dependent spine volume plasticity, and thatσRI(V) of the
combination of the STDP and the intrinsic spine volume
plasticity.

where the detailed derivation is omitted due to the page
length limitation. Thatσ2

C(V) of the spine volume plastic-
ity [8,9] is

σ2
C(V) =

{

(0.08V + 0.04)2 if V ≤ 0.25,
(0.20V + 0.01)2 if V > 0.25.

Recall that in the case of the presence of D-AP-5, the STDP
is blocked and the expectation valueµI(V) of the spine vol-
ume plasticity is zero. However, the spine volumeV fluctu-
ates is spite of the presence of D-AP-5 [8,9]. This indicates
that the synaptic weight is mediated not only by the STDP
but also by the intrinsic spine volume plasticity. The vari-
anceσ2

I (V) of the intrinsic spine volume plasticity [8, 9]
is

σ2
I (V) = (0.20V + 0.01)2.

Thus, the difference betweenσ2
C(V) andσ2

I (V) is the vari-
anceσ2

A(V) = σ2
C(V) − σ2

I (V) of the activity-dependent
spine volume plasticity.

The intrinsic spine volume plasticity may be ignored in
the existing STDP experiments since they induce the LTPs
and LTDs repeatedly in a short time to measure the effect of
the STDP. Since the activity-dependent spine volume plas-
ticity is assumed to be induced by the STDP, their vari-
ancesσ2

A(V) andσ2
S (W) are expected to be equal. Also,

the variancesσ2
C(V) = σ2

A(V) + σ2
I (V) and σ2

RI(W) =
σ2

I (V) + σ2
R(W) combined with the intrinsic spine volume

plasticity are expected to be equal. They are summarized in
Figure 2. Unfortunately, the variancesσ2

A(V) andσ2
S (W),

and the variancesσ2
C(V andσ2

RI(W) are different.

3. Discussion

Multiplicative and Other Types of STDP
Generally, the multiplicative STDP is the STDP whose

expectation valueµ(W) of the synaptic weight change is
linear with respect to the current synaptic weight [4, 5].

We can consider other formulations. For example, the ex-
pectation valueE[W+(W)] of the changes induced by the
LTP is not constant but linear with respect to the current
synaptic weight [5]. The other STDPs, such as power-
law [6] or log [7], can be accepted. Their expectation value
E[W+(W)] of the changes are nonlinear but are not so much
different from the multiplicative STDP.

However, the principal problem is that the standard
derivationσA(V) of the activity-dependent spine volume
plasticity shown in Figure 2 decrease with an increase in
the spine volume, i.e., the synaptic weight. This phe-
nomenon does not correspond with the electrophysiolog-
ical measurements [2,4].

Synaptic Weight Distribution
The synaptic weight has a unimodal distribution with

long-tail and its mode is not zero [1, 8, 9, 13, 18–23]. The
synaptic weight distribution induced by the plasticity after
sufficiently long time can be calculated by Fokker-Planck
equation [4–9] as

P(W) =
C
σ2(W)

exp

(∫ W

−∞

2µ(W ′)
σ2(W ′)

dW ′
)

,

whereP(W) is the probability density function andC is a
constant parameter. The synaptic weight distribution which
comes only from the STDP is

P(W) =
C′

(τ++τ−)(σnW)2
exp

(∫ W

−∞

4(c+τ+−c−W ′τ−)
(τ++τ−)(σnW ′)2

dW ′
)

.

The multiplicative STDP shows a unimodal distribution
with long-tail [4]. The power-law STDP [6] and the log
STDP [7] also do that.

This equation indicates that the synaptic weight distri-
bution is independent of the probabilityfAP of the evoca-
tion of the neuronal action potential, since the ratio between
µ(W ′) andσ2(W ′) are independent of the neuronal activity
fAP.

In combined with the intrinsic spine volume plasticity
whose the varianceσ2

I (V) are independent of the neuronal
activity fAP, the synaptic weight distribution depends on
the neuronal activityfAP as follows:

P(W) =
C

σ2
S (W) + σ2

I (W)
exp













∫ W

−∞

2µS (W ′)

σ2
S (W ′) + σ2

I (W
′)

dW ′












,

Roughly speaking, larger neuronal activityfAP decreases
the probability of larger synaptic weights, since the large
synaptic weights tend to be decreased by the multiplicative
STDP and the activity-dependent spine volume plasticity.
This is a remarkable result. The STDP or the activity-
dependent spine volume plasticity can be said not only
to develop the connections but to prune the connections
appropriately. Of course, the correlated postsynaptic ac-
tion potentials can provide another story; the large synaptic
weight have more potential to increase since the correlation
gives the presynaptic action potential with the large synap-
tic weight more potential to elicit the presynaptic action
potential.
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4. Conclusion

This paper has shown that the spine volume plasticity
corresponds partially with the multiplicative STDP. Future
work includes: (a) validating of the values of the param-
eters, (b) clarifying the effect of the correlated postsynap-
tic action potential, and (c) integrating the variances of the
STDP and the spine volume plasticity.

The authors would like to thank Professor Toshimitsu
Ushio of Osaka University for helpful discussions. This
work was partially supported by Grant-in-Aid for JSPS Fel-
lows.
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