2014 International Symposium on Nonlinear Theory and its Applications "
NOLTA2014, Luzern, Switzerland, September 14-18, 2014

L ong-Term Spine Volume Dynamics Cor responds
Partially With Multiplicative STDP

Takashi Matsubatfaand Hiroyuki Torikaf

fthe Graduate School of Engineering Science, Osaka Uniyersi
1-3Machikaneyama-cho, Toyonaka, Osaka 560-8531, Japan
tFaculty of Computer Science and Engineering, Kyoto Sangywedsity,
Kamigamo-Motoyama, Kita-ku, Kyoto, Kyoto 603—8555, Japan
Email: matubara@hopf.sys.es.osaka-u.ac.jp, torikagé@gsto-su.ac.jp

Abstract—The spike-timing dependent plasticity dently but should come from the same phenomenon. This
(STDP) is a synaptic weight plasticity rule, and is observedaper shows that the spine volume plasticity corresponds
mainly by electrophysiological measurements on thwith one of the STDP formulations, called multiplicative
minute time scale. On the other hand, a morphologic8TDP [4].
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 Results
weights of the synaptic connections correlate highly witl
the volumes of the spine. This paper shows that the spi
volume plasticity corresponds partially with the STDP.

ike-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
1. Introduction soma. The electrophysiological measurements have found

i ) that the EPSC changes mainly depending on therdi

N(_aurons are conne_cted via spines a_nd synapses. CceAt = tore — thost DEtWEEN the spike timingye of the
necting the neurons is considered to imply building th‘ﬁresynaptic neuron and thighe of the postsynaptic neu-
memory and disconnecting is considered to imply forget, “This plasticity rule is callegpike-timing dependent
ting. Also, the conr_1ectio_n ha_ls a am_plitude_z called Sy”aptﬁasticity (STDP) rule [1~7, 15]. For example, a presynap-
weight. The synaptic weight is plastic and is assumed o B 4ction potential which precedes a postsynaptic action

mediated by some kind of plasticity rule. potential (i.e. At < 0) depresses the EPSC, and vice versa.
The short-term electrophysiological measurements havg,q detailed description is as follows;

found that the synaptic weights represented by the exci-

tatory postsynaptic current (EPSC) injected to the soma AL\
change mainly depending on theffdrence between the W, (W) exp(—T—) if At<0
spike timing of the pre-synaptic neuron and that of the post- AW(W, At) = |A+t| )
synaptic neuron and also on the current synaptic weight. -W_(W) exp(—T—) if At >0,

This plasticity rule is calledpike-timing dependent plas-

ticity (STDP) rule [1-7]. Many formulations of the STDP whereW denotes the EPSGV, (W) and W_(W) are the

have been presented according to the experimental resgljhctions which determine the magnitude of the EPSC

curves, the biological limitation, and the information the changes\W in the positive and negative directions, and

ory. andr_ are their time constant, respectively. As described
Another plasticity rule is measured by long-term morabove, the magnitude of the EPSC chanyésis assumed

phological dendritic imaging of the expressed enhance@ depend on the current EPSAZ, and many types of for-

green fluorescent protein (eGFP) [8,9]. The imaging camulation have been presented. This paper focuses on the

measure the volumes of the spines represented by the fiaultiplicative STDP presented by van Rossetral. [4],

orescence intensity, and has found that the spine volumghich is described as

change depends on the current spine volume and the neu-

ronal activity. This rule is calledpine volume plasticity in W, (W) = ¢, + W~ N( c,, (e W)?),

this paper. Since the synaptic weight is proportional to the W_(W) =c_W + YW~ N(C-W, (cnW)?),

volume of the corresponding spine [10-14], it can be said

that the synaptic weight changes depending on the curremherev ~ N(0, o2) is a noise term. The parametets c_,

synaptic weight. 7, andr_ are determined by the electrophysiological mea-
The above two plasticity rules should not occur indepersurements of the pyramidal neurons in the rat hippocampus
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subregion CALl [2,4] as follows; 40 o1 3/[2# ] 03 o
° ‘ ‘ ‘ —40.04
¢, =7[pS], c¢.=0.003
7, =17 [msec]r_ =34 [msec] N 00 o
on =0.0015 B H
= S
=% —0.04 =
Since the resting potential of a neuron and the reverse po- = B ) 2
tential of an AMPA receptor are assumed to-80 mV eV (V) 0.08
and 0 mV.c, is denoted as 0.42 [pA] alternatively. —1005 100 200 300 400 500
The expectation valyg,ni:(W) of the EPSC changesV WipA]

per unit time is
Figure 1. The expectation valugsof the plasticity. That
Hunit(W) = Tpostlpre(C, 74 — C-Wr_), us(W) of the STDP, thatc (V) of the spine volume plastic-
ity, and thafuc,(V) of the spine volume plasticity for large
spines, and that, (V) of the intrinsic spine volume plastic-
ity.

where fyre 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 sysapséhereFvy is a codficient. The probabilitiespost and fore
release. When the neurotransmitters bind to the receft® also unde_termined but are assumed to be equal because
tors on the spine, the corresponding ion channels are f-symmetry, i.e.,
tivated, and the miniature excitatory postsynaptic curren _ _ 2
(MEPSC) is injected to the spine. Since a large spine Hunie(W) = Tap(C.Ts = C- W),
expresses a large number of AMPA glutamate receptorghere fap = fpost = fore is the probability of the evocation
the volumeV of a spine is proportional to the ampli- of the neuronal action potential. For simplicity, the expec
tude of the mEPSC [10-14] The volumé of the spine tation valueu(W) of the EPSC changes per day induced by
can be measured morphologically by the dendritic imaghe STDP is assumed as
ing of the expressed enhanced green fluorescent protein 5
(eGFP) [8, 9, 14]. The LTP enlarges the spine and vice pus(W) = Taayfap(Ci7s — C-Wr_),

velrsa [11.12, 13 16,17]. ;’hus, n:jeisu:ements of tlhe §P'Hﬁ1ereray is a number of unit time per day. The detailed
volumes contribute to understand the long-term plasticityis . ssjon of this simplification is omitted due to the page

of the synapse since this is a measurement of the Spines @, jimitation. Therefore, the following relations ate-
the day time scale in contrast to the electrophysiologicqlved.

measurements on the minute time scale.

) . . '}/:Tdayfz Cc_7_,
In the case of the the pyramidal neurons in the rat hip- _ &,

pocampus subregion CA1, the expectation valyé/) of - Fywe.t.’
the spine volume changés/ per day by the spine volume 5,
plasticity [8, 9] is fap~0.134 [Hz]

Fyw =1120 [pA/um?].

uc(V) = =YV +4, _
Future works should validate of the values of the param-

where the parameter values are etersFyw and fap. At least, fap ~ 0.134 [Hz] is not an
5 inconceivable value for a rat hippocampus culture without
y =0.166 =0.01 [um’]. any activations. Note that the relationshipgy,, of the

spine volumeV to the mEPSC (the EPSC for the spine) are

measured [10-14] and it is aroufigy, = 200 [pAumq],

STDP and Spine Volume Plasticity but thatFy,y to the EPSC for the soma is unknown. Since
The presence of D-AP-5, which is an antagonist of théhe dendrites and the soma have voltage-gated ion chan-

NMDA glutamate receptors, blocks any synaptic potentiasels, the injected current to the soma can be larger than the

tion and depression induced by the STDP [2, 15]. This innjected current to the spine. ThuB,y = 1120 [pAum?]

dicates that the STDP requires the activation of the NMDAs also not an inconceivable value.

glutamate receptors. Similarly, in the case of the presenceFigure 1 showsus(W), which is equal tquc(V) when

of D-AP-5 [8], the expectation valya (V) of the spine vol-  converted with these parameter values.

ume plasticity is zero. Hence, the spine volume plasticit

is assumed to be induced mainly by the STDP. The EPS

W is assumed to be converted to the spine volWraes

Figure 1 shows the expectation vajugV).

iance of Changes
The variancer%(W) of the STDP per day is

1
V= WF\_,’\lN, U%(VV) = Tdayfpz\pz(7+ + T_)(O'nW)Z,
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We can consider other formulations. For example, the ex-

.0 0.1 0.2 0.3 0.4 . .
150 ‘ ‘ ‘ pectation valuee[W,(W)] of the changes induced by the
— oy (W) — o, (N 40.12 . . .

‘ , LTP is not constant but linear with respect to the current
= 100f oW = owW) e synaptic weight [5]. The other STDPs, such as power-
I I o7 (V) Lzl 0.08 g . .

S PP % law [6] or log [7], can be accepted. Their expectation value
® 50poo----"" jorta 0.04 E[W, (W)] of the changes are nonlinear but are not so much
--------- different from the multiplicative STDP.
oL ‘ ‘ ‘ ‘ g0 However, the principal problem is that the standard
100 200 300 400 501 . . .. .
WipA] derivationoa(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].

Figure 2: The standard derivation(the square-root of the
variance\/oTZ) of the plasticity. Thatrs(W) of the STDP,
thatoc(V) of the spine volume plasticity, that, (V) of the ) ] T
intrinsic spine volume plasticity, thata(V) of the activity- Synaptic Weight Distribution _ o _
dependent spine volume plasticity, and that(V) of the The synaptic weight has a unimodal distribution with

combination of the STDP and the intrinsic spine voluméong-tail and its mode is not zero [1,8,9,13,18-23]. The
plasticity. synaptic weight distribution induced by the plasticityeaft

suficiently long time can be calculated by Fokker-Planck
W 2u(wW)

equation [4-9] as
¢ ex|
2w “P\ . o2wr)

where the detailed derivation is omitted due to the page
length limitation. Thawr2(V) of the spine volume plastic-
ity [8,9] is
whereP(W) is the probability density function ard is a
constant parameter. The synaptic weight distribution tvhic
comes only from the STDP is

P(W) =

aw).

2(v) = (0.08V +0.04Y if V <0.25
7cV) =1 (0.20v + 0,017 if V > 0.25,

Recall that in the case of the presence of D-AP-5, the ST (04 W ac, T, W'T.)
is blocked and the expectation valug€V) of the spine vol- (T4 +7_)(0nW)2 oo (Ta+T)(0nW')2

ume_plast_lcny Is zero. However, the spine VOILM.&L.JCW' The multiplicative STDP shows a unimodal distribution
ates is spite of the presence of D-AP-5 [8,9]. This |nd|catesith long-tail [4]. The power-law STDP [6] and the log

that the synaptic weight is mediated not only by the STD.élTDP [7] also do that.

but a'SS by the |ntr_|ns_|c spine volume plaSt'C'tY' .The van- This equation indicates that the synaptic weight distri-
anceo; (V) of the intrinsic spine volume plasticity [8, 9] bution is independent of the probabilifge of the evoca-

IS tion of the neuronal action potential, since the ratio betwe
u(W’) ando?(W’) are independent of the neuronal activity
pr.

DIl-5‘>(\/\/) = exp( dW’).

o?(V) = (0.20V + 0.01Y.

Thus, the diterence betweeas (V) ando?(V) is the vari-
anceoa(V) = o&(V) — c?(V) of the activity-dependent  In combined with the intrinsic spine volume plasticity
spine volume plasticity. whose the variance?(V) are independent of the neuronal
The intrinsic spine volume plasticity may be ignored inactivity fap, the synaptic weight distribution depends on
the existing STDP experiments since they induce the LTRke neuronal activityfap as follows:
and LTDs repeatedly in a short time to measure tfeceof C W 2us(W)
the STDP. Since the activity-dependent spine volume plaf(W) = —————— exp(f ﬁdW’],
ticity is assumed to be induced by the STDP, their vari- o5(W) + (W) —o0 (W) + o7 (W')
anceso3(V) and o3(W) are expected to be equal. Also,Roughly speaking, larger neuronal activity» decreases
the variancesr3(V) = o4(V) + o7(V) and o3 (W) = the probability of larger synaptic weights, since the large
o2(V) + o4(W) combined with the intrinsic spine volume synaptic weights tend to be decreased by the multiplicative
plasticity are expected to be equal. They are summarized8TDP and the activity-dependent spine volume plasticity.
Figure 2. Unfortunately, the varianceg(V) ando3(W),  This is a remarkable result. The STDP or the activity-
and the variances?(V ando, (W) are diferent. 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 syioapt
Multiplicative and Other Types of STDP weight have more potential to increase since the correlatio
Generally, the multiplicative STDP is the STDP whosagives the presynaptic action potential with the large synap
expectation valug:(W) of the synaptic weight change is tic weight more potential to elicit the presynaptic action
linear with respect to the current synaptic weight [4, 5]potential.

3. Discussion
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4, Conclusion

This paper has shown that the spine volume plasticity
corresponds partially with the multiplicative STDP. Fatur
work includes: (a) validating of the values of the param-

eters, (b) clarifying the féect of the correlated postsynap-[

tic action potential, and (c) integrating the varianceshef t
STDP and the spine volume plasticity.
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