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A variety of competitive properties arises from STDP
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Abstract: Spike-timing-dependent plasticity (STDP) induces competition among inputs, required for the construction of
functional circuits, while maintaining the basic features of Hebbian plasticity. Here, we examine the competitive functi
ons of STDP incorporating a metaplastic activity-dependent feedback (ADFB) mechanism, wherein higher postsynap-
tic activity suppresses LTP, in cases where a model neuron receives two groups of correlated inputs. We demon-
strate that there are four distinct types of competitive properties depending on the relative input frequency between the
different groups and the correlation time among the inputs within the same group: (1) competition with a bistable
synaptic weight distribution (for identical frequency and brief correlation), (2) no competition (for identical frequency
and prolonged correlation), (3) competition preferring strong input activity (for different frequencies and brief correla-
tion), and (4) competition preferring weak input activity (for different frequencies and prolonged correlation). Our re-
sults suggest that ADFB regulation enables the modification of the Hebbian competition properties associated with
STDP to increase its abilities to reflect the firing properties of input neurons.
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The Hebbian-based competition has been suggested
to emerge automatically through spike-timing-

1. INTRODUCTION

The development of functional neuronal connections dependent plasticity (STDP) [4]. In STDP, the synapses
depends on the competitive interaction between inputs that are activated slightly before and after the postsy-
[1]. In the presence of competition, the strengthening of naptic event is potentiated and depressed, respectively.
some inputs causes the weakening of the others, thereby Therefore, a group of temporally correlated inputs,
producing the input selectivity of neurons while main- which tends to arrive just before the postsynaptic spikes
taining the level of postsynaptic activity. A conventional and can frequently contribute to evoking them, are se-
view is that the consequence of competition is deter- lectively potentiated. However, our recent study [5] has
mined by the relative strength of input activities such revealed that when STDP is accompanied by metaplas-
that the synapses that are frequently activated are tic activity-dependent feedback (ADFB) modulation,
strengthened while those that are less frequently acti- wherein LTP is suppressed by the feedback of postsy-
vated are suppressed. Such activity-dependent competi- naptic activity, the correlated inputs can be either poten-
tion is consistent with Hebbian rule of plasticity, be- tiated or depressed depending on whether the correla-
cause the frequently-activated inputs will tend to pro- tion time is shorter or longer than a threshold, respec-
duce strong postsynaptic discharge and therefore can be tively. This finding suggests that the ADFB mechanism
potentiated. However, recent observations suggest that may serve to increase the ability of STDP to encode the
some forms of neocortical plasticity cannot be explained firing statistics of inputs such that the resulting synaptic
by Hebbian competitive mechanisms: for example, in behavior can exhibit either Hebbian or anti-Hebbian
the adult rat, the active use of single whiskers for ex- property according to the correlation structure of input
ploring new environment produces the contraction of spikes [5].
the cortical representation of the inputs from the fre- In the present study, to further examine the impact of
quently-used whiskers [2]. The plasticity mechanism such switching in the plasticity mechanism on the activ-
governing activity-dependent competition may be al- ity-dependent competition, we examine the dynamics of
tered depending on the characteristics of inputs arising synaptic population emerging through STDP incorpo-

from the sensory stimuli [3].
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rated with the ADFB mechanism. We construct a con-
ductance-based pyramidal neuron model that receives
inputs from two groups of plastic synapses, which are
correlated within each group, and investigate the distri-
bution of synaptic efficacies obtained by STDP. The
results show that, depending on both the correlation
time for the inputs within the same group and the rela-
tive activation frequency between the different groups,
STDP can exhibit four types of competitive dynamics
under ADFB modulation.

1. METHODS

1. Neuron model
We used a two-compartment neuron model consist-

ing of a soma and a dendrite [5]. Both the compartments
contain voltage-dependent sodium and potassium cur-
rents. A voltage-gated Ca** current and a Ca*'-
dependent potassium current are included in the den-
dritic compartment to reproduce firing rate adaptation
exhibited in pyramidal neurons.

The neuron receives random inputs, generated by
Poisson processes, from 4000 excitatory and 800 inhibi-
tory synapses [5]. The excitatory inputs are comprised
of AMPA- and NMDA-mediated currents, while the
inhibitory inputs are mediated by GABA. To examine
the correlation-based competition, we divided the exci-
tatory synapses into two equally sized groups (2000
synapses each). We introduced independent correlations
of equal magnitude to both of them by the method given
by Song and Abbott [6]. The firing rate of the inputs
within the same group has a correlation function that
decays exponentially with a time constant 7 (correla-

tion time). The inhibitory synapses are activated by un-
correlated homogeneous Poisson processes. The mean
firing rate for both the excitatory and inhibitory inputs
are set to 3 Hz, unless otherwise stated. Considering a
very low success rate (around 10%) of the synaptic
transmission in central synapses [7], this input rate may
approximately correspond to 30 Hz of firing frequency,
which is within the physiological range of the sensory-
evoked response of cortical neurons.

2. Synaptic weight modification
The synaptic weight modification by STDP acts on

all the excitatory (AMPA) synapses. We define At =
t t . to be the time lag between the pre- and post-

post — ‘“pre
synaptic action potentials. The weight change Aw
induced by STDP is described as follows:
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AW {A+ exp(-At/z,), for At>0, )

—A exp(At/z.), for At<O.
Here, A, (see below) and A (>0) represent the mag-

nitude of LTP and LTD, respectively [5]. 7,=7 = 20

ms are the parameters to decide the length of the tempo-
ral window of STDP. When a pre- or postsynaptic event
occurs, the synaptic weights w are modified stepwise
according to the additive rule of STDP. The weight
changes caused by all the spike pairs are summed line-
arly. The upper bound of synaptic weights (Wmay) IS im-
posed to stabilize the learning dynamics.

Experimental findings suggest that LTP and LTD in
STDP may depend on different signaling pathways: the
activation of NMDARs for LTP and that of other signal-
ing receptors (e.g., metabotropic glutamate receptors
(mGluRs)) for LTD [8]. This may suggest that when
higher postsynaptic activity facilitates Ca®* entry
through the voltage-gated Ca®* channels, the Ca®*-
dependent desensitization of NMDARs will suppress
LTP without affecting LTD. Additionally, functional
NMDARs consist of obligatory NR1 subunits and
modulatory NR2 subunits. The fact that Ca®*-dependent
desensitization occurs in NR2A- but not NR2B-
containing NMDARs [9] implies that the expression
pattern of NR2 subunits may regulate Ca®*-dependent
desensitization. To examine the effects of the subunit-
and activity-dependent desensitization of NMDARs, we
introduced the ADFB modulation of the magnitude of
LTP proposed by ref. [5]:

A1) = A) =Ko F o (1) @
Here, A’ and k  are positive parameters. f _(t)

denotes the postsynaptic firing rate at time t. The pa-
rameter o is used to represent the expression pattern
of distinct NMDAR subunits: , = 0 corresponds to
the state where NMDARs are comprised of NR1 and
NR2B subunits, whereas p = 1 denotes the state

where the NMDARs contain many NR2A subunits.
Therefore, in Eqg. 2, the feedback effect is strengthened
by the increased value of p, which corresponds to the

enhanced expression of NR1/NR2A NMDARs exhibit-
ing activity-dependent desensitization. The postsynaptic
frequency was estimated by the equation oo (1) =

'[Ow/lexp(—m)spost(t_f)dr by using the postsynaptic

spike train S, ()= > 5(t—t,,)-
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Fig.1. (A-C) The weight averages of the two input
groups as function of 7 at the equilibrium state.

The mean input frequency of the two groups is th
e same (3Hz) in (A), whereas that of either one g
roup is decreased by 25% in (B) or by 50% in
(C). The input frequency for each group of synaps
es is shown in the labels. (D) The difference in
the weight averages of two groups at the equilibri
um state is plotted as function of 7 for the three
input cases corresponding to (A)-(C) by using the
same line style.

I11. RESULTS

To examine how the competition by STDP depends
on the input correlation properties, we examined the
synaptic distribution at the equilibrium state by chang-

ing the correlation time 7, when the neuron receives

two groups of correlated inputs (Figs. 1A and 1D). The
figures show that when the correlation time is suffi-
ciently short, the synaptic weights segregate into the
two input groups with the one winning the competition
suppressing the other. However, when the correlation

time becomes prolonged (7.> 20 ms), the synaptic

weights of both the groups converge to the same aver-
age strength, implying the absence of competitive inter-
action. This result is clarified by the steady-state weight
distribution (Fig. 2A). The figure shows that for smaller
I~ the final weight distribution is bimodal and the two

groups converge to distinct distributions [6] (Fig. 2A,
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Fig.2. The steady-state weight distributions of the
two synaptic groups are shown by the solid an
d dashed lines. Left and right columns show the
cases for 7, =5 ms and r, = 1280 ms, respe

ctively. The mean input frequencies for the two
groups are the same in (A), whereas they are di
fferent in (B) and (C). The input rate for each
group is shown in the legends. Since the weight
distribution fluctuates even at the equilibrium,
we have taken their temporal average over a suf
ficiently long period.

left). In contrast, for larger 7, the weight distributions

of the two groups have the identical characteristic form
that contains local peaks at the positions slightly apart
from the boundaries (Fig. 2A, right). The competitive

state obtained for smaller 7, is bistable because the

inputs are symmetric under exchange of the two groups,
and therefore, which group becomes dominant at the
present time can be determined by the past input activi-
ties [10]. The results here appear to be consistent with
the previous result [5] that STDP exhibits Hebbian or
anti-Hebbian property for smaller or larger 7 values,

respectively. For smaller ¢, the Hebbian property of

STDP can drive correlation-based competition as in the
previous study [6]. In the presence of prolonged correla-
tion, if either one group is potentiated more than the



other, the potentiated group will tend to control the tim-
ing of the postsynaptic spiking. However, the activation
of inputs with longer correlation time produces many
post-pre timing spike pairs that cause LTD [4]. Thus, it
would be difficult for the correlated group to be con-
tinuously potentiated in the presence of anti-Hebbian
mechanism, in which a group of inputs having pro-
longed correlation tends to be strongly weakened [5].
Furthermore, when the mean input frequency for one
group was decreased, the dominant group at the equilib-
rium state was reversed with changes in the correlation
time (Figs. 1B-1D): the group activated by higher fre-
quency inputs suppresses the other group at smaller ¢,

whereas the group activated by lower frequency inputs
becomes dominant at larger 7 . These changes are ac-

companied by the significant modification in the pro-
portion of synapses within each group that accumulates
near either the upper or lower boundary (Figs. 2B and
2C). These results imply that STDP functions to
strengthen frequently and less-frequently activated in-
puts in the case of brief and prolonged correlation time,
respectively, which may also be in line with the predic-
tion by the switching from the Hebbian to anti-Hebbian
plasticity through the increased correlation time [5].

IV. CONCLUSION
In this study, we have examined how an STDP model
incorporated with the ADFB mechanism regulates com-
petition between two groups of correlated inputs. The
results have demonstrated that four distinct types of
competitive properties emerge from STDP, depending
on the relative difference in the frequencies with which
the two groups generate inputs and the correlation time
of the input activity within each group: (1) competition
producing bistable synaptic pattern (for the same input
frequencies and small correlation time); (2) no competi-
tion (for the same input frequencies and large correla-
tion time); (3) the competition with a bias towards
stronger input activity (for different input frequencies
and small correlation time); and (4) the competition
with a bias towards weaker input activity (for different
input frequencies and large correlation time). Cases (1)
and (3) can be expected from Hebbian plasticity,
whereas (2) and (4) may result from anti-Hebbian plas-
ticity, as mentioned above. A strong Hebbian learning
has a non-democratic aspect since it will permit only a
small number of frequently-activated inputs to acquire
control of many postsynaptic neurons. Therefore, in
biological systems, it would be useful to regulate the
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strength of Hebbian effects. The present findings sug-
gest that ADFB regulation enables the modification of
the Hebbian properties associated with STDP, which
may be required for efficient central processing.
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