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Abstract

Fast spiking (FS) interneurons in the striatum are hypothesised to control spike timing in the numerous medium spiny (MS) projection

neurons by inhibiting or delaying firing in the MS neurons. The FS neurons are connected to each other through electrical gap junctions. This

might synchronise the FS neurons, leading to increased influence on target neurons. Here, we explore the possible difference between proximal

and distal gap junction locations. Somatic and distal dendritic gap junctions with equal effective coupling coefficient, as defined for steady-state

somatic inputs, showed significantly different effective coupling coefficient with transient inputs. However, the ability to synchronise spiking in

pairwise coupled FS neurons, which received synaptic inputs as during striatal up-state periods, was as effective with distal gap junctions as

with proximal ones. Proximal gap junctions, however, caused synchronisation within a more precise time window.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The basal ganglia are involved in action selection and
behavioural control [11]. The input stage is called the striatum
and it receives input from both the motor and limbic systems.
The principal neurons in the striatum are the medium spiny
(MS) projection neurons which project to the basal ganglia
output stages. The cortical input to the striatum is
glutamatergic and varies in intensity, giving rise to up-states
and down-states in the striatal neurons. Approximately 50%
of the inputs to the MS neurons are GABAergic [2]. Since the
MS neuron collaterals are weak [13–15,19] it has been
speculated that the inhibition is mediated by the fast spiking
(FS) interneurons. The FS neurons are not as numerous but
they form inhibitory pericellular baskets with low failure rates
on the MS neurons and are able to delay or altogether
prevent the MS neuron from firing [3,14,18].

In addition to having chemical synapses, the FS neurons
are connected to each other through electrical synapses, i.e.

gap junctions. In one study FS neurons were found to be
coupled to one-third of the neighbours [7]. To measure the
strength of a gap junction coupling one can use the
effective coupling coefficient [10], which is defined as the
ratio between the voltage change in the coupled neuron
divided by the voltage change in the stimulated neuron.
When injected with 50ms current pulses the effective
coupling coefficient has been found to vary between 3%
and 20% [14]. The situation is quite different for transient
activations. In fact, the coupling resulting from a short
pulse, like an action potential, is much smaller [7]. Here, we
investigate through computational modelling how the
effective coupling coefficient is affected by the duration
of the input pulse. This can be used as an alternative way to
determine if the gap junctions are proximal or distal. We
also explore the role of gap junction location for the ability
to synchronise spiking between FS neurons receiving
synaptic input as during up-state periods.

2. Methods

FS interneurons were simulated using GENESIS [4] on a
Debian GNU/Linux system. The cell model has been
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described in detail recently [12]. It has three primary
dendrites that branch into six secondary dendrites which in
turn branch into a total of twelve tertiary dendrites (see
Fig. 1A). The model has Na, Kv3.1–Kv3.2, Kv1.3 and KA

conductances. The role of these potassium channels is
discussed in Erisir et al. [6].

Synaptic conductances, distributions and activation
frequency are adjusted to reproduce the amplitude, rise
time and inter-event interval distribution histograms as
measured during spontaneous activity in co-cultures [12].

The FS neurons were pairwise connected through gap
junctions (see Fig. 1A). Studies indicate that gap junctions
are usually located at the same electrotonic distance from
the soma in both neurons [8]. Thus, we investigated two
configurations; in the first configuration the FS neurons are
connected through one somatic gap junction; in the second
configuration they are connected through gap junctions
located on the tertiary dendrites.

To quantify spike synchronising properties in pairwise
coupled FS neurons we used a shuffle-corrected cross-
correlogram (SCCC). The construction of such an SCCC
has been described in detail previously [5,17]. The inter-
spike intervals between all combinations of spikes from the
two FS neurons were binned and a histogram was created.
In order to remove bias, the spike train of one FS neuron
was shifted relative to the other and a new histogram was
generated. This was done for all possible shifts and the
average shifted histogram was subtracted from the original
histogram, yielding the SCCC.

We also generated the normalised joint peristimulus
time histogram (NJPSTH) [1,17] for the data. An
ordinary JPSTH is a 2D-diagram where each combination
of spike time in cell A and cell B is indicated. Diagonal
elements thus represent simultaneous spiking in both
neurons. By calculating the surprise measure as defined
previously [1,17] the significance of the synchronisation can
be estimated. A ‘‘surprise’’ value of 2.996 corresponds to
p ¼ 0:05. When studying a JPSTH, regions of elevated

‘‘surprise’’ are of interest. Part of the JPSTH calculations
was done by matlab code generously provided by Jeff
Keating.

3. Results and discussion

The proximal and distal gap junction conductances were
adjusted to have the same effective coupling coefficient
under steady-state conditions by injecting 1 s current pulses
into the soma of one of the modelled FS neurons (Fig. 1B,
cell A) and measuring the corresponding voltage change in
the neighbouring FS neuron (Fig. 1B, cell B). For somatic
gap junctions an effective coupling coefficient around 14%
was achieved at 0.38 nS (Fig. 1C), a gap junction strength
within the physiological range of 0.13–0.58 nS [9]. To
reproduce the same effective coupling coefficient using
distal gap junctions with reasonable conductances we used
six gap junctions. The gap junction conductance used for
these tertiary dendritic gap junctions was 0.67 nS (Fig. 1C)
and we distributed them so that they did not share
secondary dendrites. These gap junction conductances
were then used in the simulation below unless otherwise
stated.
To investigate how the effective coupling coefficient was

affected by transient somatic inputs the input pulse
duration in the simulation was varied between 1 and
100ms in 1ms increments. For shorter input pulses the two
configurations differed. Brief pulses give larger effective
coupling coefficients when proximal gap junctions are used
(Fig. 2A, solid line) compared to distal gap junctions
(Fig. 2A, dashed line). Short pulses are thus filtered more
by distal gap junctions. In Fig. 2B we also confirm that the
effective coupling coefficient for an excitatory postsynaptic
potential (EPSP), resulting from an activation of an
AMPA synapse on one of the cells, behaves in a similar
manner (see also Fig. 2C). These relative differences in
effective coupling coefficients for steady state versus
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Fig. 1. Tuning of gap junction conductance. (A) shows two FS neurons connected through gap junctions on the tertiary dendrites. Here, only two out of

six gap junctions are shown. (B) To determine the effective coupling coefficient a current was injected into the soma of one neuron and the depolarisation

was measured both in that neuron (Cell A) and in the coupled neuron (Cell B). (C) Shows the effective coupling coefficient for different gap junction

conductances when only one somatic gap junction was used. For 0.38 nS, which is within the physiological range, an effective coupling coefficient of 14%

was achieved. It also shows the coupling coefficient when six tertiary dendritic gap junctions were used, yielding 14% coupling at 0.67 nS. The coupling is

lower when the six distal gap junctions are used, because they are more electrotonically distant from the current injection.
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Fig. 2. Role of stimulus duration for the effective coupling coefficient. (A) The effective coupling coefficients for two different configurations of gap

junctions were compared for different durations of injected current. Despite a similar effective coupling coefficient for steady-state inputs, tertiary

dendritic gap junctions (dashed) are significantly less effective for shorter pulses than somatic ones (solid). (B) Shows the effective coupling coefficient for

somatic (solid) and six tertiary dendritic gap junctions (dashed) when an AMPA EPSP was elicited in one neuron’s soma. (C) A somatic AMPA EPSP

(dashed) and the corresponding depolarisation in the neighbouring neuron (solid). Top and bottom graph show the case with one somatic and six tertiary

dendrite gap junctions (0.5 nS), respectively.
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Fig. 3. Synchronisation effect of gap junctions. (A) Shuffle-corrected cross-correlogram. Both the somatic and the tertiary dendritic gap junctions

synchronise the two neurons, but the time window is narrower for somatic couplings. (B) Joint peristimulus histogram (JPSTH). The upper figure shows

the raw JPSTH for the unconnected reference case, the middle for the tertiary dendritic gap junctions and the lower for the somatic gap junctions [1,17].

The diagonal representing synchronisation can be seen for both the tertiary dendrite and somatic gap junction cases. (C) Delayed coincidence matrix for

the corresponding JPSTHs in B. The figures show the significance value of spike intervals �50 to 50ms and from 50ms to 250ms of the up-state period.

There is a significant synchronisation, the visible diagonal bins have po0:05.
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transient inputs could be used to give a rough estimation of
the location of gap junctions.

Previous computational modelling studies have shown
that gap junctions are able to synchronise neurons that are
triggered to fire repeatedly by somatic current injection
[10,16]. Our study confirms this and extends the previous
finding by investigating synchronisation for lower con-
ductance ranges of both proximally and distally located
gap junctions. We further study the synchronisation at
such low frequencies as seen during spontaneous upstate
periods in FS neurons in the striatum [2].

To compare the synchronising effects of the somatic and
tertiary dendritic gap junction configurations we simulated
periods of up-state and down-state synaptic input to the
neurons. Three pairs of FS neurons were created. The pairs
differed in how the cells were connected to each other. One
pair was connected through somatic gap junctions, another
pair was connected through six tertiary dendritic gap
junctions and the third pair was left unconnected for
reference. From the SCCC shown in Fig. 3A we see that
both the proximal and the distal gap junction configura-
tions were able to synchronise the neurons, however, the
somatic configuration had a narrower peak in the SCCC.
The relative height and width of the synchronisation peak
are directly correlated with the amplitude and delay of the
somatic depolarisation in the neighbouring neuron result-
ing from an action potential in the coupled neuron. With
somatic gap junctions the maximal neighbouring cell
depolarisation is five times larger but has one-third of the
width as compared to when tertiary dendrite gap junctions
are used (results not shown). For a reduced dendritic tree,
consisting of one large dendrite, we still saw a more precise
synchronisation with a proximal gap junction than with a
distal gap junction. In the JPSTH the synchronisation can
be seen as a diagonal (Fig. 3B). The diagonal is visible both
for the tertiary dendritic gap junctions configuration and
the somatic gap junction configuration. We also calculated
the normalised JPSTH and its surprise values and found
the synchronisation to be significant, po0:05 [1,17]. Fig.
3C shows the significance level of the different spike
intervals.

In summary, this study investigated whether FS inter-
neurons in the striatum connected through proximal as
well as distal gap junctions can synchronise activity during
up-state periods. The simulation results suggest that
although the distal gap junctions have a significantly
smaller effective coupling coefficient as measured by
transient somatic input, both gap junction configurations
synchronise the spikes between the coupled cells. However,
with distal gap junctions the synchronising window is more
dispersed.
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Spiking Interneurons – Role of Gap Junctions 
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Abstract. Recent studies have found gap junctions between striatal fast spiking 
interneurons (FSN). Gap junctions between neocortical FSNs cause increased 
synchrony of firing in response to current injection, but the effect of gap 
junctions in response to synaptic input is unknown. To explore this issue, we 
built a network model of FSNs. Each FSN connects to 30 - 40% of its 
neighbours, as found experimentally, and each FSN in the network is activated 
by simulated up-state synaptic inputs. Simulation experiments show that the 
proportion of synchronous spikes in coupled FSNs increases with gap junction 
conductance. Proximal gap junctions increase the synchronization more than 
distal gap junctions. During up-states the synchronization effects in FSNs 
coupled pairwise with proximal gap junctions are small for experimentally 
estimated gap junction conductances; however, higher order correlations are 
significantly increased in larger FSN networks.  

Keywords: fast spiking interneurons, gap junctions, synchronization, striatum, 
computational modeling 

1   Introduction 

The input stage of the basal ganglia, the striatum, is populated by four different 
neuronal types [1]. The medium spiny projection neurons (MSN), which project to the 
output stages of the basal ganglia, account for more than 90 % of the neurons. 
Another neuron type is the fast spiking interneuron (FSN), which provides strong 
feed-forward inhibition to the MSNs. Gap junctions between neocortical and 
hippocampal FSNs increase spike synchrony; therefore, synchronization of striatal 
FSNs through recently discovered FSNs gap junctions [2,3] may significantly affect 
MSN spike timing. We have previously investigated the role of gap junction location 
and gap junction conductance for synchronization of pairwise coupled FSNs [4] in 
response to synaptic inputs. Here we extend the previous results and investigate the 
global synchronization of FSN networks. 



2   Methodological Approaches 

To explore synchronization effects of gap junctions in striatal FSNs, we built a 
network model of FSNs:  Each FSN connects to 30 - 40% of its neighbours, as found 
experimentally [2,3], and all FSNs in the network are activated by simulated up-state 
synaptic inputs (a period of high frequency input). A detailed description of the FSN 
model and how the up-state synaptic input is generated can be found in [5].  

Estimates of the number of FSNs that project to one single MSN have varied 
between 1-4 [3] and 4-27 [2]. Here we explore the degree of synchronization in a six 
cell network forming a ring structure. This structure both fulfills the criteria that each 
FSN is coupled to other FSNs with 30-40% probability, and also this number of cells 
is within the range of neurons projecting to single MSNs. 

To quantify the synchronization between pairs of FSNs a Joint Peristimulus Time 
Histogram (JPSTH) was constructed (see Fig 1) and then a previously derived 
“surprise” measure [6,7] was used for estimation of statistical significance.  

A different method must be used to evaluate spike synchronization in networks of 
multiply connected FSNs, such as the ring structure described above. Each simulated 
FSN trace was divided into identical bins (10 ms were used), and the total number of 
spikes from the six cells was counted in each bin. The number of bins with zero to >3 
were stored in a 2x5 contingency table, see e.g. [8], and the chi-square test of 
independence was used to evaluate the probability that the distribution of these spike 
counts differed between the uncoupled and coupled FSNs (significance level 1 %). 
Data from 100 seconds of simulated up-states were used. 

3   Results and Discussion 

Simulation experiments explored the effects of gap junction location, gap junction 
conductance, and type of input on synchrony and firing frequency.  Results show 
that the proportion of synchronous spikes in pairwise coupled FSNs increases with 
increasing gap junction conductance (Fig 1). Proximal gap junctions increase the 
synchronization more than distal gap junctions, see e.g. [4]. Nonetheless, the 
synchronization effects in FSNs during up-states are moderate for experimentally 
estimated gap junction conductances (range 0.013-0.586 nS) [9]. This degree of 
synchrony is in contrast to effects seen when using supra-threshold current injection. 

Simulations are repeated for a ring of six FSNs coupled with 0.5 nS gap junctions 
located on the primary dendrites. All neurons in the ring had a different set of 
synaptic inputs, but the time of the up-states was synchronous. Despite moderate 
spike synchronization in pairwise electrically coupled FSNs, the probability of many 
cells firing together within a 10 ms time interval was significantly increased in the six 
cell network (Fig 2). These simulations differ from previous simulations not only in 
using synaptic inputs, but also in using near threshold inputs producing low firing 
frequencies [10, 11]. Thus, our simulations predict that small networks of striatal 
FSNs may play a role in synchronizing spiking despite the rather low firing frequency 
seen during typical up-states [12]. The results are robust when proximal gap 
junctions, with conductances in the upper physiological range, are used, and also 



applies when each FSN has slightly different current-frequency characteristics (result 
not shown).  

Fig. 1. Synchronization effects in pairwise coupled FSNs. A) Pairs of FSNs were coupled with 
proximal gap junctions, either on the soma or primary dendrites. B) The “raw” Joint 
Peristimulus Time Histogram, JPSTH, is shown (gap junction conductance 0.5 nS). The 
diagonal represents spike synchronization. C) Although the proportion of synchronous spikes 
increases with gap junction conductance, synchronous effects are moderate for gap junction 
conductances within the physiological range. 

Fig. 2. Synchronization in networks of electrically coupled FSNs receiving up-state inputs. A) 
Six FSNs coupled to each other with a probability of 30-40% form a ring structure, and were 
used in the present study. B) Histogram of observed simultaneous spikes (within 10 ms). The 
number of 10-ms bins with zero to four spikes were counted and compared with the number 
expected if assuming the spike trains from each FSN were Poisson distributed and independent 
of other FSNs. This latter scenario describes the network behaviour when devoid of gap 
junctions. A maximum of four simultaneous spikes were seen in our simulations. The increased 
occurrences of three and four simultaneous spikes imply that indirectly coupled FSNs spike 
simultaneously more often than expected. 

The present simulation result is in accordance with recent experimental findings in 
the retinal network [13]. Future directions of research will address how electrically 
coupled FSNs affect MSN spiking, and which consequences synchronization might 
have for the striatal network dynamics.   
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Cellular/Molecular

Gap Junctions between Striatal Fast-Spiking Interneurons
Regulate Spiking Activity and Synchronization as a Function
of Cortical Activity

Johannes Hjorth,1,3 Kim T. Blackwell,4 and Jeanette Hellgren Kotaleski1,2,3

1Computational Biology, School of Computer Science and Communication, Royal Institute of Technology, Albanova University Centre, 106 91 Stockholm,
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Sweden, and 4Molecular Neuroscience Department, Krasnow Institute for Advanced Study, George Mason University, Fairfax, Virginia 22030

Striatal fast-spiking (FS) interneurons are interconnected by gap junctions into sparsely connected networks. As demonstrated for
cortical FS interneurons, these gap junctions in the striatum may cause synchronized spiking, which would increase the influence that FS
neurons have on spiking by the striatal medium spiny (MS) neurons. Dysfunction of the basal ganglia is characterized by changes in
synchrony or periodicity, thus gap junctions between FS interneurons may modulate synchrony and thereby influence behavior such as
reward learning and motor control. To explore the roles of gap junctions on activity and spike synchronization in a striatal FS population,
we built a network model of FS interneurons. Each FS connects to 30 – 40% of its neighbors, as found experimentally, and each FS
interneuron in the network is activated by simulated corticostriatal synaptic inputs. Our simulations show that the proportion of
synchronous spikes in FS networks with gap junctions increases with increased conductance of the electrical synapse; however, the
synchronization effects are moderate for experimentally estimated conductances. Instead, the main tendency is that the presence of gap
junctions reduces the total number of spikes generated in response to synaptic inputs in the network. The reduction in spike firing is due
to shunting through the gap junctions; which is minimized or absent when the neurons receive coincident inputs. Together these findings
suggest that a population of electrically coupled FS interneurons may function collectively as input detectors that are especially sensitive
to synchronized synaptic inputs received from the cortex.

Introduction
The striatum, the input stage of the basal ganglia, is populated by
several types of neurons (Kawaguchi et al., 1995). Striatal fast-
spiking interneurons (FS) strongly inhibit the numerous me-
dium spiny projection neurons (MS) that are the output neurons
of the striatum (Bennett and Bolam, 1994; Koós and Tepper,
1999; Bolam et al., 2000; Tepper et al., 2004). Both neuron types
receive glutamatergic input from cortex and thalamus, as well as
dopaminergic input from substantia nigra compacta (Bolam et
al., 2000; Bar-Gad et al., 2003; Graybiel, 2005; Ding et al., 2008).
The FS interneurons are interconnected through gap junctions
(electrical synapses) into sparsely connected networks (Koós and
Tepper, 1999; Galarreta and Hestrin, 2001b) that provide inhibi-
tion to MS neurons. Experiments show that FS activity may di-
rectly modulate MS spike timing in vitro (Koós and Tepper,
1999).

The timing of MS neuron spikes is important because they
influence plasticity in the presence of dopamine (Schultz, 1998;
Reynolds and Wickens, 2002). For example, stimulation of the
cortex induces spike-timing-dependent plasticity (STDP) at cor-
ticostriatal synapses (Fino et al., 2005, 2008; Pawlak and Kerr,
2008; Shen et al., 2008). Also, the calcium increase due to an
action potential is larger for shorter delays between the up-state
onset and first MS spike (Kerr and Plenz, 2004). Thus, synchro-
nization of FS interneurons by gap junctions may increase FS-
to-MS inhibition and more effectively delay spikes or control
spike timing in MS neurons, thereby modulating MS neuron
plasticity.

Previous theoretical and modeling studies have shown that
gap junctions can affect synchronization (Chow and Kopell,
2000; Traub et al., 2001; Amitai et al., 2002; Nomura et al., 2003;
Pfeuty et al., 2003; Gibson et al., 2005). Experimental studies in
both neocortical and hippocampal networks have shown that gap
junctions increase synchronicity of firing. Gap junctions can also
play a role in maintaining spike synchronization in a heteroge-
neous population of neurons (Traub et al., 2001). Despite this
convincing role of gap junctions in synchronization, neither
model nor experimental studies have demonstrated an increase
in synchrony in striatal FS interneurons when driven by synaptic
inputs. Instead recent in vivo experiments show uncoordinated
changes in firing rate of striatal FS interneurons in behaving an-
imals (Berke, 2008).
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In this paper we use computational modeling to study the
effect of gap junctions between striatal FS interneurons. The FS
interneurons are activated with either synaptic input or somatic
current injections. Simulation experiments suggest that, while
the gap junctions synchronize the neurons weakly, their domi-
nating effect is overall activity reduction, leading to a reduction in
firing rate in the whole network. Nonetheless, when the network
is activated by correlated synaptic input, the reduction in firing
frequency becomes lower or disappears. This could allow the FS
network to act as a coincidence detector, able to distinguish be-
tween correlated and uncorrelated inputs.

Materials and Methods
FS network. Striatal fast-spiking (FS) interneurons were modeled using a
previously published model (Kotaleski et al., 2006) implemented in
GENESIS (Bower and Beeman, 1998). This 127-compartment model has
a soma connected to three primary dendritic branches, which divide into
secondary and tertiary branches. Fast sodium channels and three potas-
sium channels, Kv3.1/3.2, Kv1.3, and KA, reproduce action potential shape
and firing patterns measured experimentally (Blackwell et al., 2003). To
avoid artifacts due to a network of homogeneous neurons, the compart-
ment length and potassium channel KA conductance were varied by
�50% using a uniform distribution for each compartment. This leads to
a heterogeneous network of cells, with variations in the current–fre-
quency ( I–F) curves, shown in Figure 1 A.

The FS model was extended by the addition of gap junctions, modeled
as resistive elements, between the neurons, as illustrated in Figure 1 B.
Experimentally measured cortical gap junction conductance (Galarreta
and Hestrin, 2002) and striatally measured FS interneuron coupling co-
efficient (Galarreta and Hestrin, 2001b; Tepper et al., 2004) were used to
tune FS interneuron gap junction conductance. The coupling coefficient
is defined as the fraction of a voltage deflection that reaches the coupled
neuron as measured in the soma (Galarreta and Hestrin, 2001b). Figure
1C shows the coupling coefficient for long current pulses (steady state)
and spikes (transient) as a function of proximal gap junction conduc-
tance. Gap junctions in conjunction with the capacitive and resistive
properties of the membrane act as low-pass filters (Galarreta and Hes-
trin, 1999, 2001b; Connors and Long, 2004), preferentially transmitting
slow signals, such as longer current injections, better than action poten-
tials. Even at high conductances the spike is considerably filtered when
transmitted across the gap junction. A conductance of 0.5 nS is within the
higher experimental range of measured gap junction conductances (Ga-
larreta and Hestrin, 2002) and is used in the model unless otherwise
stated. The coupling coefficient increases slightly with depolarization
and is maximal at around �55 mV, after which it decreases. This is
because the neuron’s input resistance varies with voltage. Placing the gap
junctions on the primary dendrites results in a coupling coefficient (as
measured at resting potential) within the upper range measured in the
striatum [Koós and Tepper (1999): 3–20%] and is used in the simula-
tions below.

The number of gap junctions and size of the local FS network were
determined by experimental observations. Each MS neuron receives in-
put from 55% of the nearby striatal FS interneurons (Tecuapetla et al.,
2007), and at most 4 –27 converging on the same MS neuron (Koós and
Tepper, 1999). The probability of gap junctions between pairs of nearby
FS neurons has been estimated at 30 – 40% [Koós and Tepper (1999): 2 of
6 pairs; Tepper et al. (2004): extended to 3 of 7 pairs]. Based on these
estimates a 10 FS neuron network, used for the initial study, corresponds
to the FS network seen by a postsynaptic MS. Randomly connecting the
neurons with one gap junction on each of three primary dendrites gives
each FS interneuron three gap junctions (Fig. 1 D), and gives a connec-
tion probability of 33%, consistent with experiments. The FS interneu-
rons were not interconnected additionally by GABAergic synapses;
though striatal and cortical FS interneurons share their developmental
origin, the striatal FS neurons appear to be lacking GABAergic connec-
tions between them (Koós and Tepper, 1999). Likewise, there appear to
be fewer gap junctions between FS interneurons in striatum than in
cortex (Galarreta and Hestrin, 2001b).
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Figure 1. Model of striatal FS interneuron network with 10 neurons. A, I–F curves for the FS
interneurons in the network. To avoid homogeneous populations, compartment length and KA con-
ductance have been varied. The I–F curve of the original model (Kotaleski et al., 2006) is marked in
black. B, Illustration of gap junction connections between two detailed FS neurons (not to scale). C,
Coupling coefficient as a function of the gap junction conductance for steady state current injection
versus spikes. The spike is triggered by a very brief current pulse. Gap junctions behave as a low pass
filter and thus the coupling coefficient is lower for spikes. In both cases, resting potential was�63 mV
for both neurons, and single cell input resistance was 477 M�. Both current injection and recording
was somatic; spikes were generated by 1 ms, 0.2 nA injection. D, Example of networks of randomly
electrically coupled FS interneurons. Only the soma of each neuron is shown, but the electrical con-
nections are on primary dendrites. Each neuron has gap junctions to three neighbors, which gives a
coupling probability of one-third between nearby neurons.
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Verification using a larger FS network. The results from the 10 neuron
network were verified in a larger 125 FS network, which corresponds to a
cube of striatal tissue with 0.5 mm sides. In the simulations the FS neu-
rons were placed on a grid with an average distance of 135–150 �m
between them. This is based on the estimated density of 300 – 400 FS/
mm 3 in human caudate and putamen (Kalanithi et al., 2005). The num-
ber of gap junctions per FS neuron was constrained by the connection
probability of one-third (Koós and Tepper, 1999). For proximal gap
junctions there are at least 10 neighboring FS within dendritic connec-
tion range (i.e., neurons up to 200 �m apart) and for distal gap junctions
there are at most 45 (i.e., 300 �m apart). This corresponds to a lower limit
of 3 and an upper limit of 15 gap junctions per FS neuron. The average
number of gap junctions in the simulations was varied between 0 (no gap
junctions) and 16. This is in accordance with recent estimates of gap
junction densities (Fukuda, 2009) which give 1–24 gap junctions per FS
neuron, with a modal value of 5–7. Each gap junction was placed inde-
pendently and the probability that any given neighbor received a connec-
tion was proportional to the overlapping volume of the dendritic tree
with the parent neuron, as inspired by Wickens et al. (2007).

Simulated synaptic input. The synaptic input in the FS model is similar
to what is measured experimentally in organotypic cocultures (Blackwell
et al., 2003), because of the availability of quantitative data on input
frequency and amplitude. The model has 127 AMPA synapses, evenly
distributed throughout the cell, and 93 GABA synapses, distributed on
soma, and primary and secondary dendrites. Each synapse has an input
frequency of �2 Hz during up-state-like periods of activity, which results
in a total AMPA input of 282 Hz and GABA input of 207 Hz (Kotaleski et
al., 2006). In the model when down states are simulated, each synapse has
an input frequency of 1/20 of the up-state input. In sleeping or anesthe-
tized animals and in cocultures, the input alternates between up and
down states (Wilson and Kawaguchi, 1996; Plenz and Kitai, 1998; Stern et
al., 1998; Kasanetz et al., 2006); however, in awake animals up-state-like
activity dominates (Kasanetz et al., 2002; Mahon et al., 2006). Thus, for
the study of synchronization and shunting in FS networks, only up-state
input was used unless otherwise stated. In other cases where alternating
up and down states were used, the results reported are similar for con-
tinuous up states, because the FS neuron has such short time constants
that there is very little memory of previous activation. The AMPA and
GABA inputs were assumed to be independent from one another in the
absence of experimental data. If this assumption is lifted, and correla-
tions are introduced between AMPA and GABA, qualitative findings are
the same, but there is a moderate decrease in baseline firing frequency of
the neurons for a given synaptic activation frequency. No attempt was
made to segregate the corticostriatal and thalamostriatal pathways, nei-
ther temporally nor spatially. Similarly the GABAergic inputs from glo-
bus pallidus and intrastriatal sources were grouped together.

Corticostriatal axons have been found to make up to six synapses on a
single FS interneuron (Ramanathan et al., 2002), implying that several
synapses can be activated in a correlated manner. In the earlier model
(Kotaleski et al., 2006) the correlation measure was generated in the same
way as in Rudolph and Destexhe (2001). In the present model, MATLAB
(version r2007b, MathWorks) was used to pregenerate a complete set of
input spikes for a single FS interneuron. One Poisson distributed spike
train was generated for the AMPA synapses and another for the GABA
synapses. To introduce correlations in the FS input, the corresponding
synapses randomly drew spikes (with replacement) from the shared pool
of spikes with probability P � 1/n, where n � N � �c(N � 1), N �
number of synapses, and c � 0.5. Inputs to each FS interneuron in the
network were independent unless explicitly stated; thus, the correlation,
c, within a neuron was 0.5 (see supplemental Fig. S2, available at www.
jneurosci.org as supplemental material), but the correlation between
neurons was zero. The rationale is that nearby MS neurons in vivo have
correlated up states, but uncorrelated fluctuations due to inputs within
the up state (Kincaid et al., 1998; Stern et al., 1998; Kitano et al., 2001). To
investigate the effect of between-neuron input correlation, an additional,
shared set of input spikes was created. The population’s input correlation
was then varied by changing the fraction of the neuron’s input taken
from the shared input set. The scripts necessary to run both the 10 FS and

125 FS networks are available for download at ModelDB
(http://senselab.med.yale.edu/ModelDB/).

Analysis of spike synchronization. To investigate synchronization, joint
peristimulus time histograms (JPSTHs) (Palm et al., 1988; Aertsen et al.,
1989) were constructed for FS interneuron pairs receiving alternating
up-state/down-state input. The periods were considered to be triggered
by the start of the up states. The JPSTH reveals changes in the synchro-
nization during the duration of an up state, with points on the diagonal
corresponding to synchronous spikes for the neuron pair. To study
quantitatively the effect of gap junctions on the synchronization, cross-
correlograms were generated for each directly coupled neuron pair in the
10-cell network, and then averaged over the network. The same simula-
tions were rerun without gap junctions as a reference.

The effect of gap junctions on the spike pattern was classified into three
cases; removal of spikes due to shunting, spikes triggered by neighboring
spikes and spikes appearing spontaneously. The comparison is between
an FS population with and without gap junctions. For each spike in the
reference network devoid of gap junctions, if no spike is within �t in the
trace from the network with gap junctions, the spike is considered re-
moved. Conversely, for each spike in the network with gap junctions, if
there is no spike within �t in the reference network, the spike is consid-
ered added. To further evaluate the added spike, the traces from neurons
connected with gap junctions were analyzed. If there were no spikes in
those coupled neurons when they were uncoupled (i.e., in the reference
network) at least �t before the spike, then the spike was considered to be
spontaneous, otherwise it was spike triggered. This analysis accounts for
all spike changes; summing them together resulted in the measured re-
duction in total number of spikes. Analyses were repeated for �t between
5 and 20 ms.

Results
Gap junctions affect synchrony and reduce firing frequency
To illustrate the effect of gap junctions on spiking activity and
synchrony, a pair of FS interneurons was investigated first. Each
of the multicompartmental FS interneurons received indepen-
dent synaptic input (Kotaleski et al., 2006), resulting in spiking
activity as during up-state or awake periods. Spiking patterns in
the two reference neurons were compared with simulations in
which the two FS interneurons were coupled with a gap junction.

Figure 2A shows an example voltage trace for both the refer-
ence (top) and gap junction coupled (bottom) case, when the two
FS interneurons receive up-state or awake-state input. The addi-
tion of a gap junction changes the spike timing, but also changes
the number of spikes. In some cases a new spike is triggered in the
neighboring neuron (Fig. 2B, left); in other cases the presence of
a gap junction causes the removal of an FS spike (Fig. 2B, right).

The proportion of synchronous spikes increases with gap
junction conductances as illustrated in Figure 2C for several time
windows, from 5 to 20 ms. Synchrony within these time windows
would allow for inhibitory FS inputs to interact or sum in a
postsynaptic MS neuron, since their IPSPs then overlap [Koos et
al. (2004), their Fig. 2]. Though spike synchrony is observed in
the pair of FS interneurons, the effect is quite weak at physiolog-
ical gap junction conductances [mainly 	0.5 nS (Galarreta and
Hestrin, 2002)].

In Figure 2D the relative increase in spike synchronization is
illustrated further using an JPSTH during 250 ms up-state peri-
ods. Figure 2D1 shows that spikes do not synchronize in the
reference FS pair devoid of gap junctions, whereas Figure 2D2
shows an increase in spikes occurring within 5 ms of each other
when gap junctions are simulated. This is represented by the
increase in density of points on the diagonal.

Though the effect of gap junctions is easy to analyze and un-
derstand in a two neuron network, a larger network allows for
coupling probabilities and interactions more similar to in vivo.
Therefore, simulations were performed by providing indepen-
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dent synaptic input to each of the 10 FS interneurons in the
network. Cross correlograms were constructed by averaging the
cross-correlations calculated between each pair of neurons in the
network. For reference, simulations were repeated and the cross-
correlation was calculated for a network devoid of gap junctions
but receiving identical input as before.

Figure 3A shows that gap junctions produce some synchroni-
zation in the network (visible as a peak at 0 ms with width ap-
proximately �5 ms), but the dominant feature is a reduction in
overall firing frequency. All interspike intervals, binned at 1 ms,
show a decrease. The synchronized peak of the black (with gap
junctions) cross-correlogram also lies below the base line of the
cross-correlogram for the reference network (gray) devoid of gap
junctions. As the gap junction strength is increased, two effects
are observed: the proportion of synchronous spikes increases (as
seen in Fig. 2C) and the overall activity in the FS network is
reduced (Fig. 3B). As demonstrated below, this spike reduction is
seen when the network is activated by synaptic inputs, and is not
necessarily seen in FS populations activated by current injections
(further explained below).

The moderate spike synchronization ap-
pearing in the network is not widespread; in-
stead only directly coupled FS interneurons
synchronize. Spike pairs between directly
coupled FS interneurons appear more fre-
quently than those between neurons only in-
directly coupled (Fig. 3C). The latter appears
only at levels comparable to what would be
expected by chance, as illustrated by shuf-
fling the traces of the directly coupled neu-
rons and recalculating the spike pairs. This
indicates that there is no global synchroniza-
tion due to gap junctions in a small network
of 10 FS interneurons, receiving simulated
synaptic awake-state input, and connected
with 30–40% probability with a gap junc-
tion to each of the other cells in the network.

Both the shunting behavior and the
minimal spike synchronization were
verified in a larger 125 FS network (see
supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).
Simulations were performed with uncor-
related input in a large network either with
or without gap junctions. A cross-
correlogram generated from all pairs of
neurons revealed no synchronization, in-
dependent of the presence or absence of
gap junctions, but firing frequency was re-
duced in the connected case. If only the
interactions between directly coupled
neighbors are measured, or a subnetwork
is characterized, a small synchronization
peak is apparent, as observed in the 10 FS
network (results not shown). Nonetheless,
there is no global synchronization in the
larger network. Thus, the results using a
10 FS neuron network are not due to net-
work size.

Mechanisms underlying the changes in
spiking patterns
Depending on the synaptic input, the ad-

dition of gap junctions can remove, delay, or even add spikes (Fig.
2A). Despite the fact that the current always flows away from the
more depolarized neuron, a range of different spike changes can
occur as illustrated in Figure 4. The left column shows a reference
FS interneuron pair that is devoid of gap junctions, and the right
column displays the same neuron pair with gap junctions on
proximal dendrites (0.5 nS). If an FS interneuron that originally
spiked as a result of synaptic inputs is electrically coupled to a
neuron that does not receive any input, the charge lost to the
neighbor can bring the first neuron below threshold and thus
prevent spiking (Fig. 4A). The picture changes if the simulations
are repeated, but this time the neighbor also receives some sub-
threshold depolarizing synaptic input. The addition of a gap
junction now leads to the transfer of some charge as before from
the first to the second neuron, but slightly less than before since
the second neuron is also depolarized. Thus the first neuron may
still spike, but since the neighboring neuron also received synap-
tic input, the additional current through the gap junction brings
the second neuron above threshold (Fig. 4B). Thus, depending
on the degree of activation of nearby neurons, the addition of gap
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Figure 2. Role of gap junctions for synchronization in networks of two FS interneurons. A, Example voltage traces for two
neurons without (Reference) or with proximal gap junctions (conductance 0.5 nS). The same synaptic input is repeated in both
simulations. Note the change in spike number and spike timing. B, Zoomed in version of the traces in A. In the left subgraph a spike
appears later in the trace with gap junctions and in addition triggers a spike in the neighboring cell. The right subgraph shows the
disappearance of a spike instead. C, Proportion of synchronized spikes as a function of the conductance of the gap junctions. A
spike is considered synchronous with another spike in an electrically coupled neuron if it appears within time �t. D, JPSTH for two
reference FS interneurons (D1) and for the FS interneurons coupled with a gap junction conductance 0.5 nS (D2). The diagonal
represents synchronized spiking.
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junctions can both add or remove spikes. Figure 4C shows that
there does not have to be a spike in either neuron for gap junc-
tions to add a new spike. Here the two neurons are activated one
after the other, neither reaching threshold. The addition of gap
junctions to this scenario transfers charge from the first neuron
activated to the second neuron, which is then able to spike. In rare
cases this spike may in turn evoke a spike in the first neuron also.

A quantification using a similar classification as illustrated in
Figure 4A–C can be applied to the modeled 10 FS network when
activated by up-state synaptic inputs. Figure 4D shows that over-
all the reduction in spikes (solid line; case A) is larger than the
addition of spikes, and spikes appearing spontaneously (dashed
line; case C) due to shifting of charge between electrically con-
nected nonspiking neurons are more common than those trig-
gered by spikes in neighboring neurons (dash-dotted line; case
B). As gap junction conductance is increased, more spikes are
shunted away than added, resulting in a successively larger net
reduction of activity (dotted line).

Highly correlated input maintains spiking activity
The reduction in spike frequency is a novel finding and has not
been reported in cortical FS interneuron networks. To investigate
the source of this difference, simulations are performed using
current injection instead of synaptic activation. Since the current
shunted through the gap junctions is dependent on the voltage
difference between the electrically coupled neurons, shunting
should be minimal if neighboring neurons receive identical in-
put. Conversely, shunting should be evident if neurons receive
different amounts of current injection.

Figure 5A shows how the I–F curve, produced using somatic
current injections, for one FS model neuron depends on the ac-
tivation level in a neighboring identical neuron when they are
connected with a gap junction. If both neurons are injected with
the same current, there is no change in firing frequency due to the
presence of the gap junctions, because with identical cells and
identical inputs there is no shunting in either direction due to
symmetry. However if the neighboring neuron receives less cur-
rent (50%, dashed line; no current, gray line; or hyperpolarizing
currents, gray dashed line), then the first neuron will experience a
reduction in firing. As the driving current of the first neuron
increases, the dependence on the neighboring neuron’s degree of
activation decreases. This is due to the shape of the I–F curve for
the single FS interneuron: as the current increment needed to
increase the firing frequency (e.g., 1 Hz) increases higher up on
the curve, shunting has a diminished effect on reducing firing
frequency. Sodium inactivation and activation of Kv3.1/3.2 affect
the shape of the I–F curve in the model. When the sodium and
potassium have smaller (faster) time constants, the spike initia-
tion and repolarization are faster; thus, the slope of the I–F curve
is steeper and shunting decreases less with higher current injec-
tion compared with the control case.

To test the prediction that nonsynchronous synaptic input
leads to spike reduction in the FS network while synchronous (or
more coincident) synaptic input does not, a 10 FS interneuron
network was simulated with various correlations (for definition
of correlation, see Materials and Methods) among the synaptic
inputs to different neurons. Figure 5B shows that the reduction in
firing frequency is higher when the input has low or no correla-
tion between the electrically coupled FS interneurons. For a suc-
cessive increase in the coincidence of activated synapses between
the neighboring cells in the network, the shunting decreases and
finally disappears. Consistent with these results, Figure 5C illus-
trates that the outward current through the gap junction just
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Figure 3. Influence of gap junctions on network spiking activity in a 10 FS network. A, Cross
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rial). B, Spike frequency as a function of gap junction conductance, showing the decrease in
firing as the conductance increases for neurons receiving synaptic input. The reduction is due to
loss of charge (shunting) through the gap junctions. C, The occurrences of spike pairs in directly
coupled (solid line) or indirectly coupled (dashed line) neurons spiking within �t equals 5 ms of
each other. Increased absolute numbers of synchronized spikes are limited to the directly elec-
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before a spike is increased for lower input
correlations, making it harder for the FS
interneurons to spike. This result does not
depend on the method used to change in-
put correlation. Similar qualitative and
quantitative effects are seen if all cells in
the network are activated at the same times
and at the same locations in the dendritic
tree. Nonsynchronous inputs are then
produced by jittering the activation times
at each synapse (see supplemental Fig. S3,
available at www.jneurosci.org as supple-
mental material). Thus, the novel finding of
a decrease in spike frequency due to gap
junctions is due to lack of correlation among
synaptic inputs compared with typical cur-
rent injection protocols.

To further demonstrate the role of in-
put correlation, and to document that the
difference between our results and prior
results is due to the use of uncorrelated
synaptic activation, simulations of spike
synchronization are repeated in response
to current injection. For constant current
injections above threshold the FS neurons
spike regularly and the neighbors are also
continuously depolarized, which means
that the current losses through gap junc-
tions are minimal, as in Figure 5A (upper-
most curve). This suggests that the syn-
chronizing effect of gap junctions would
dominate during current injections. Sim-
ulations show that, similar to results in
Figure 2D for the two neuron network,
gap junctions synchronize networks of FS
neurons driven by current injection (Fig.
5D). In networks activated with current
injections spike frequency can even in-
crease with an increased gap junction con-
ductance (supplemental Fig. S4A, avail-
able at www.jneurosci.org as supplemental
material), opposite to that seen with syn-
aptic activation. Therefore, the observa-
tion that gap junctions reduce spike
frequency more so than enhancing syn-
chrony is due to the uncorrelated nature of
synaptic input, not due to unusual proper-
ties of striatal FS interneurons.

Spike frequency reduction due to gap
junctions depends on synaptic
input intensity
Just as spike frequency reduction depends
on current injection amplitude, it also de-
pends on synaptic input frequency. As a
neuron approaches spike threshold the
voltage difference across the gap junction
increases, leading to an increased outward
current through the gap junction. Simi-
larly, increased synaptic input frequency
implies more membrane potential fluctu-
ations, producing a larger average voltage
difference across the gap junction (Fig.
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Figure 4. Mechanisms of spike appearance and disappearance in the electrically coupled networks. A, Removal of a spike. In
the electrically coupled case the neuron receiving synaptic input loses charge to its nondepolarized neighbor, resulting in a
subthreshold response in both neurons. B, Spike-induced triggering of a synchronized spike. The addition of gap junctions can
sometimes lead to a sharing of the depolarization with the neighboring neuron, converting its subthreshold depolarization into a
spike. C, Addition of a spike due to preceding depolarization of coupled neighboring neurons. First one neuron is depolarized by
synaptic input, but not enough to cause a spike. In the presence of gap junctions some of this depolarization is transferred to the
neighboring neuron, which brings it closer to threshold, sometimes allowing it to spike when it simultaneously receives additional
synaptic input. D, Change in spikes caused by the addition of gap junctions. Solid trace shows the spikes shunted away (case A),
dashed line those appearing spontaneously (case C), dash-dotted lines the spikes that are triggered by a spike in a neighboring
neuron (case B), and gray dotted trace shows the net reduction in spikes. Note that the addition of spikes (cases B and C) is less
common than the removal of spikes, producing a reduction in overall spiking activity with gap junctions.
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6B) and thus more shunting on average.
Thus, an increase in synaptic inputs is pre-
dicted to increase spike frequency reduc-
tion by these mechanisms. However, this
increase in voltage across the gap junction
is sublinear (Fig. 6B, inset), because when
inputs arrive more frequently the degree of
simultaneous depolarization also in-
creases, reducing the shunting. To evalu-
ate these competing mechanism, simula-
tions were performed to see whether spike
frequency reduction decreased with an in-
crease in input frequency, similar to cur-
rent injection, or increased due to larger
voltage differences.

Figure 6A shows that, similar to the re-
sult with current injection, the fraction of
spikes removed by the presence of gap
junctions decreases with increased synap-
tic input frequency. Before a spike, the
neuron is close to threshold and the con-
nected neighbor is also more depolarized
due to the increased synaptic input fre-
quency. This results instead in a smaller
voltage difference across the gap junctions
just before the action potential and thus a
decreased outward current for higher in-
put frequencies, as shown in the spike cen-
tered plot in Figure 6C. Consequently, the
increase in removed spikes is slower than
the increase in total spike frequency. In ad-
dition, at higher input frequencies a spike
is triggered more easily in a neighboring
neuron (Fig. 6D, dash-dotted line). The
number of added spikes increases propor-
tionally more than the number of spikes
removed; thus the net reduction in firing
frequency levels out for high synaptic in-
put frequencies. A constant spike frequency reduction translates
into a decrease in the proportion of removed spikes because total
spike frequency increases with synaptic input frequency.

The relative decrease in spike reduction with increased input
synaptic activity may be accompanied by an increase in syn-
chrony in networks with higher synaptic input. Figure 6E shows
that the increase in number of synchronized spike pairs (within 5
ms) per neuron pair in the 10 neuron network with gap junctions
is greater (solid line) for higher input frequencies, than what is
predicted by chance for the same spike frequencies (see shuffled
traces, dashed line). If the analysis is reduced to only the directly
coupled neighbors, spike synchronization even overcomes the
shunting and the average number of spike pairs is higher (dotted
line) than that in the network devoid of gap junctions (dash-
dotted line).

Correlation detection
What is the possible function for a population of electrically cou-
pled FS interneurons, given that gap junctions reduce firing fre-
quency with uncorrelated inputs, and synchronize firing in re-
sponse to correlated inputs? The final set of simulations evaluates
the response of an FS network to a transient increase in correla-
tion, as may occur during a behavioral task. Figure 7A shows that
a striatal FS network of 10 neurons with gap junctions is able to
detect rapid changes in correlations between the synaptic inputs

to the different neurons. The FS network nearly doubled its firing
during a short period (20 ms) of correlated synaptic inputs to
neighboring neurons. Note that an FS network devoid of gap
junctions would have the same spike frequency throughout be-
cause synaptic input frequency is not altered. This indicates that
gap junctions allow the FS network to detect correlated activation
patterns across the population, even brief periods of correlation,
and may relay information on correlation state of the cortex.

The results of the 10 FS neuron network results were verified
in a larger network of 125 FS neurons, corresponding to a cube of
striatum with sides 0.5 mm. To demonstrate correlation detec-
tion, only a group of 27 neurons [3 
 3 
 3 cube (Fig. 7B)] were
given correlated input during the 20 ms window; all other neu-
rons continued to receive uncorrelated inputs. Similar to the re-
sults with the small network, a transient increase in synaptic input
correlation produces a brief increase in firing for the gap junction
coupled case (Fig. 7C). A cross-correlogram generated for vari-
ous sized subnetworks within the larger 125 FS network shows
that the synchronization is local. As pairs within an increasingly
larger subset of the 125 FS network are included in the analysis
the weak synchronization peak seen for directly connected neigh-
bors decreases (Fig. 7D). This indicates that there is no global
synchronization in the network. Another role proposed for gap
junctions is to generate propagating waves of spikes in a network.
Such wave activity is not seen in the FS network, because a spike
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Figure 5. Spike frequency reduction depends on input coherence between connected neurons. A, I–F curve for one FS inter-
neuron connected to an identical neighboring FS interneuron with a gap junction. The neighboring neuron receives identical
current injection (solid line), half amplitude (dashed line), no current (gray), or hyperpolarizing current (gray dashed). The firing
frequency decreases as the difference in current between the two neurons increases. B, Reduction in firing frequency in the 10 FS
neurons synaptically activated depends on the correlation of the voltage deflections in neighboring neurons. An increase in
correlation between the synaptic input to the FS interneurons leads to a smaller reduction in firing frequency (see also supple-
mental Fig. S3A, available at www.jneurosci.org as supplemental material). C, Current through the gap junctions during a spike.
Increased correlation between the synaptic input to the interneurons produces a smaller difference in the potential across the gap
junction. This leads in particular to smaller outward currents through the gap junctions before a spike (arrow), as seen in the spike
centered plot of the current. D, Ten identical FS interneurons driven by constant current injections in the range of 55 pA to 65 pA.
Proximal gap junctions (0.5 nS) are added at 250 ms and removed again at 500 ms. The population synchronizes easily in the
presence of gap junctions, and desynchronizes when they are removed. Note that the same result is achieved with varied FS
excitability and identical current injections to all neurons (data not shown).

5282 • J. Neurosci., April 22, 2009 • 29(16):5276 –5286 Hjorth et al. • Gap Junctions Reduce Synaptically Evoked Spiking



in a reference neuron is rarely followed by a spike in a gap junc-
tion coupled neighboring neuron. A spike in a striatal FS neuron
is followed by 	0.2 spikes within 10 ms in their gap junction
connected neighbors for proximal gap junctions and 0.3 spikes
within 10 ms for distal gap junctions (supplemental Fig. S1E,
available at www.jneurosci.org as supplemental material). This
lack of global synchronization or propagated activity is in accor-

dance with the relatively sparse striatal gap
junction connectivity (Galarreta and Hes-
trin, 2001b).

Discussion
A model network, corresponding to a stri-
atal fast-spiking interneuron population
projecting to one medium spiny neuron,
was constructed to investigate the effect of
gap junctions (electrical synapses) on the
activity of the synaptically driven FS pop-
ulation. The model was based on a previ-
ously published FS interneuron model
(Kotaleski et al., 2006).

The novel finding in this study is a re-
duction in firing frequency when synapti-
cally driven FS interneurons in a network
are coupled through gap junctions. Gap
junctions do increase synchrony of FS in-
terneuron firing, but this effect is modest
compared with the spike frequency reduc-
tion when inputs to the network neurons
are uncorrelated or even moderately cor-
related. This result leads to the prediction
that simultaneously recorded FS interneu-
rons do not spike synchronously. This pre-
diction is supported by an in vivo study,
showing little correlation between nearby
FS neurons (Berke, 2008). The same
group, using in vivo studies, further shows
that the FS neurons are selective for direc-
tion and a large number of them are active
only around the time of action selection
(Gage et al., 2008). This result is consistent
with the simulated increase in FS interneu-
ron firing in response to transient input
correlation from cortex. Such changes in
cortical spike synchronization have been
suggested to occur during motor planning
(Riehle et al., 1997, 2000).

Shunting reduces network activity
Gap junctions reduce spiking activity in
networks activated by synaptic input by
shunting charge from more depolarized
neurons to less depolarized neighbors.
This is consistent with predictions in Ami-
tai et al. (2002) as well as observations of
increased cortical inhibitory currents in
Cx36 knock-out mice (Cummings et al.,
2008). The synaptic input together with
activation of ionic conductances in the
neurons drives the fluctuations in mem-
brane potential and produce more action
potentials than would constant current in-
jection of the same mean. Due to these
fluctuations, when one neuron is depolar-

ized to spike threshold, the neighbor usually is not depolarized,
leading to an increased outward current through the gap junc-
tions from the more depolarized neuron (see also Fig. 5C). In
essence, the effect of gap junctions is to shunt current to nonspik-
ing connected neurons, lowering the firing frequency back to that
observed with constant current injection of the same mean.
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Figure 6. Spike frequency reduction decreases as synaptic activation increases in the network with gap junctions. A, At
successively higher synaptic activation frequency, a smaller fraction of the spikes is removed in the presence of gap junctions in the
10 FS interneuron network. The fraction removed is the reduction in firing frequency in the network with gap junctions, divided by
the firing frequency in the network devoid of gap junctions. B, As the activation frequency per synapse increases (resulting in more
spikes in the network), so does the average voltage difference across the gap junction (inset) and the distribution widens, giving
rise to larger average currents across the gap junction. C, Despite the average increase in the current through the gap junction
during the whole simulation, just before a spike the current through the gap junctions is slightly smaller for high input frequencies.
This is because with increased synaptic activation frequency it is more likely that the electrically coupled neighbor is depolarized
at the same time. This, together with the flattening shape of the I–F curve (see Fig. 5A), explains the decreased reduction in spike
frequencies for higher synaptic input frequencies. D, Change in spike frequency caused by addition of gap junctions as a function
of synaptic input activation frequency. Solid trace shows the shunted spikes (see also Fig. 4 A), dashed line shows those appearing
spontaneously (see also Fig. 4C), and dash-dotted line represents the spikes that are triggered by a neighboring neuron spike (see
also Fig. 4 B). The gray dotted trace shows that the net reduction in spikes levels off with higher input intensities. E, Increased
synaptic activation leads to higher relative spike synchronization. At the higher input, a spike in one neuron more easily triggers
a synchronized spike in a neighboring neuron. Also the rate by which spikes are shunted away levels off. The synchrony in the
network with gap junctions is higher than the shuffled control traces (where direct interactions mediated by gap junctions are
removed). Spikes are considered synchronous if they occurred within 5 ms of each other. Note that even though the reference
network devoid of gap junctions spikes more and thus by chance has higher occurrences of spike pairs, spike synchronization is
even higher in the subpopulation of directly coupled neighbors despite a lower average firing frequency.
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Spike synchronization is moderate
and local
Although the dominating effect of gap
junctions is the removal of spikes, they can
also add spikes to the electrically coupled
neurons, leading to a moderate spike syn-
chronization between the electrically cou-
pled neurons. This is in accordance with
other studies predicting spike synchroni-
zation (Traub et al., 2001; Amitai et al.,
2002; Pfeuty et al., 2003; Gibson et al.,
2005). Synchronization increases with gap
junction conductance and with synaptic
activation frequency, but remains modest
with physiological values of coupling and
synaptic inputs.

Synchronization appears to be a local
effect mainly between directly coupled FS
interneurons in the model; it is rarely seen
for pairs of FS neurons which are indi-
rectly coupled through their respective gap
junctions to a shared neighbor. The lack of
global synchrony, especially notable in the
large network (supplemental Fig. S1D,
available at www.jneurosci.org as supple-
mental material), is in contrast to the hip-
pocampus where gap junctions above a
certain threshold (0.35 nS) in simulations
promoted global synchronization in the
gamma (30 –70 Hz) range (Traub et al.,
2001) when driven by current injections.
Three factors may explain the difference
between these two studies. One is the type
of input: current injection versus synaptic
stimulation. This study shows that syn-
chrony is more prominent in response to
current injection; thus perhaps global syn-
chrony is observed more in response to
current injection. The second factor is the size of the network:
Schneidman et al. (2006) showed that in networks showing weak
pairwise synchrony, strongly correlated states may emerge in
large networks; however, no global synchrony emerged in the
simulations with a larger striatal FS network of 125 neurons. A
third factor is the presence of GABAergic synapses: Galarreta and
Hestrin (2001a) found that gap junctions together with GABA
synapses promoted increased synchronization in cortical FS in-
terneuron networks. In contrast, FS interneurons in striatum
rarely appear to be connected by GABAergic synapses (Koós and
Tepper, 1999). Thus, any global synchronization in the striatum
is likely a result of correlations in the input driving the network.

Spatial correlation modulates effect of gap junctions
The spike reduction due to gap junctions depends on spatial
correlation of inputs to neighboring neurons. Correlations in the
synaptic inputs between the FS interneurons reduce the shunting
between electrically coupled neurons, and lead to increased out-
put frequency only for the FS network with gap junctions. Spike
frequency reduction due to shunting is not observed with con-
stant current injections because this is an extreme form of spa-
tially correlated input, where there are no temporal fluctuations
either. Nonetheless, the effect of uncorrelated synaptic inputs can
be imitated by providing unequal current injection to connected
neurons (Fig. 5A). This unequal current injection creates voltage

differences between neurons and reveals both shunting and spike
frequency reduction.

These simulations showing the effect of spatial correlation on
shunting lead to the prediction that providing disparate current
injection to gap junction connected neurons in brain slices would
reveal shunting and spike frequency reduction. This prediction
can be tested experimentally by hyperpolarizing one of the neu-
rons (compared with depolarizing both neurons) or by injecting
square current pulses out of phase (compared with in phase).
Neurons in vivo are driven by synaptic input arriving throughout
the dendritic tree, and thus may behave qualitatively differently
when activated by synapses compared with somatic current in-
jections. While the proposed experiment uses current injections
and not synaptic inputs, it would still illustrate that correlation in
input among connected neurons determines the degree of spike
frequency reduction.

Robustness of synchronization and shunting
The moderate synchronization, together with spike reduction,
are robust findings, but vary quantitatively with electrical cou-
pling strength and location. The modeled gap junctions here were
placed proximally, but similar results are obtained with more
distal couplings. If a gap junction with the same conductance is
moved further out on the dendritic tree, the coupling coefficient
decreases, lowering both shunting and synchronization. If in-
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Figure 7. Coincidence detection in FS networks. A, An FS network with gap junctions can act as a population detector of
coincident synaptic inputs. A sudden increase in correlation between the synaptic activation times in the FS interneurons (during
20 ms) is detected by increased spiking in cells of the 10 FS interneuron network. For the unconnected reference case, there is no
change in the firing frequency during the time of increased network input correlation between the neurons, because the average
frequency of synaptic activation is kept constant. B, Illustration of a 125 FS neuron network with proximal gap junctions. The
center neurons receiving 20 ms of correlated input are marked. C, Coincidence detection in the larger 125 FS network. Here, a
group of 27 neurons share correlated input for 20 ms, the remaining 98 neurons have no change in the correlation between
themselves. The 27 neurons show an increase in firing during the 20 ms if they are gap junction coupled, as was also seen in A. D,
A cross-correlogram showing weak local but no global synchronization. Directly coupled neurons show weak synchronization;
however, as the subset is increased to include neighboring neurons not directly coupled, the synchronization disappears, indicat-
ing that there is no global synchronization.
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stead the somatic coupling coefficient is kept constant while
moving the gap junctions more distally, by increasing the num-
ber of gap junctions (Hjorth et al., 2006), then the shunting in-
stead increases and there is a larger spike reduction in the net-
work. Small changes in the maximal conductance and activation
and inactivation time constants of Na, KA, Kv3.1/3.2, and Kv1.3
channels alter the spike frequency without changing the general
findings of moderate spike synchronization and significant
shunting (see supplemental Fig. S5, available at www.jneurosci.
org as supplemental material).

Functional implications
The present simulations predict that the activity of FS neurons in
a connected network depends on the degree of synchronous ac-
tivation of the synapses to the different network neurons. The
shunting by gap junctions decreases the response to uncorrelated
inputs, but shunting is minimal in response to correlated inputs.
Thus, a simultaneous increase in the activity and correlation of
cortical inputs will produce a significant increase in activity in an
electrically connected FS network. In summary, striatal FS net-
works may act as population detectors of correlated input
activity.

The importance of such gap junction effects may relate to FS
interneuron modulation of MS neuron outputs. Experiments
have shown that GABA input before an up state can increase, but
in some cases slightly decrease, the time to first spike (Gustafson
et al., 2006) in striatal MS neurons. Due to the depolarizing na-
ture of GABA in MS neurons, GABA before a subthreshold cur-
rent injection can increase the MS neuron spike probability
(Bracci and Panzeri, 2006). Nonetheless, the more likely scenario
is that firing of an FS interneuron delays firing in an MS neuron
(Koós and Tepper, 1999), and multiple FS spikes are predicted to
delay the MS neuron spike further. In action selection the FS
neurons are activated earlier than nearby MS neurons that de-
crease their activity, consistent with the role of FS neurons sup-
pressing MS neuron firing as well as unwanted behaviors (Gage et
al., 2008). This control of the MS spike timing is important for
synaptic plasticity (Kerr and Plenz, 2004; Fino et al., 2005; Pawlak
and Kerr, 2008). The relative fraction of MS spikes removed due
to activity in presynaptic FS neurons may be controlled not only
by a change in synaptic drive but also by a transient increase in
input correlation (see supplemental Fig. S6, available at www.
jneurosci.org as supplemental material).

In addition to the control of striatal FS network activity result-
ing from a change in the intensity or synchronicity by which
neighboring FS neurons are activated from the cortex, FS activity
is likely also controlled by the GABAergic input from globus
pallidus externa (GPe), which selectively targets striatal FS neu-
rons (Bevan et al., 1998). The rich innervation from striatal MS
neurons to GPe (Lévesque and Parent, 2005) makes the dynamics
of this negative feedback loop ideal for future modeling studies.
All these complementary mechanisms of controlling FS activity,
and thus indirectly MS spiking, might be important during be-
havioral tasks (Berke, 2008; Shouno et al., 2009).
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Supplementary material

Figure S1 A Schematic picture showing the 125 FS network connected through gap junc-

tions located on proximal dendrites (upper row) and distal dendrites (lower row). The detailed

neuron models are here shown as spheres. The network wraps around the edges, those con-

nections are not shown for clarity. When only including proximal gap junctions the neurons

only connect to the closest neighbours. As the number of gap junctions increase, multiple gap

junctions will be formed between the same neuron pairs, here marked as thicker lines (scal-

ing as square root of the number of connections). B Average firing frequency in the 125 FS

network decreases as shunting increases with the number of gap junctions. The average firing

frequency is shown for a network with proximal (less than 100μm from the soma) or distal

gap junctions (100–150μm). C Input resistance of the cell decreases with the number of gap

junctions per FS neuron (0.5 nS), both when using proximal gap junctions and distal gap junc-

tions. D Crosscorrelogram showing lack of global synchronisation and increase in shunting. A

network of 125 FS neurons, on a three dimensional lattice, topologically connected to nearby

neighbours. Proximal gap junctions (here 4 or 12 per neuron, each 0.5 nS) are within 100μm

of the soma and distal gap junctions (here 4 per neuron) are between 100–150μm from the

soma. The cross-correlogram is generated from all possible pairs in the 125 FS network. E

There are no propagating waves in the network, due to an inability to trigger spikes in gap

junction connected neighbouring neurons. The striatal FS network is more sparsely connected

than cortical FS neurons (Galarreta and Hestrin, 2001), and the figure shows that following

each striatal FS neuron spike there is a total of less than 0.2 (0.3) spikes within 10 ms in their

proximally (distally) gap junction connected neighbours.

Figure S2 Set of input conductances impinging on a simulated FS neuron with and without

input correlation. A Input correlation is included in the original model to produce more re-

alistic firing frequency, see Hellgren Kotaleski et al. (2006) for details. B Input conductances

if there are no correlation. Additional simulations verify that correlation among inputs to a
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single neuron does not affect the general results shown in the paper.

Figure S3 A Jittering of the synaptic activation times affects output frequency of the FS

population. In this figure unjittered input is guaranteed to arrive at the same location in the

dendritic tree on all neurons. Inputs that are less correlated between the cells (i.e. more jit-

tered) are shunted more by gap junctions, reducing the spiking frequency. In the unjittered

case the neuron may even spike more when they are connected through gap junctions. This

differs from the situation in Figure 5B in that 100 % shared input corresponds to the spikes

arriving at the same time, but not necessarily at the same location; thus an input that might

have been proximal in one neuron can be distal in another neuron. B Spike centred plot of the

current through the gap junction for varying degree of jittering (0–20 ms) of the inputs. For

the more jittered inputs the outward current (shunted away from the neuron) prior to a spike

is higher, reducing the firing frequency.

Figure S4 Effect of gap junction conductance on population spike frequency during somatic

current injections. A Firing frequency can increase with gap junction conductance when using

current injections. Here ∼51 pA was injected into an FS neuron network, where the neurons

have diverse current-frequency curves (see Figure 1A). The reason for the increase in spiking

with gap junction conductance is that the slow firing (or silent neurons) neurons are entrained

(or recruited) more efficiently by their more active and synchronised neighbours. B The network

spikes become more clustered in time with gap junctions, and therefore less active neurons are

recruited due to temporal summation of synaptic input for higher gap junction conductances.

Upper trace shows the network activity with gap junction conductance 0.4 nS and in the lower

trace 1 nS is used.

Figure S5 The shunting and lack of synchronisation are robust to changes in maximal channel

conductance, activation and inactivation time constants. A The effect of varied channel param-
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eters on spiking frequency changes in a ten FS neuron network when gap junctions are added.

Here an average synaptic activation frequency of 4 Hz is used. Dashed line shows the spike fre-

quency in the control non-connected neurons, and solid line indicates the spike frequency when

gap junctions have been added on the primary dendrites to a ten FS network. The bars marked

with “+” and “-”, indicate a 20 % increase or decrease to the corresponding channel parameter.

The white bars display the spiking frequency of the non-connected neurons, and the black bars

the spiking frequency of the gap junction connected network. The reduction due to shunting is

approximately 2 Hz independent of parameter variation. B The change in firing frequency due

to ± 20% variations in channel parameters explains the change in synchronous (within 5 ms)

spike pairs. The two reference lines show the relationship for the control network, with and

without gap junctions, when the synaptic activation frequency is varied (same as in Figure 6E,

here plotted against firing frequency instead of input frequency). The spike pair occurrence

versus firing frequency relationship following changes in channel parameters, is similar to that

due to only a change in synaptic inputs (points all fall along the same line). The effect of gap

junctions is to shift the relationship between spike pair occurrences and firing frequency from

the lower line to the higher line, and this is robust to changes in channel parameters.

Figure S6 Preliminary assessment of effects of gap junctions in presynaptic FS neurons on

postsynaptic MS neuron activity. Simulation of the MS neuron used the model by Wolf et al.

(2005) implemented in NEURON (Carnevale and Hines, 2005). A Confirmation that the tim-

ing of the FS GABAergic input prior to the MS neuron spike determines the effectiveness of

the inhibition. The MS-to-MS GABA conductance in the model was set to 750 pS (Koós et al.,

2004). To simulate feed-forward inhibitory input from FS interneurons GABAergic synapses

were added on the MS soma with a conductance of 3.84 nS (Koós et al., 2004). In the simu-

lations the maximal delay of MS spikes occurs for GABA inputs 5–8 ms prior to MS spikes,

although there is a large variability. The black trace shows the effect of one GABA input and

the grey trace shows the effect of two simultaneous GABA inputs. This supports and extends

3



Koós and Tepper (1999) experiments on FS interneuron’s ability to delay MS spikes for synap-

tically driven neurons by quantifying the delay as a function of time between the FS GABA

input and the MS neuron spike. B Example trace of the five FS interneurons of the 10 FS

network (upper trace) that are synaptically coupled to an MS neuron (lower trace). The other

five FS in the network are not connected to the MS neuron. The FS interneurons receive inde-

pendent synaptic input, except 20 ms prior to the reference MS spike when the input becomes

100 % correlated between the FS interneurons leading to a transient increase in spike frequency

in the gap junction coupled network (see Figure 7A). Dashed and solid lines in the lower traces

represent the MS neuron voltage without and with FS to MS GABAergic input, respectively.

Here a large delay is exemplified. The increase in FS firing just prior to MS firing is consis-

tent with experiments showing that during slow wave sleep the FS interneurons fire on average

4.6 ms prior to the MS neurons (Mallet et al., 2005). C The proportion of delayed spikes in MS

neurons due to input from five presynaptic FS interneurons. When the FS interneurons are

connected with gap junctions, the action potential in the MS neurons are delayed or removed

to a higher degree if the FS interneurons receive correlated input (Gap junction, corr), instead

of independent synaptic input (Gap junction, uncorr). This dependency on input correlation is

not seen if the presynaptic FS network is devoid of gap junctions (compare Not connected, corr

to Not connected, uncorr). It is important to note that less than one-third of the FS traces had

any spikes at all just prior to the MS spike (those without any FS spikes were here included

in the analysis), both because of the low basal spiking frequency, and because only FS input

correlation, not frequency, was increased. If the simulations with silent FS traces are excluded,

the MS spike delay due to input from FS interneurons with gap junctions increases several-

fold in response to correlated input. These simulations suggests significant differences between

an FS-MS network, with and without gap junctions in those cases when the FS neurons are

activated before an MS spike. D Percentage change in number of removed MS spikes due to

20 ms change in FS input correlation between neurons, with and without gap junctions. There

is a considerably larger increase in MS spike removal as the electrically connected FS network

4



detects an increase in synchrony among its inputs, and responds by inhibiting (or delaying) MS

neuron action potentials.
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The influence of stuttering properties and hyperpolarizing input for the firing
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Abstract

Fast-spiking interneurons of the neocortex and the striatum show firing patterns such as tonic firing or irregular burst-
ing (stuttering) in response to current injection. The membrane potential in stuttering neurons often exhibits sub-
threshold oscillations in the range of 20–100 Hz between two stuttering episodes. Here we investigate the effect of
subthreshold oscillations and (suprathreshold) stuttering on the activity in a model of electrically coupled fast-spiking
neurons. Our model results suggest that stuttering increases the amount of synchronized spikes in electrically cou-
pled neurons if they are activated with non-fluctuating input. However, the model neuron does not exhibit stuttering
when it receives more variable, fast glutamatergic and GABAergic synaptic input without injected current. Within the
framework of the model that we use in our study, we find that the number of coincident spikes increases in two or
more fast-spiking neurons even without electrical coupling when the neurons simultaneously receive hyperpolarizing
current pulses. We compare this result to the case of electrically coupled neurons. Finally, we discuss the effect of the
convergence of striatal fast-spiking interneurons onto medium spiny projection neurons.

Key words: fast-spiking interneuron, subthreshold oscillation, stuttering, feedforward inhibition

1. Introduction

The basal ganglia are involved in executive and lim-
bic functions of the forebrain – including the plan-
ning and selection of motor behavior (Graybiel et al.,
1994; Mink, 1996; Bar-Gad et al., 2003; Postuma and
Dagher, 2006). In the striatum, which is the input stage
of the basal ganglia system, the medium-sized projec-
tion (MS) neurons constitute more than 95 % of the
neurons (Gerfen, 1988; Tepper et al., 2008). These
neurons, which express the inhibitory neurotransmit-
ter γ-aminobutyric acid (GABA), receive excitatory in-
put from wide cortical areas as well as from thalamus
(Kemp and Powell, 1970; Kincaid et al., 1998; Ra-
manathan et al., 2002; Zheng and Wilson, 2002; De-
schênes et al., 1995). MS neurons provide sparse and
weak unidirectional feedback inhibition to other MS
cells (Tunstall et al., 2002; Czubayko and Plenz, 2002;

∗Corresponding author
Email addresses: Andreas.Klaus@ki.se (Andreas Klaus),

Hjorth@nada.kth.se (Johannes Hjorth),
Jeanette@nada.kth.se (Jeanette Hellgren-Kotaleski)

20 mV

Figure 1: Experimental response of a striatal fast-spiking neuron to
2 s long somatic current injection (600 pA). This FS neuron shows
a typical stuttering response with a variable number of action poten-
tials in each burst, and a variable length of the interburst intervals.
The subthreshold membrane potential during the interburst intervals
is characterized by oscillatory fluctuations. (Data is courtesy of Gilad
Silberberg.)

Plenz, 2003; Tepper et al., 2005; Taverna et al., 2007).
The small effect on the somatic membrane potential of

Preprint submitted to . . . May 11, 2009
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Figure 2: Subthreshold oscillations in response to somatic current injection (2 s, 74 pA). The input current was adjusted such that 50 % of the cells
fire within 1 s after stimulus onset (stimulus onset is at 50± 25 ms). A. Voltage traces and 125 ms of subthreshold activity before the first stuttering
episode for two cells without electrical coupling. B. The same for two cells which are coupled by two proximally located dendritic gap junctions
(2 x 0.5 nS, electrical coupling coefficient 11 %). C-E. Average power spectral density, phase lag and cross-correlation of the 125 ms subthreshold
membrane potential section as depicted in A and B (error bars indicate the standard error of the mean, S.E.M.) (n = 50). The subthreshold activity
is characterized by a peak in the power spectral density at 30-60 Hz. The phase difference in this range is reduced for the electrically coupled cells.
Neurons were either coupled at the soma, at the distal part of the primary dendrites or at the distal part of the secondary dendrites. The single gap
junction conductance was chosen to be 0.5 nS. In each case the number of gap junctions was adjusted such that the electrical coupling coefficient
(steady state) at the soma was 11 %.

other MS neurons (Jaeger et al., 1994; Tepper et al.,
2004) suggests that feedback inhibition only plays a mi-
nor role in directly affecting MS spiking activity. In-
stead, the feedback inhibitory network might play a role
in local dendritic processing and/or in influencing the
overall level of activity (Tepper et al., 2008). MS neu-
rons, however, receive strong inhibitory input from fast-
spiking (FS) interneurons (Koós and Tepper, 1999; Tep-
per et al., 2004). Since striatal FS interneurons also re-
ceive glutamatergic afferents from cortex they provide
their GABAergic input to MS neurons in a feedforward
manner (Mallet et al., 2005; Gustafson et al., 2006; Tep-
per et al., 2008). Despite their small number in the stria-
tum (less than 5 %; Kita et al., 1990) FS neurons are
able to influence MS activity – either by delaying or by
totally suppressing spike generation in MS projection
neurons. It is therefore likely that FS interneurons are
able to shape the output of the striatum to later stages of
the basal ganglia (Tepper et al., 2004, 2008).

Fast-spiking interneurons have been characterized by
their chemical, morphological and electrophysiological
properties in both striatum (Kawaguchi, 1993, 1997;
Taverna et al., 2007) and cortex (Kawaguchi and Kub-
ota, 1997; Gupta et al., 2000; Markram et al., 2004). De-

spite some striking differences in the organization of the
cortical and striatal microcircuit, in which they are em-
bedded, these neurons show many similarities in both
areas, including the coupling via gap junctions (cortex:
Galarreta and Hestrin, 1999; Beierlein et al., 2000; Ami-
tai et al., 2002; Fukuda, 2007; striatum: Koós and Tep-
per, 1999; Galarreta and Hestrin, 2001; Fukuda, 2009).

The electrophysiological signature of cortical and
striatal FS neurons is characterized by a high maxi-
mal firing rate, a fast spike repolarization, and promi-
nent subthreshold membrane potential oscillations in
response to current injection (cortex: Markram et al.,
2004; striatum: Bracci et al., 2003, Taverna et al., 2007).
In striatal FS neurons the amplitude and the frequency
of these oscillations depend on the level of depolariza-
tion. Interestingly, the first spike within a burst of ac-
tion potentials is invariably triggered by a peak of the
oscillation (Bracci et al., 2003). This mechanism might
be of importance regarding the timing of spiking activ-
ity. It has been demonstrated, for example, that sub-
threshold oscillatory fluctuations in neurons of the in-
ferior olivary nucleus are able to synchronize synaptic
input (Lampl and Yarom, 1993). Another characteristic
property of many fast-spiking neurons is their stuttering
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Figure 3: Synchronization of suprathreshold spiking activity. A. Section of the voltage traces for two FS cells which are uncoupled (A1) and
electrically coupled (2 x 0.5 nS on the distal part of the primary dendrites, A2), respectively. (Spikes traces were truncated at -35 mV for better
visualization.) B. Cross-correlation of spiking activity in two neurons which were subject to somatic current injection (60 s, 74 pA) (n = 10, bin
size 1 ms). C. Absolute time difference of the first stuttering episode in the two neurons. The bars between 0 and 50 ms, for example, indicate the
percentage of cell pairs with a time difference in the range 0–50 ms. (n = 50) D. Onset of the first stuttering episode after current injection. The
onset is corrected for the ±25 ms jitter as used in Fig. 2. (n = 50). E. Number of spikes in the first stuttering episode. The electrical coupling does
not significantly change the average onset of the first stuttering episode or the number of spikes within the first burst.

behavior (Markram et al., 2004; Golomb et al., 2007;
Taverna et al., 2007), that is, their spiking is not reg-
ular, but instead neurons fire bursts of high-frequency
action potentials (2). This might have implications for
the effectiveness of electrical signaling between FS neu-
rons, and for the information transfer between FS and
MS neurons.

The aim of this study is to investigate the role of
electrical coupling and GABAergic input in a model of
FS interneurons. In particular, we are interested in the
effect of subthreshold oscillations and/or stuttering on
the sub- and suprathreshold activity in electrically cou-
pled FS neurons. Electrical coupling in cortical circuits
has been suggested to play a role in network synchro-
nization (Beierlein et al., 2000; Kopell and Ermentrout,
2004; Mancilla et al., 2007). Due to the small number
of striatal FS neurons, similar electrophysiological evi-
dence in the striatum is lacking (but see Koós and Tep-
per, 1999) and the functional significance of gap junc-
tions between striatal FS neurons is therefore still un-
known. Both, modeling and experimental studies sug-

gest, however, that synchronization between electrically
coupled neurons in the striatum is weak (Hjorth et al.,
2007, 2009; Berke, 2008). However, the shunting ef-
fect of gap junctions can play a role in the detection of
coincidence activity within the cortical input to neigh-
bouring FS neurons (Hjorth et al., 2009). Subthreshold
oscillations in the range of 20–100 Hz constitute a low-
frequency signal compared to spiking activity which oc-
curs at a time scale of about 1 ms. Are dendritic gap
junctions, which act as low-pass filters, able to synchro-
nize low-frequency oscillations between FS neurons?
To answer this question we use a recently published
model of a cortical fast-spiking neuron (Golomb et al.,
2007). We extend this model by a simplified dendritic
tree in order to be able to model distal synaptic input as
well as the influence of dendritic gap junction coupling.

Furthermore, we explore the effect of stuttering
within the framework of the FS neuron model and pre-
dict that hyperpolarzing current pulses are able to in-
duce spiking activity in this model. This might have po-
tential effects on the MS neurons. Onset of inhibition
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Figure 4: Firing activity for various combinations and frequencies of synaptic input. The degree of subthreshold depolarization changes the firing
properties and can be influenced by, for example, a somatically applied current injection. A. AMPA and GABA synaptic input with fAMPA = 3, 6
and 12 Hz, respectively (from left to right). To account for the smaller number of GABA synapses the GABA input frequency is three times the
AMPA input frequency, that is, fGABA = 9, 18 and 36 Hz, respectively. B. FS firing activity with only low amplitude AMPA input ( fAMPA = 50
and 500 Hz, respectively). C. Only slow NMDA input ( fNMDA = 20 Hz). Note that higher frequencies and also slower synapses (NMDA) cause
an increase of the average subthreshold membrane potential (indicated by the arrows). D. Relation between subthreshold membrane potential and
CVisi. The neuron receives in addition to AMPA and GABA synaptic input ( fAMPA = 15 Hz, fGABA = 45 Hz) a somatically applied current step.
The amplitude of the current and the synaptic input is scaled such that the output frequency of the neuron is ∼11 Hz. The maximal current is 55 pA
(fraction of injected current equal to 1). D1. Iin j = 22 pA. D2. Iin j = 44 pA. D3. In the range between -55 and -45 mV the fraction of injected
current leads to a linear increase in the subthreshold membrane potential. The coefficient of variation is almost unaffected for Iin j ≤ 33 pA (fraction
of injected current ≤ 0.6), but strongly increases for Iin j > 33 pA.

from several presynaptic FS neurons within a certain
time window may be more effective than the same se-
quence of action potentials elicited by a single FS neu-
ron.

2. Methods

To study the influence of subthreshold oscillations
and stuttering in FS interneurons we use a modified ver-
sion of a recently published model of a cortical fast-
spiking cell (Golomb et al., 2007).

The model neuron was implemented and simulated
in Genesis (Bower and Beeman, 1998). The simulations
were performed with a fixed step size of 10 μs. Data
analysis was done in Matlab (Mathworks, MA, USA)
and data were visualized with Gnuplot.

2.1. The neuron model

For the fast-spiking interneuron we use the chan-
nel descriptions of the one-compartment model from
Golomb et al. (2007). This model contains the follow-
ing voltage-dependent ionic currents: a fast Na+window
current (INa), a fast delayed rectifier K+current (IKdr),
and a slowly inactivating (d-type) K+current (IKd). With
a small Na+window current and a sufficiently large
d-type K+current the model exhibits subthreshold os-
cillations (20–60 Hz) and it responds with stuttering
episodes to suprathreshold current injections. To in-
duce oscillatory fluctuations in the subthreshold mem-
brane potential range and during the interburst episodes
a white noise current with average zero is applied to the
model neuron (see Golomb et al., 2007). The conduc-
tances for the different channels are given in Table 1.

In order to be able to model distal synaptic input as
well as dendritic gap junctions we extended the original

4



model of Golomb et al. (2007) by a dendritic tree con-
sisiting of three identical subtrees (cf. Kotaleski et al.,
2006). Each subtree comprises one primary, two sec-
ondary, and four tertiary dendrites (each of the pri-
mary and secondary dendritic arms branches into two
daugther arms, see Table 1). To allow a realistic fir-
ing discharge in the morphologically extended model,
we increased the active conductances by a factor of 2
compared to the original model, and also assume active
primary dendrites.

2.2. Synaptic input and electrical coupling

The neurons received synaptic input in the form of
random poisson spike trains. If nothing else is stated,
15 Hz AMPA and 45 Hz GABA were used, in addition
the neuron received a noisy ±15 pA somatic current in-
jection (with zero mean). No correlation was used for
the inputs. The average firing frequency for the mod-
elled FS neuron activated by this input is ∼12 Hz.

The striatal FS neurons were coupled together by
gap junctions with conductance of 0.5 nS, placed on the
soma, outer proximal dendrites or outer secondary den-
drites. The gap junction conductance falls within the
range of what is found for cortical FS neurons (Galar-
reta and Hestrin, 2002). The number of gap junctions
was set so that the coupling coefficient was 11 %, within
the range of what is found in striatum (Galarreta and
Hestrin, 2001; Koós et al., 2004).

3. Results and Discussion

Subthreshold oscillations (Bracci et al., 2003) and
stuttering (Taverna et al., 2007) have been observed in
striatal fast spiking (FS) interneurons. Here we used
a multi-compartmental model to study the influence
of gap junctions and GABAergic inputs on these phe-
nomenona. To investigate whether gap junctions could
synchronize subthreshold oscillations two FS neurons
were connected together. The neurons were driven by
74 ± 15 pA somatic current injections which resulted in
spikes within 1 second after onset. Fig. 2A also shows
an example trace of the subthreshold oscillations 125 ms
prior to the first spike in the uncoupled reference case,
where there is no synchronization. Introducing gap
junctions between the two FS neurons leads to synchro-
nization of both spikes and subthreshold oscillations, as
shown in Figure 2B. For the subthreshold oscillations
there is a peak in the power spectrum at 30–60 Hz, il-
lustrated in Figure 2C. The peak is lower for gap junc-
tions located more distally. The synchronization of sub-
threshold oscillations is not robust. A plot of the phase
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Figure 5: A. Coefficient of variation and correlation in a pair of fast-
spiking neurons which are coupled by two gap junctions (2 x 0.5 nS)
located at the distal part of the primary dendrites. The neurons re-
ceive the same input as in Fig. 4D ( fAMPA = 15 Hz, fGABA = 45 Hz
plus somatic current injection). B. Electrical coupling leads mostly
to the suppression of spikes but is also able to induce clusters of
spikes which are reminiscent of stuttering (arrow) (dashed: no cou-
pling, black: electrically coupled). The 160 ms period indicated by
the horizontal bar in (B1) is shown in (B2) at a different time scale for
better visualization. B2. Note that the electrical coupling has a small
or no effect on the spike timing in the two neurons.

lag for gap junctions located at different distances from
the soma reveals a moderate reduction in phase lag, as
shown in Figure 2D. Proximal gap junctions are better at
synchronizing low frequencies, but the difference with
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Soma Primary dendrites Secondary dendrites Tertiary dendrites
ncomp 1 2 4 8
ltotal × d 15 × 15 μm 90 × 1 μm 148 × 0.75 μm 240 × 0.5 μm
gNa 225 mS/cm2 22.5 mS/cm2 – –
gKDR 450 mS/cm2 45.0 mS/cm2 – –
gKD 1.6 mS/cm2 0.16 mS/cm2 – –
gAMPA � � � �
gGABA � � – –

Table 1: Morphology and channel conductances used for the FS model neuron. The model neuron comprises a soma and three identical subtrees
(one primary, two secondary, and four tertiary dendrites each). The soma and dendritic sections are specified by the number of subcompartments
ncomp, the total length ltotal and their diamter d.
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Figure 6: The effect of hyperpolarizing current pulses on the firing activity of two FS neurons. A. Two neurons receive somatic current injection
(55 pA), and for 5 s (horizontal bar) in addition simultaneous, hyperpolarizing current pulses at 2 Hz (-50 pA, 10 ms duration each). The hyper-
polarizing pulses lead to the simultaneous initiation of otherwise irregularly occurring stuttering episodes. B. Stimulus triggered average spike
count (hyperpolarizing stimulus from 0-10 ms, black bar). C. Two neurons that receive the same input as in Fig. 4D (upper traces) as well as
hyperpolarizing current pulses at 2 Hz (-50 pA, 10 ms duration, indicated by the asterisks in the lower traces). The hyperpolarizing current pulses
can lead to both the suppression and the initiation of spikes or spike clusters (arrows). D. The stimulus triggered number of spikes increases on
average around 10 ms after stimulus offset, that is, around 20 ms (hyperpolarizing stimulus from 0-10 ms, black bar).

distal gap junctions decreases for low frequencies. Fig-
ure 2E shows the cross-correlation of both uncoupled
and gap junction coupled FS cells. The synchronization
of the subthreshold oscillations is clearly visible for the
proximal case, but decreases for more distal couplings.
For the gap junctions on the outer secondary dendrites
there is no peak in the centre, indicating that the sub-
threshold oscillations are out of phase. For FS neurons
driven by current injection, there is some synchroniza-
tion of subthreshold oscillations by gap junctions.

The stuttering in uncoupled FS neurons varied due
to the noisy current injection. Figure 3 shows an ex-
ample trace of two uncoupled FS cells (upper), and the
change in spike time when the neurons are connected
by gap junctions (lower). The stuttering initiation can

be moved both forward and backward in time, and not
all simulations show any synchronized bursting when
the FS cells are gap junction coupled. Figure 3B shows
the cross correlation of the two voltage traces, revealing
a strong peak for the somatic gap junctions. To quantify
the synchronization of stuttering initiation a histogram
was created of the difference in time between the first
spike in respective neuron, see Figure 3C. This revealed
that the stuttering initiations in the two neurons were
closer together in the gap junction coupled neuron pairs.
There were however no change in the onset of the stut-
tering, nor the duration of the stuttering, between the
coupled and uncoupled FS pairs (see Figure 3D and E).

We have previously shown that the synchronization
is dependent on how the gap junction coupled FS neu-

6



rons are driven (Hjorth et al., 2009). The constant cur-
rent injection was replaced by synaptic input in the FS
neuron model. In all simulations the ±15 pA noise cur-
rent was kept. Figure 4A shows the FS cell driven by
uncorrelated AMPA and GABA input. For low input
frequencies there is no stuttering, but as the input fre-
quency is increased stuttering-like behavior emerges.
For even higher input frequencies the stuttering be-
comes even more pronounced. Figures 4B and 4C show
a FS cell driven by only AMPA input, here the synap-
tic strength has been scaled down as the input frequency
increases to maintain a firing frequency of about 11 Hz.
If the AMPA channels are replaced by NMDA chan-
nels, which have a slower dynamic, then clear stutter-
ing is present at 20 Hz input. As the FS neuron be-
comes more depolarised the stuttering becomes more
frequent. To investigate the role of the depolarisation
a somatic current injection was added to the simula-
tions. The synaptic inputs were scaled so that the neu-
rons would fire at around 12 Hz. As the amplitude of
the current increased, the average depolarisation of the
trace increased (compare Figure 4D1 and D2), and the
stuttering became stronger. Figure 4D3 shows both the
voltage’s correlation of variation and the depolarisation
as a function of the injected current (here a fraction of
1 corresponds to 55 pA). As the fraction of injected cur-
rent increases both the correlation of variation and the
spike correlation increase (see Figure 5A).

The effect of gap junctions on striatal FS neurons is
a very modest synchronization, and a large reduction
in firing frequency (Hjorth et al., 2009). Figure 5B1
and B2 show an example of the reduction in spikes, and
an increase in clustering of spikes between gap junction
coupled neurons. The latter illustrates that an action po-
tential is recruited in the neighbouring neuron, this may
sometimes lead to a stuttering period. The dominating
effect is, however, a reduction of the total number of
spikes.

The striatal FS neurons receive GABAergic projec-
tions from globus pallidus externa (Bevan et al., 1998).
A hyperpolarizing current injection of 10 ms every
500 ms increases the regularity of spiking in a pair of
uncoupled FS cells as shown in Figure 6A. This is more
clearly seen in a spike triggered spike histogram, which
shows that there is an increase in spikes 10–20 ms fol-
lowing the end of the hyperpolarising current injection
(-50 pA, 10 ms, Figure 6B). There is also a secondary
peak due to the stuttering. Hyperpolarising currents
were also used on synaptically driven and uncoupled
FS neurons, to see if they would synchronize their fir-
ing due to rebound spikes. In some cases (Figure 6C1)
spikes were triggered, however in other cases (Figure

6 C2) spikes were removed. The net effect was an in-
crease 10–20 ms following the end of the hyperpolaris-
ing current pulse. This prediction would be interesting
to test in experiments.

4. Conclusion

Previous modelling work by our group has shown that
the gap junctions between striatal FS neurons provide
very limited synchronization for synaptically driven net-
works (Hjorth et al., 2009). Instead the gap junctions re-
duce the firing frequency by shunting charge away from
neurons that are about to spike to their neighbours un-
less they are also depolarised at the same time. The
FS model used in the previous study does not exhibit
subthreshold oscillations or stuttering, which has been
observed in some experiments. We therefore reinvesti-
gated this in the model of Golomb et al. (2007).

In this study, we investigate the influence of electri-
cal coupling on the sub- and suprathreshold activity in
a model of stuttering FS neurons. The stuttering of the
model FS neurons strongly influences the synchroniza-
tion of their activity. The stuttering depends, however,
strongly on the level of depolarization. To obtain suf-
ficient subthreshold depolarization in the model neuron
the input fluctuations may not be too large. This is the
case for somatic current injection. Fluctuations in fast
synaptic input (AMPA and/or GABAA) – on the other
hand – lead to synaptically driven activity without an
high level of subthreshold depolarization.

The inhibitory effect of striatal FS cells onto medium
spiny projection neurons might strongly depend on the
FS firing pattern. Our model results indicate that un-
der conditions where FS neurons fire in a stuttering-like
manner the gap junctions between these neurons be-
come very powerful in terms of synchronizing their ac-
tivity. If these conditions do occur under normal condi-
tions in a behaving animal is not clear. However, single-
unit recorings in behaving rats have shown that putative
FS neurons fire bursts during slow-wave sleep (Berke,
2008).
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Abstract

MUSIC is an API allowing large scale neuron simulators using MPI
internally to exchange data during runtime. We provide experiences from
the adaptation of two neuronal network simulators of different kinds,
NEST and MOOSE, to this API. A multi-simulation of a cortico-striatal
network model involving both simulators is performed, demonstrating how
MUSIC can promote inter-operability between models written for differ-
ent simulators and how these can be re-used to build a larger model sys-
tem. We conclude that MUSIC fulfills the design goals of being portable
and simple to adapt to existing simulators. In addition, since the MUSIC
API enforces independence between the applications, the multi-simulation
could be built from pluggable component modules without adaptation of
the components to each other in terms of simulation time-step or topology
of connections between the modules.

1 Introduction

Large scale neuronal network models and simulations have become important
tools in the study of the brain and the mind (Albus et al., 2007; Djurfeldt et al.,
2008a). Such models work as platforms for integrating knowledge from many
sources of data. They help to elucidate how information processing occurs in the
healthy brain, while perturbations to the models can provide insights into the
mechanistic causes of diseases such as Parkinson’s disease, drug addiction and
epilepsy. A better understanding of neuronal processing may also contribute
to computer science and engineering by suggesting novel algorithms and archi-
tectures for fault tolerant and energy efficient computing (see, e.g., Schemmel

∗Shared second author who have contributed equally to the contents of the article.
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et al., 2008). Simulations of increasingly larger network models are rapidly de-
veloping. In principle, we have, already today, the computational capability to
simulate significant fractions of the mammalian cortex (Djurfeldt et al., 2008b).
A great deal of effort has been put into the development of simulation soft-
ware suites (see, e.g., Brette et al., 2007). Different software packages, such as
Neuron (Carnevale and Hines, 2006), Genesis (Bower and Beeman, 1998) and
NEST (Diesmann and Gewaltig, 2002) have evolved for simulations of neuron
and network models.

Depending on the scientific question asked, or on the tradition in respec-
tive computational neuroscience lab, models of various parts of the brain have
been formulated using different simulators. The positive side of this diversity
is that it provides a repertoire of tools where different simulators have differ-
ent strengths (see e.g. Brette et al., 2007, for a review of software for spiking
neurons). Diversity is also good for the strong ongoing development of simula-
tion technology. On the negative side, the reuse of models is hampered by the
lack of interoperability due to the multitude of languages and simulators used.
Also reimplementation of one model in other software is in practice both time
consuming and error prone (personal experience, see also Cannon et al., 2007).

Interoperability can be facilitated in several ways. One approach is to pro-
vide a model specification in some standardized format which can be understood
by many simulation tools. Two developments in this direction are PyNN and
NeuroML. PyNN (Davison et al., 2009) is a common programming interface en-
abling model scripting in the Python programming language. PyNN is already
supported by several simulators. The computational neuroscience community
has built a growing toolbox around this environment for simulation and analysis
of data. NeuroML is an XML-based standard for the description of model com-
ponents at various levels of the nervous system which also allows models to be
described in a simulator-independent way (Crook and Howell, 2007; Crook et al.,
2007). Another approach, run-time interoperability (Cannon et al., 2007), is to
allow different simulation tools to communicate data on-line. MUSIC (Ekeberg
and Djurfeldt, 2008, 2009) is a standard interface for on-line communication
between simulation tools. MUSIC is a project initiated by the INCF (Inter-
national Neuroinformatics Coordinating Facility, http://www.incf.org) as a
result of the 1st INCF Workshop on Large Scale Modelling of the Nervous Sys-
tem (Djurfeldt and Lansner, 2007). A demonstration of Music’s capability to
couple models was presented at the INCF booth at the Society for Neuroscience
Conference in Washington 2008.

Here we report on our experiences and insights from connecting two preex-
isting models of very different kinds; one cortical network model using integrate-
and-fire units and one striatal network based on biologically detailed units. The
cortical network model was implemented in NEST while the striatal network
model was developed using Genesis, but simulated here in MOOSE. By adding
a MUSIC interface to each simulator and connecting them using MUSIC, we
could simulate the two systems together as one multi-simulation. Connecting
the two models was interesting in its own right, but this would also serve as a
realistic test of how hard it is to actually achieve interoperability between two
independently developed models using the new MUSIC framework.
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2 MUSIC

MUSIC is a recently developed standard for run-time exchange of data between
parallel applications using MPI internally in a cluster environment (Ekeberg
and Djurfeldt, 2009). The standard is designed specifically for interconnecting
large scale neuronal network simulators, either with each-other or with other
tools. The data sent between applications can be either event based, such as
neuronal spikes, or graded continuous values, for example membrane voltages.

The primary objective of MUSIC is to support multi-simulations where each
participating application itself is a parallel simulator with the capacity to pro-
duce and/or consume massive amounts of data. This promotes inter-operability
by allowing models written for different simulators to be simulated together in
a larger system. It also enables re-usability of models or tools by providing a
standard interface. The fact that data is spread out over a number of processors
makes it non-trivial to coordinate the transfer of data so that it reaches the right
destination at the right time. The task for MUSIC is to relieve the applications
from handling this complexity.

The MUSIC library and utilities have been designed to run smoothly on
state-of-the-art high-performance hardware. The software is written in C++,
which is the de facto standard for current high-end hardware, and has been
tested on simple multi core machines up to massively parallel supercomputers
such as the IBM Blue Gene/L.

At the onset of this project, no simulators had been adapted to use MUSIC.
In a collaborative effort, developers from the NEST and MOOSE communities
worked together with the MUSIC developers in adapting these two simulators
for use in a multi-simulation environment.

2.1 Phases of Execution

A multi-simulation, i.e. a set of interconnected parallel applications, is executed
in three distinct phases:

Launch is the phase where all the applications are started on the processors.
During this phase, MUSIC is responsible for distributing and launching
the application binaries on the set of MPI processes allocated to the MU-
SIC job. Since MPI can be initialized first when the applications have
been launched, most of this work needs to be performed outside of MPI.
In particular, the tasks of accessing the command line argument of the
MUSIC launch utility and of determining the ranks of processes before
MPI initialization therefore has to be handled separately for different MPI
implementations.

Technically, the launch phase begins when mpirun launches the MUSIC
binary and ends when the Setup object constructor returns. The Setup
object is used for inititialization and configuration and replaces the call
to MPI::Init. (See further description below.)

3



Setup is the phase when all applications can publish what ports they are pre-
pared to handle along with the time step they will use and where data will
be present (where in memory and/or on what processor). During the setup
phase, applications can read configuration parameters communicated via
the common configuration file. At the end of the setup phase, MUSIC will
establish all connections.

The setup phase begins when the Setup object has been created and ends
when the runtime object constructor returns.

Runtime is the phase when simulation data is actually transferred between ap-
plications. Via tick (a method in the Runtime object) calls the simulated
time of applications is kept in order.

The runtime phase begins when the runtime object has been created and
ends when its finalize method is called.

From the application programmers point of view, these phases are clearly
separated through the use of two main components of the MUSIC interface:
the Setup and the Runtime objects. The launch phase is not visible for the
application since it handles the situation before the application starts.

When the application initializes MUSIC at the beginning of execution it
receives a specific Setup object. This object gives access to the functionality
relevant during the setup phase via its methods. When done with the setup, the
application program makes the transition to the runtime phase by passing the
Setup object as an argument to the runtime object constructor which destroys
the Setup object. The runtime object provides methods relevant during the
runtime phase of execution.

MUSIC requires that the application uses a communicator handed to it from
the Setup object rather than using MPI::COMM WORLD directly. This is
necessary since when launched by MUSIC, the application will only dispose of
a partition of the total number of MPI processes allocated to the simulation.

2.2 Communicating via MUSIC

In order to communicate via MUSIC, each participating application must be
interfaced to the MUSIC API. One design goal of MUSIC has been to make it
comparatively easy to make the necessary adaptation of existing simulators. In
most cases, it should be possible to add MUSIC library support without invasive
restructuring of the existing code. The primary requirements on an application
using MUSIC is that it declares what data should be exported and imported
and that it repeatedly calls a function at regular intervals during the simulation
to allow MUSIC to make the actual data transfer.

2.2.1 Ports and indices

Communication between applications is handled by ports. Ports are named
sources (output ports) or sinks (input ports) of data flows. The data to be
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communicated may be differently organized in process memory on the receiver
side compared to the sender side. The applications may run on different numbers
of processes, and, the data may be differently distributed among the sender
processes and the receiver processes, as is shown in Figure 1. How does MUSIC
know which data to send where?

In MUSIC, there are two views of the data to be communicated over a
connection. Data elements are enumerated differently according to these views.
MUSIC uses shared global indices to enumerate the entire set of data to be sent
over the connection while local indices enumerate the subset of data which is
stored in the memory of a particular MPI process. Data does not need to be
ordered in the same way according to the two views. For example, data stored
in an array may be associated with an arbitrary subset of global indices in an
arbitrary order.

The MUSIC library is informed about the relationship between global and
local indices and how data is stored in memory during the setup phase. Two
abstractions are used to carry this information:

The IndexMap maps local indices to global indices. That is, the IndexMap
tells which parts of a distributed data array are handled by the local process
and how the data elements are locally ordered.

The DataMap encapsulates how a port accesses its data. The DataMap
contains an IndexMap. While an index map is a mapping between two kinds of
indices, the data map also contains information about where in memory data
resides, how it is structured, and, the type of the data elements. The type is
used for marshalling when running on a heterogeneous cluster.

During setup every process of the application individually provides the port
with a DataMap (or an IndexMap in the case of event ports).

2.2.2 Events

Since event ports don’t access data the same way as ports for continous data,
they do not require a full DataMap. Instead, an IndexMap is used to describe
how indices in the application should be mapped to the shared global indices
common for sender and receiver. The applications has the choice of using local
indices or bypassing the index transformation by directly using the shared global
indices when labelling events.

Events are communicated to the application through an event handler. The
event handler is called by MUSIC when the application calls tick. It is called
once for every event delivered.

Some spiking neural network models include axonal delays. The MUSIC
framework assumes that handling and delivery of delayed spikes occurs on the
receiver side. In such a case, the receiver may allow MUSIC to deliver a spike
event later than its time stamp according to local time. The maximal acceptable
latency for the port can be specified during setup.
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Figure 1: Data transfer over a connection from an application running in four
processes to an application running in three processes. The light gray areas in
the sender and receiver represents the MUSIC port. Dashed lines divide the
application into distinct processes.

3 Adapting NEST to MUSIC

The neural simulation tool NEST (Gewaltig and Diesmann, 2007; Plesser et al.,
2007) is a simulator for heterogeneous networks of point neurons or neurons
with a small number of electrical compartments. NEST is implemented in C++
and can be used on a wide range of architectures from single-core laptops over
multi-core desktop computers to super-computers with thousands of processor
cores.

The focus of NEST is on simulations to investigate phenomena at the net-
work level, rather than on the detailed dynamics of single neurons. It aims at
simulations of large spiking neural systems with more than 104 neurons and 107

synapses.
NEST has a built-in simulation language interpreter (SLI), but can also be

used from the Python programming language via an extension module called
PyNEST (Eppler et al., 2009). The MUSIC interface was made available from
both user interfaces. In this article, we use the PyNEST syntax to introduce the
basic usage of the MUSIC interface in NEST. For a detailed reference manual
of the PyNEST API, see Eppler et al., 2009.
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3.1 Implementation of the NEST-MUSIC coupling

Remote MUSIC event sources are represented by proxies inside of NEST. Two
separate proxy classes are used for inbound and outgoing connections. The prox-
ies are first class citizens, which means they can be created in the network like
all other nodes. Implementing the MUSIC interface required no modifications
to the network representation.

To make it easier to distinguish between global ids (NEST’s identifiers for
nodes) and global indices (MUSIC’s identifiers for connections on a port), we
use the term channel for the concept from MUSIC instead in the following
description as well as in the implementation.

3.1.1 New classes

NEST was extended with classes to send events to MUSIC and to receive
events from MUSIC. The class music out proxy is responsible for all connec-
tions of one MUSIC output port. For inbound connections, two classes were
added: MusicEventHandler, which is responsible for one MUSIC input port,
and music in proxy, which represents a remote event source and thus one chan-
nel of the port.

music out proxy

A music out proxy represents a MUSIC output port. It can send the events
of arbitrarily many NEST nodes to remote targets in MUSIC. The channel on
the port a node forwards its events to is set during connection setup. For each
MUSIC output port, one instance of this proxy is created in each NEST process.
Its global id is the same on all processes.

The name of the MUSIC port is set as parameter port name using SetStatus:

outproxy = Create("music_out_proxy")

SetStatus(outproxy , {"port_name": "spikes_out"})

The channel to which a node forwards events is given by the receptor it
is connected to at the proxy. The receptor is set during connection setup as
parameter receptor type. Several nodes in NEST can be connected to the
same channel:

neurons = Create("iaf_neuron", 5)

Connect ([ neurons [0]], outproxy , {"receptor_type": 0})

Connect ([ neurons [1]], outproxy , {"receptor_type": 1})

Connect ([ neurons [2]], outproxy , {"receptor_type": 2})

Connect ([ neurons [3]], outproxy , {"receptor_type": 3})

Connect ([ neurons [4]], outproxy , {"receptor_type": 2})

The connection setup includes a handshake between the source and the
target node to check their compatibility. During this handshake, the sender
calls connect sender() at the receiver. The first argument is an event of the
type the sender would send during simulation. It is only used to select the
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Figure 2: (A) Nodes in NEST are distribute over the processes (p = 0, 1, 2).
iaf denotes an integrate and fire neuron, (iaf) denotes a proxy. mop denotes
a music out proxy. The numbers on the left indicate the global id of the
nodes. MUSIC channel ids are indicated in square brackets for each connection
(arrows). (B) A sketch of the complete connectivity from the nodes (lower
squares) over the different channels (numbers in square brackets) to MUSIC.
The dashed box encloses all proxies that belong to one MUSIC output port.

right implementation. The music out proxy only has an implementation of
connect sender() for SpikeEvent. The second argument is the id of the re-
ceptor the source wants to connect to. The given receptor is interpreted as
MUSIC channel. It is used to build up the indexmap, a list that registers all
channels to be published to MUSIC. The indexmap is built separately by each
process and therefore only contains locally used channels on the port.

Fig. 2 shows the network representation after above commands are executed
in a setup with three NEST processes.

Before the runtime phase of MUSIC starts, the registered channels have to
be published to MUSIC. This is done in calibrate(), which is called right
before the simulation is started. It executes the following steps:

1. create a MUSIC::EventOutputPort, outport. This will trigger an excep-
tion if the port name is already used

2. create a MUSIC::PermutationIndex and initialize it with the data from
the indexmap. The PermutationIndex tells MUSIC about the channels
located on a process

3. use the PermutationIndex to publish all local channels to MUSIC by
calling MUSIC::EventOutputPort::map().

Event delivery to the proxy invokes its handle() function with the event as
an argument. handle() directly forwards the spikes to outport.

It is important to note that the music out proxy only acts as a proxy for
the node in NEST. It does not make use of the weight and delay of incoming
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connections. Instead, it tells MUSIC the time of event creation rather than the
time the target should handle it. This kind of synaptic interaction has to be
taken care of in the receiving application.

MusicEventHandler

Each MUSIC output port in NEST is represented by a single music out proxy.
In contrast, inbound connections are represented by one music in proxys per
channel.

The MUSIC input port is represented by the new class MusicEventHandler.
It is derived from MUSICs EventHandlerGlobalIndex class. It listens to exactly
one port and dispatches all incoming events directly to the music in proxy as-
sociated to the channel. On each of NEST’s processes, one MusicEventHandler
exists for each MUSIC input port.

The MusicEventHandler maintains a channelmap, which maps the global
MUSIC channel id to a pointer to the corresponding proxy. The channelmap is
filled incrementally during the registration of channels by register channel().

For each incoming spike, MUSIC calls operator() with the time of the spike
and the channel as arguments. This operator creates a new SpikeEvent and
directly delivers it by as call to the handle() function of the proxy associated
with the channel. This bypasses the synapse system in NEST and effectively
only informs the proxy about a new incoming spike.

music in proxy

Spike sources outside in remote MUSIC applications are represented by instances
of class music in proxy. Each instance listens to exactly one MUSIC channel.
However, several of these proxies can listen to the same MUSIC input port.

The port name and the channel are set via SetStatus after the creation of
the proxy.
SetDefaults("music_in_proxy", {"port_name": "spikes_in"}

in_proxies = Create("music_in_proxy", 2)

SetStatus ([ in_proxies [0]], {"channel": 0})

SetStatus ([ in_proxies [1]], {"channel": 1})

Connections going out of the music in proxy can use all of NEST’s built-in
connection types. The following example shows how multiple connections can
be established with a single call to the connection routine.
neurons = Create("iaf_neuron", 4)

DivergentConnect ([ in_proxy [0]], [neurons [0], neurons [1]])

DivergentConnect ([ in_proxy [1]], [neurons [1], neurons [2]])

Connect ([ in_proxy [0]], [neurons [3]], model="stdp_synapse")

Fig. 3 shows the network representation after above commands are executed
in a setup with three NEST processes.

As the proxy itself does not know anything about MUSIC, we have to use an
indirection over the Network class to register the proxy. This class is responsible
for the network representation in NEST.
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Figure 3: (A) Nodes in NEST are distributed over the processes (p = 0, 1, 2).
iaf denotes an integrate and fire neuron, (iaf) denotes a proxy. mip denotes a
music in proxy. The numbers on the left indicate the global id of the nodes.
MUSIC channel ids are indicated in square brackets for each music in proxy.
The STDP connection is indicated by a dashed arrow. (B) A sketch of the
complete connectivity from MUSIC (channels in square brackets) to the MUSIC
event handler (grey rectangles) to the proxies (squares labeled 1 and 2) to the
actual target nodes (lower squares). The STDP connection is indicated by a
dashed arrow. The dashed box encloses all event handlers and proxies that
represent a MUSIC input port.

10



In calibrate(), the proxy calls the function register music in proxy()
of the Network class with a pointer to itself, the channel id and the port
name as arguments. The network class maintains a std::map of already known
MUSIC input ports to efficiently find an existing or create a new instance of
MusicEventHandler for the port. The channel is then registered with the event
handler.

Before the simulation starts, the port map and the MusicEventHandlers are
used to publish all input ports to MUSIC and map its channels.

As explained above, the MusicEventHandler delivers events to the proxy
by calling its handle() function. When a new event arrives at this function, it
directly calls Network::send() to deliver the event to all local targets.

Network

The class Network is responsible for the network elements in one process. If
compiled with MUSIC, it also provides the functions and data structures to
handle the MUSIC input ports:

• The music portmap contains a mapping from port names to the corre-
sponding MusicEventHandler.

• The function register music in proxy(), which registers the channel
and port for the given music in proxy() in the music portmap. If the
port is unknown, it creates a new MusicEventHandler for the port.

• The function publish music in ports() iterates the music portmap and
publishes all ports to MUSIC by calling the publish port() function of
the corresponding MusicEventHandler.

The new function SetAcceptableLatency has been added to SLI. It takes
a port name and and a latency as arguments and can be used to set the ac-
ceptable latency of a MUSIC input port. Internally, it invokes the function
set acceptable latency() of the MusicEventHandler, which is responsible
for the port.

Scheduler

NEST evaluates the network model on an evenly spaced time-grid ti := i · Δ.
Starting at an initial state, the function update() propagates the system from
one state to the next. During the update, nodes create events that must be
delivered to the target nodes after a delay that depends on the connection.

NEST evaluates a network model using the following algorithm:
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1: T ← 0
2: while T < Tstop do
3: parallel on all processes do
4: deliver all events due
5: if T >= Δ then
6: advance the MUSIC time using Runtime::tick()
7: end if
8: call update() for all nodes
9: end parallel

10: exchange events between processes
11: increment network time: T ← T + Δ
12: end while

3.2 Setup and runtime phases

Communicator

All code for the communication between different NEST processes is encapsu-
lated in the class Communicator so this is the natural place for initializing and
finalizing MUSIC.

We use conditional compilation based on the preprocessor macro HAVE MUSIC
to compile different versions of NEST’s functions for MPI initialization and final-
izing if MUSIC is available or not: In the first case, the implementation creates
an instance of class MUSIC::Setup, which gets the command line arguments as
arguments.

If MUSIC is available, the Communicator also contains the function tick(),
which tells MUSIC to advance time.

Finally, the function enter runtime() was added. It takes the interval
between ticks as argument and creates a MUSIC::Runtime object from the
MUSIC::Setup instance.

4 Adapting MOOSE to MUSIC

MOOSE (Multiscale Object Oriented Simulation Environment, available at
http://moose.ncbs.res.in) is a simulator which enables the development and
simulation of biologically detailed models of neuronal and biochemical networks.
It is a multiscale simulator, as it lets a modeler build a model by coupling com-
ponents from different levels of detail—from single molecules to whole neurons.
It achieves this by coordinating calculations between specialized numerical en-
gines which are suited for each level of detail.

To discuss how MUSIC compatibility was added to MOOSE, it will be help-
ful to give some detail about the functioning of MOOSE. MOOSE inherits an
object-oriented framework from the GENESIS simulator (Bower and Beeman,
1998) for describing models and simulations. Under this framework, the user
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4.1 Implementation of the MOOSE-MUSIC coupling

4.1.1 New classes

Five new MOOSE classes were created to allow MOOSE to exchange spike times
with MUSIC:

• Music — This is a singleton class with exactly one instance automatically
created at the start of a MOOSE session.

This object is responsible for making most of the basic MUSIC API calls
in the correct order. This includes appropriate initialization and finaliza-
tion by managing the MUSIC Setup and Runtime objects. Also, during
a simulation, this object calls the MUSIC tick() function periodically,
separated by a user-specified time interval.

While this Music object carries out the above without user intervention,
it also provides an interface which the user can use to create new MUSIC
ports for sending and receiving spike-event information.

• InputEventPort — An instance of this class is created when the user calls
a function of the above Music class to declare readiness to receive spike-
event information. Upon creation, this object finds out the width of the
corresponding MUSIC port by making a MUSIC API call. This number is
then used to create that many instances of the InputEventChannel class
(described next).

• InputEventChannel — Instances of this class act as proxies within MOOSE
of the spike-generating entities in the sending application. They receive
spike-time information relayed by MUSIC and recreate the original spike-
train by emitting the spike-times locally. Hence, within MOOSE, they
appear as bona fide spike-generating objects which can connect to, say a
SynChan object, and send spike messages just like a SpikeGen object can.

• OutputEventPort — This class is analogous to the InputEventPort, and
is instantiated by the user when MOOSE should act as a spike-generating
application.

• OutputEventChannel — Objects of this class can receive spike-time mes-
sages from other MOOSE objects, like a SynChan object can. Upon receiv-
ing a spike, an OutputEventChannel object passes it on to MUSIC, which
forwards it to interested applications. As before, as many instances of
this class are created by OutputEventPort, as is the width of the MUSIC
port.

Note that if the user creates a port of width m in a parallel simulation with
n processes, then m channel objects (i.e., instances of InputEventChannel or
OutputEventChannel) will have to be distributed among the n processes. An al-
gorithm is built into the port classes (i.e., InputEventPort and OutputEventPort)
to carry out this distribution, again, without the need for the user’s knowledge.
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Figure 5: Illustration of how MUSIC and MOOSE are connected together.

At present, this algorithm is simple: the list of m is divided into n blocks of
size approximately equal to m/n, and channels within each block are created
on a separate node. In the future, this algorithm can be improved by placing
the channel objects in the same process as the objects they connect to.

4.1.2 Interfacing with MUSIC in MOOSE

With the above tools at hand, it is simple for a user to incorporate MUSIC
sources and sinks in a simulation. This is accomplished by carrying out the
following steps:

• Specifying tick() rate — The user provides a time interval which is used
to call the MUSIC tick() function periodically, as mentioned before.

• Adding ports — The user declares the ports through which MOOSE can
receive and send data via MUSIC. This is a matter of issuing one script
command for every port added.

• Connecting MUSIC with the model — With the above two steps done, the
user has MUSIC sources and sinks available as native MOOSE objects.
From here on, it is intuitive for a user to route MUSIC-originating and
MUSIC-destined data to- and from desired entities in a model. This is
done by simply adding messages, in the usual MOOSE fashion, between
objects representing MUSIC, and objects constituting the model. Note
that in adding a message, the user need not do anything special if the
source and destination objects are situated in different processes, since
MOOSE will do the correct setup internally. This situation is depicted in
Figure 5.

4.2 Integrating MUSIC with a model in MOOSE

Connecting a MOOSE model with MUSIC is straightforward. We will here
walk through a sample MOOSE script where a model is set up to receive action
potentials from MUSIC. In this example, note that MOOSE arranges objects
in a tree structure resembling the Unix filesystem. In this scheme, the string
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/parentObj/childObj acts as an identifier for an object named childObj which
is contained in an object named parentObj, which in turn is situated in the top-
level container object simply called / (or the root object).

First, a MUSIC port is declared. This is done by calling the addPort function
on the /music singleton object. The arguments passed to this function are:

Argument Value
Direction ”in”
Port type ”event”
Port name ”myPort”

This command creates an instance of the InputEventPort class. The name
of the corresponding MUSIC port is ”myPort”. If we were interested in sending
spike-time information to MUSIC, we would simply set the Direction argument
to ”out”.

c a l l /music addPort ” in ” ” event ” ”myPort”

Next, the rate of calling the MUSIC tick() function is specified. This is done
by creating a ”clock” which will request the /music object to do its calculations
at regular intervals. Here, clock #4 will invoke /music’s calculations every 1e-3
seconds of simulation time.

s e t c l o c k 4 1e−3
use c l o ck /music 4

When the input port, ”myPort”, was declared above, a few new objects were
created automatically:

• /music/myPort

• /music/myPort/channel[0]../music/myPort/channel[width - 1]

Here the width of ”myPort” was used to create an array of channels: channel[0]..
channel[width - 1]. The width was requested from the MUSIC API. Each of
objects in the channel[#] array is an instance of the InputEventChannel class,
which emits spike-times as received from MUSIC.

It is now simple to send spike-times to synapses in the model. Here the 15th
channel in ”myPort” is connected to the ”AMPA” synaptic channel situated in
”myCompartment”.

addmsg \
/music/myPort/ channel [ 15 ] / event \
/myCompartment/AMPA/ synapse

Finally, the simulation is run for 1.0 seconds (of simulation time).

s tep 1 .0 −time
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5 Visualization

A visualization tool was developed that interfaces with the simulators through
the MUSIC API. The neurons are visualized as spheres, and both the color and
radius are changed when the neuron spikes, see Figure 7 in next section. The
visualization is set up using the standard MUSIC configuration file, for example:

[striatum-visualization]
binary=/usr/local/bin/viewevents
plot <- striatum.UTDATA [27]
args=-t 4e-4 -s 300.0 -T GENESIS neuronGrid.data

The neuronGrid.data file specifies the geometric layout of the neurons in
the visualization. The first line specifies how many different neuron types there
are. In the case of the striatal network there are two MS, and FS. Then follows
an even number of lines, each with three floats specifying the RGB values of
the baseline neuron and the excited neuron respectively. The remaining lines
specify the 3D coordinates of the neurons in the visualization, as well as their
radius and the type (separated by spaces). The camera is automatically placed
so that all the neurons are visible.

The benefit of using MUSIC for the visualization is that it becomes simulator
independent, it will work both for NEST, MOOSE or any other simulator that
communicates through the MUSIC API. This can also be used for various post
processing of the data.

6 Results

MUSIC automatically configured (GNU autotools) and compiled over the range
of architectures tested, including 32- and 64-bit Intel-based clusters and the
Blue Gene/L.

The adaptation of NEST to MUSIC was straightforward. The changes were
not extensive and fell naturally into the existing code structure. MUSIC con-
cepts such as ports were mapped to NEST proxies, MUSIC events could be
routed by the proxies into the standard spike event delivery mechanisms. In the
NEST simulator kernel, only five of the existing compilation units was affected:
the scheduler and the units for MPI communication, network administration,
scripting language binding and error handling. New compilation units were
added for the MUSIC event handler and the NEST representations of MUSIC
ports (music out proxy, music in proxy). The handling of the MUSIC Setup
and Runtime objects was encapsulated in NEST:s Communicator class.

Similarly, very little had to be changed in MOOSE to adapt it to MUSIC,
and the changes also here fit naturally into MOOSE code structure. The five
classes mentioned in section 4.1.1 were defined in fewer than 1000 lines of C++
code, and no changes were made in the basic MOOSE infrastructure. This was
possible due to the compact MUSIC API, and was facilitated by the modular
design of MOOSE.
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Figure 7: Results from the multi-simulation described schematically in Figure 6.
To the left, two window captures from 3D visualizations of the cortex and stria-
tum model are shown. In the upper half of the figure, 500 outputs from the
cortex model in NEST are visualized on a planar grid, the radii and intensity
of the color of the neurons increase when they spike. In the lower part, 10 MS
(red) and 10 FS (Blue) neurons in the striatal network are visualized in the
same manner. To the right are a raster plot of the cortical activity and voltage
traces for the MS and FS neurons.
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7 Discussion

The multi-simulation described in the previous section is a demonstration of
how MUSIC can promote inter-operability between models written for different
simulators and how these can be re-used to build larger model systems. Al-
ternative approaches to run-time interoperability is object-oriented frameworks
(as illustrated by MOOSE itself; see Cannon et al., 2007) and using a common
standard model description language.

Object-oriented frameworks provide API:s for services such as solvers, schedul-
ing of events and communication, while specialized modules correspond to en-
tities in the neural model. In comparison, the MUSIC API is slim, essentially
only providing what is necessary to support communication through MUSIC
ports. In a sense, the approach of MUSIC is orthogonal to that of an object-
oriented framework, implying that these approaches can, in fact, be combined,
as illustrated by the MOOSE simulation in this article. Writing a module for
an object-oriented framework means a commitment to that framework. On one
hand, the object-oriented framework lifts some of the burden of implementation
by providing services. On the other hand, it will only be possible for the module
to communicate with other modules in the same object-oriented framework. In
contrast, any simulator or tool supporting the MUSIC interface can be con-
nected to the rest of the set of tools supporting MUSIC. In fact, any module
written for an object-oriented framework which supports MUSIC will also be
possible to connect to such tools supporting MUSIC.

The approach of a common standard model description language, such as
PyNN (Davison et al., 2009) or NeuroML (Crook and Howell, 2007; Crook et al.,
2007), enables the same model description to be used with different simulators.
This circumvents the difficulty of reimplementing models when moving them
from one software to another. This approach also has the strength that it
makes the model future-proof. But even in the presence of such a standard,
we cannot combine two models of different kinds (for example a model based
on integrate-and-fire units and a model based on Hodgkin-Huxley formalism) if
our favorite softwares do not support both forms of modeling. Ultimately, we
must recognize the value in specialized tools optimized for a particular purpose.
A scripting language environment such as Python can bind tools together by
loading them as libraries. MUSIC is another alternative. Thus, we again see
that MUSIC should be seen as providing orthogonal functionality.

Apart from interoperability MUSIC also provides efficient communication
between parallel applications enabling multi-simulation of large-scale neural sys-
tems.

One of the strengths of the MUSIC API design is that it allows for establish-
ing a deterministic communication schedule which removes the need for hand-
shaking. This has also been exploited in the implementation. The downside of
this design choice is that new MUSIC ports cannot be added once the simula-
tion is run, as MUSIC cannot change back to the setup phase once the runtime
was entered. It is conceivable, though, that a future version of the standard
could allow for changes to the communication graph during simulation without
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requiring handshaking during communication.
NEST implements an error handling strategy based on C++ exceptions.

Several new exception classes have been added to be used upon errors related to
MUSIC. Unfortunately it is not possible to recover from errors during a MUSIC
multi-simulation. The only solution is a complete restart of the simulation.
Therefore NEST uses the function MPI Abort() to quit the simulator upon
errors.

While MUSIC supports communication of events, continuous values and
messages, currently only spike event communication has been implemented in
NEST and MOOSE.

We conclude that MUSIC fulfills the design goals of being portable and sim-
ple to adapt to existing simulators. In addition, since the MUSIC API enforces
independence between the applications, the multi-simulation could be built from
pluggable component modules without adaptation of the components to each
other in terms of simulation time-step or topology of connections between the
modules. Preliminary results from benchmarks of two reciprocally connected
large-scale versions of the layered cortical network model (one magnitude larger
than the model simulated in this article) also indicate good performance and
scaling behavior.
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