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Abstract

Fast spiking interneurons (FS) in the striatum are hypothesised to control spike
timing in the numerous medium spiny projection neurons (MS) 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 be-
tween proximal and distal gap junction locations. Somatic and distal dendritic gap
junctions with equal coupling coefficient, as defined for steady-state somatic inputs,
showed significantly different 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 synchro-
nisation within a more precise time window.
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1 Introduction

The basal ganglia are involved in action selection and behavioural control
[10]. 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 projection neurons (MS) 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 [12] it has been speculated that the
inhibition is mediated by the fast spiking interneurons (FS). 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, 13, 15].

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 [6]. To measure the
strength of a gap junction coupling one can use the coupling coefficient [9],
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
50 ms current pulses the coupling coefficient has been found to vary between
3 % and 20 % [13]. The situation is quite different for transient activations.
In fact, the coupling resulting from a short pulse, like an action potential, is
much smaller [6]. Here we investigate through computational modelling how
the coupling coefficient is affected by the duration of the input pulse and
discuss how 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

Fast spiking interneurons were simulated using GENESIS [4] on a Debian
GNU/Linux system. The cell model has been described in detail recently [11].
It has three primary dendrites that branch into six secondary dendrites which
in turn branch into a total of twelve tertiary dendrites (see Figure 1A). The
model has Na, K3132, K13 and KA conductances.

2



D

0 0.5 1
0

0.05

0.1

0.15

0.2

Gap conductance (nS)

C
ou

pl
in

g 
co

ef
fic

ie
nt

Tertiary dendrite gap junctionsC

0 0.2 0.4 0.6 0.8 1
0

0.05

0.10

0.15

Gap conductance (nS)

C
ou

pl
in

g 
co

ef
fic

ie
nt

Somatic gap junction

B

0 0.5 1
−0.063

−0.062

−0.061

−0.060

−0.059

−0.058

−0.057

Time (s)
S

om
a 

po
te

nt
ia

l (
V

) Cell A
Cell B

A

A

B

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 junc-
tions are shown. (B) To determine the coupling coefficient a current was injected
into the soma of one neuron and the depolarisation was measured both in that neu-
ron (Cell A) and in the coupled neuron (Cell B). (C) shows the 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, a coupling coefficient of
14 % was achieved. (D) 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.

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 [11].

The FS neurons were pairwise connected through gap junctions (see Figure
1A). Studies indicate that gap junctions are usually located at the same elec-
trotonic distance from the soma in both neurons [7]. 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 con-
nected 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, 14]. The inter spike
intervals between all combinations of spikes from the two FS neurons were
binned and a histogram was created. 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
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subtracted from the original histogram, yielding the SCCC.

We also generated the normalised joint peristimulus time histogram (NJP-
STH) [1, 14] 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 sur-
prise measure as defined previously [1, 14] the significance of the synchroni-
sation can be estimated. A “surprise” value of 2.996 corresponds to p = 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 coupling coefficient under steady-state conditions by injecting 1 s current
pulses into the soma of one of the modelled FS neuron (Figure 1B, cell A) and
measuring the corresponding voltage change in the neighbouring FS neuron
(Figure 1B, cell B). For somatic gap junctions a coupling coefficient around
14 % was achieved at 0.38 nS (Figure 1C), a gap junction strength within
the physiological range of 0.13–0.58 nS [8]. To reproduce the same 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 (Figure 1D) 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 coupling coefficient was affected by transient somatic
inputs the input pulse duration in the simulation was varied between 1 ms
and 100 ms in 1 ms increments. For shorter input pulses the two configura-
tions differed. Brief pulses give larger 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
Figure 2B we also confirm that the coupling coefficient for an excitatory post-
synaptic potential (EPSP) resulting from an activation of an AMPA synapse
on one of the cells behaves in a similar manner. These relative differences in
coupling coefficients for steady state versus transient inputs could be used to
give a rough estimation of the location of gap junctions.

Gap junctions are able to synchronise neurons that are triggered to fire repeat-
edly by somatic current injection [9]. To compare the synchronising effects of
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Fig. 2. Role of stimulus duration for the coupling coefficient. (A) The coupling
coefficients for two different configurations of gap junctions were compared for dif-
ferent durations of injected current. Despite a similar 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 coupling coefficient for
somatic (solid) and six tertiary dendritic gap junctions (dashed) when an AMPA
EPSP was elicited in one neuron’s soma.

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, an-
other pair was connected through six tertiary dendritic gap junctions and the
third pair was left unconnected for reference. From the SCCC shown in Figure
3A we see that both the proximal and the distal gap junction configuration
were able to synchronise the neurons, however the somatic configuration had
a narrower peak in the SCCC. In the JPSTH the synchronisation can be seen
as a diagonal (Figure 3B). The diagonal is visible both for the tertiary den-
dritic 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, p < 0.05 [1, 14]. Figure 3C shows the
significance level of the different spike intervals.

In summary, this study investigated whether fast spiking interneurons in the
striatum connected through proximal as well as distal gap junctions can syn-
chronise activity during up-state periods. The simulation results suggest that
although the distal gap junctions have a significantly smaller coupling coef-
ficient as measured by transient somatic input, both gap junction configura-
tions synchronise the spikes between the coupled cells. However, with distal
gap junctions the synchronising window is more dispersed.
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Fig. 3. Synchronisation effect of gap junctions. (A) Shuffle-corrected cross-correl-
ogram. Both somatic and the tertiary dendritic gap junctions synchronise the two
neurons, but the time window is narrower for somatic couplings. (B) Joint peristim-
ulus histogram (JPSTH). The upper figure shows the raw JPSTH for the tertiary
dendritic gap junctions and the lower for the somatic gap junctions [1, 14]. The di-
agonal 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 50 ms
and from 50 ms to 250 ms of the up-state period. There is a significant synchronisa-
tion, the diagonal bins have p < 0.05.
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Abstract

The main population of neurons in the input stage of the basal ganglia, the
striatum, are the medium spiny (MS) projection neurons. In addition to the
MS neurons there are several other small neuron populations, one of which is the
fast spiking (FS) interneuron. Both MS and FS neurons receive glutamatergic
input from cortex and thalamus as well as dopamine from substantia nigra. The
FS neurons form pericellular baskets on the MS neurons, this allow them to exert
powerful inhibition on the MS neurons activity. Furthermore, the FS neurons
are connected to each other through gap junctions, forming electrical networks.
Here we further explore the role of gap junctions for up-state signalling, coinci-
dence detection and synchronisation. These factors could all contribute to the
control of spike timing in MS neurons. We have found that an FS neuron that is
connected with intermediate gap junction strength to another FS neuron have
7% or 14% more spikes for proximal and distal gap junctions, respectively. Fur-
thermore, gap junctions allow coincidence detection of transient inputs arriving
close in time to the electrically coupled neurons.

Introduction

The basal ganglia are a group of subcortical nuclei that are involved in cognitive
and motor functions. The input stage of the basal ganglia is called the striatum
and it receives glutamatergic input from large regions of the cortex (Bolam
et al., 2000; Bar-Gad et al., 2003; Graybiel, 2005). The striatum also receives
modulating dopaminergic input from substantia nigra compacta (SNRc) and
the ventral tegmental area (VTA) and there exist projections from the striatum
back to the dopamine producing neurons (Canales, 2005). The majority of
the neurons in the striatum are medium spiny (MS) projection neurons that
project to the globus pallidus and substantia nigra. The MS neurons also form
collaterals onto other MS neurons in the striatum but these have been shown
to be relatively weak (Jaeger et al., 1994).

There are other neurons in the striatum in addition to the MS neurons.
Amongst these are the parvalbumin positive fast spiking (FS) interneurons.
The FS neurons are able to fire in rapid succession in response to depolarising
input. By forming pericellular baskets on the MS neurons the FS neurons can
exert powerful inhibition with low failure rates which can delay or prevent an
action potential in MS neurons (Bolam et al., 2000; Koós and Tepper, 1999;
Tepper et al., 2004). Each FS neuron synapse onto 135–541 MS neurons, and
each MS neuron is innervated by at least four (4–27) FS neurons (Koós and
Tepper, 1999). The activity of the FS neuron can thus change MS neuron spike
timing. There are variations in the synaptic strength between an FS neuron
and its different target MS neurons, but generally the feedforward connections
from cortex, via FS to MS neurons, are twice as strong and roughly 1ms faster
than the MS to MS neuron feedback loop (Gustafson et al., 2006). The cortical
input to both MS and FS neurons varies in frequency between the relatively
silent down-state and the more active up-state. It is during the up-state that
the MS neurons in the striatum mainly fire and their activity reflects encoding
of procedural memories (Barnes et al., 2005). Both during up-state and down-
state approximately 50% of the striatal input is GABAergic (Blackwell et al.,
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2003).
In addition to chemical synapses, recent studies have detected electrical cou-

pling between FS neuron in the striatum that is mediated through gap junctions.
Networks of FS neurons are thus formed where each FS neuron may connect
to one third of its neighbours (Koós and Tepper, 1999; Galarreta and Hestrin,
2001b). Gap junctions have been shown to synchronise neurons, both experi-
mentally (Traub et al., 2001; Connors and Long, 2004) and in computational
studies (Gibson et al., 2005), including in the striatum (Hjorth et al., 2006).
Therefore, if several striatal FS neurons fire simultaneously during an up-state
period, their effects on the MS neurons become more robust. Through computa-
tional modelling we investigate the effect gap junctions have on synchronisation,
up-state signalling and coincidence detection during physiologically realistic in-
put. We show that an FS neuron coupled to a neighbouring FS neuron has
more spikes during up-state periods if the neighbouring neuron also receives up-
state input. Furthermore, simulations suggest that coupled neurons, receiving
simultaneous depolarising inputs, can both depolarise more than without gap
junctions. Also gap junctions allow coincidence detection which in some cases
leads to spike synchronisation.

Methods

Cell model

The fast spiking (FS) interneuron were modelled using GENESIS (Bower and
Beeman, 1994) on a Debian GNU/Linux system. The model has been described
before in detail (Hellgren Kotaleski et al., 2006). Briefly it consists of a soma
compartment connected to three primary dendrites that branch into six sec-
ondary dendrites that in turn branch into a total of twelve tertiary dendrites.
The model implements fast sodium channels, potassium channels (Kv1.3 and
Kv3.1-Kv3.2) as well as a transient potassium channel (A-channel). The fast ac-
tivation of Kv3.1-Kv3.2 is responsible for the FS neurons ability to spike rapidly
(Erisir et al., 1999). All dendritic branches are passive except for proximally
distributed KA conductances.

Synaptic Input

AMPA synapses are evenly distributed over the neuron, but the GABA synapses
are concentrated on the soma and proximally on the dendrites. The synapses are
activated by Poisson trains to give postsynaptic inputs that have the right inter-
spike interval, rise time and amplitude distributions and the simulated input
can recreate the characteristic phases of up-states and down-states (Hellgren
Kotaleski et al., 2006). Each synapse is activated during up-state periods with
the frequency of 20/9Hz and during down-state with 1/9Hz. For the correlation
we have used a generative measure as defined by Rudolph and Destexhe (2001)
with C = 0.5. Correlation is generated by having fewer input trains than
synapses, which results in some input trains being reused. If N is the number
of synapses and N0 is the number of independent input trains then

N0 = N +
√

C(1 − N).
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For each time step the input trains were reconnected to random synapses in such
a way that the number of synapses per input train were constant. We changed
the previous implementation by generating a mother process from which the
spikes for the input train were randomly selected. The reason for this was that
GENESIS did not allow reconnection of the spike trains during a simulation.
The mother process had a frequency of fm = N0 · f where f is the desired
frequency on the input trains. Each spike in the mother process was then
selected for inclusion in an input train on average N/N0 times yielding the
desired correlation. In this implementation AMPA and GABA inputs were not
activated simultaneously. This gave rise to slightly larger spike probability but is
well within the experimentally obtained range for FS neurons (Blackwell et al.,
2003; Hellgren Kotaleski et al., 2006).

Gap Junctions and Coupling Coefficient

A gap junction is modelled as a passive resistive element connecting two com-
partments of neighbouring neurons. The coupling coefficient is defined as the
ratio between the somatic voltage change in the neighbouring neuron divided
by the soma response in the directly stimulated neuron. Since it is not known
where the gap junctions are located between striatal FS neurons we investigated
proximal (soma–soma) as well as distal (tertiary dendrites–tertiary dendrites)
gap junction configurations.

Detection of Spike Synchronisation

Synchronisation was tested by giving two neurons simulated up-state input.
Here the up-states occurred simultaneously, but the input spikes to either neu-
ron were uncorrelated between the neurons. From the resulting spike trains
we generated shuffle corrected cross-correlograms (SCCC) (Brody, 1999). The
inter-spike intervals between all combinations of spike pairs from the two FS
neurons were binned and a histogram was then created. To remove any bias
the spike train of the first FS neuron was shifted relative to the other and a
new shifted histogram was generated. This new shifted histogram could then
be used to remove the bias, since correlations are assumed to occur only on
a short timescale, and these interactions are destroyed by the shifting, leaving
only the bias in the shifted histogram. This process was repeated for all possible
shifts and the average shifted histogram was then subtracted from the original
histogram, yielding the SCCC. The procedure is described in detail in Brody
(1999).

Results

Coupling Coefficient During Steady State versus Transient

Inputs

Gap junctions can be formed at different distances from the soma (Tamás et al.,
2000; Fukuda et al., 2006), however studies of fast spiking (FS) interneurons in
the brain indicate that gap junctions are usually located at the same electro-
tonic distance from the soma in both coupled neurons (Galarreta and Hestrin,
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2001a). As in an earlier study (Hjorth et al., 2006), we defined two reference
cases in order to investigate whether the results are critically dependent on the
location of gap junctions. In one case FS neurons were connected through so-
matic gap junctions and in the other case FS neurons were connected through
gap junctions located on the tertiary dendrites. We calibrated the conductance
so that the steady state coupling would be comparable between the two cases
and within the physiological range of 3–20% (Koós and Tepper, 1999). In order
to fulfil this constraint for different gap junction locations we had to use more
than one tertiary dendrite gap junction. We used a configuration of six tertiary
dendrite gap junctions distributed so that they did not share secondary dendritic
branches (Figure 1A). The gap junction conductance calibration was done by
connecting two neurons through gap junctions and injecting current into the
first neuron, while measuring the resulting voltage change in both this neuron
and in the neighbouring neuron, when steady state had been reached (Figure
1B). This was repeated for the two different configurations of gap junction lo-
cations and for different conductances. The two curves intersect at 0.22nS,
which means that the gap junction conductance is equal for both proximal and
distal configurations and within experimentally measured values of 0.13–0.58nS
(Galarreta and Hestrin, 2002) (Figure 1C). The resulting coupling coefficient
was measured to be 0.088, also within the physiological range. In this study we
used this as a reference value unless otherwise stated.

When cells are electrically coupled to other cells, the voltage changes may be
shunted away through the gap junction conductances. We therefore investigated
how the shunting ratio varied. This ratio we defined as the depolarisation caused
by a somatic current injection in a neuron, when this neuron was coupled to a
neighbouring neuron, divided by the depolarisation in the same neuron without
any gap junction couplings (Figure 1D).

The coupling coefficient is in general dependent on the dynamics of the input
(Galarreta and Hestrin, 2001b) which normally are transient. We investigated
this quantitatively for both proximal and distal inputs. In Figure 2A we injected
current pulses of different durations into the soma of the first neuron in order to
observe the effect of the electrical coupling. Short pulses were filtered more, i.e.
had a lower coupling coefficient, than long pulses both for proximal and distal
gap junctions. The exact coupling differed for the two gap junction reference
cases; the proximal connections had a higher coupling coefficient than the distal
connections for pulses of intermediate length (Hjorth et al., 2006). For com-
parison, a more physiological transient input generated by an AMPA activation
was also used as an input. When activating an AMPA EPSP on the soma the
proximal gap junction was more efficient than the distal gap junctions, Figure
2B. In real cells much of the input comes from dendritic synapses. We therefore
also injected currents to the end points of all dendrites and calculated the so-
matic coupling coefficient as shown in Figure 2C. Here we see that, in contrast
to proximal inputs, the distal gap junctions are much more efficient in terms of
coupling coefficient. This is because the electrotonic distance to both somas, as
seen from the more peripheral injection site, are not that different. We did also
elicit AMPA EPSPs at the endpoints of all tertiary dendritic compartments, as
shown in Figure 2D. Here the distal gap junctions gave a coupling coefficient
almost three times as large as if proximal gap junctions are used. The above
results show that, depending on the input location, either proximal or distal
gap junctions can be more efficient as measured by the coupling coefficient.
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Figure 1: Calibrating the gap junction conductances. (A) shows two FS neurons

connected through tertiary dendrite gap junctions, here only two out of six gap junc-

tions are shown. (B) To determine the 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 steady state coupling coefficient

as a function of gap junction conductance, both for one somatic gap junction and

six tertiary dendrite gap junctions. At 0.22 nS both the somatically coupled and the

tertiary coupled FS neurons have a coupling coefficient of 0.088. (D) Shunting ratio

of somatic potential defined as depolarisation in Cell A with gap junction coupling to

another cell, divided by the depolarisation in Cell A when lacking gap junctions.

Critical Window

A depolarised cell electrically coupled to another less depolarised cell might loose
charge, and the less depolarised cell will gain depolarisation. We investigated
if there is some case where two FS neurons could both gain electrical charge
and become more depolarised for a certain input, by being connected through
gap junctions. We assumed that we had two FS neurons connected by distal
gap junctions. Close to a gap junction at the first neuron we activated an
AMPA EPSP, close to another gap junction in the second FS neuron we also
activated an AMPA EPSP as shown in Figure 3A. These AMPA EPSPs can be
activated simultaneously or with a time offset. If there were no gap junctions,
each of the two neurons would just see one AMPA EPSP which would lead
to a depolarisation in the soma (dashed line in Figure 3B). If we add the gap
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Figure 2: Role of stimulus duration for the coupling coefficient. (A) The coupling

coefficients for two different configurations of gap junctions were compared for different

durations of injected current into the soma. Despite a similar coupling coefficient

for steady state inputs, tertiary dendrite gap junctions (dashed) are significantly less

effective for shorter pulses than somatic (solid) ones. (B) shows the coupling coefficient

for somatic (solid) and six tertiary dendrite gap junctions (dashed) when an AMPA

EPSP was elicited in one neuron’s soma. (C) Here the injected current was given

to the endpoints of all tertiary dendrites. We see that the tertiary gap junctions are

considerably more effective. (D) Coupling coefficient measured when the endpoints of

the tertiary dendrites all received an AMPA EPSP.
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junctions and activate an AMPA EPSP in one of the neurons then what we
see is that some of the charge entering the dendrite will be shunted away to
the neighbouring neuron’s dendrite. This leads to a lower depolarisation in the
first soma (Figure 3B, line at -61.6mV). But since the current that enters the
first dendrite is proportional to the difference between the reversal potential
and the dendrite’s local potential more charge will enter the cell if taking into
account also the charge that is lost to the neighbouring cell. Now if we also
activate a second AMPA EPSP in the other cell, then we find that it too will be
more efficient in transporting charges into the dendrite. Summing the charges
entering into the neurons we see that both neurons have each received more
than they would have without the gap junction. Thus if the two neurons are
activated almost simultaneously, the maximal somatic depolarisation in each of
the neurons reaches above the value they would have had without gap junctions
and when receiving the same synaptic activation (Figure 3B, peak around time
offset 0 s). The amplitude of the postsynaptic responses depends on when the
other neuron receives an input. For assymetrical couplings, where a gap junction
might be located proximally on one neuron and distally on the neighbour, there
is still a critical window, but it is shifted in time either left or right in the figure.
An example of a somatic voltage trace is shown in Figure 3C for three different
cases (indicated as α, β and γ in B). Next we wanted to see if the presence of gap
junctions could help elicit an action potential when an activation of an AMPA
synapse was done simultaneously in both neurons. Figure 3D shows that when
we are close enough to the threshold potential the presence of gap junctions can
lead to a spike as a result, while in the case without gap junctions the spiking
threshold was not reached.

Synchronisation is Affected by Gap Junction Location and

Strength

It is generally believed that gap junctions synchronise neurons (Bennett and
Zukin, 2004; Connors and Long, 2004) and this has also been shown for striatal
FS neurons (Hjorth et al., 2006). To quantify further to what extent this occurs
in the striatum during periods of up and down-states, the FS neurons were
connected pairwise with gap junctions and given simulated 250 ms up and down-
states of synaptic input. The synaptic inputs were correlated within each neuron
as described in Methods, but not between the two neurons. We compared
proximal and distal gap junctions capability to synchronise spikes for different
gap junction conductances. This was done by calculating the shuffle corrected
cross-correlogram from the resulting spike traces. Here we made use of the fact
that in a simulation it is possible to repeat the same experiment exactly, so we
used the same synaptic inputs for all gap junction conductances.

What we see for both proximal and distal gap junctions is that the synchro-
nisation increases as we increase the gap junction conductance. The effect is
more pronounced for proximal gap junctions (compare Fig. 4A and B). Figure
4C and D illustrate, using a SCCC, more visibly that the number of spikes
occurring almost simultaneously in the coupled cells are dispersed if distal gap
junctions are used. This general tendency is seen also when dopamine effects
are simulated. Dopamine was simulated by reducing the GABA efficiency to
80% and depolarising the neuron 2 mV as in previous simulations (Hellgren
Kotaleski et al., 2006). This results in increased excitability of the neuron and
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Figure 3: Critical window for increased depolarisation. (A) AMPA synapses
were activated close to the tertiary dendrite gap junctions. (B) Comparison
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rons, all neurons receive one AMPA EPSP on a tertiary dendrite. The maximal
depolarisation of the neuron can be up to 16% larger if the other neuron re-
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Voltage traces showing the effect of spike timing. The largest depolarisation oc-
curs when the coupled neurons receive their inputs almost simultaneously. (D)
When keeping the neurons close to the threshold a simultaneous AMPA input
to both neurons will evoke a spike in the electrically coupled pair but not in the
non-connected reference cells.
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Figure 4: Shuffle corrected cross-correlograms (SCCC). Two FS neurons con-
nected through six tertiary dendritic gap junctions (A), or somatic gap junctions
(B) when the conductance is varied. SCCC for a gap junction conductance of
0.22nS without dopamine (C) and with dopamine (D).

more spikes in the up-state.
The total number of spikes, however, decreases with increasing gap junction

conductance as a result of shunting as further explained below.

Robustness and Up-state Detection

The shunting through gap junctions would transfer charge between the two
neurons to even out the potential difference between them. We investigated to
what extent this could be used to detect if both FS neurons received up-states
simultaneously or not. An up-state is considered detected if the FS neuron fires
a spike during its duration.

In Table 1 the number of spikes during periods of 250ms up- and 250ms
down-states are shown. During up-state periods the neurons connected to a
neighbour FS neuron, which also receives up-state inputs, spike significantly
more, 7% and 14%, with proximal and distal gap junctions with the reference
conductance of 0.22nS, respectively. With simulated dopamine effects the neu-
rons become less dependent on their neighbours for detecting up-states. The
above results are robust to varying the background (i.e. down-state) noise, see
also Hellgren Kotaleski et al. (2006).

Although there is an increased up-state detection when the neighbours are
also in up-states, there are still slightly fewer spikes as compared to the uncon-
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Configuration Detected up-states/falsely detected down-states (± SEM)
Reference Dopamine

Six tertiary 0.708 ± 0.010 0.003 ± 0.001 0.873± 0.007 0.010 ± 0.002
Somatic 0.680 ± 0.010 0.002 ± 0.001 0.849± 0.008 0.008 ± 0.002
Six tertiary to silent 0.619 ± 0.011 0.003 ± 0.001 0.817± 0.009 0.009 ± 0.002
Somatic to silent 0.635 ± 0.011 0.003 ± 0.001 0.823± 0.009 0.008 ± 0.002

Table 1: Number of spikes for different gap junction configurations and using the
reference gap junction of 0.22 nS conductance. Proximally connected neurons
have 7 % more spikes if their neighbour is also receiving up-state input than if it
is silent. Distally connected neurons have 14% more spikes if their neighbour is
in an up-state. When we add dopamine these numbers change to 3% and 7%,
respectively.

nected reference cell pair, which had 0.733 ± 0.010 detected up-states without
dopamine and 0.887 ± 0.007 with dopamine. By driving two coupled neurons
with successively more and more correlated input between the cells, one can
even reach a value slightly above the reference case. This implies that coinci-
dence detection within the critical window has a small but measurable effect
during physiological up-states, when the inputs to both neurons have highly
correlated inputs.

Exploring the Mechanisms

From the above results it is shown that the spiking activity is altered in the
presence of gap junctions. Two opposite phenomena are at play, action poten-
tials arise or disappear as a result. Here we will illustrate examples of these
cases and try to pinpoint the mechanisms. We have simulated three FS neuron
pairs with cells labelled A and B. All neurons labelled A receive the same in-
put and all neurons labelled B receive the same input. The first pair was left
unconnected as reference, the second pair was connected through proximal gap
junctions and the third pair was connected through distal gap junctions. The
initial conditions for all pairs were identical. We ran the simulation for 250ms
and then reset it and repeated the run with new inputs to the pairs. The reason
for the reset is that the the spike history affects the timing of subsequent spikes,
this makes a direct comparison harder and could hide some of the more subtle
mechanisms we are looking for. The spike traces were then analysed both by
inspection and by automated matlab scripts to see which pair configuration that
had spiked first.

The mechanisms are grouped into three categories: a) shunting, where spikes
that exist in the reference traces disappear when the neurons are connected
through gap junctions; b) subthreshold detection, where the coupled neurons
have spikes that none of the unconnected reference neurons have; c) suprathresh-
old detection or synchronisation, when a spike in the first neuron induces a spike
in the neighbouring neuron.

Shunting occurs because charge leaks through the gap junctions, e.g. a
neuron depolarised closer to the threshold looses positive charge to a more
hyperpolarised neighbour. This mechanism can reduce the number of spikes
as shown in Figure 5A. This is because it evens out the depolarisation between
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Figure 5: Gap junction effects. Non-connected and distally coupled neurons are
compared. (A) Shunting: Number of spikes are reduced because charge leaks
to the neighbouring neuron. (B) Suprathreshold detection: One spike in the
reference trace becomes two spikes in the coupled neurons. (C) Subthreshold
detection: No spike in the reference trace, the previous subthreshold excitation
give rise to a spike in the coupled neurons if they are already close enough to
the threshold. (D) Changes in spike timing.

the two neurons.
Additional simultaneous spikes can appear (i.e. synchronisation or suprathresh-

old detection occurs) in the coupled neurons, when for instance the depolarisa-
tion during, or just before, an action potential in one neuron helps the coupled
neuron to also reach the threshold for a spike (Figure 5B).

It could also be the case that a spike appears in at least one of the neurons
where there are no spike in any of the reference neurons (Figure 5C). This,
which we call subthreshold detection, can occur because the spiking neuron had
moments before gained charge from its neighbour through the gap junctions,
moving it closer to the threshold than in the unconnected reference case.

All the above mechanisms also affect neuronal spike timing. For example
when one of the neurons spikes the after-hyperpolarisation will reduce the like-
lihood of any subsequent action potentials directly following the first, see Fig-
ure 5D. Studying the traces in detail we see that the neurons take turns lending
charge to each other. Depending on where the input arrives in the dendritic tree
different amounts of charge will flow to the neighbour thus either increasing or
decreasing the probability to reach spike threshold.
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Discussion

Studies have shown that gap junctions can synchronise spiking activity in neu-
rons (Bennett and Zukin, 2004; Connors and Long, 2004). We extend an earlier
study (Hjorth et al., 2006) showing that both proximal and distal gap junctions
between striatal FS neurons can cause spike synchronisation during up-state
periods. This synchronisation occurs over a large range of gap junction conduc-
tances (see Fig 4), however, the synchronisation for distal gap junctions was less
precise in time. In addition to causing more synchronous activity in coupled FS
neurons, the presence of gap junctions affected the ability to detect up-state pe-
riods (compare Table 1). Significantly more up-state periods were detected, and
more up-state spikes occurred if the neighbour neurons also received up-state
synaptic inputs. This effect was more pronounced with distal gap junctions.
The total number of spikes could even increase above the reference case with no
gap junctions, if correlated inputs were given to the coupled FS cells. The addi-
tion of gap junctions can also help detect coincident subthreshold excitation in a
pair or network of FS neurons. This can evoke spikes in one of the coupled neu-
rons, while no spiking occurred in the reference case without gap junctions (see
Fig. 5C). Thus, both increased spike synchronisation, subthreshold coincidence
detection and the neighbour dependent ability to spike during up-state periods
would increase the total GABAergic synaptic output from groups of FS neu-
rons connected through gap junctions. In this context it is interesting that FS
neurons can delay the spiking of medium spiny projection neurons (MS) (Koós
and Tepper, 1999). This may be important since it has been shown that the
delay to the first spike after up-state onset in MS neurons affects calcium levels
(Kerr and Plenz, 2004), which in its turn might have important implications for
synaptic plasticity and learning in this system.

Spike synchronisation and subthreshold coincidence detection in FS neurons
could also enable stronger and simultaneous inhibition of a larger number of
MS neurons, possibly allowing for a more widespread inhibition. This might
be required for a “winner takes all” mechanism, which is hypothesised to exist
in the striatum (Djurfeldt et al., 2001; Plenz, 2003). An interesting possibility,
which is not currently known, would be that FS neurons that synapse onto
functionally similar MS neuron also are connected through gap junctions. FS
neurons are furthermore known to form GABAergic synapses with other FS
neurons, in addition to MS neurons (Kita et al., 1990). The detailed organisation
of GABA synapses and gap junctions between striatal FS cells is not known,
but different possibilities of implementing lateral inhibition, not only between
functional groups of MS neurons, but likewise between groups of FS neurons
might be possible.

Spontaneous up- and down-state activity occurs in organotypic co-cultures
in vivo (Plenz and Aertsen, 1996). In awake behaving animals studies of cross-
correlograms have also shown bursting in the MS neuron. This taken together
with the fact that MS neuron do not have an intrinsic bursting mechanism
indicate that there are indeed elevated periods of activity (up-states) also in
awake animals (Nicola et al., 2004). It is, however, not known to what extent
neighbouring FS and MS neurons have synchronous up-states. Highly synchro-
nised up-states might be an artefact of the anaesthetics commonly used. In this
context it is interesting to see that the FS neurons detect up-states in neigh-
bouring neurons and spike significantly more if the coupled cells also receives
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up-state input. Using intermediate gap junction conductances, we show that if
a neighbouring connected FS neuron also receives up-state input the neuron will
spike 7 % more if they are connected through proximal gap junctions and 14%
more with distal gap junctions. Interestingly, it seems that in the presence of
dopamine the neurons become less dependent on their neighbours. Although, it
would be hard to link this observation to the functioning of the microcircuitry, it
is interesting that dopamine affects gap junctions (O’Donnell and Grace, 1993;
Onn and Grace, 1999). Also pharmacological blocking of the gap junctions
between the FS neurons by intra-striatal infusion affects dopamine mediated
behaviour in rats (Moore and Grace, 2002).

It is important to note that this study only deals with pairs of neurons
connected through gap junctions, for larger networks the proportion of input
through the gap junction is larger and some of the effects may be more pro-
nounced (Andreu et al., 2001). In summary, however, the present study high-
lights questions regarding the functional organisation of the striatal microcir-
cuitry. Interesting questions are: a) to what extent are up-states in neighbouring
neurons simultaneous in vivo, and does this change during behavioural tasks; b)
do gap junctions connect functionally similar FS neurons; c) do the GABAergic
FS to FS synapses occur between FS neurons activated during different or sim-
ilar functional tasks, and d) to what extent do neighbouring FS neurons receive
correlated inputs from cortex.
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