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Direct electrical communication between central nervous system (CNS) neurons including
those in the hippocampus is well-established. This form of communication is mediated by
gap junctions and it is known that this coupling is important for brain rhythms such as
gamma (20–80 Hz) which occur during active behavioural states. It is also known that gap
junctions are present at several locations along the dendrites of hippocampal interneurons
including parvalbumin-positive basket cell types. Weakly coupled oscillator theory, which
uses phase response curves (PRCs), has been used to understand and predict the dynamics
of electrically coupled networks. Herewe use compartmentalmodels of hippocampal basket
cells with different levels of basal and apical spike attenuation together with the theory to
show that network output can be broken down into three groupings: synchronous,
asynchronous and antiphase-like patterns. Moreover, quantified PRCs can be used as a
rule of thumb to determine the occurrence of a particular grouping under weak coupling
conditions, which in turn implies that spike delays are critical factors in determining
network output. In moving beyond weak coupling to encompass the full physiological
regime of coupling strengths with network simulations, we note that it is important to be
able to differentiate between these different groupings as it affects how the network
responds with modulation. Specifically, an asynchronous grouping provides more dynamic
richness as a larger range of phase-locked states can be expressed with strength changes.
From a functional viewpoint it may be that modulation of electrically coupled networks are
key to controlling cell assemblies that contribute to information coding brain substrates.
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1. Introduction

Communication between central nervous system (CNS)
neurons occurs chemically via inhibitory and excitatory
synapses, and electrically via gap junctions. Whereas
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synapses mediate a slower mode of signal transmission,
gap junctions provide a means of direct and fast commu-
nication believed to be important in producing synchronous
network activities (Hormuzdi et al., 2004). A gap junction
channel consists of 12 connexin (Cx) proteins, six on the
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presynaptic side and six on the postsynaptic side, and is
formed when the membranes of two cells are close enough
together to form a direct channel through which particles
can flow. These connections consist of clusters of channels
that are not static pores but can open and close, being
modulated by age, pH, phosphorylation and other factors
(Connors and Long, 2004). The physiological range of gap
junction connections is 10–3000 pS based on a unitary gap
junction conductance of 10–300 pS and 1–10 gap junction
channels per electrical connection (Galarreta and Hestrin,
2001; Srinivas et al., 1999). Of the different types of Cx
proteins, Cx36 gap junction proteins are found between
interneurons or inhibitory cells in the CNS (Meier et al., 2002;
Parenti et al., 2000; Söhl et al., 2005; Srinivas et al., 1999).

Interneurons have diverse characteristics and they make
critical contributions to rhythmic activities in particular and
distinct ways (Buzsáki, 2006 (chp.3); McBain and Fisahn,
2001). For example, parvalbumin-positive (PV+) inhibitory
basket cells fire preferentially on the descending phase of
hippocampal theta oscillations which occur during move-
ment and exploration (Klausberger et al., 2003). One of the
most characteristic patterns of the awake brain is gamma
oscillations (30–80 Hz) which have been recorded in many
brain regions including the hippocampus (Buzsáki, 2006 (chp
9)). Basket cells in the hippocampus form mutually inhibi-
tory networks (Sik et al., 1995) and it is clearly the case that
they are major players in producing gamma rhythms both
in vitro and in vivo (e.g., Gloveli et al., 2005; Hajos et al.,
2004; Tukker et al., 2007). These basket cells target periso-
matic regions of the pyramidal cell and thus can exert
significant control over their output. Furthermore, network
models incorporating experimentally derived synaptic char-
acteristics produce robust and coherent gamma oscillations
(Bartos et al., 2007), thus suggesting that synchronous
output from basket cell networks are important contributors
to gamma rhythms.

Gap junction coupling contributes to mechanisms under-
lying gamma generation in the hippocampus (e.g., Csicsvari
et al., 2003), and it is notable that gamma oscillations are
selectively impaired in Cx36 knockout mice (Buhl et al., 2003).
In addition to inhibitory synapses, PV+ basket cells are
electrically coupled through gap junctions at multiple loca-
tions between their apical and basal dendrites (Fukuda and
Kosaka, 2000; Bartos et al., 2001). Interestingly, axo-axonic (or
chandelier) and bistratified inhibitory cell types are also
endowed with Cx36 dendrodendritic gap junctions (Baude
et al., 2007) and exhibit significant gamma modulation in vivo
(Hajos et al., 2004). This suggests that dendritic gap junctions
on different inhibitory cell types may play important roles in
shaping network gamma output. Given this, it is essential to
understand how non-proximally located gap junctions con-
tribute to producing synchronous output in these types of
inhibitory cell networks. However, due to the high degree of
technical difficulty in recording from dendrites of particular
interneurons, the inability to both record from and identify the
gap junction location on a given interneuron, and the inability
to experimentally control all system parameters, models and
theory are needed to provide insight and understanding, and
to guide and suggest experiments. For this, we need not only
to consider compartmental models, but also to consider
models that incorporate characteristics that are specific to
the inhibitory cell type.

Several theoretical and modeling studies have clearly
shown that cellular, intrinsic properties affect the particular
network patterns that arise in electrically coupled networks
(Chow and Kopell, 2000; Lewis and Rinzel, 2003; Pfeuty et al.,
2003; Saraga et al., 2006; Sherman and Rinzel, 1992), and in
networkswith both electrical and inhibitory coupling (Gao and
Holmes, 2007; Kopell and Ermentrout, 2004; Lewis and Rinzel,
2003; Pfeuty et al., 2005; Skinner et al., 1999). Proximal and
distal connections on dendrites can have opposite effects on
network output, and this can be modulated by intrinsic
properties of the cell (Crook et al., 1998; Gansert et al., 2007;
Lewis and Rinzel, 2004; Saraga and Skinner, 2004). In
particular, weakly coupled oscillator theory has been used to
predict whether synchronous output could be obtained in
electrically coupled networks (Lewis and Rinzel, 2003), and
characteristics of phase response curves (PRCs) have been
shown to be good predictors of synchronous network output
(Pfeuty et al., 2003).

In this paper we aim to determine whether inhibitory
networks produce synchronous or asynchronous output when
coupled with gap junctions on their active dendrites. We do
this using compartmental models, simulations and theoreti-
cal insights. We modify our previously developed compart-
mentalmodel of a hippocampal basket cell (Saraga et al., 2006)
in which the dendrites are active, containing voltage-gated
channels as is known from experiment (Maccaferri et al.,
2004), to express spike attenuation characteristics as experi-
mentally observed.We generate PRCs and use weakly coupled
oscillator theory to predict the network output, and find that
quantified PRCs can be used as rules of thumb in predicting
the synchronous or asynchronous output, which in turn
suggests critical cellular characteristics.
2. Results

2.1. Basket cell models

Although there is evidence for voltage-gated channels in the
dendrites of hippocampal interneurons (Martina et al., 2000),
details as to their densities and distributions are incomplete
for basket cells at present. However, it is known that there is
an approximately 15% spike attenuation when recordings are
performed on dendrites at about 50 μm from the soma with
perhaps some differences between basal and apical dendrites
(M. Martina, unpublished observations, Maccaferri et al., 2004).
We thus built three basket cell models (Cell 1, Cell 2 and Cell 3)
with different intrinsic properties such that they exhibit
different amounts of basal and apical spike attenuation. This
difference is accomplished mainly by varying the sodium
channel densities — the channel densities and other cell
properties are shown in Table 1. Each model cell has the same
morphology and passive properties as used in our previously
developed basket cell compartmental model (Saraga et al.,
2006; and see Section 4.1), and exhibits spike shape and
frequency characteristics of basket cells (see Table 1). In
particular, all cells spontaneously fire in the gamma frequency
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Fig. 1 – Spike characteristics of the model cells. Voltage
versus time plots for the three model cells. Somatic and
dendritic (50, 150 and 300 μm) voltages are shown for basal
and apical dendrites of each model cell (Cell 1, Cell 2 and Cell
3). Thickest lines refer to somatic voltages and decreasing
line thickness to further dendritic locations. Dotted line refers
to 0 mV. Note the different spike delays (between soma and
dendrite) and spike shapes (AHPs) for the different model
cells. Model details are given in Section 4.1 and Table 1.

Table 1 –Model cell characteristics

Cell 1 Cell 2 Cell 3

Soma gNa (mS/cm2)a 35 45 50
Soma gK (mS/cm2)a 50 50 50
Apical branch gNa (mS/cm2)a 16 10 8
Apical branch gK (mS/cm2)a 37.5 37.5 37.5
Basal branch gNa (mS/cm2)a 7 9 10
Basal branch gK (mS/cm2)a 30 30 30
Average apical branch
attenuation (50 μm from soma)

1.8%±0.3 7.9%±1.0 13.8%±1.9

Average basal branch
attenuation (50 μm from soma)

15.0%±0.2 7.8%±0.2 5.6%±0.1

Spontaneous firing frequency
(Hz)

29.8 27.7 30.1

Action potential amplitude (mV) 115 109 101
Afterhyperpolarization
(AHP) amplitude (mV)

16 17 14

Resting mean potential
(RMP) (mV)

−58 −60 −57

a Maximal conductances (gNa, gK) are from conductance-based
equations describing ionic currents that are inserted into the
multi-compartment model ( Eq. (1) in Section 4.1).
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range, and exhibit non-negligible afterhyperpolarizations
(AHPs). However, Cell 1 has about 15% attenuation on the
basal side andmuch less on the apical side, Cell 2 has about 8%
attenuation on both apical and basal sides, and Cell 3 has
about 14% attenuation on the apical side and less on the basal
side. Themodel cell characteristics are shown in Fig. 1 for each
of the model cells on apical and basal sides. Differences in
spike attenuation, spike shape and delays between spikes in
the soma and dendrites can be seen between the different
model cells.

It is interesting to note that the dendritic sodium channel
density is smaller than the somatic sodium channel density
for the model cells here. This is different from that found in
oriens-lacunosum/moleculare (O-LM) cells and models of
them (Saraga et al., 2003). O-LM cells, another type of
hippocampal interneuron, spontaneously fire at lower fre-
quencies and play a role in theta oscillations (Klausberger
et al., 2003). They do not show as much spike attenuation as
basket cells and it is known that they do not have smaller
dendritic sodium densities relative to their soma (Martina
et al., 2000). However, it is unknown whether gap junctions
exist on O-LM cells. We now analyze these basket cell models
and examine the behaviour of electrically coupled networks
composed of these models.

2.2. Network dynamic groupings of electrically coupled
basket cell networks

The phase response curve (PRC) represents an oscillator's
response to weak stimuli and can be used to understand
collective dynamics via weakly coupled oscillator theory
(Ermentrout and Kleinfeld, 2001; Kuramoto, 1984). This
powerful theory allows one to say something about the
coupled system from the behaviour of the uncoupled system.
Furthermore, it has been previously noted that the skewness
of the PRC alone, while capturing intrinsic properties of the
oscillator, may also be predictive of network properties
(Ermentrout et al., 2001; Gutkin et al., 2005; Pfeuty et al.,
2003). Therefore, we (i) apply the weakly coupled oscillator
theory to predict network dynamics when two model cells are
(weakly) coupled with gap junctions, and (ii) quantify the
skewness of our PRCs as a possible predictive measure for the
coupled system. Note that our PRCs represent phase
advances (positive value) of the somatic spike in response
to the stimulus given at a particular dendritic location. Phase
zero on the PRC represents the time of the somatic spike
peak, and does not necessarily represent the same time as the
dendritic spike peak (e.g., see model Cell 3 apical in Fig. 1). We
use the simplest possible quantification of the skewness of



Fig. 2 – Quantifying skewness in phase response curves
(PRCs). (Top) Schematic of phase response curve (PRC)
illustrating quantification. The x-axis represents the phase
at which the perturbation is applied in which the zero value
is taken as the peak of the spike at the soma. The y-axis
represents the phase shift for the given perturbation with
positive values representing a phase advance. The PRC is
considered to be left skewed if the shaded area represents
more than 50% of the total area under the curve, where the
total area is calculated between 10% and 90% perturbation
phase. This is done to simplify the consideration of
negative phase shifts. We define a “skewness factor” as
the % of the total area that the shaded area represents.
(Bottom) PRCs for model Cell 3 in which the perturbation
(current stimulus) is given either on the apical or the basal
dendritic branch located at about 300 μm from the soma as
labeled, and as illustrated by the basket cell schematic on
the right side. The shaded regions (as described in the
top schematic) give skewness factors of 44% (basal) and
58.5% (apical). Stimuli used here are 1 ms duration and
20 pA amplitude.
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the PRC by computing the area under the PRC and determin-
ing whether the area of the left half is more or less than 50%,
i.e., a left or right skew respectively. We call the value
obtained for the left area the “skewness factor” and this is
illustrated by the shaded area in Fig. 2 (top).

Using different locations (50, 150 and 300 μm) and different
apical and basal branches (see model schematic in Fig. 2) of
model Cells 1, 2 and 3, we generate PRCs by applying stimuli at
different times during the oscillation cycle and compute their
skewness factors (see details in Section 4.2). The results for
several cases are shown in the second column of Table 2,
arranged in ascending order. As an example, the lower two
panels of Fig. 2 shows PRCs obtained for model Cell 3 in which
either the apical or basal branch is stimulated at about 300 μm
from the soma. The different skewness factors obtained, in
which there is a left or right skew for basal or apical sides
respectively, are apparent.

The theory is applied for the several cases and the
predicted phase lags are shown in the third column of
Table 2. Briefly, the weak coupling theory involves comput-
ing the product of the PRC with a phase-dependent coupling
function of the voltage trajectory to give a “Gfcn” from
which stable phase-locked solutions are predicted to occur
when there is a negative slope at the zero crossing of the
Gfcn. Derivation of the Gfcn and further details are given in
Sections 4.2 and 4.3. Illustrative plots for the case of model
Cell 1 with coupling on the apical branch at about 300 μm
from the soma are given in Fig. 3. Specifically, the top plot
Table 2 – Network dynamic groupings

Grouping PRC
skewness
factor (%)

Predicted phase
lag (%) (weakly

coupled oscillator
theory)

Computed phase
lag (%) (two-cell

network
simulations with
weak coupling,

2–10 pS)

Syn 41.0 5 1 (10 pS)
44.0 7 1 (10 pS)
45.2 11 16 (4 pS)
48.4 10 1 (10 pS)

Asyn 50.3 14 22 (10 pS)
52.6 16 20 (4 pS)
52.9 15 21 (4 pS)
53.7 18 25 (4 pS)
53.8 19 24 (10 pS)
53.8 19 28 (2 pS)
53.9 16 23 (4 pS)
54.2 19 23 (4 pS)
54.2 18 23 (4 pS)
54.8 20 23 (4 pS)

Asyn⁎ 56.8 33 40 (4 pS)
57.4 35 37 (4 pS)
57.4 50 44 (10 pS)
57.5 50 45 (10 pS)
58.5 50 44 (10 pS)
60.2 50 35 (10 pS)
60.7 50 35 (10 pS)

Computed phase lags using (weak coupling) strengths given in
brackets.



Fig. 3 – Theoretical phase lag prediction illustration. Example
voltage, PRC and Gfcn plots for model Cell 1 model. The
voltage is for the dendritic site at 300 μm from the soma, and
is the location for which the PRC is generated. The bottom
plot shows the resulting Gfcn which predicts a stable phase
lag of 16%, i.e., where there is a negative slope at the zero
crossing. See further details in Sections 4.2 and 4.3.
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shows the dendritic voltage trajectory (at 300 μm from the
soma) for a single oscillation cycle of the neuron model, the
middle plot shows the PRC generated at the same location,
and the bottom plot shows the resulting Gfcn from which
the stable phase-locked state is predicted to be at 16%
phase lag. The predicted phase lags are given in the third
column of Table 2. Phase lags are given as a percent of
the period.

Examining Table 2 we note that there is a correspondence
between skewness factors and predicted phase lags in which
larger skewness factors (i.e., more left-skewed) correspond to
larger phase lags. Given that the theory uses the PRC in its
calculation to obtain the predicted phase lag, this correspon-
dence is expected, but the correspondence is also expected not
to be precise since the PRC alone does not encompass other
aspects in the theoretical calculations such as the voltage
trajectory (see Section 4.3).

To compare with the theory, two-cell network simula-
tions are done in which the model cells are coupled with gap
junctions at the dendritic location for which PRCs were
generated and the theory was applied. Weak (2–10 pS)
coupling strength values are used to compare with the
predicted phase lags from the weakly coupled oscillator
theory. An example simulation output is given in Fig. 4 in
which two Cell 1 model cells are coupled with 10 pS gap
junctions at 300 μm from the soma. Stable phase lags close
to that predicted from the theory (as illustrated for the same
example in Fig. 3) are obtained. The phase lags obtained
from the several simulations are shown in the fourth
column of Table 2. We find that our simulation results
agree with the predicted values within 10% (see further
details in Section 4.3).

Table 2 is arranged in order according to skewness factors
and in this way we observe a clear trend in phase lag values.
Specifically, there appear to be three groupings of phase lags
that can be distinguished. We refer to these as syn, asyn and
asyn⁎ network dynamic groupings to represent synchronous
(close to synchrony), asynchronous, and almost antiphase
output from the electrically coupled networks. Syn and asyn⁎
groupings have very different phase lags with the asyn
grouping having phase lags between the two. We chose to
distinguish this third asyn grouping since it occurred in many
of the simulations and could be neatly separated from the syn
and asyn⁎ groupings as shown in Table 2.

We can distinguish these three groupings by examining
characteristics of the Gfcn's for the different groups. Sample
Gfcn's from the three groupings are shown in Fig. 5.
Referring to the first half of the phase lags in the Gfcn
plots (the second part is a repeat due to its functional form
(see Section 4.3)), we find that for the syn grouping, there is
a much greater (N3 times) negative amplitude of the Gfcn
plot relative to its positive part, and for the asyn⁎ grouping
there is a much greater (N3 times) positive amplitude
relative to its negative part. Note that if there is no negative
aspect to the Gfcn curve, it is because the antiphase (50%
lag) state is stable, as shown in the bottom left plot of Fig. 5.
For the asyn grouping, there is not a dominance of either
positive or negative amplitudes in the Gfcn plot, as
illustrated in the top right hand plot. More precisely, we
can say that for the syn grouping, the Gfcn has negative
slope zero crossings close to 0%, for the asyn⁎ grouping the
Gfcn negative slope zero crossings are at 50% or close to it,
and for the asyn grouping, the negative slope zero crossing
is not close to either 0% or 50%.

Given the distinctiveness of these groupings we suggest
that one could use skewness values obtained from PRCs as
“rules of thumb” to determine whether electrically coupled
networks of particular cell types would produce synchro-
nous, asynchronous or close to antiphase patterns. These
rules of thumb, based on the results from Table 2, are given
in Table 3 where we note that PRC skewness factors less than
50% would be expected to yield synchronous output and



Fig. 4 – Two-cell network simulation illustration. Output from a two-cell network using Cell 1 model neurons, corresponding to
the situation shown in Fig. 3. The cells are electrically coupled at their apical dendrites about 300 μm from the somawith a gap
junction conductance of 10 pS. The resulting voltage versus time plot shows a stable pattern with a 19% phase lag, close to that
predicted from the theory.
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those in excess of 55% would be expected to yield antiphase
or close to antiphase patterns. We note that while the
particular values are specific to the basket cell models used
here (although three different models were employed to
obtain the values), the presence of three network dynamic
groupings is probably more general. Furthermore, since the
rules of thumb are based purely on PRCs, they are straight-
forward to extract from simulations or from experimental
data as compared to applying the full theory which also
requires computing a phase-dependent coupling function
with the voltage trajectory.
Fig. 5 – Gfcns for the Network Dynamic Groupings Illustrations fo
asyn*). Two examples are shown for asyn* in which the antiphase
state is stable (bottom right Gfcn plot). Note the different character
Cell 3 about 300μmfromthe somaon thebasal side, asyn is formo
(left) is formodel Cell 3 about 300μmfromthe somaon the apical s
the soma on the apical side but for a different apical dendrite.
2.3. Spike attenuation levels and network groupings

We were able to define three different network groupings
based on PRC skewness factors obtained from the individual
model cells. Let us now consider these in light of the different
intrinsic properties of our three model cells, i.e., their spike
attenuation differences. From previous work (Crook et al.,
1998; Lewis and Rinzel, 2004; Saraga et al., 2006) we know that
the location of gap junction coupling and the particular
intrinsic properties of the cell affect whether synchronous
output occurs or not. We first note that with more spike
r the three different network groupings as labeled (syn, asyn,
state is stable (bottom left Gfcn plot) or close to the antiphase
istics of the Gfcns as described in the Results. Syn is formodel
delCell 2 about 300μmfromthe somaon theapical side,asyn*
ide, and asyn* (right) is also formodel Cell 3 about 300μmfrom



Table 3 – Three network dynamic groupings for basket cell
models

Grouping Predicted phase lag PRC skewness factor

Syn b12% b50% (right skewed)
Asyn 12–25% 50–55%
Asyn⁎ N25% N55% (left skewed)
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attenuation, there is a larger delay in the spike propagation.
Thus, for model Cell 1 which has a 15% basal attenuation (see
Table 1), there is a 1 ms spike delay on the basal side at 300 μm
from the soma, whereas there is only a 0.5 ms spike delay in
model Cell 2 (8% basal attenuation) on the basal side at 300 μm
from the soma. We also note that the model cells have
different AHP characteristics— it is larger inmodel Cells 1 and
2 relative to model Cell 3 (see Table 1). These different delays
and spike characteristics (as can be seen in Fig. 1) are a
function of their different intrinsic properties (i.e., voltage-
gated channel densities in their dendrites), and give rise to
different network outputs.

From previous theoretical work on electrical coupling, it is
known that the super-threshold (‘spike’) component promotes
synchronous states whereas the subthreshold part leads to
stable asynchronous states (Chow and Kopell, 2000; Gao and
Holmes, 2007; Lewis and Rinzel, 2003). This subthreshold
aspect, in the form of the AHP size, was shown by Mancilla
et al. (2007) to destabilize the antiphase state when decreased
(and when the spike width was increased). Thus, stable
antiphase states require larger AHP, a subthreshold aspect.
Comparing model Cell 3 and Cell 1 basal dendritic voltages at
300 μm, it is clear that the AHP is larger for model Cell 1 (see
Fig. 1), andmodel Cell 1 networks coupled at the basal location
give near-antiphase output, whereas model Cell 3 networks
coupled at the basal location do not. However, this subthres-
hold aspect is not a sufficient consideration here — consider
model Cell 3 basal and model Cell 3 apical dendritic voltage
trajectories, which have similar AHP and spike widths but
produce synchronous or asynchronous outputs respectively.
The difference in this latter comparison has to do with the
spike delay between somatic and dendritic locations (note that
the dendritic spike could precede the somatic spike because of
its highly active dendrites — this has been seen in experi-
mentswith hippocampal interneurons, Martina et al., 2000), in
that cells with larger spike delays give asynchronous output in
Table 4 – Spike attenuation and network groupings

Basal

PRC skewness
factor (%)

Computed phase lag (%)
(two-cell network
simulations with
weak coupling)

G

Cell 1 (2% AA, 15% BA) 60.2 35 (10 pS)
Cell 2 (8% AA, 8% BA) 53.7 25 (4 pS)
Cell 3 (14% AA, 6% BA) 44.0 1 (10 pS)

BA=basal attenuation, AA=apical attenuation, computed phase lags usin
electrically coupled networks of such cells. On the apical side,
model Cell 3 has a larger spike delay between the soma and
dendrite relative to the basal side, and for the former
comparison, it is also the case that model Cell 1 has a larger
spike delay on the basal side relative to that of model Cell 3 on
the basal side.

Based on the PRC skewness factor values and the criteria
for groupings described above, we can estimate how spike
attenuation affects the ability of the network to produce
synchronous or asynchronous output. In Table 4 we show
PRC skewness factors and their corresponding network
grouping, as well as phase lags obtained from network
simulations of two model cells coupled to each other at
either basal or apical sides approximately 300 μm from the
soma. We see that synchronous output occurs when the cells
are coupled on the side with little attenuation (small delay),
and close to antiphase patterns occur when the cells are
coupled on the side where there is larger attenuation. Thus,
coupling on the basal side of model Cell 1 or the apical side of
model Cell 3 which expresses large enough attenuation (and
delay), gives rise to asynchronous patterns and synchronous
output is not possible. Using our rules of thumb (Table 3), we
can say that if the PRC skewness factor is N55%, we would
expect close to antiphase patterns (non-synchronous) to
occur in electrically coupled networks of the particular cells
at the given location. Given that spike attenuation and/or
spike delay are easier to obtain than PRCs in an experimental
setting, they could be used to gauge possible network outputs
in electrically coupled networks. We note that in other
studies with model networks using passive dendrites,
computed PRCs indicate that the skewness factor would
clearly be greater than 50% and thus correctly predict
asynchrony with dendritic coupling (see Fig. 1 in Lewis and
Rinzel (2004), and Fig. 10 in Pfeuty et al. (2005)), in line with
our observations here. As shown by Goldberg et al. (2007),
dendritic PRCs are filtered versions of somatic PRCs and are
determined by passive and active properties of the dendrite.

In essence, asynchronous output occurs with larger AHPs
(subthreshold aspect), and larger spike delays (somato-den-
dritic interactions). The former is not captured by PRC
characteristics whereas the latter is, as included in how the
PRC is defined (see Section 4.2). Therefore, given that the rules
of thumb which are based on PRCs are predictive of phase-
locking (as shown in the previous Section 2.2, Table 2), this
implies that somato-dendritic interactions dominate in
Apical

rouping PRC skewness
factor (%)

Computed phase lag (%)
(two-cell network
simulations with
weak coupling)

Grouping

Asyn⁎ 52.6 20 (4 pS) Asyn
Asyn 54.2 23 (4 pS) Asyn
Syn 58.5 44 (10 pS) Asyn⁎

g (weak coupling) strengths given in brackets.
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affecting the resulting network output, and spike delays
(which depend on dendritic voltage-gated channel character-
istics and where the gap junction is present on the dendrite)
are critical factors to consider.

2.4. Networks weakly coupled with multiple gap junctions—
same rules of thumb

Let us now consider networks in which gap junction coupling
occurs at more than one site as exists anatomically. A single
PRC cannot be obtained formultiple site stimulation and so for
the PRC to represent a multiply coupled (stimulated) situation
and to compute skewness factors, we simply average the PRCs
obtained for each of the dendritic sites to produce a single PRC
representative of the multiply stimulated situation. The
skewness factor is computed using these averaged PRCs and
is shown in the second column of Table 5 for model cell
networks coupled on apical and basal sides as indicated. To
obtain predictions from the weakly coupled oscillator theory,
we simply sum the Gfcns from the different sites and obtain
the resulting stable phase lags. This is possible to do since the
theory essentially uses a linearization around an unperturbed
limit cycle so that the superposition principle applies (see
Section 4.3 for further details). The PRC skewness factors and
predicted phase lags from the theory are shown in Table 5 for
doubly and triply coupled networks. Two-cell network simu-
lations with doubly and triply coupled cells with weak
electrical coupling yield the phase lag values shown in the
fourth column of Table 5. As with the single site coupling
scenarios given in Table 2, simulations and predictions agree
within 10%. The distinguishable grouping based on the PRC
skewness factors are given in the last column of Table 5. Thus
our PRC skewness factor rules of thumb are also appropriate
for multiply coupled networks.

2.5. Beyond weak coupling

The simulation results discussed so far have been for weak (2–
10 pS) gap junction coupling, which would physiologically
represent at most a unitary gap junction channel forming the
connection. We also perform several simulations that go
beyond this weak level to encompass the entire range of
physiologically known values. For the cases shown in Table 4
Table 5 –Multiply coupled cells and network groupings

Averaged PRC skewness
factor (%)

Predict
(we
osci

Cell 1 (2% AA, 15% BA)
(1 apical and 1 basal coupled)

55.9

Cell 2 (8% AA, 8% BA)
(1 apical and 1 basal coupled)

53.8

Cell 3 (14% AA, 6% BA)
(1 apical and 1 basal coupled)

51.5

Cell 3 (14% AA, 6% BA)
(1 apical and 2 basal coupled)

49.3

BA=basal attenuation, AA=apical attenuation, computed phase lags usin
and Table 5, the results are shown in plots of Figs. 6A and 7
respectively. Open symbols refer to cases where the asyn
grouping occurred for weak coupling, closed symbols refer to
when the asyn⁎ grouping occurred for weak coupling, and
starred symbols refer to when the syn grouping occurred for
weak coupling. For all cases (but note pattern exception
below), it is clear that there is a decrease in phase lags as the
gap junction coupling strength increases. The phase lag is
calculated as a percent of the network period. There is a
decrease in the network period with increasing gap junction
strength so that it is clear that we are outside the realm of
‘weak coupling’with the larger strengths—we find about a 5%
increase as the largest change in any of the simulations. We
also find that as we move beyond the theoretically weak
coupling values, multistable patterns emerge. In the simula-
tions, multistability was found by starting the simulations at
different initial conditions. In other words, different initial
perturbations were used (see Section 4.1). For the single site
connections where multistability was specifically found, we
indicate this by a star in the plot of Fig. 6A.

In general, the larger the phase lags are with weak coupling
(asyn and asyn⁎ groupings) for the given cases, the larger they
remain relative to each other as gap junction strength
increases when the cells are coupled at a single site. This
tendency is also there for themultiply coupled networks but it
is possible that this could change with larger coupling
strengths (e.g., compare relative phase lags with double
coupling at 100 and 1000 pS in Fig. 7). Note that the simulations
were done with the same coupling strengths at the different
sites but clearly different weightings of coupling strengths
would affect the relative phases also.

Although in general phase lags decrease with increasing
gap junction strength, synchronous behaviour is not
achieved in all cases with the largest physiological gap
junction strengths (e.g., see model Cell 1 network coupled at
their basal dendrites case in Fig. 6A). However, if there is
synchronous behaviour with weak coupling (syn grouping),
this continues to be the case with increasing coupling
strengths. Thus, when asyn or asyn⁎ groupings are present
with weak coupling, a wider range of phase lags becomes
possible over a physiological range of gap junction strengths.
This suggests that the computational capabilities of asyn/
asyn⁎ networks are increased since there is an expanded
ed phase lag (%)
akly coupled
llator theory)

Computed phase lag (%)
(two-cell network simulations

with weak coupling)

Grouping

25 29 Asyn

18 27 Asyn

13 14 Asyn

10 1 Syn

g 10 pS (weak coupling) strengths.



Fig. 6 – Phase lags for networks coupled at a single location for a range of physiological gap junction coupling strengths. (A)
Phase lags given as a % of the network period for two-cell networks of Cell 1, Cell 2, and Cell 3 model cells coupled at apical or
basal dendrites 300 μm from the soma. If multistability was detected at the 10 pS coupling, then it is indicated with a * symbol.
The phase lags decreasewith increasing coupling strength asmight be expected. For the Cell 3 networks coupled at apical sites,
highly non-synchronous activities of anti-phase firing are obtained and increasing the gap junction strength gives rise to an
underlying slow oscillation, as illustrated in (B). Note that in all cases there is at most a 5% difference between intrinsic and
network periods. (B) Voltage versus time for Cell 3 networks coupled at their apical branches at 300 μm from the soma with a
2000 pS gap junction strength. Top part shows the emergence of an approximately 0.5 Hz modulation in spike amplitudes.
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range of phase lag values that can be obtained with
modulation of the gap junction strengths.

Interestingly, we find the emergence of a new slow
dynamic outside of the weak coupling regime for an asyn⁎
grouping case — see model Cell 3 apical coupling in Fig. 6A.
In this case, the firing remains antiphase as gap junction
strength increases and then close to a 2000 pS coupling
strength an additional oscillatory pattern emerges. This is
shown in Fig. 6B — the bottom part shows the antiphase
firing of the two cells on an expanded scale, and in the top
part the slower dynamic is apparent with a switching of the
spike amplitude between the cells. It is likely that the
emergence of these slow dynamics is related to somato-
dendritic interactions in the compartmental cells. This is



Fig. 7 – Phase lags for networks coupled at multiple locations
for a range of physiological gap junction coupling strengths.
Phase lags given as a % of the network period for two-cell
networks of Cell 1, Cell 2 and Cell 3 model neurons multiply
coupled at apical and basal dendrites 300 μm from the soma.
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because asynchronous patterns emerge with larger spike
delays (somato-dendritic interactions) and, as described
above, the spike delay is a critical factor in controlling the
network output with weak coupling. In this situation, it may
be that the larger coupling used in the simulations is able to
push the network to a new stable state in which the spike
amplitudes are modulated on a slower time scale.

Our modeling work has shown that the output of (weakly)
electrically coupled inhibitory networks can be broken down
into three groupings distinguished by their phase lag values as
predicted from weakly coupled oscillator theory. Moreover, a
quantification of PRCs, which we call skewness factors, can be
used as rules of thumb to determine these different groupings.
Given this, the spike delay between the soma and dendrite is a
critical factor in determining the network output. As shown in
simulations that move beyond weak coupling and encompass
the range of physiologically relevant values, we find that it is
important to be able to differentiate between these different
groupings as it affects the way in which the network responds
with gap junction modulation.
3. Discussion

In summary, we find that output from networks electrically
coupled at their dendrites can be broken down into three
different dynamic groupings of synchronous (syn), asynchro-
nous (asyn) and antiphase-like (asyn⁎) patterns, when weakly
coupled. Furthermore, we find that values obtained from
quantified phase response curves (PRCs) can be used as rules
of thumb to distinguish between the three groupings, for
singly or multiply coupled networks. For the basket cell
models used here, if more than 55% of the area under the
PRC curve is to the left, then we expect to get patterns that are
antiphase or close to antiphase (N25% phase lag) in two-cell
networks coupled by gap junctions at the dendrite location(s)
where the PRC was generated. If less than half the area is to
the left, synchronous behaviour is expected to emerge. These
numbers are likely specific to the models used here (although
three different models were examined), but the presence of
three groupings that can be distinguished by quantified PRCs
is probably more general. That PRCs are predictive of the
dynamic groupings implies that somato-dendritic interac-
tions critically determine the resulting network output since
they influence the PRCs. Thus spike delays (or spike attenua-
tion) are essential factors in affecting network output, with
larger spike delays giving rise to asynchronous (near anti-
phase) output.

We note that network couplings that produce asynchro-
nous (asyn, asyn⁎) patterns (as opposed to synchronous
patterns) with weak coupling encompass more dynamic
richness, possibly even leading to more complex patterns
(see Fig. 6B). That is, since gap junctions are modulated, an
asynchronous output with weak coupling could maximize the
range of phase lags that are expressed by the network. Thus if
asynchrony with weak coupling is expected based on com-
puted skewness factors of PRCs of particular inhibitory cells,
then we would predict that electrically coupled networks of
these inhibitory cell types could drastically change their
output (between asynchrony and synchrony) with coupling
strength changes. These changes could occurwithmodulation
at multiple sites.

3.1. Basket cell networks in hippocampus

In previous work we showed that compartmental models of
basket cells endowedwith active dendrites expressed network
dynamics that could be sensitively tuned by changes in gap
junction strengths (Saraga et al., 2006). In general, more active
dendrites produced less spike attenuation and less sensitivity
in network dynamics with changes in gap junction coupling
strengths, staying in the synchronous mode for active
dendrites beyond a certain channel density. However, uniform
channel densities were used in that work. In ourwork here, we
had different spike attenuations (and intrinsic properties) on
basal and apical sides of the model cells. We found that with
large enough spike attenuation (or equivalently, large enough
delay in spike propagation), asynchronous modes occurred
(asyn/asyn⁎ grouping), and hence more sensitivity with
changes in coupling strengths, when dendritic coupling was
on the sidewith large enough spike attenuation. Conversely, if
gap junction couplings dominated on the side with less
attenuation, synchronous modes would be expected. Fukuda
and Kosaka's (2000) anatomical studies indicates a prevalence
of gap junction coupling between hippocampal basket cells on
the basal side in oriens/alveus layers. If there is also more
spike attenuation on the basal side, this would be an
indication that basket cells coupled with dendritic gap
junctions produce asynchronous output whenweakly coupled
and thus show sensitivity with changes in gap junction
coupling strength. However, basket cells are also coupled
with inhibitory synapses which would also play a role in
network output.

It has been shown that the stability of the asynchronous
state in large networks is related to left skewness of the PRC
(Pfeuty et al., 2003). We can interpret our two-cell network
results in this light (for asyn⁎ states). Although the verifica-
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tion of (synchrony/asynchrony) model predictions is done
using two-cell networks, the relation to quantified PRCs
allows our interpretation. The structural organization of the
gap junction network has predominantly been examined for
PV+ inhibitory cells in hippocampus and neocortex, and they
are different for these brain regions (Fukuda, 2007). In
hippocampus, the basal dendrites (toward stratum oriens
and the white matter) appear to form a continuous lateral
network from CA1 to CA3, from CA1 to the subiculum, and
also from septal to temporal poles in hippocampus. However,
it does not seem to work as a syncytium since the active
fraction of the gap junction coupled network (as related to
synchrony) is much more limited than the structural
numbers. Given that different dynamic patterns are possible
in basket cell networks coupled with dendritic gap junctions,
it may be that the role of the structural connectivity is to
increase the dynamic richness of the output rather than to
simply produce synchrony or not.

3.2. Experiments and future directions

To experimentally examine the predictions and insights
presented in this work would require dendritic recordings (to
obtain PRCs) and dual recordings from interneurons that are
electrically coupled to assess their level of synchrony. Asses-
sing the level of synchrony would have to be tempered by the
experimental situation — for example, whether a dynamic
clamp situation could be used to control and systematically
examine the electrical coupling at different dendritic loca-
tions, and how much the level of synchrony is influenced by
the rest of the network. These would be challenging experi-
ments, especially since they involve dendritic recordings on
interneurons. Experimentally derived PRCs have been
obtained for neocortical cells and used with weakly coupled
oscillator theory to predict network output in electrically
coupled cells (Mancilla et al., 2007), assuming somatic gap
junction coupling.

One should consider using detailed, compartmental
models that are closely linked to experimental data. The
basket cell model used here is a start in that direction in
which some basket cell characteristics (e.g., spike attenua-
tion) were examined, although some aspects such as spike
width are not ideal in the present models. This is not too
surprising given that only two types of voltage gated
channels are used in the present models. However, more
data is becoming available (Hu and Jonas, 2008; Maccaferri
et al., 2004; Nörenberg et al., 2008) so that such models may
soon be available, and together with sensitivity analysis and
optimization approaches (e.g., see Weaver and Wearne, 2008)
could lead to robust models. With such models, comparisons
of model and experimental dendritic PRCs could be done, and
then two-cell model networks used to examine the level of
synchrony as predicted in this work. The range and extent of
gap junction coupling should be fully examined in the
models, and it would be especially interesting to examine
and compare differences between apical and basal dendritic
couplings since Fukuda and Kosaka's (2000) anatomical
studies show that gap junction coupling between hippocam-
pal basket cells may be more prevalent on the basal side in
oriens/alveus layers.
Our work has shown that spike attenuation (spike delay)
characteristics are critical in determining network output.
Simultaneous somatic and dendritic recordings would allow
spike delays and attenuations to bemeasured, and the level of
synchrony assessed. For example, as shown in the models
here, about a 15% spike attenuation (as measured at 50 μm) is
enough to allow asynchronous (antiphase-like) output to
occur with gap junction coupling at about a 300 μm location
(see model Cell 1 basal and model Cell 3 apical, Table 4). It
would be interesting to compare spike delays and attenua-
tions on different apical and basal dendrite locations.
Together with robust, compartmental models, predictions of
network synchrony would be possible.

It would be further interesting to determine and compare
spike delays, attenuations and dendritic PRCs in basket, axo-
axonic and bistratified cells, all of which have dendritic gap
junctions, as given by their immunoreactivity for Cx36
protein (Baude et al., 2007). Both basket and axo-axonic
cells target regions close to the pyramidal cell body. However,
unlike basket cells, axo-axonic cells are not coupled with
inhibitory synapses. Perhaps axo-axonic cells control syn-
chronous output by gap junction modulation of their net-
works. If so, we would expect that asynchronous modes with
weak coupling are possible (i.e., left skewed PRCs) and large
spike delays between soma and dendrites of axo-axonic cells
occur. This would allow more flexibility in changing the
network output with changes in gap junction strength. It
should be noted that both passive and active dendrite
properties affect dendritic PRCs (Goldberg et al., 2007) which
predict network output. This further motivates obtaining
data describing interneuron dendrite characteristics of dif-
ferent interneuron types.

The compartmental models allow one to link experimental
parameters (e.g., distribution of sodium channels in the
dendrites) that are important in controlling network syn-
chrony. Mathematical reductions that dissect out the
dynamics (e.g., see Clewley et al., 2008) could be employed to
obtain simpler models that are more amenable to analyses,
and thus identify key aspects of control. Analyses would not
only provide a deep and thorough understanding of under-
lying mechanisms, but would also allow larger networks to be
computedmore easily and interpreted in light of experimental
work. Further, theoretical insights from networks that com-
bine inhibitory and electrical coupling (Gao and Holmes, 2007;
Lewis and Rinzel, 2003; Pfeuty et al., 2005) could be brought to
bear with the simpler models.

From a functional perspective it may be that the gap
junction coupled networks bring about cell assemblies that
are thought to be the substrate of information coding in the
brain (Harris, 2005; Harris et al., 2003). In other words,
ramping up and down of gap junction strengths at different
multiple sites could be key to the production of cell
assemblies. Asynchronous output at weak coupling would
be important to allow this range of control. An interesting
study regarding patterns of activity in locus coeruleus (LC)
and behavioural performance used models and analyses to
show that changes in electrotonic coupling among LC
neurons could play an important role in attentional modula-
tion (Brown et al., 2004; Usher et al., 1999). It is also of note
that large-scale, biophysically realistic models of rat dentate
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gyrus indicate the functional importance of non-random
connectivity in epileptic brain circuits (Morgan and Soltesz,
2008). Thus, the presence of particular inhibitory cell types
coupled with gap junctions inserted with specific connectiv-
ities in full-scale networks of hippocampus may be critical
for normal and pathological brain states. Examining this in
network models which also encompass non-homogeneous
couplings could be an interesting avenue to follow.
4. Experimental procedures

4.1. Compartmental models

A 372-compartment model of a hippocampal CA1 basket cell
implemented in NEURON (Hines and Carnevale, 1997) was
used in this work. The originalmodel, based on a hippocampal
basket cell morphology of Gulyás et al. (1999), was constructed
by Saraga et al. (2006). This model is available in ModelDB
online at http://senselab.med.yale.edu/ModelDb/ShowModel.
asp?model=114047.

The model is given by the spatially discrete form of the
cable equation:

C
dVk

dt
= gk�1;k Vk�1 � Vkð Þ + gk + 1;k Vk + 1 � Vkð Þ � Iionic;k ð1Þ

where C=0.8 μF/cm2 is the capacitance, V is the voltage, t is
time, γ is the coupling conductance between connected
compartments, Iionic is the ionic current, and k refers to the
particular compartment. The axial resistivity, rL, is 200 Ωcm,
and is related to γ such that γi,j=a/(2 rL l2) if compartments i
and j have the same length (l) and radius (a) (Dayan and
Abbott 2001). The compartmental models used here have the
same morphology and passive properties used in Saraga
et al. (2006), and contain sodium, potassium and leak
channels, for which the kinetics were taken from Saraga
et al. (2003). That is,

Iionic = INa + IK + gL V � ELð Þ ð2Þ

The sodium current, INa, is described by: INa = gNam3h V � ENað Þ,
with

dm
dt

= am 1�mð Þ � bmm;

dh
dt

= ah 1� hð Þ � bhh;

where gNa is the maximal sodium conductance, andm and h are
the activation and inactivation variables. The reversal potential
(ENa) is 55 mV, modified from Saraga et al. (2006). The forward (αm
and αh) and backward (βm and βh) rate constants were found by
Saraga et al. (2003) by fitting them to experimentally derived
steady state activation and inactivation curves for sodium in the
soma and the dendrites:

am;s =
�0:1 V + 38ð Þ

exp
� V + 38ð Þ

10

� �
� 1

; bm;s = 4exp
� V + 65ð Þ

18

� �
;

am;d =
�0:1 V + 45ð Þ

exp
� V + 45ð Þ

10

� �
� 1

; bm;d = 4exp
� V + 70ð Þ

18

� �
;

ah;s = 0:07exp
� V + 63ð Þ

20

� �
; bh;s =

1

1 + exp
� V + 33ð Þ

10

� � ;

ah;d = 0:07exp
� V + 70ð Þ

20

� �
; bh;d =

1

1 + exp
� V + 40ð Þ

10

� � ;

The potassium current, IK, is described by: IK = gKn4 V � EKð Þ,
with

dn
dt

= an 1� nð Þ � bnn;

where gK is the maximal potassium conductance, and n is the
activation variable. The reversal potential (EK) is −100 mV,
taken fromMartina et al. (2000). The forward (αn) and backward
(βn) rate constants are taken from Saraga et al. (2003):

an;s =
�0:018 V � 25ð Þ

exp
� V � 25ð Þ

25

� �
� 1

; bn;s =
0:0036 V � 35ð Þ
exp

V � 35
12

� �
� 1

;

an;d =
�0:018 V � 20ð Þ

exp
� V � 20ð Þ

21

� �
� 1

; bn;d =
0:0036 V � 30ð Þ
exp

V � 30
12

� �
� 1

:

Three differentmodel cells (Cell 1, Cell 2 and Cell 3) are used
in this work. They differ only in their maximal sodium and
potassium conductances (gNa and gK) in their soma, apical and
basal dendrites. The sodium and potassium conductances are
uniformly distributed in each apical and basal dendrite.

The reversal potential for the leak channel (EL) is −60 mV
and its conductance, gL, is 0.0245mS/cm2. The input resistance
and membrane time constant of the model is 245 MΩ and
30 ms respectively, matching those found experimentally
(Morin et al. 1996). The sodium and potassium conductance
values are chosen such that they approximately match
electrophysiological responses (van Hooft et al. 2000, Morin
et al. 1996) and give different spike attenuation values that
encompass those seen experimentally (M. Martina, unpub-
lished observations). Spike amplitudes were calculated by
taking the difference between the peak of the action potential
spike and the minimum voltage following the spike. The
afterhyperpolarization (AHP) values were calculated by the
difference between the restingmembrane potential (RMP) and
the minimum voltage following the spike. The RMP value was
approximated as the value of the membrane potential before
the onset of the action potential, as estimated by the value of
the membrane potential at which a doubling of the slope of
the membrane potential occurred. Maximal conductance
values, spike attenuation values, firing frequency and spike
characteristics for the model cells are given in Table 1.

For the two-cell network simulations, non-rectifying gap
junctions were added between the dendrites of the two cells.
The gap junction current, Igap,k, between the kth dendritic

http://senselab.med.yale.edu/ModelDb/ShowModel.asp?model=114047
http://senselab.med.yale.edu/ModelDb/ShowModel.asp?model=114047
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compartments of cell 1 and cell 2, is added to the Iionic Eq. (2),
and is given by:

I1gap;k = ggap V1
k � V2

k
� �

and I2gap;k = ggap V2
k � V1

k
� � ð3Þ

for cell 1 and cell 2 respectively.
The network simulations were homogeneous in that the

two coupled model cells were the same and the gap junctions
were located at the same dendritic site in the two cells — this
is reasonable given the structural organization of basket cells
in the hippocampus (Fukuda, 2007). At the start of the
simulations, a perturbing current was injected into one of
the two cells (thus giving different initial conditions) to ensure
that the two cells did not fire in synchrony from the beginning.

4.2. Phase-response curve (PRC) computation and
skewness factors

The infinitesimal phase response curve (iPRC), Z(t), is given by
the normalized phase shift Δθj of a cell in response to small,
brief current stimulus of amplitude Istim and duration Δt
delivered at phase θj= t+ψj:

Z t + wj

� �
=

Dwj

IstimDt
: ð4Þ

PRCs were generated by injecting stimuli (typically 20 pA
current for 1ms duration) into themodel cell at different times
relative to the oscillation cycle, at dendritic locations where the
model cell would be electrically coupled with another model
cell in the two-cell network simulations. As is typically done,
we assign zero phase as the peak of the somatic spike. That
is, zero perturbation phase refers to the input stimulus occur-
ring at the time of the somatic spike peak. Note that since
the stimuli are given at dendritic sites, an input stimulus at
the somatic spike peak time does not necessarily occur at the
same time as the dendritic spike peak time (see Fig. 1). The
intrinsic properties of the model cell would affect the relative
timing of dendritic and somatic spikes, i.e., how “active” the
dendrites are with their voltage-gated channels.

The phase shift of the somatic spike due to the stimulus
wasmeasured, normalized for the given stimulus, and plotted
to give Z(t), the iPRC, in units of 1/pA. Stimuli injections were
done at a resolution of 5% of the period. These plots were fit
using spline or polynomial curve-fitting in MATLAB. For
example, see plots in Fig. 2. These fitted PRCs were used
when applying the weakly coupled oscillator theory, and in
quantifying the skewness of the PRCs (as described below).
Different stimuli ranging from 10 to 75 pA amplitude and 0.5 to
1.5 ms duration were used to ensure that the PRC appro-
priately represented the neuronal oscillator's intrinsic proper-
ties (not shown).

We quantified the PRCs by calculating the area under the
PRC from 10% to 90% of the perturbation (stimulus) phase (as
on the x-axis), in order to account for propagation along the
dendrite and to simplify consideration of any negative phase
shift, and computed the percent of the area that was on the
left side of the plot. We refer to this value as the skewness
factor. When multiple locations of gap junctions are being
considered, the average of the various PRCs is used to give a
PRC from which the skewness factor is computed.
4.3. Weakly coupled oscillator theory

This theory has been used to analyze networks of neurons
(e.g., Crook et al., 1998; Lewis and Rinzel, 2003). Its use lies in its
ability to say something about the coupled system using
information about the uncoupled system alone. It involves
reduction to phase models and computing interaction func-
tions from these reduced models, from which stable phase-
locked states can be predicted. The theory and method
application is given in detail in Crook et al (1998), Ermentrout
(2002) and Lewis and Rinzel (2003).

Here, in deriving the equations, we follow the approach
given in Lewis and Rinzel (2003) and Mancilla et al. (2007):

The individual 372-compartment model cell (Eq. (1))
oscillates (i.e., follows a limit cycle) with an intrinsic period,
T. This would be the case for each of the 372 compartments
in the model. Let V⁎ represent the uncoupled cell voltage
(with a corresponding representation for each compartment).
With weak coupling, the system stays on the limit cycle but
with small shifts in its phase (i.e., its location on the limit
cycle). Thus:

V1 tð ÞgV�1 t + wið Þ N Vk tð ÞgV�k t +wið Þ N V372 tð ÞgV�372 t +wið Þ ð5Þ

for each of the two cells, i=1,2.
The gap junction current flowing from cell p to cell q (for

the particular dendritic compartment where the gap junction
coupling is present) is approximately (see Eqs. (1)–(3)):

Igap;pYq t +wq; t +wp

� �
= ggap V� t +wp

� �
� V� t + wq

� �h i
:

Using the PRC and its definition given in Eq. (4), the phase
shift in cell q due to the gap junction current (‘stimulus’) from
cell p over a brief time Δt is:

Dwq = Z t + wq

� �
ggap V� t +wp

� �
� V� t + wq

� �h i� �
Dt:

Rearranging and taking the limit, we obtain:

dwq

dt
= Z t +wq

� �
ggap V� t + wp

� �
� V� t +wq

� �h i� �
:

With the weak coupling assumption, the change in phase
occurs on a slower timescale than the oscillation period, T,
and thus the right hand side of the above equation can be
averaged over T.

dwq

dt
=
1
T

Z T

0
Z t +wq

� �
ggap V� t + wp

� �
� V� t +wq

� �h i� �
dt:

With a change of variables, we obtain:

dwq

dt
=
1
T

Z T

0
Z uð Þggap V� u� wq � wp

� �� �
� V� uð Þ

h i
du: ð6Þ

Rewrite as:

dwq

dt
= ggapH wq � wp

� �
ð7Þ
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where

H wq � wp

� �
=
1
T

Z T

0
Z uð Þ V4 u� wq � wp

� �� �
� V4 uð Þ

h i
du: ð8Þ

Let / =wq � wp be the phase difference or phase lag between
the two cells. Then

d/
dt

= ggap H /ð Þ �H �/ð Þ½ � ð9Þ

and

d/
dt

= ggapG /ð Þ ð10Þ

where G(ϕ) is a function that includes properties of the
uncoupled system: the voltage, the PRC and the expression
of the gap junction coupling. Note that the voltage would
be the uncoupled voltage at the dendritic location where
stimuli are injected to generate the PRC. We will refer to G(ϕ)
as the Gfcn, and is so specified in the figures. Stable phase-
locked solutions, ϕss, are present at the zero crossings (i.e., G
(ϕss)=0) when the slope of the Gfcn is negative at these zero
crossings (i.e., G′(ϕss)b0). Gfcn's (Eq. (10)) are computed and
plotted using a MATLAB code provided by T. Lewis. For
example, see Gfcn plots in Fig. 5. The phase lag (ϕ) is given
as a % of the period, T, and note that the Gfcn is symmetric
about 50% phase lag (or 180°) by virtue of its form
G /ð Þ =H /ð Þ �H �/ð Þ. Note that identical, symmetrically
coupled cells (as is the case here) necessarily exhibit
solutions of synchrony and antiphase (0% and 50% phase
lags) expressions, although they may not necessarily be
stable (Ermentrout et al., 2001; Izhikevich and Ermentrout,
2008). As can be seen in Fig. 5 here and in Lewis and Rinzel
(2004, their Fig. 2), although 0% and 50% phase lags exist,
they are only sometimes stable.

Due to the small input (weak coupling), the intrinsic
dynamics dominate and the system behaves linearly, so that
the effect of inputs linearly summate. In other words, the
theory essentially uses a linearization around an unperturbed
limit cycle (see Eq. (5)). Therefore, if there are multiple
couplings at different locations, the different Gfcn's obtained
(Eq. (10)) can be summed (superposition principle). For
example, for two different locations (different dendritic
branches and PRCs), say G1(ϕ) and G2(ϕ) are obtained. For the
same coupling strength at the different locations, the resulting
Gfcn from which stable phase-locked states are derived is the
sum, i.e., Gfcn=G1+G2.

It is important to note that the predictions from the
theory are only quantitatively accurate for sufficiently weak
coupling. In our previous work (Saraga et al., 2006) in
which we compared predicted phase lags in a reduced
3-compartment model and computed phase lags in a 372-
compartment model, we determined that weak coupling
was about 10 pS. Thus, for the studies here, we use this as
a starting estimate for weak coupling values (and explore
smaller values) to use for the gap junction strengths in our
two-cell simulations to compare with the theory. In
general, a good comparison (within 10%) with the theory
is obtained for 2–10 pS gap junction strengths. This is
reasonable considering that one expects some error in
comparison with the theory where the coupling is assumed
to be “infinitesimally weak”.
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