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Komendantov, Alexander O. and Carmen C. Canavier. Electrical
coupling between model midbrain dopamine neurons: effects on firing
pattern and synchrony. J Neurophysiol 87: 1526-1541, 2002;
10.1152/jn.00255.2001. The role of gap junctions between midbrain
dopamine (DA) neurons in mechanisms of firing pattern generation
and synchronization has not been well characterized experimen-
tally. We modified a multi-compartment model of DA neuron by
adding a spike-generating mechanism and electrically coupling the
dendrites of two such neurons through gap junctions. The burst-
generating mechanism in the model neuron results from the inter-
action of a N-methyl-p-aspartate (NMDA)-induced current and the
sodium pump. The firing patterns exhibited by the two model
neurons included low frequency (2—7 Hz) spiking, high-frequency
(13-20 Hz) spiking, irregular spiking, regular bursting, irregular
bursting, and leader/follower bursting, depending on the parameter
values used for the permeability for NMDA-induced current and
the conductance for electrical coupling. All of these firing patterns
have been observed in physiological neurons, but a systematic
dependence of the firing pattern on the covariation of these two
parameters has not been established experimentally. Our simula-
tions indicate that electrical coupling facilitates NMDA-induced
burst firing viatwo mechanisms. The first can be observed in a pair
of identical cells. At low frequencies (low NMDA), as coupling
strength was increased, only a transition from asynchronous to
synchronous single-spike firing was observed. At high frequencies
(high NMDA), increasing the strength of the electrical coupling in
an identical pair resulted in a transition from high-frequency
single-spike firing to burst firing, and further increases led to
synchronous high-frequency spiking. Weak electrical coupling de-
stabilizes the synchronous solution of the fast spiking subsystems,
and in the presence of a slowly varying sodium concentration, the
desynchronized spiking solution leads to bursts that are approxi-
mately in phase with spikes that are not in phase. Thus this
transitional mechanism depends critically on action potential dy-
namics. The second mechanism for the induction of burst firing
requires a heterogeneous pair that is, respectively, too depolarized
and too hyperpolarized to burst. The net effect of the coupling isto
bias at least one cell into an endogenously burst firing regime. In
this case, action potential dynamics are not critical to the transi-
tional mechanism. If electrical coupling is indeed more prominent
in vivo due to basal level of modulation of gap junctions in vivo,
these results may indicate why NMDA-induced burst firing is
easier to observe in vivo as compared in vitro.

INTRODUCTION

Midbrain dopaminergic (DA) neurons have been shown to
be of great importance in different aspects of brain function
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such as reward-mediated learning, movement control, cogni-
tion, and motivation (Schultz 1998). They are involved in such
clinica disorders as Parkinson's disease (Ljungberg et al.
1992), schizophrenia (Weinberger 1987), and drug addiction
(Koob et al. 1987). Midbrain DA neurons are located in three
adjacent regions. ventral tegmental area (VTA or A10), the
substantia nigra pars compacta (A9), and the retrorubral area
(A8). These neurons comprise a relatively homogenous popu-
lation by virtue of their similar electrophysiological properties
(Cardozo and Bean 1995; Yung et al. 1991).

DA neurons exhibit two major patterns of membrane poten-
tial discharge in vivo: single spike firing and burst firing
(Freeman et al. 1985; Grace and Bunney 1983a), whereas in a
slice preparation, mostly single-spikefiring is observed (Kita et
al. 1986; Sanghera et al. 1984; Shepard and Bunney 1988;
Yung et al. 1991), presumably due to the loss of synaptic
afferents. Bursts may be observed experimentally in slice prep-
arations using some pharmacological manipulations that may
mimic the effects of synaptic afferents in vivo. Two mecha-
nisms of bursting have been proposed for DA neurons based on
two pharmacological manipulations that induce burst firing in
vitro: the application of apamin (Nedergaard et al. 1993; Ping
and Shepard 1996) and of N-methyl-p-asparic acid (NMDA)
(Johnson et al. 1992). An intrinsic, voltage-dependent calcium
current and calcium dynamics are implicated in the first,
apamin-sensitive mechanism, whereas the NMDA-induced
current and sodium dynamics are implicated in the second one.
We postulate that the apamin-sensitive mechanism is largely
located in soma, whereas the NMDA-burst firing mechanism is
largely dendritic. There is some evidence that burst firing in
midbrain DA neurons in vivo results from tonic activation of
NMDA receptors by endogenous excitatory amino acids (Cher-
gui et a. 1993). As afirst approximation, in this study we have
focused only on the NMDA-induced burst firing mechanism
and its modulation by electrical coupling.

There is no consensus regarding the mechanisms of burst
firing in vivo, and the mechanisms of burst firing in vitro are
controversial as well. There is emerging data showing that the
two mechanisms proposed in vitro are actually distinct, al-
though they may exhibit synergy on occasion, because apamin-
induced burst-firing persists in the presence of the NMDA
antagonist 2-amino-5-phosphonovalerate (APV) (Shepard et
al. 2000) and NMDA-induced burst-firing persists in the pres-
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ence of nifedipine (Wu et al. 2000), which has been shown to
block apamin-induced bursting (Ping and Shepard 1996).
NMDA-induced burst firing in a slice preparation has often
been overlooked, perhaps because to observe it certain manip-
ulations are often required, such as the injection of hyperpo-
larizing current and/or the application of apamin (Johnson et al.
1992; Seutin et al. 1993) or waiting several minutes and using
intracellular instead of extracellular electrodes (Wang et a.
1994). The sodium dependence of burst firing and the role of
the sodium-potassium pump (Canavier 1999) are also not uni-
versally accepted, but there are examples of other cells with
similar mechanisms (Angstadt and Friesen 1991; Ballerni et al.
1997; Del Negro et a. 1999), and this mechanism is the best fit
to the available data (Johnson et al. 1992).

Electrical coupling via gap junctions is a widely observed
phenomenon in assemblies of excitable cells. Recent theoreti-
cal and experimental studies point to a much more significant
role for electrical synapses in neuronal communication than
was previously realized (see for review Perez-Velazquez and
Carlen 2000). The relevance of gap junction conductance to
neuronal functions was previously thought to be limited to
early brain development. In the immature brain, there are
numerous gap junctions, but their numbers decline rapidly as
maturation progresses (Peinado et al. 1993; Rozental et a.
1998). Therefore gap junctions were thought to be required for
early brain development but mostly vestigial in the mature
mammalian CNS. However, we now know that electrical gap
junction communication exists even between mature nerve
cells. Gap junctions have been proposed to be responsible for
synchronization of signals in the inferior olive (Llinas et al.
1974), among hippocampa CA3 neurons (MacVicar and
Dudek 1981), in the retina (Vaney 1993), and for generation
and stabilization of bursting oscillatory behavior in hippocam-
pal networks (Perez-Velazquez et a. 1994; Skinner et al.
1999).

An important feature of gap junctions is that they can be
dynamically modulated by number of factors such as intra-
cellular pH, voltage, neurotransmitters, and second messen-
gers. The unitary conductance of different gap junction
channels varies between 30 and 300 pS. This coupling is not
constant as intracellular acidification (pH = 6.8) reduces
gap junctional conductance and blocks electrical coupling,
whereas intracellular alkalinization (pH = 7.8) increases
junctional conductance. Gap junction conductance can be
modified rapidly over atime scale of seconds (Spray et al.
1981, 1986). Gap junctions and electrical coupling can be
modulated by DA in different neuronal networks (Cook and
McReynolds 1998; Johnson et al. 1993; Velazquez et al.
1997), but the effects of DA on gap junctions between
midbrain DA neurons are unknown.

There is some evidence for electrical and dye coupling
between neighboring midbrain DA neurons (Grace and Bunney
1983h). Dye coupling was observed occasionally that occurred
between somata and more frequently between initial thick
segments of major dendrites. Within the substantia nigra pars
compacta, asingle DA neuron may be coupled with one to five
similar cells. Simultaneous recordings from neighboring dopa-
mine neurons in vitro (Grace and Bunney 1983b) provided
indirect evidence of the importance of electrical coupling in
synchronization of their firing discharges. However, it is not
known if electrical coupling contributes to the regulation of
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burst firing in midbrain dopamine neurons, and corresponding
direct experimental data regarding its possible role has not yet
been obtained. Therefore we used computational simulationsto
predict how electrical coupling might change the firing pattern
or synchronize the activity of DA neurons depending of level
of NMDA excitatory inputs to them. Preliminary reports of our
findings have been published in abstract form (Komendantov
and Canavier 2000a,b).

METHODS
Model

In present studies, we used a version of the three compartment
model of a DA neuron described by Canavier (1999) that was mod-
ified by the addition of a spike-generating mechanism in each com-
partment. Each of two model neurons consisted conceptualy of a
soma and four dendrites, although symmetry considerations allowed
the four dendrites to be lumped together.

The soma was modeled as a cylinder 15 uM in diameter and 15
1M long. The nonbranching dendrite was subdivided into proximal
and distal compartments. Proximal dendrites and distal dendrites
were also modeled as cylinders 2 and 1 uM in diameter and 150
and 350 uM in length, respectively. This simple model with few
compartments maintains a general correspondence between its
geometrical morphology parameters (Juraska et al. 1977; Preston
et al. 1981; Tepper et a. 1987) and the electrical activity (Johnson
et al. 1992; Paladini et al. 1999; Wang et al. 1994) of realistic DA
neurons. The model was modified by adding a spike-generating
mechanism in each compartment (Fig. 1A), including afast sodium
current |, and an outward potassium current |,. Somatic and
dendritic membranes of DA neurons have a similar sodium channel
density (Hausser et al. 1995), therefore in our simulation, conduc-
tances for TTX-sensitive sodium current were equal in each com-
partment. Voltage-gated transient potassium channels in some of
bursting CNS neurons (hippocampal pyramidal neurons) are dis-
tributed nonuniformly: their density increased with distance from
soma (Johnson et al. 2000). Therefore we increased the conduc-
tance for 1, in distal dendritic compartments compared with soma
and proximal dendrites. In addition, kinetics were added to the
steady-state gating characteristics of delayed rectified current,
I« pr inthe original model so that it could contribute appropriately
to action potential repolarization.

Different values for specific capacitance in somatic and dendritic
compartments (1 and 5 wF/cm?, respectively) were used in the orig-
inal model of DA neuron (Canavier 1999) to match data on time
constants measured experimentally at the soma. However, to more
reliably model spiking, we reduced the dendritic capacitance to 2
wF/cm?. Different values for voltage for half-maximum activation of
sodium channels (V, 4+ ) ad voltage for half-maximal inactivation of
sodium channels were required to permit an action potential in den-
dritic compartment to trigger an action potential in the soma (see
Hausser et a. 1995)—this is an artifact caused by the large lumped
compartments. As in the original model, NMDA-gated currents were
localized to distal dendritic compartments, and kinetics were added to
their steady-state characteristics (Mayer and Westbrook 1987). Alter-
ations in sodium dynamics were made (Fig. 1B) to compensate for the
addition of 1, Only one-quarter of the somatic volume was used for
sodium accumulation.

As a first approximation, we did not include calcium dynamics or
Ca-activated potassium conductances. Injection of hyperpolarizing
current in both neurons was simulated to obtain a diversity of patterns,
including burst firing, which correspond to experimental data. This
manipulation is required in some experiments in slice preparation
(Johnson et al. 1992; Seutin et al. 1993, 1994; but see Mereu et al.
1997) and presumably would not berequired in anin vivo model. Two
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Fic. 1. Schematic representation of the model of single dopaminergic (DA)

neuron. A: equivalent circuit representation. —, a

voltage-dependent conductance, whereas those without an arrow are linear. In the dendritic compartment, a switch is used to
indicate that synaptic conductance may be turned on or off. B: sodium ion material balance. The currents contributing to the sodium
material balance are indicated. Only part of volume of the soma is available for sodium accumulation.

synaptic currents that are important in vivo and that were included in
the in vitro model of Canavier (1999) were omitted in this study: the
current evoked by GABA agonists was not included because the
application of GABA agonists was not simulated in this study, and
the current evoked by AMPA was not included because only the
subset of glutamatergic receptors activated by NMDA directly in-
duces burst firing and was sufficient to show the effects of electrical
coupling on burst firing.

The dynamics of membrane potential and sodium were described
by eight first-order differential equations per compartment for vari-
ables V, [Na];,, m, h, n, p, g, s (p in distal dendrite only). The
single-model neuron and the two coupled-model neurons were there-
fore described by 22 and 44 differential equations, respectively.
Simulations of coupled neurons were initialized with a10 mV differ-
ence in dendritic membrane potential to break the symmetry. The
model equations and parameters are described in the APPENDIX.

The simulations were conducted using values for all parameters that
are in the physiologically observed range, including coupling conduc-
tance corresponding to several open gap junction channels with a
conductance of 150—300 pS each. Frequencies of model neurons and
burst duration also were in the range of experimental observations
(Grace and Bunney 1984). Distal dendrites of two model neurons
were coupled via a simulated gap junction (Fig. 2) in the majority of
simulations. However, we aso coupled these neurons via proximal
dendrites and somata to check the effect of location of the coupling
zone on activity and synchrony.

Model implementation

All simulations and programs for analysis were coded in the C
programming language and run on a Compag Alpha Server DS20E, a
DEC Alpha 433au, and a Sun Ultra Enterprise 450. Numerical inte-
grations of simulations of pairs of neurons were performed using an
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implicit Runge-Kutta method of order five with variable step size
(Hairer and Wanner 1996). The FORTRAN code implementation of
this method is available at http://www.unige.ch/math/folks/hairer/
software.html. Typical run time for two coupled cells was ~5 min for
1 min of simulation in which high-frequency single spiking or burst-
ing occurred.

Analysis of model activity

The time courses of V, intracellular Na and interspike intervals
(ISl) were used for the analysis of model responses. Usually, the
first 30-50 s of simulation time were excluded from analysis due
to atransient period. The permeability for NMDA-induced current
(Pampa) @nd the coupling conductance (G.) were used as control
parameters. The stationary and periodic solutions of the system were
tracked in the parameter space order to detect bifurcation points for
slow-wave oscillations in a model with blocked spike generation
(gna = 0). In amodel when spike generation is enabled, 1SIs were
used for automated determination of modes of activity (single spiking,
irregular spiking, bursting, or irregular bursting) and a quantification
of their dynamics. For these purposes, the following specia procedure
was adopted: 1) run the simulation for 50 s of simulation time to allow
the transients to decay. 2) Collect ISIs for 30 s. Let IS, equa the
maximum and ISl ,;,, equal the minimum of these ISIs. 3) If (IS .o —
ISl Lin)/1S] e = 0.01, the activity was classified asregular spiking. 4)
If 1Sl a1 Sl min = 4, the activity may be classified as one of bursting
(regular or irregular). 5) If activity does not fulfill either the third or
fourth selection criteria, then it was classified asirregular spiking. 6)
To classify bursting activity the following test for regularity was used:
a) the sequence of | Sls was checked again. The first interburst interval
(IBI) was found in the series using following criterion: |(IBI —
191 1)/1S max] = 0.025. b) After an 1Bl was identified, 1SIs were
collected until a subsequent 1Bl was found. Let {ISI, .} and {ISI, .}
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Fic. 2. Two model DA neurons electrically coupled by agap junction with
conductance G.. DD, distal dendrite; PD, proximal dendrite.

define these two consecutive sequences of 1SIs. Each pair of ISls
within each of the two successive bursts had to fulfill following
criterion: |(1SIy; ISI,)/1S1,;] < 0.005 where i = 1, 2,
3 -+ n. 7) If bursting activity did not fulfill the sixth test, it was
classified as irregular bursting or leader/follower bursting (see Rre-
suLTs). 8) For leader/follower bursting identification, 1SIs of four
consecutive burst cycles were selected from |SIs series (each burst
cycle consists IBI and corresponding ISls). If al 1SIs of first and third
burst cycles were fulfilled following criterion: |(ISI,; — 1SI5;)/
ISl ;] < 0.1, and al 1SIs of second and fourth burst cycles also were
fulfilled the same criterion: |(1Sl,; — IS, )/ISl,;| < 0.1 (where i =
1,2, 3---n)theactivity was classified as |eader/follower bursting. 9)
If bursting activity did not fulfill the eighth test, it was classified as
irregular bursting.

The selection criteria were determined empirically and confirmed
by visual observation of the membrane potential waveform in many
instances. Although these criteria for identifying burst firing were
empirically determined and designed to apply specifically to the data
set described in this study, they also correspond well with the avail-
able physiological data. Because the ratio between the shortest 1SI and
the average IBI was 1:5.5 for dopamine neurons in vivo (Grace and
Bunney 1984) and was in the range of 1:7 to 28 for dopamine neurons
in vitro (Seutin et a. 1994), our criterion of aratio of 1:4 or greater
between the shortest ISl and the longest 1Bl (which is also the longest
1S1) would have identified bursting activity correctly in those cases as
well.

Average and maximal frequencies and burst durations were calcu-
lated under different values of Pyupa a@nd G, using collected ISIs.
Also bifurcation diagramsfor ISls, Na-V phase plane projections were
used for identification of different types of activity. To detect syn-
chrony in two coupled cells, we applied a criterion of equality for 200
sequential corresponding pairs of membrane potentia values: V,;/
V,; = 1 + 10 *° where V,; and V,; -computed values of membrane
potential for first and second neuron, respectively; i = 1,2, 3 - - 200.
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In addition, V,-V, phase portraits were used for detecting syn-
chrony.

Nullcline analysis for the model simulated TTX block of
spike generation

To use nullcline analysis, agraphical method in which the values
of the state variables are plotted versus each other (see Rinzel and
Ermentrout 1989), all state variables except the ones plotted ([Na]
and V) have to be set to their steady-state value in terms of the
plotted variables. Distal dendritic compartments are loci for
NMDA-induced rhythmogenesisin DA neurons, and these neurons
are coupled mainly via dendrites. Therefore a nullcline analysis
was performed on the distal dendritic compartments in each neuron
with the other neuron set to its fixed point to approximate its
average activity. The analysis was simplified (Canavier 1999)
using the assumption that the membrane currents in the soma and
proximal dendrites can be approximated by an ohmic current that
reverses at the resting membrane potential.

RESULTS
Activity of a single cell

As a prelude to the investigation of the dependence of a pair
of coupled-model neurons on of Pyypa a@nd G, the depen-
dence of single-model neuron on Pyypa Was investigated. At
the lowest values of Pyypa, corresponding to a simulated low
level of NMDA excitatory input, regular low- frequency (-5
Hz) single-spikefiring (Fig. 3A; Pympa = 1.1- 10~ cm/s) was
observed. At higher levels of NMDA excitatory input, a burst-
ing pattern is observed (Fig. 3A; Pympa = 1.4 - 10°° cmis),
whereas at still higher levels of NMDA excitatory input, high-
frequency spiking (>10 Hz) was observed (Fig. 3A; Pympa =
1.7 - 10% cmi/s). In addition, at values intermediate between
slow single-spike firing and regular burst firing, an irregular
and possibly chaotic bursting waveform was observed (Fig.
3A; Pyvpa = 1.23 - 107 cmi/s). A bifurcation diagram was
constructed by plotting the interspike intervals versus Pyvpa
(Fig. 3B). At values of Pyypa below ~1.2 - 107° cn's, only
a single value of the ISl is seen, as expected for regular
single-spike firing. At values of Pyypa between ~1.2 - 1076
and 1.52 - 10~ cmi/s, one long (>400 ms) and several short
ISls are observed, corresponding to the long interburst interval
and the shorter 1SIs within a burst. At values of Pyupa
above ~1.52 - 10~ ° cm/s, a single value of the IS is again
observed, corresponding to high-frequency single-spike fir-
ing. Three instances of irregular firing can be observed in
which there is anearly continuous variation in the interspike
intervals (Pympa = 1.23 - 107 cm/s, Pyypa = 1.26- 10°°
cm/s, and Pyypa = 1.335 - 10°° cm/s).

The bath application of TTX converts NMDA-induced burst
firing in DA neurons to a slow “envelope”’ oscillation in mem-
brane potential (without spikes) in the same frequency range as
burst firing (Johnson et al. 1992). The presence of these slow
oscillations was assumed to be the basis for burst firing
(Canavier 1999; Johnson et al. 1992). Our simulations show
that the same parameter settings that produce burst firing when
OnaiSNonzero produce slow oscillations when gy, iS Set to zero
to simulate the application of TTX to block spike generation.
For example, Fig. 4, —, shows a bifurcation diagram for the
model with gy, Set to zero and an injected current of 56 pA. In
this diagram, either the steady-state value of membrane poten-
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Fic. 3.  Dynamic response of model of a single DA neuron as a function of permeability for N-methyl-p-aspartate (NMDA)-
induced current (Pympa)- TO cut transient periods here and below, the first 30 s of simulations were not used for the analysis. A

steady hyperpolarizing current lspyy =

—28 pA was applied. A: membrane potential. - - -, 0 mV. AL Pyypa = 1.1 10 ° cmis.

A2: Pymoa = 1.23- 10 6 cmi/s. A3: Pyyipa = 1.4+ 107 © cmi/s. Ad: Pyypa = 1.7 - 107 € cmi/s. B: bifurcation diagram for interspike
intervals. The bifurcation parameter is Pyypa- IN this and subsequent figures, al parameters are given in the APPENDIX unless

otherwise noted.

tial isplotted or, in the case of aslow oscillation, the minimum
and maximum values of membrane potential are plotted, hence
the oscillatory region is clearly demarcated. This region is
contained within the region in which burst firing is observed
when spike generation is enabled by setting gy, to an appro-
priate value. A more extreme example of the extension of the
oscillatory regime is given for an injected current value of 28
pA: the - - - in Fig. 4, for which gy, is still equal to zero and
which clearly showsthat no slow envelope oscillation occurs at
any value of Pyypa. However, Fig. 3B, which was generated

for the same value of injected current (28 pA), but with spike
generation enabled by setting gy, to 8,000 uS/cm?, shows that
burst firing is observed for Py pa Values between 1.2 and 1.5+
10~° cm/s. Thus a slow oscillation in membrane potential in
the absence of spikes is not a necessary condition for burst
firing because the interaction of the fast spiking dynamics with
the slow dynamics underlying the envel ope oscillation extends
the range of parameter settings that support burst firing. We
predict that in some cases, the application of TTX to neurons
exhibiting NMDA-induced burst firing will not exhibit slow
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FiG. 4. Bifurcation diagrams of dendritic membrane potential for a single
cell asafunction of Pyypa With gy, Setto 0. - - -, al parametersare asin Fig.
3 except gna = 0. No “envelope” oscillation in membrane potentia is ob-
served, only a stable steady state. —, all parameters are as in Fig. 3 except
Ona = 0 and the steady hyperpolarizing current was increased from 28 to 56
pA. In this case, an unstable steady state (- - -) and the associated “envelope”
oscillations in membrane potential can be observed at Pyypa Values between
~0.95 and 1.1 - 10~ ® cms.

envelop oscillations at any value of applied current due to this
phenomenon.

Activity of two coupled identical neurons

Having established the effects of varying Pyypa ON the
firing pattern of a single-model neuron, we proceeded to ex-
amine the effect on both pattern and synchronization of varying
G, between apair of identical neurons at each value of Pyppa-

A
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Figure 5A shows time course of membrane potential and in-
tracellular sodium concentration, as well as the phase plane
representation, for high-frequency spiking activity of single
model neuron (Pyypa = 1.56 - 1076 cm/s). When such two
identical neurons were electrically coupled via their distal
dendrites with a conductance of G, = 6.2 -+ 10> S/cm?, they
produced bursting activity (Fig. 5B). The slow wave in mem-
brane potential is accompanied by oscillations in intracellular
sodium concentration. All burstsin this series are not identical;
rather there are two different types that alternate; in the phase
plane, thisis evident as 2P, or period two behavior, manifested
asalimit cycle with two lobes. A detail of the spikeswithin the
two types of burstsin each of the two neuronsis shown in Fig.
6. At the end of the first burst, the spikes in one neuron lag
those of its partner, whereas in the next burst it leads its
partner. This pattern has been observed experimentaly and
labeled as “leader-follower” bursting. We retain this terminol-
ogy. This pattern is a consequence of the interaction of the
spike-generating mechanisms with the burst generating mech-
anism; in the absence of the spike-generating mechanism, only
bursting limit cycles with a single lobe are observed.

Clearly, the firing pattern of coupled model DA neurons
depends on hoth the activation of excitatory inputs and the
strength of coupling. To illustrate this dependence, a G.-
Pumpa two-parameter bifurcation diagram was constructed
numerically (Fig. 7A). When G, is equa to zero (1st left
column of sguares on the diagram), the firing pattern corre-
sponds to that of uncoupled neurons with the sequences of
changes in firing pattern as a function of Pyypa @ shown in
the bifurcation diagram for a single neuron (Fig. 3B). In gen-
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20 s 1 20 +
> e
0 > ot
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-40 | E 9 > -40
-60 81 -60 |
-80 7t -80 : : : -
7 8 9 10 11 12
B
40 127 40
S 20 s 11} 20
0 S 0
S - 10} =
>‘; 2 = £
9l ©
40 E > 40
60 81 )
-80 — 74t — -80 L L L L g
1 sec 1 sec 8 9 10 11 12

[Na];,, mM

FIG. 5. Effectsof electrical coupling (G.) on the activity of a homogenous pair of cells with high-frequency spiking (Pympa =
1.56 - 10~ ® cmy/s). Only the activity of 1 cell is shown. Left: membrane potential. Middle: intracellular sodium concentration. Right:
Na-V plane representations of activity corresponding to the left and the middie. A: G, = 0; B: G, = 6.2 - 10" ° Slcm?.
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FIG. 6. Anti-phase spiking in 2 weakly coupled DA neurons. Bursts are
approximately synchronous but individual spikes are not synchronous. Alter-
nation of “leader” and “follower” during silent phase is shown (Pyypa = 1.7 -
10" ¢ cmis, G, = 2.2 - 10" ° Slcm?).

eral, intermediate values of G favor irregular burst firing at the
expense of regular burst firing, high-frequency single-spike
firing, and, to alesser extent, low-frequency single-spike firing.
At high values of G, (~6 - 10> S/cm?), the dependence of the
firing pattern is very nearly the same as for uncoupled neurons
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with the exception that in the single spike modes the spikes are
synchronized and in the bursting modes the bursts are synchro-
nized.

We also computed maximal and average spike frequency at
each value of G, and Py\pa foOr a pair of identical neurons.
The major effect was that a change in pattern to burst firing
increased the maximal frequency. Irregular or leader/follower
bursting corresponds to maximal frequency >25 Hz, while
regular bursting corresponds to maximal frequency 15-23 Hz
(Fig. 7B). There was no correlation between bursting firing
patterns and average frequency of discharge (Fig. 7C), which
increases with increasing Pywvpa, Whereas G, has no signifi-
cant influence on average frequency. Increasing Pyypa @so
increases the burst duration from 1 to 2 s, but intermediate
levels of electrical coupling (1 - 107°-5.5 - 10~° S/cm?) and
high level of permeability for NMDA-induced currents (1.6 -
10 °-1.8 - 10® cm/s) evoke bursts with duration of 3-15 s
(Fig. 7D). Longer burst durations are associated with lower
burst frequencies.

To investigate how changesin the firing pattern as aresult of
varying the strength of the electrical coupling correlated with
synchronization or desynchronization of the coupled neurons,
time domain observations in single neurons were plotted side

FIG. 7. Effects of G, and Pyypa ON the dynamics of
pairs of identical DA cells. Each figure is the result of
1,353 integrations of model equations with different values
of parameters G, and Pyypa (33 and 41, respectively) and
automatic detection of different modes. Incremental steps
for G, and Pyypa are 0.2 - 107° and 0.02 - 1076 cm/s,
respectively. A: G.-Pympa Phase diagram for pair of cou-
pled identical neurons. Light blue squares, low-frequency
spiking (LFS); red, regular bursting (RB); blue, high-
frequency spiking (HFS); light green, irregular spiking
(1S); yellow, irregular bursting (I1B); rose, leader/follower
bursting (L/F). Outlined regions indicate areas of synchro-
nization. The asterisk indicates a region of bistability de-
scribed in Fig. 9. B: effects of G, and Pyypa ON the
maximal frequency of pair of identical neurons. The range
of shaded values is indicated by the associated column of
squares on the right. C: effects of G_ and Pyypa ON the
average frequency of pair of identical neurons. D: effects
of G, and Pyupa On the burst duration of a pair of
identical neurons. Colored areas indicate regions of dy-
namic activity being quantified. Diagrams B-D have the
same ranges of G, and Py pa as the diagram A.

coommpwog,
NowooLroowy,
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by side with phase portraitsin the V, versus V, plane (Fig. 8).
Two identical neurons with high-frequency spiking (Pyyvpa =
1.58 - 10~ °® cm/s) produce identical firing patterns (Fig. 8A1),
but because they were initialized differently, they oscillated
with a constant phase shift (Fig. 8A2) while uncoupled (G, =
0). The phase-locking is an artifact resulting from the identical
nature of the oscillators—they will phase lock at whatever
phase difference they are initialized with. The phase-locking is
indicated by the smple closed curve in Fig. 8A2. Weak cou-
pling (2 - 10 ° S/cm?) caused irregular bursting (Fig. 8B) and
dightly stronger coupling (6 - 10~ > S/cm?) caused leader/
follower bursting (Fig. 8C). In coupled burst firing, bursts are
synchronous but single spikes are not. Thisis indicated by the
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closer approach to a 45° line of the lower leftmost portions of
the trgjectory (corresponding to the interbursts), than the upper
rightmost portions (corresponding the spiking activity). Thisis
most evident in the leader/follower example (Fig. 8C2). The
duration of bursts decreased with increasing G, until they
finaly disappeared and quasi-periodic spiking (Fig. 8D)
took its place (G, = 6.8 - 10~ S/cm?). This regime is char-
acterized by spikes with different amplitudes and phases rela
tive to its partner. Further increases in coupling strength led to
completely synchronized spiking (Fig. 8E, G, = 7 - 107>
S/em?), that is evidenced by the 45° line in the V4,—V,, phase
plane. Increases in electrical coupling for pair of identical
neurons at a constant Py pa Corresponding to low-frequency

40 1
40 ¢ A1 A2
0 ‘ o1
.40 -40
-80
-80 L
40 B2
0
-40
-80
40 C1 407 Cc2 FIG. 8. Dynamic responses of pair of identical neurons.
Puvboa = 1.58 - 10 ¢ cm/s. A: G, = 0; B: G, = 2-10°
> 0 > ol Slem? C: G, = 6+ 10 ° Scm?; D: G, = 6.8 - 10 ° Scm?;
£ S E: G, = 7 - 10°° Slcm? Left: membrane potential of 1
- N neuron. Right: phase portraits for membrane potentials (V,,
>-° 40 S 40t V4) as a function of increasing coupling strength. Each
) > phase portrait corresponds to firing patterns on the left. G, =
0—single spiking with phase shift; G, = 2+ 107°-6- 10 °
.80 .80 Slem®—different kinds of bursting activity; G, = 6.8 -
10~® S/em?—asynchronous quasiperiodic spiking; G, = 7 -
40 D1 40r D2 10~° Slem®—completely synchronized oscillations.
0 of /
-40] -40 1
-80 -80
40 E1 40 1 E2
0 0 /
-40 | -40 |
_80 —— '80 L L )
2 sec -80  -40 0 40
Va1, mV
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spiking led only to synchronization without any concomitant
changes in pattern. These numerical simulations were repeated
(not shown) with the coupling located in the proximal dendrites
or somata, far removed from zone of initialization of bursting,
and stronger coupling was required to produce similar effects
to those obtained with distal dendritic coupling.

The areas of synchronization of electrical activity are indi-
cated on Fig. 7A. Different patterns may be synchronized with
increased coupling strength, including high-frequency spiking,
regular bursting, and low-frequency spiking. Only irregular
bursting activity that is intrinsic (not induced by electrical
coupling) can be characterized by either synchronous or non-
synchronous spiking within bursts (for example, G, = 0 under
Pumpa = 1.26 - 10~ ° cmi/s). On the other hand, spikes occur-
ring during irregular bursting activity induced by electrical
coupling are never synchronized. Higher levels of electrical
coupling result in synchronous spiking activity as well as a
transition from irregular bursting to either high-frequency syn-
chronous spiking or regular bursting. However, afew zones of
synchronization may be observed under weak coupling (G, =
0.1-107°-0.2- 10 ° S/cm?). Strongly coupled identical neu-
rons revert to the uncoupled solution (G, = 6.5 - 10~ ° S/cm?).

The computer simulations used to generate Fig. 7 resulted
from a single set of initia conditions in which the initial
difference in membrane potential between neuronswas 10 mV.
Spot checks at different initial conditions for sodium concen-
tration were conducted to detect bistability. There are indeed
zones where several types of activity coexist (Fig. 7A, see
asterisk), for example, at low levels of Pyypa (1.1 - 107°—
1.26 - 10° cm/s) and G, (0-2 - 10> S/cm?). In addition to
the synchronized low-frequency regular spiking observed at
Pumpa = L1 - 10°° cm/s, an initial difference of sodium
concentration ~2 mM led to the attractive basin of low-
frequency spiking in antiphase (Fig. 9, A1-D1). Weak coupling
(G, = 1.0 - 10> S/cm?) modulates complex multirhythmic
activity including low-frequency spiking and slow waves (Fig.
9, A2 and B2). These oscillations are asynchronous (Fig. 9, C2
and D2). This mode transition is reversible: the simulated
blocking of the coupling of neurons renews regular low-fre-
quency spiking in antiphase. Stronger coupling (G, = 4.0 -
10~° Slcm?) is able to synchronize spiking activity without
changing the pattern (Fig. 9, A4-D4). The nonsynchronous
mode cannot be recovered by decreasing G, in the absence of
an asymmetric perturbation in sodium concentration.

Activity of two heterogeneous cells

We aso studied more physiologically plausible cases in which
the two neurons had substantial differences in parameters and
firing patterns. Asin the homogenous case, coupling can promote
burst firing in the heterogenous case. Figure 10 shows how elec-
trical coupling can change the activity of two DA neurons with
different levels of activation of NMDA inputs and therefore
different intrinsic frequencies. The two neurons differ in only one
parameter, Pyvpa Such that they were biased in different oscil-
latory modes: high-frequency spiking (Pympa = 1.7 - 10~ ®cmis)
and low-frequency spiking (Pympa = 1.1 - 1076 cnv's). Strong
coupling between them (G, = 9 - 10 ° Slem?) converts the
activity in both neurons from single spike firing to burst firing.
This transition can be reversed by blocking the coupling. The
bursting regimes of the two neurons have significant differencesin
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the amplitudes of the resultant dow-waves (burst envelopes),
spikes, and sodium dynamics.

The rhythmogenic effect of coupling can be observed in a
heterogeneous pair of neurons lacking spike-generating mecha
nisms. Figure 11A shows the dynamics of the membrane potential
in two such neurons with different Py, pa before, during, and
after a 15-s interval in which the coupling is activated. The
corresponding dynamics of intracellular sodium concentration are
shown in Fig. 11B. Both oscillations of membrane potential and
intracellular sodium concentration in the two neurons have dif-
ferent amplitudes. The parameter regimes that produce slow-wave
oscillations in the absence of the spike-generating mechanism
(Ino) Would clearly produce bursting regimes if the spike-gener-
ating mechanism was turned on, whereas the quiescent modes
would likely produce single spike firing. Because the induction of
dow wave oscillations by electrical coupling does not require
spike generation, we can infer that the induction of burst firing by
the electrical coupling likewise is not dependent on spike-gener-
ating mechanisms. A similar result was obtained in a model of
neurons of the inferior olive that do not oscillate spontaneoudly
when isolated but may form low-amplitude oscillations when
electricaly coupled (Manor et a. 1997). The projections of the
two limit cycles in the models with gy, = 0 onto NaV phase
plane are situated in different regions (Fig. 11C). We hypothesize
that the neuron with the lower value of Pyypa acts to bias the
other neuron into an actively bursting regime, whereas the neuron
with the lower Pyypa 1S merdly passively following its partner.
Figure 11D shows the bifurcation diagrams the same models with
Ona = 0 of the same pair of nonidentical neurons. The minimaand
maxima of the oscillatory solutions were plotted as a function G,
(treated as the bifurcation parameter). With increasing G, Hopf
bifurcations appear at the branch points of the steady states. The
periodic branches eventually coaesce but at such large values of
G, that they are not physiologically plausible.

The neuron with high level of Pyupa (1St neuron) is an
active burster in the coupled state, whereas the one with low
level of Pympa (2nd neuron) is a passive follower. To check
this hypothesis, a nullcline analysis for the model of each
coupled neuron with gy, = 0 was performed (see Canavier
1999). Indeed, the coupling changed the branch of the potential
nullcline (dVv/dt = 0) of the first neuron in which the intersec-
tion with sodium nullcline (d[Na]/dt = 0) occurs. The isolated
neuron had a region of positive slope at the potential nullcline,
but sodium nullcline crossed the potential nullcline in the
region of the negative slope (Fig. 12A), therefore the neuron
was silent (tonicaly firing if action potentials were enabled).
The modulation of electrical coupling moves the fixed point to
the unstable region of positive slope (Fig. 12B), enabling the
oscillations shown in Fig. 11. As the first neuron is hyperpo-
larized (moving from point d to point a as shown in Fig. 12B),
the positive slope of potential nullcline causes the voltage to
rapidly jJump from point a to b. The same process occurs during
depolarization (system moving from point b to c), and the jump
occurs from point ¢ to d. The second neuron with low Pyvpa
passively follows the oscillations of the first.

DISCUSSION

A model of two coupled multicompartmental neurons mim-
icked a wide range of dynamic activity exhibited by DA
neurons including single-spike firing, bursting, regular or ir-
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FIG. 9. Effect of electrical coupling a pair of identical model neurons. Pyypa = 1.1 - 1076 cmy/s. Response of coupled neuron
to step changes in G.. A: membrane potential. B: intracellular sodium. Only the activity of 1 neuron is shown. C: difference in
membrane potentials of the 2 neurons. D: phase portraits (Vy;, — V) that correspond to different kinds of activity in A.
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Fic. 10. Effect of electrical coupling on 2 DA

de s mV

neurons with different levels of activation of
NMDA inputs. Top: low activation of NMDA
inputs (Pympa = 1.1 - 107° cm/s). Bottom: high
activation of NMDA inputs (Pympa = 1.7 - 106
cm/s). Strong coupling can convert these neurons
to bursts. Blocking of coupling converts activity to
single spiking again. Left: dynamics of membrane
potentials. Right: Na-V projections of bursting fir-
ing patterns corresponding to the left.

2 sec

Go=0 Gg=9:10" S/em® Gc=0

regular, slow-wave oscillations under application of TTX. The
model was used to predict the influence of electrical coupling
between DA neurons on firing patterns and synchrony. At
different simulated levels of activation of NMDA excitatory
inputs, different sequences of dynamical activity were ob-
served as the strength of their electrical coupling was changed.

Model predictions and agreement with existing data on
electrical coupling

L eader/follower alternation in spikes has been observed both
in our modeling studies (Fig. 6) and other modeling studies of
electrically coupled bursters (see following text). Interestingly,

10 12 14

[Na]in, mM

Grace and Bunney (1983b) also reported such leader and
follower cells, stating that on occasion leading and following
cells would reverse order. The same study reported that DA
cells fired together more frequently while firing in a burst
pattern, moreover burst firing coupled cells tended to burst
together. Thisis certainly consistent with our simulations that
show nearly synchronized bursts even when the spikes are not
synchronized, thus in burst firing there is an additional, low-
frequency available for synchronization. According to our sim-
ulations, electrical coupling promotes not only synchrony but
also burst firing, which, as we have just mentioned, itself
promotes a type of synchrony. At any given value of G, in Fig.
7A, the range of values of Pyypa that supports burst firing is

Fic. 11. Effect of electrica coupling
on 2 DA neurons with blocked spike gen-

6 8 10 12 eration (gu, = 0) and different levels of
Pumba- — Pampa = 0.7 - 1076 cm/s.
[Na]in,mM . _.'p O ="16-10°° cm/s. A: mem-

brane potential dynamics. B: dynamics of
intracellular sodium concentration corre-
sponding to the A. C: Na-V phase plane
projections of limit cycles corresponding
to A and B. D: bifurcation diagrams for
these neurons as functions of G..
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FIG.12. Nullcline analysis for the ac-
tive oscillator in the heterogeneous pair.
Pumoa = 1.7+ 1076 cmi/s. The neuron with
alow level of Pyypa IS biased at its fixed
point (Vg = —53 mV). —, potentia
nullclines; - - -, sodium nullclines. A: G, =
0. A positive slope region exists in the po-
tential nullcline, but the system is not biased
in this region, so no oscillations were ob-
served in the simulations. B: parameter set-
tings are the same as in A except G, = 9 -
10~° S/cm?. Because the system is now bi-
ased in the region of positive slope of poten-
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either greater than in the absence of coupling, or at worst in the
case of very strong coupling, equal to the range in its absence.
For heterogenous coupling, this range is extended even further,
hence the model predicts that burst firing will be observed
more often in the presence of electrical coupling. Experiments
using freely moving rats (Freeman et al. 1985) indicated that
electrical coupling is only rarely observed in anesthetized or
paralyzed rats compared with freely moving rats. Thus perhaps
a higher level of electrical coupling in vivo can account for
some of the difficulties that were encountered producing
NMDA-induced burst firing in vitro compared with in vivo;
furthermore, pattern changes induced by electrical coupling or
its modulation may be especially relevant in vivo in light of the
data of Freeman et a. (1985).

Comparison to previous model studies: single-neuron model

The model in this study is an extension of a previous model
of adopamine neuron (Canavier 1999) based on the hypothesis
that the bath application of NMDA causes burst firing in vitro
by inducing an oscillation in dendritic sodium concentration
and calibrated where possible using experimental data. An
even earlier, more generic, model (Li et al. 1996) included both
NMDA-induced (sodium-dependent) and apamin-induced
(calcium-dependent) burst firing mechanisms. The model of
Amini et al. (1999) modeled two calcium-dependent oscilla-
tions, the slow oscillatory potential underlying repetitive sin-
gle-spike firing, and an apamin-induced square-wave, or pla
teau potential, though to underlie a type of burst firing. The
contribution of the model of Amini et al. (1999) to the present
study is limited to descriptions of the potassium currents,
which were modified to accommodate spike firing. The major
difference between the model in this paper and that of Canavier
(1999) is the incorporation of spiking dynamics into all model
compartments, enabling the full range of dose-dependent ef-
fects of NMDA to be modeled, from low-frequency spiking, to
burst firing, to high-frequency spiking. For example, burst
firing can only be observed experimentally at a range of con-
centrations in the bath ~30 nM. Lower concentrations lead to
only to single-spike firing, and sufficiently high concentrations
to depolarization block (Wang et al. 1994). We did not exam-
ine values of Pyyupa that were high enough to induce depo-
larization block.

Although examining the slow dynamics that underlie burst
firing can provide helpful insights (e.g., Figs. 4, 11, and 12),
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tial nullcline, a slow oscillation is generated.
Arrows indicate the trajectory abcd that cor-
responds to the slow oscillations.
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often the fast dynamics associated with spiking are required for
the expression of the full range of dynamics exhibited by the
modeled system. For example, burst firing in homogenous
pairs of model DA neurons that do not burst in isolation was
shown to be critically dependent on action potential dynamics,
and the single-neuron model bursts at values of injected current
that did not produce a slow oscillation in the model with action
potentials blocked (gy, = 0). The numerous modes of irregular
bursting and double period bursting observed in this study are
dependent on action potential dynamics and could not have
been demonstrated in a model without spikes.

Comparison with related model studies

IDENTICAL CELLS. Sherman and Rinzel (1992) used amodel of
a square-wave burster to illustrate how electrical coupling can
modulate the firing pattern. In a square-wave burster, thereisa
single slow variable and a fast subsystem that exhibits bistabil-
ity between tonic spiking and quiescent with a certain range of
values of the slow variable. An oscillation in the slow variable
causes the system to alternate between quiescence and bursts of
spikes in which the 1SIs increase monotonically. Sherman and
Rinzel (1992) examined the fast action potential dynamics by
treating the slow variable as a parameter and found that weak
coupling destabilized the synchronous solution in the fast sub-
system, causing spikes within a burst to be 180° out of phase,
or antiphase. Explanations of the destabilization of synchro-
nous spiking by electrical coupling are given by Han et al.
(1995) and Chow and Kopell (2000). The loss of stability of
the synchronous solution in the fast subsystem enables the
alternation between spiking and quiescence characteristic of
bursting when the slow variable (Sherman 1994) is allowed to
have dynamics and no longer treated as a fixed parameter. In
our model, synchronous high-frequency spiking (Pyvpa =
1.6- 10 ° cmi/s) isobserved at low levels of electrical coupling,
and increasing the coupling strength causes a transition to burst
firing. If, however, the sodium concentration is held constant at
its average value during tonic spiking, the same increase in
coupling strength causes a transition from synchronous to
antisynchronous spiking. On the other hand, the synchronous
solution for low-frequency spiking (Pywpa = 1.1+ 1076 cmis)
does not lose stability as coupling strength is increased; thisis
consistent with theoretical work (Chow and Kopell 2000) that
indicates stability is lost only at higher frequencies.

We found that burstsin weakly coupled model neurons were
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nearly synchronized with double period, and the out-of-phase
spikes in one neuron lead its partner in one burst and then lag
it in the next, similar to that in leader-follower bursting. Such
double period modes were encountered in the present study and
others (Pinto et al. 2000; Sherman 1994; Sherman and Rinzel
1992). In the limit of strong electrical coupling, synchrony is
always reestablished and for identical neurons, therefore the
single-neuron solution is always recovered. Thus as coupling
strength is increased, burst period first increases by 50—100%,
then decreases (Fig. 7D) consistent with previous studies
(Sherman and Rinzel 1991, 1992; Smolen et al. 1993).

A square-wave burster can be induced to fire tonically by
dlight alterations in certain parameters. The model is more
accurately called a conditional burster at these parameter set-
tings, because a constant depolarizing stimulus could induce
burst firing. Our Fig. 5 shows a transition to double period
bursting when identical tonically firing cells are coupled, and
Fig. 7 shows a number of possible transitions. Sherman (1994)
referred to the conversion of two identical single-spike firing
neurons to bursters as delicate, meaning that it was not robust,
and parameters had to be chosen carefully to observe this
phenomenon. Figure 7A indicates that in our model, the phe-
nomenon is indeed robust, and heterogeneity (not shown)
causes it to be even more robust.

HETEROGENOUS CELLS. Smolen et al. (1993) proposed the
heterogeneity hypothesis to account for the activity of pancre-
atic beta cells that did not seem to burst in isolation, but only
when electrically coupled to a cluster of other beta cells. The
basic idea was that electrical coupling extended the narrow
parameter range in which burst firing could be observed. Mo-
tivated by this hypothesis, Sherman (1994) extended the work
of Sherman and Rinzel (1992) to heterogenous pairs of model
square-wave bursters and coupled a quiescent and a tonically
firing cell to obtain asymmetric bursters. Figures 10 and 11 of
our paper show an example of asymmetric burst firing in
heterogenous cells. Our numerical explorations of the param-
eter space of the dopamine neuron model give added support to
the heterogeneity hypothesis.

Other examples of stabilization of a synchronous burst
pattern

We have shown that in our two-neuron networks, gap junc-
tional coupling stabilizes synchronous bursting. Using an elec-
tronic circuit to artificially electrically couple neurons (Sharp et
al. 1992) showed that electrical coupling between two neuronal
oscillators depends on the membrane potentials, intrinsic prop-
erties of the neurons, and the coupling strength; increasing the
coupling results in synchronized firing. Networks of model
interneurons coupled by gap junctions between dendritic com-
partments have been shown to be capable of generating syn-
chronous network bursts (Traub 1995), but only under condi-
tions in which the dendrites are excitable enough to support
action potentia initiation and there were at least two gap
junctions per neuron on average. In other modeling studies of
interneuronal networks, Skinner et al. (1999) were able to
generate and maintain stable bursting in the presence of elec-
trical coupling and recurrent inhibitory GABA 4- receptor syn-
apses. These studies support the idea that gap-junctional cou-
pling could be crucial not only for synchrony but also for
stabilization of the bursting pattern.
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Model interpretations and predictions

This paper presents results using a specific model of a
system of two coupled dopamine neurons. It is reasonable to
inquire about which aspects of this work generalize to other
models, other systems, and in particular to systems of more
than two coupled neurons. A recent modeling study (de Vries
and Sherman 2001) using simple neural models in which the
two parameters varied were a heterogeneity parameter and the
coupling strength, showed that systems of more than two
electrically coupled oscillators showed a qualitatively similar
dependence on the coupling strength as a system of two oscil-
lators. Other studies of electrically coupled bursters (Sherman
1994; Sherman and Rinzel 1992) as well as our own unpub-
lished simulations using model formulations slightly different
from that shown in Fig. 7A, suggest that the qualitative result,
that electrical coupling greatly extends the parameter region in
which burst firing can be observed, is robust for many popu-
lations of neurons with a tendency to fire in bursts.

In addition, we make the following testable experimental
predictions. 1) NMDA-induced burst firing should persist for a
larger range of values of injected current than the NMDA-
induced slow oscillation observed in the presence of TTX (see
Fig. 3 and Fig. 4). 2) The presence of gap junctiona coupling
can be inferred from single-neuron recordings if that neuron
experiences a change in firing pattern (from bursting to single
spiking, between irregular and regular burst firing, or between
double period burst firing and some other type of burst firing)
as a result of the application of a selective gap junctional
blocker or vice versain the presence of an agent that promotes
coupling (see Figs. 5, 7, and 8). 3) NMDA-induced burst firing
should be observed more often in the presence of manipula-
tions that increase the level of gap junctional coupling and less
frequently in the presence of manipulationsthat decreaseit (see
Fig. 7 for case of homogenous cells and Fig. 10 for case of
heterogeneous cells).

There may be some problems testing the second and third
predictions due to the nonspecific nature of many gap junction
blockers, which can have substantial effects on membrane excit-
ability (Rekling et al. 2000). However, if we can make an anadogy
between burst firing in vitro and burst firing in vivo, these pre-
dictions have very important implications for information process-
ing in dopamine neurons. The firing pattern in dopamine neurons
has been implicated in both reward-mediated learning (Schultz
1998) and in the selection of a response to behavioraly relevant
stimuli. For example, in vivo recordings of freely moving rats,
certain neurons were observed to change their firing pattern be-
tween tonic firing and burst firing when such a stimulus was
presented. Furthermore, dopamine neurons release two to three
times as much dopamine per spike in a bursting mode compared
with a single-spike firing mode (Gonon 1988). Neurochemica
studies (Manley et a. 1992) indicate that spikes clustered in bursts
are more effective that tonic firing at increasing DA levels in
media forebrain, and burst-like but not tonic stimulation of the
media forebrain bundle increases immediate early gene expres-
son in certain dopaminergic projection areas (Chergui et al.
1996). Thus the ahility of eectrica coupling to promote burst
firing may be functionaly important.

A rolefor electrical coupling isthat weak electrical coupling
of high-frequency spiking neurons can change their pattern to
bursts, thereby preventing a progression into depolarization
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block and the resultant of breakdown of dopaminergic function
(Harden and Grace 1995). Y et another important role may be
not just the stabilization of burst firing but rather the synchro-
nization of bursts, which may convey completely different
information than single spikes (Lisman 1997); certain projec-
tion areas, in the forebrain, for example, may only be capable
of being activated by simultaneously arriving (Ssynchronous)
bursts. Finaly, the results of our computationa studies also
show that the interaction of electrical coupling with intrinsic
membrane properties may be a source of irregularity in firing
pattern of midbrain DA neurons.

APPENDIX

Sngle-cell model

Basic equations governing membrane behavior in each compart-
ment

—Crng(dVy/dt) = Inag + lag + Ikora + Inepa + Iia + Tuwoa + lap
—Conp(@V,/dt) = Inap + lap + Tkorp + Inpp + Tip + Toa + s
—CrAV4/dt) = lyas + las + lkors + Inaps + Ius + 1o + laima

The subscript “i” indicates a nonspecific compartment, whereas sub-
scripts “d”, “p”, and “s” indicate distal dentritic compartment, prox-
imal dendritic compartment and somatic compartment, respectively.
Membrane slow oscillation generation mechanisms!
NMDA-induced current
I'nmpa = Inmoana T Invbak T Invbaca
Inmpana = Prwioa P(VFRT)(A[N&]i, — A[Nalo, exp(—VF/RT))/
(1 — exp(—VF/RT))
Inmpak = Prwioa P(VFIRT)(A[K, — A[K o exp(—VF/RT))/
(1 — exp(—VF/RT))
Inmpaca = 10.6 X Pyypap X (4VFYRT)
X ([Cali, — Acd Caloy exp(—2VF/RT))/(1 — exp(—2VF/RT))
dp/dt=p.—p
p.. = 0.05 + 0.95/(1 + ([Mglow/Kmmg) €Xp(—V/Q))
Linear leakage current
i = linai + ki Toki = GV — E);

ENa,i = (RT/F) In ([Na]out/[Na]in,i)

ILnai = Onai(Vi — Enai)

Sodium pump current
Inepi = Inapmai /(L + (Ko [N@0i) ™)
Sodium balance
d[Nalina/dt = 4 X fo(—lyag — linaa — Invoana — Slnapa)/(0gF)
d[Nalip/dt = 4 X fi(=lyap = lnap = 3lnapp)(dF)
d[Naji,s/dt = 4 X f(—Inas — L nas — 3lnaps)/(AsF)

1 There were typographical errors in the model equations given in Canavier
(1999): the activity coefficient (Acp) that multiplies [Cal;,, in the equation for
Inmba ca Should have been 1 (due to the low concentration of [Cal;,), the value
given for K,y Was incorrect, and there were several sign errors in the
equations describing the sodium balance. The corrected versions appear in the
present paper.
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Sike-generating mechanisms
Fast sodium current
Inai = OnaiMihi(Vi — Enai)
dm;/dt = V(1 + (exp((Viarmi — Vi)/6))) — m
dh;/dt = (U(1 + exp((Vrasni — ViI7.8)) — h)/7,
T = 56/(1 + exp((V; — 27.8 — Vi n)/4.5)) — 56/
(1 + exp((V; — 7.8 = Viwrn)/2.0) + 1.0
Delayed rectified current
Ikori = GeoriM (Vi — Ex)
dn;/dt = (1/(1 + exp((—30 — V))/10)) — n))/15.0
Outward potassium current
lai = gaidis (Vi — Eo)
dg/dt = (1(1 + exp((—V; — 42)/4)) — )/15.0
ds;/dt = (1/(1 + exp((V; + 63)/4)) — 5)/50.0
Interneuronal coupling currents
Gg = 10°7d202/2R(L,d2 + Lod?); Gy = 10°md3d3/2R(L,d3 + Led?)
Up = 4 X 10°Gy/(mdLy);  Gp = 10°Gg/(md,L,)
Ot = 10°G/(mdyLy);  Gyp = 10°Gpu/(mdyLy)
lap = Gap(Va = V)i 1pa = Gua(Vp = V)i Tps = Gpe(Vp = V)i 1 = G(Vs — V)
Applied microelectrode current

Isimul = ISTIM /(stl-s)

Parameters of single-cell model
Onai = 8000 uS/cm?; g naj = 40 pSlem?
Okori = 400 uSlem?, gk, = 100 uSlem?
Oag = 3000 pScm?  ga, = 300 uS/lem?;  gas = 100 uSem?
Viatma = —26.6 MV Vigimp = —4L6MV;  Vigime = —41.6 MV
Vhatng = —48.8 MV, Viginp = —63.8 MV, Vigeps= —63.8mV
Cuna = 2 pFlcm?;,  Cp, = 1 pFlem?®  Cys = 1 pFlem?
Ex = —100 mV;
[Na]oy = 145 mM;

[Klow = 2.5 mM; [K], = 140 mM

[Caloy =2.0mM; [Ca],=70-10"°mM; [Mglo,= 1.2 mM

Knna=10mM; Ky yg=50.7mM; gq=9mV;
dg=1um; dy=2pum; dy=15um; Ly = 350 um,
L, =150 um; Ly=15um
fb=1 fy=1

fo=4  lyapma = 0.012 mA/cm?

R, =200 cm; R= 8,314 Jkgmol K; T=308K; A =0.75; Ac,= 0.3

Two-cell model
Coupling via distal dendrites
—Crna(@Vy;/dt) = lyagj + lagj + lkoraj + Inapaj + ILaj + Inmpag + lapj + lcgj

lear = Ge(Va1 — Va2)i  legz = Ge(Vyz — Vo)
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Coupling via proximal dendrites
—Cnp(AV,;/0t) = Inapj + lap T lkorpi T Inarps + Tipi T 1paj + psj + lep;

Ic.p.l = Gc(vp.l - Vp,z); Ic,p,2 = GC(Vp,Z - Vp.l)

Coupling via somata
_Cm.s(dvsjldt) = INasl + IA.sJ + IKDR,s,J + INaP,sJ + IL,SJ + Isp,l + IsumuI,J + Ic,sl

Ic,sl = Gc(vsl - Vsz); Ic‘sz = GC(VS.Z - Vsl)

Here 1 is coupling current; G, conductance of electrical coupling
(nS/em?). The subscript “j” indicates a nonspecific neuron, whereas
subscripts “1” and “2" indicate “neuron 1” and “neuron 2,” respec-

tively.
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