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Schweighofer, Nicolas, Kenji Doya, and Mitsuo KawatoElectro- complex spikes is more controversial (De Zeeuw et al. 1998,;
physiological properties of inferior olive neurons: a cqmpartmgntgimpson et al. 1996). The view that climbing fiber inputs
model.J. Neurophysiol82: 804817, 1999. As a step in explo””gfémction as detectors of control errors is well supported (e.g.,

the functions of the inferior olive, we constructed a biophysical modgl. . - s
of the olivary neurons to examine their unique electrophysiologic I'tazawa et al. 1998; Kobayashi et al. 1998). However, it is

properties. The model consists of two compartments to represent §# unclear whether climbing fibers exert a real-time influence
known distribution of ionic currents across the cell membrane, as wem the targets of the Purkinje cells, and/or exert a short-term
as the dendritic location of the gap junctions and synaptic inputs. Theodulatory action on simple spike patterns, or induce long-
somatic compartment includes a low-threshold calcium curignt), lasting changes in the potency of granule cell-Purkinje cell
an anomalous inward rectifier curreiy)( a sodium currenti{,;), and - synapses.

a delayed rectifier potassium currefit ;). The dendritic compart- 40,00 exhibit a number of unique electrophysiological

ment contains a high-threshold calcium curr (p, a calcium- : - N
dependent potassium curreh (), and a curre?taﬁg\aving into other Properties. First, 10 cells respond to both injection of depolar-

cells through electrical couplinglJ. First, kinetic parameters for iZing currents and release from hyperpolarization by generat-
these currents were set according to previously reported experimeiftg@, respectively, dendritic and somatic spikes (Léinand
data. Next, the remaining free parameters were determined to accodatom 1981a). Second, in vitro IO cells can exhibit 4- to 8-Hz
for both static and spiking properties of single olivary neurons in vitrehythmic activity (Bal and McCormick 1997; Benardo and
We then performed a series of simulated pharmacological exparioster 1986; Llina and Yarom 1986). This rhythmic activity
ments using bifurcation analysis and extensive two-paramegen ejther take the form of subthreshold sinusoid-like oscilla-
searches. Consistent with previous studies, we quantitatively demﬂB’nS or rhythmic generation of sodium spikes. Furthermore
strated the major role df., ,in spiking excitability. In addition], g}fse oscillations can occur either spontaneously-[l8% of

had an important modulatory role in the spike generation and peri - .
of oscillations, as previously suggested by Bal and McCormic e cells recorded by Llirmand Yarom (1986); but Benardo

Finally, we investigated the role of electrical coupling in two couple@Nd Foster (1986) reported a larger proportion of oscillating
spiking cells. Depending on the coupling strength, the hyperpolariZ€lls] or after harmaline or serotonin administration (Sugihara
tion level, and the., ,andl,, modulation, the coupled cells had fouret al. 1995). Third, the cells are coupled by electrotonic gap
different synchronization modes: the cells could be in-phase, phag#ctions located on the dendrites (Lliat al. 1974; Sotelo et
shifted, or anti-phase or could exhibit a complex desynchronized, 1974). Through the combined actions of the coupling be-
spiking mode. Hence these simulation results support the countetigeen cells and the underlying rhythmicity of individual neu-
tuitive hypothesis that electrical coupling can desynchronize couplgghs, neighboring 10 cells have been shown to fire with some
inferior olive cells. rhythmicity in brain slices and acute preparations (Ldirzand
Yarom 1986; Sasaki et al. 1989). Yarom (1991) suggested that
the 10 is a network of damped oscillators that, when coupled,
INTRODUCTION can generate sustained oscillations. However, the oscillatory

Cerebellar Purkinje cells, the sole output of the cerebellg?ha"ior of 10 cells in vivo is still under investigation because
cortex, receive two major inputs: the climbing fiber inpuPParently random, rather than periodic, firing has been ob-

which originates from the inferior olive (I0), and the granul§€TVeéd in behaving animals (Keating and Thach 1995). Thus it
s probable that synaptic and modulatory inputs influence the

cell input, which relays information from the mossy fibers> Prob: . ;
Each Purkinje cell is innervated by one climbing fiber, andl-‘%scnlatmg behavior of single as well as group of coupled cells.

: : : “ o ides the very strong excitatory dendritic inputs (e.g., De
single 10 spike generates a single “complex spike” in a P €SI ) L\
kinje cell. In contrast, a Purkinje cell receive=200,000 gran- £8€UW et al. 1998), 10 cells receive two types of inhibitory

ule cell inputs, which generate a high-frequency dischar uts: the first affects the excitability of the cell, whereas the
(“simple spikeé"). Because IO neurons fire at a very |0\%%Ocond modulates the coupling strength between cells (Lang et

; e 1996). Moreover, a strong serotonergic input to the 10 from
frequency (at most 2 or 3 spikes within a second), there ; ) . s ;
comparatively few complex spikes. Although it is well know esmldbr«lsur; rgphehhas l:()jeen '%e':jt'?ﬁd (Weﬁs and PeIIett198f2|g_.)
that simple spikes are involved in motor control, the role of everal studies nhave described theé membrane currents o

neurons and their influence on cell responses (Bal and McCor-
—— P—— , ick 1997; Benardo and Foster 1986; Bleasel and Pettigrew
The costs of publication of this article were defrayed in part by the payme ] )

of page charges. The article must therefore be hereby maeidacbftisemerit %94; Llinzs _and Yarom 1981b, 1986; Manor 199,5; Manor et
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ al. 1997; Ruigrok and Voogd 1985; Yarom and Lkn&987).
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IO neurons exhibit two types of spatially distinct calcium Then we examined the role of electrical coupling on the
currents: a low-threshold currert( ) located in the soma and spiking behavior of 10 cells. Because 10 cells were discovered
a high-threshold current{, ) located in the dendrites (Lliisa to be extensively coupled by gap junctions (Lknet al. 1974;
and Yarom 1981a,b). 10 cells respond to both release frddotelo et al. 1974), researchers have been looking for the
hyperpolarization and injection of depolarizing currents vitunctional roles of the electrical coupling. In most neurophys-
these two calcium currents. The low-threshold calcium curreiological studies, electrical coupling is thought to be responsi-
has a window of conductance around the resting membrasie for the synchronization of groups of neurons. However, in
potential, which causes the cell to be excited in responses®everal mathematical studies of simple coupled neuron models,
hyperpolarizing current pulses. The high-threshold calciuamti-phase as well as irregular spiking have been observed
current is noninactivating, which results in a prolonged plateg@barbanel et al. 1996; Kawato et al. 1979; Sherman and
potential in response to depolarizing dendritic input. The céaRinzel 1992). Thus, although counterintuitive, electrical cou-
cium influx in the dendrites activates a calcium-dependepling theoretically could desynchronize rather than synchro-
potassium currentl{ ~.), which abruptly terminates the pla-nize coupled cells. In the present study, we found that two
teau potential after~30 ms (Llina and Yarom 1981a). The coupled 10 cells could have different spiking modes depending
inactivation ofl, -, has a very long time constant (severabn the coupling strength, the hyperpolarization level, and the
hundred milliseconds), resulting in a long afterhyperpolarizaaodulation ofl-, , and I,, currents: the two cells could be
tion (AHP). The AHP deinactivates the low-threshold calciurim-phase, phase-shifted, or anti-phase or could exhibit a com-
conductance and triggers a postinhibitory rebound. Furthg@lex, desynchronized spiking mode. We discuss the robustness
more, hyperpolarization activates an anomalous rectifying cand significance of the desynchronization for the in vivo func-
rent (Bleasel and Pettigrew 1994; Yarom and [$ii®87). Bal tioning of the 10 in light of the known effect of serotonin on 10
and McCormick (1997) recently argued that the h currgpt ( neurons.
which originally was described in thalamocortical relay neu-
rons (Huguenard and McCormick 1992), may account ffeTHoODS
many 10 cell properties. They proposed that which is
activated at hyperpolarized potentials, contributes to the pr&€neral cell model
ence, amplitude, and frequency of the subthreshold oscillaThe electrotonic properties of the two-compartment model (Fig.
tions. Finally, like most other neurons, 10 cells can generat®) were determined by two morphological parameters (Pinsky and
somatic sodium spikes (with the sodium currggf) that are Rinzel 1994): the ratio of the somatic area to total surface gesn(
terminated by a delayed rectifier potassium currdpt,f). the electrotonic coupling conductance between the two compartments
However, a single spike is generated during the plateau potéhe)- FOr each compartment, the membrane potentilohanged
tial, indicating a strong refractoriness of the sodium currefcording to
(Llinas and Yarom 1981a). dv

The existence of electrical coupling between 10 cell den- Co gt = =201 Ly
drites make voltage-clamp recording of individual 10 cells i
arduous (Manor 1995). It is thus difficult to analyze the corg,, is the membrane capacitantg,,is the applied current (common
tribution of individual currents to the response of olivaryo both compartments) anlll; accounts for the ionic currents, the
neurons. Conductance-based models of neurons, howevegyifent flowing out into the other compartment, and the current
SUﬁlClently constrained by blOIOglcaI data, may prOVIde ﬂowmg through the gap junctions (currentsﬂm\/cmz)_
means to test different hypotheses by systematically changing
their parameters (e.g., maximal conductances of ionic chafsmatic currents
nels). In the present study, we extended the single compartment o _ _ )
model developed by Manor et al. (1997), which included only The somatic ionic currents includdd, , I, an inward sodium
I 1and a leak current, and built a two-compartment model 6fent (na) and a delayed rectifier outward potassium currgnty),
IO neurons, where the first compartment represented the scﬁﬁ%""e" as thetlcurlrent flowing out into the dendritég)(and the
and the second compartment represented the lumped dendritesade curren 0
The dendritic compartment permits us to account for the D= Teatt In+ Tya + hear + las+ lis
known dendritic location of the high-threshold calcium current, i - -

the gap junctions, and the synaptic inputs. We constrained thq'o model these currents, we used data obtained from 10 cells

para[Ttl(Is!tersdof ourdmod(;al with exper_lmen:alll da})a Whe(;]?.\r/\l%enever possible; but when not available, we used experimentally
possible and reproduced many experimentally observed INflyeq data or models of similar currents from other neural systems.

INgs. _ ~ Manor (1995) quantified the activation and inactivation functions of
First, we further explored how the modulation of individuaj__ |in the 10 cell (seexprenDIX). 1, was modeled in thalamic relay
current conductances leads to different asymptotic electricrlirons by Huguenard and McCormick (1992). The equationfor |
behaviors in single olivary neurons in vitro. Specifically, wevas obtained from Rush and Rinzel (1994), as Wag,. Because a
quantitatively tested the influence of the low threshold calciugedium current of the Hodgkin-Huxley type would generate several
current I, ; and the h current,, on single 10 cell firing Spikes during the plateau potential, whereas 10 neurons normally only
patterns. Consistent with previous experimental findings, we
quantitatively demonstrated the major r0|e|e£1 ,in spiking 1Yarom and Lliria (1987) demonstrated that the anomalous rectifying

; g e T : ™y current consists of two parts: a time-dependent component and an instanta-
EXCItablllty. In addition, in line with the StUdy of Bal andneous component. Due to the lack of a precise current model, we did not

McCormick (1997), we found thdf, had an important modu- inciude the instantaneous component of the anomalous rectifying current in the
latory role in the spike generation and period of oscillationspresent model.
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A B

Oc Fic. 1. Model of inferior olive (I0) neurons.A:
Dendritic Ica_h AW 2-compartment biophysical model of an 10 cell. Somatic
compartment

size:1-p

o Ic ionic currents include a low-threshold calcium inward
current (-, ), an anomalous inward rectifier currem)(
the Hodgkin-Huxley type inward sodium,{) and out-
ward delayed rectifier potassiurt () currents, the cur-
Isd rent flowing out into the dendritic compartmengd, and

+ a leakage current (). Dendritic currents include a high-

[Ca++]

Ik_ca 45

lid
Isd

threshold inward calcium currenit(, ), an outward cal-
cium-dependent potassium currenf ¢.), the current
gint flowing into the somatic compartmerity), and a leakage

current (). Because the dendritic potassium Current

I caiS calcium-dependent, €a concentration dynamics

is included in the model,, is the coupling conductance
lis between the two compartmens.2 cells electrotonically
coupled by a single hypothetical gap junction with max-
imal coupling conductance,. Electrotonic coupling cur-
rent between the cells is given thy

Somatic
compartment
size: p

Ik_dr Ina

generate a single spike, we adapted a new typk,ofvith a long- of gap junctions between two cells can be represented by a single
lasting inactivation component. The somatic currents are given byconductanceg..? Thus the dendritic ionic currents are given by

lca1= gea KI(VS = Ve lca_n= Oca(Va — Vca)
Inh = gna(Vs — V) Ik _ca= Ok caS(Va = Vi)
Ina = Onam.(VS)°h(Vs — Vi) ha = Ga(Vg — V)
I_ar = G (Vs — Vi) lso = [Gind (1 = P)I(Vg = Vo)
las = (Gin/P) (VS — Vy) le = gef(Vyg — Vo) (Vg — Vgo)
s = gs(Vs — V)

wherer ands are activation and inactivation variables, respectively
seeaPPENDIX); f represents the transjunctional voltage dependence of
he gap junction conductanc¥; is the dendritic membrane potential
of the cell; V. is the dendritic membrane potential of another 1O cell

wherek, |, g, h,andn are activation and inactivation variables, thé
kinetics of which are described in thepenpbix; Vg is the membrane
Sien\?:l c\)/fNTeai%m\?Kag?fé'st;Ze ggé?g;?n;oﬁgﬁgﬂsalg ttrllidsgggﬁin electrotonic contact with the celfc,  9k_ca 9 @andg. are
potassium, calcium, and h currents, respectively (potentials in m ;aX|maI conductances.
dca » O Ona Ok an @ndg, are maximal conductances (in mSAm
Modeling a “standard” cell
Dendritic currents A neural model can have a wide variety of responses when large
parameter ranges are considered (Rinzel and Ermentrout 1989). Our
model of 10 neurons, although simplified, contains a large number of
parameters. Consequently whenever possible, physiologically plausi-
ble ranges of parameters are first taken into account (see Table 1).
Moreover we use typical values for sodium, potassium, and calcium
E ol e e reversal potentials and membrane capacitalgg:= 55 mV, V. =
PocanT Ik ca T fsd T Td T e —75 mV, andV., = 120 mV andC,, = 1 uF/cn¥ respectively. We
i took the reversal potential of the h current toe= —43 mV, as
reported by Huguenard and McCormick (1992). The remaining un-
{ﬂg)wn parameters were investigated using the simulation software
package XPPAUT (Ermentrout 1997) to integrate the equations of the
égstem. We developed a “standard” cell that possessed most of the

(Moreno et al. 1994), the conductancelghas been shown recently hown eIectrophysmIoglcaI properties of 10 qells by taking a priori
to be voltage dependent (Kogan and Yarom 1997). Precise voltaffl9es Of parameters into account when available.

dependency curves are not yet available for the gap junction proteis - - -
connexin36, which is important for the 10 (Condorelli et al. 1998), - The electrotonic coupling conductancg, §etween the somatic and den-
Therefore we adopted the general voltage-dependency model fre{"'qCm?STeps?giwﬁ;t??eag}:QﬁggfﬂﬁJgﬁﬁzsggﬁsdHl?awgvggsﬁvgg;hfhgeég]scym'
Benett .‘"‘f‘d Versedis (1992)’. and we .Set the pa'rameters accordin cts the strength of the intercellular electrical coupling. Although these two
the activity of the gap junction protein connexin43 (Moreno et afyhes of coupling are very different physiologically, in two-compartment
1994). The number of gap junctions is presumably between 5 andr&@dels they are represented similarly, by the coupling conductapgesd

for any pair of 10 cells (De Zeeuw et al. 1996). However, as wg. However, to account for the cell integrity, the value of the former must be
modeled only a single dendritic compartment per cell, an agglomeratach higher than the value of the latter.

The dendritic ionic currents include, , I« c» the current flowing
into the somatic compartment.), a leakage current (), and the
current flowing into other cells through electrical coupling.(Thus
the dendritic currents are given by

Traub et al. (1991) modeldd, ,, I« c» and the dynamics of calcium
concentration for CA3 neurons. Rush and Rinzel (1994) described
expression of .4 for a two-compartment cell model. Finally, like all
gap junctions between all mammalian cells thus far evaluat
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TABLE 1. A priori ranges of several parameters time shift 7., that yields the minimum value dd(r, g.), for fixed
coupling. For instance, if the neurons are anti-phase, the distance
Parameter Range Source D(Tmins Uo) iS zero and the time shift,,;,, equals to half a period.
Initially a perturbing stimulus input was giventat 1 sin cell 1. The
p 0.1-0.4 Manor (1995) distance was then computed over 10 s, from 5 s to ignore the
Gine, MS/cnt 0.1-3 Pinsky and Rinzel (1994) transients.

Booth et al. (1997)
Mainen and Sejnowski (1996)

9., mSient 9 < Gint RESULTS
Oca » MS/cnt 0.1-3 Manor (1995)

- Manor et al. (1997) Standard cell
g andg,, mS/cn? <0.5 Manor et al. (1997)

Using the following parameter values (conductances in mS/
cnP), somagy, = 70,0« o = 18,dca | = 1.0, andg, = 1.5;
dendrite:gc, ,= 4.0 andgy ¢, = 35; leak:g, = g4 = 0.015

We tracked the stationary and periodic solutions of the system wiimdv, = —10 mV; cell morphologyg;,, = 0.13 ancp = 0.20,

a change in a parameter (such as the input current) using the bifiata from our standard cell model were consistent with many
cation analysis software AUTO (Doedel 1981). AUTO also allowegaported experimental findings from actual 10 neurons.

us to compute the frequency of oscillations, detect the bifurcation of . .
solutions, and track the bifurcation points (e.g., the onset of oscillalFADY-STATE PROPERTIES. Thg membrane potential with no
tions) in two-dimensional parameter space. Because it was impossifigut current [, = 0 uA/cm?) was —57 mV, whereas the

to track the bifurcation of periodic orbits with this software (e.ginput resistance derived from the voltage-current curve was 36
points for which 2 periodic solutions, such as subthreshold oscillatioM(). Whenl,,, = —5 wAlcm?, the potential was-80.3 mV

and spontaneous spiking, coalesce), we developed a custom simulatwl the input resistance was 14 Mreflecting the effect of the
based on the integration simulation package CVODE (Cohen aRdcurrent. Wherl,, = +5 MA/cmz, the membrane potential
Hindmarsh 1994). Thus we could explore spiking behaviors when oyg&ys — 46 mV and the input resistance was only 10Mecause

or tw? paramter:e[js.‘ﬁwere t"a”ed' B3t’ ”“m‘frica”y integrating tze modst the effect of the delayed rectifier current. These steady-state
equations with ditierent parameter values, we UNCOVered SEVEIA,aq are jn agreement with published experimental data (see
asymptotic cell response domains: return to rest (R) after a period (%é'nstance Table 1 in Llifmand Yarom 1981a; Fig. 1A in

transients, spontaneous subthreshold oscillations (SO), spontané?ﬂ g ] 5
somatic spiking (SS), spontaneous dendritic spiking (DS). In somf@r0m and Lliria 1987; Manor 1995). Note that AA/cm

cases, the cell could stay in different symptotic states depending @¥responds to 0.1 nA for a total cell surface of 10,Q06%.

the initial conditions: the cell was then described bistable, and in thigp0) ARIZING CURRENT INPUT. We injected depolarizing step
case the domains were overlappigror instance, when the SO urrents of 50-ms duration, beginningtat 200 ms in the cell
domain overlapped with SS, the cell behavior was denoted to éia rest (Fig. 2). When the, injected current intensity wa®
SS/SO bistable. Note that in the sensitivity analysis graphs, we plotte > s X . d .
both the results obtained with AUTO (for the domain of oscillator /cm_, the cell first responded .V\.”th a s_omatlc sodium Sp'.ke
behavior emerging from rest) and the results obtained with our sifitmediately followed by a dendritic calcium plateau potential
ulator (for the other domains). (Fig. 2A), which lasted for~35 ms. The calcium plateau
potential, due to activation ¢f, |, created a large calcium ion
influx in the dendrites, which in turn activatéd -, (Fig. 2C).
This eventually terminated the plateau potential and created a
We examined the behavior of two coupled cells witgrvaried large, long-lasting AHP-13 mV below the resting membrane
(Fig. 1B). To describe the extent of synchronization between tw§otential. At the offset of the dendritic spikie, 1, |, , andl;,

identical cells that receive identical inputs, we computed the averagg, | completely inactivated (as aig, andl, 4). Thus the
_dv/-

distance” D(7, ¢.), in millivolts, between the somatic membrane0 ly nonzero current i5<_<:a. Because this current is driven by

potentials (Abarbanel et al. 1996). This measure is essentially the rFé)qltively slow dendritic calcium dynamics and possesses a

mean square difference between the somatic membrane potential . o . he AHP is domi d b
the two cells)V., andV.., with a time shiftr. The time shift between 0N Inactivation time constant, the IS dominated by

the activities of the neurons is necessary to “align” the neuronk_ca NOte that even though the conductance,ot, is high,
responses. The average distance is mathematically defined by —the amplitude ofl, -, is small during the AHP because the
membrane potential is close to the potassium reversal potential.
1 & The AHP terminated sharply after300 ms due to rebound
D(7, g = \/N D [Valt) = Valt + 1) 2 excitation, which is consistent with published data (see FAg. 7
=1 in Llinas and Yarom 1981b). The time courses of the somatic

whereN is the total number of time steps (1 time step was 1 ms). Aglrrents (Fig. B) revealed that the AHP termination is initially
in Abarbanel et al., we pldD(,,., 9), Which is the distance for the due to the activation of,, which increases the membrane
potential. Then when the soma is sufficiently depolaritgd,

3To detect these cases, current pulses of 21 different intensities (i®m starts to be activated, which results in the rebound of excita-
pAlcm? to + 8 uAlcm?, for 50 ms) were injected into the cell's soma. Wetjon.
considered the cell to be bi-stable if at least one current injection could .
generate sustained spiking (when the cell was not spontaneously spiking befSY®ERPOLARIZING CURRENT INPUT. We then studied the re-
the current injection) or stop spiking (when the cell was spontaneously spikisponse of the standard cell model to a hyperpolarizing current

before the current injection). Note that this method introduces a resolution Iirpmse ¢ = 500 ms, duration= 100 ms, intensity= —1.5

of 0.8 wA/cm?, which corresponds to 0.08 nA only for a total cell surface o P . . . . _
10,000 um?. 1t is therefore possible that we missed some small ranges H1Alcm ) superimposed on different tonic hyperpolarizing cur

- 2 At
bi-stability. However, these very small bi-stability ranges would have negh€NtS (app- When_lapp = 0 uAlcm?, the activation of the
gible physiological consequences. low-threshold calcium conductance, as well as the recovery of

Sensitivity analysis

Analyzing the responses of two coupled cells
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A Parameter sensitivity analysis

10f BIFURCATION ANALYSIS. The steady-state cell responses at dif-
ol ferent hyperpolarized membrane potentials can be predicted
from a bifurcation diagram plotting the minimum and maxi-
mum values of the somatic membrane potentiallfgy, The

-20f cell had a stable steady state forlgu values except between
2 a0} —1.17 pAlcm? and —0.37 pAlcm? (Flg 4;—-1.17 and—0.37
corresponded to the 2 Hopf bifurcation points marked a and b).
Within this range, the cell exhibited subthreshold oscillations
-50f that reached a maximum amplitude of 9.8 mVIfgy, = —0.85
—sof wAlcm?, and the frequency of these subthreshold oscillations
was 5-7 Hz. These values are similar to those recorded in real
IO neurons (Benardo and Foster 1986; Lampl and Yarom
1997; Llinas and Yarom 1986).

LOW-THRESHOLD CALCIUM CURRENT. Because the low-thresh-
old calcium current has a central role in 10 oscillatory behav-
ior, we examined the variation @k, in our model. We first
analyzed the behavior of a cell with, ; = 1.2 mS/cni and
compared it to our standard celyd, ; = 1.0 mS/cm). The
relatively small increase ige, | resulted in a very different
bifurcation diagram (Fig. 5). The cell had multiple stable
behaviors, specifically, SS, SO, and R (an example of SS
behavior can be seen in FigD). The spontaneous somatic
spiking was between the points marked a and b in the figure,

[+] 200 400 600 800 1000
msec

200 400 600 800 1000

which correspond to a large range of input currentd.48—
0.19uAlcm?). Between the points b and k6o between—0.23
and 0.19uA/cm?), the cell had two stable states, either SS or
R. This bistability has been observed previously (Bal and
McCormick 1997 - see their Fig Blfor instance). Between the

points ¢ and d, i.e., wheh,,,was between-0.73 and—0.23

$o
w———————

A 40 B 40
0 200 200 600 800 1000 2 20
msec
FIG. 2. Responses of an 10 cell model to a dendritic current pulse (inten- ’
sity: 8 wAlcm?, duration: 50 ms)A: somatic membrane potential: the cell 1st #-20 220
responded with a somatic sodium spike immediately followed by a dendritic _, _40
calcium plateau potential ensued by a long-lasting after-hyperpolarization,
which is terminated by a rebound potentiBl. somatic currentsC: dendritic -60 e
currents (note difference in ordinate scale betwBeand C). 80 80
. .. S - %0
I, during the hyperpolarizing step created a rebound sufficients -2 U g2 B
to generate a sodium spike (FigA)3 This is consistent with o s doo im0 20 0 w0 o0 s o0
previous experimental data (Bal and McCormick 1997; seé D
their Fig. 2 for instance)lc, , then became inactivated and 40
lca n became activated to a moderate degree. The caIC|um 2 20
influx in the dendritic compartment resulted in the ¢, acti- o o
vation, creating an AHP. The cycle began again, and anothe;: "
spike was generated. After the second spike, however, - “
was no longer sufficiently activated to bring the membrane
potential above threshold and only a few more subthreshold ** i
oscillations followed. Thus the standard cell was a damped -8 -8
oscillator, as reported by Lampl and Yarom (1997) When a; ° L Né-g T
tonic bias hyperpolarizing currenf,, = —0.5 pAlcm? was - -
. . 0 500 1000 1500 2000 [ 500 1000 1500 2000
maintained before the current pulse, the cell was SO (By. 3 msec mseo

The cell fired a burst of six spikes after the pulse. When theric. 3. Response of an 10 cell model to a hyperpolarizing somatic current
bias Waga —1. OMA/cm (|:|g 3c) the cell generated two bulse (intensity:—1.5 wA/cm?, duratlon 100 ms) at different states of tonic

erpolarlzatlonA lapp= 0.0;B: I5pp= —0.5;C: Iapp —1.0;andD: I, =
sodium splﬁes in response to the current pulse. Finally, Wh@ffs A2, Cell 2P ot excitable whely, = =05 uAJcm? and Sub-
the bias wad,,, =

—1.5 uAlcm? (Fig. 3D), only one spike threshold oscillations occur only for moderate values of the tonic hyperpolar-
was generated and the oscillations were rapidly damped. izing current.
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1

15

2 -2
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FIG. 4. Bifurcation diagram of the membrane potenifalas a function of ~ FiG. 5. Bifurcation diagram of the membrane potenliglas a function of
l.pp Which shows the behavior of the standard cell model as a function of thg, Which shows the behavior of a different cell in whigh, ,was changed
injected DC current. Cell has a stable steady state for,gllvalues except t01.2 mS/cr (for the standard celyc, ;= 1 mS/cn?). Cell now has multiple
between the points marked a and b, where the cell exhibits SO. Thin lirséable behaviors, namely spontaneous somatic spiking (SS), SO, and R. SS
stable steady state. Thin dotted line: unstable steady state. Thick line: staists between the points a and b. Between the points b and c, the cell has two
oscillatory behavior. Hopf bifurcations occur at the thin and thick linestable states, SS and R. Between the points ¢ and d, the stable behaviors are
intersections. R, rest. SO, spontaneous subthreshold oscillations. either SO or SS. For the range delimited by the points d and e, the only stable

state was SS. Finally, the points e and a delimit another bistability zone with

MA/CmZ, the stable behaviors were either subthreshold osdither SO or SS. Thin line: stable steady state. Dotted thin line: unstable steady
lations or spontaneous somatic spiking For the domain de|iﬁthte' Thick lines: stable oscillatory behaviors. Open circles: unstable oscilla-

, ; trajectories that t ob ble.
ited by the points d and d,, between—1.30 and—0.73 oy frajectories fhat are not observable

wAlcm?), the only stable state was spontaneous somatic spilg97: see their Fig. D). Note also that fog, = 0.5 mS/cm

ing. Finally, the points e and dgf, was —1.47 and—1.30 andg, = 0.0 mS/crd, the hyperpolarizing pulse generates a
nA/cm?) delimit another zone of bistability, with either subendritic spike. In these cases, as discussed by Yarom and
threshold oscillations or spontaneous spikiriie frequencies | jinas (1987), somatic and dendritic compartments are effec-
of the spiking oscillations ranged from 3.8 to 9.4 Hz, which igyely more strongly coupled because of higher input resis-
similar to that previously recorded in 10 neurons (4—8 Hzhnce: the sodium spike can invade the dendritic compartment
(Bal and McCormick 1997). The frequencies decreased W'é'hough to generate a dendritic spike.

stronger hyperpolarization, a result also consistent with previ-Next, the effects of systematically varyirg and L, were

ous observations (see FigAn Bal and McCormick 1997). examined (Fig. ). When no current was injected, spontane-

Figu_re 6 illustrates the domain_s of asymptotic behaviors ggs subthreshold oscillations appeareddpr 0.67 mS/cr.
a function of both ,,,and the maximal conductange, ; The

oscillations were very sensitive tp., ; whengc, ;was<0.95 3 . o . :

mS/cnt, no oscillation occurred for any applied current value.

Wheng., ;was between 1.05 and 2.50 mSfgitie SS domain N

co-existed with the R domain, for applied currents between?s S

—0.75 and 0.15uA/cm? (bistable SS/R domain). Finally, the =

spontaneous subthreshold oscillation domain (SO) was small2 |

and mostly overlapped with the somatic spiking domain (where “{ s N ssm n

the cell is bistable and the domain is described by SS/SO in the | ™ s ;

figure). @ B !
t
i

150 : i
h CURRENT. Previous in vitro experiments have shown tbat :5 N
is reduced with increasing concentrations of bath-applied Cs sandard RS e s8180 T
(Bal and McCormick 1997). To model the effects of 'Cg, ! ERRRS =
was decreased from its standard value 1.5 m3(ig. 7A) to %0
1.0, 0.5, and 0.0 mS/chfFig. 7,B-D), while a tonic current of

2 . .. 0.5

—0.5 pAlcm” was apflled (note that a hyperpolarizing current
pulse of —1.5 uA/cm* was injected at 500 ms for 100 ms to
show bistability). The frequency decreased as the conductance, . . . s
value became smaller: it was8 Hz with g, = 1.5 mS/crd * 18 T e e ° 8
and it decreased. to 6.2 Hz Whgp was fully suppressed FIG. 6. Response domains when baj, ,andl,,, are varied. Note how
(f_requency analySIS conducted W'th _AUTO’ data not Showr})ve low-threshold calcium current is crucial fo?pgubthreshold and spiking
Similar results have been found in vitro (Bal and McCormicKscillations. In this figure and in Figs. 7 and 8, the smooth curves were

obtained by tracking the bifurcation points with AUTO and the segmented
4 For a very small range; 1.477< lapp< —1.470, the stable states were thecurves were obtained by performing full two parameter searchesvisee
resting state and somatic spiking. oDS).
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For smaller values of the maximal conductance, there wasealls were plotted for both noncoupled (and E) and
small range of applied current for which the cell was spontaeupled caseR andD: g, = 0.05 mS/cm) for two values of
neous somatic spiking and a larger range for which the cell WBS,,(D andE: | ,,= —1 wAlcm? andB andC: lappz= —4

bistable (both SS and SO co-existed). wAlcm?). A current pulse (intensity—1.5 wA/cm?, dura-
tion: 100 ms) was injected inell 1att = 0.5 s. Note how
Behavior of two coupled IO cells the coupling modifies the cellular responses: In Fig, 80

was generated in both cells even though neither of the
RESPONSES TO A CURRENT PULSE WITH DIFFERENT TONICinqividual cells was SO before coupling (FigCB This

CURRENTS. To investigate the effect of coupling on the OSCII'result is in agreement with the theory according to which the

lating behaviors of two cells, we examined the membrang . ) :
potential ofcell 1 as a function of both the tonic input currenttPB is a network of damped oscillators which, when coupled,

injected incell 2 (1,,,3, and the coupling conductangg(with can generatg sustained oscillations (Yarom 1991). It is also
| — 0 wAlen?). The cells were “standard cells,” except thatonsistent with the results of the modeling study of Manor

appl ™ [T
we setge, | = 1.2 mS/cr to increase the excitability of the €t &l- (1997), who showed that, for two cells, it is not

cells. The two-parameter diagram (Figh)&hows that fog, < Necessary for either cell to oscillate spontaneously to obtain

0.18 mS/cr, there were two ranges bf . with subthreshold sustained oscillations when the cells are con_JpIed. In Aig. 8

oscillations. In Fig. 8, to the right of the nearly vertical line SO could be generated in cell 1 after coupling, even though

(aroundl,,,, = —0.2 pAlcm?), and the area under the Curveq:ell lis by itself SS/R (Fig. B); alsocell 2 became SS/SO

line, cell 1was in a stable-steady state. In other regions, the ciélstead of SS alone. Note that because the cells are standard

oscillated. cells withge, ;= 1.2 mS/cm, the results of Fig. B already
Next, in Fig. 8,B—E, the membrane potentials of the twchave been summarized in Fig. 5.
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RESPONSES TO CURRENT PULSES IN SIMULATED HARMALINE cells exhibited strong and robust spontaneous somatic spiking
APPLICATION CONDITIONS. The drug harmaline is known to with this set of parameters.

induce very robust somatic spiking in 10 cells via three phar- After g, first was set to 0.03 mS/c%;na small dendritic pulse
macological effects (Llingand Yarom 1986): it increases theyas applied tocell 1 (0.1 wA/cm? for 1 ms). The cells then
voltage sensitivity of the conductance of the low-thresholgkhibited nonsynchronous, complex firing patterns, as shown
calcium current, it hyperpolarizes the cell, and it reduces th¢Fig. 9A. The disparity between the membrane potentials was
anomalous rectification. In simulations, we approximated thge to the occurrence of a somatic spike in one cell just before
increase in voltage sensitivity of thk,, ; conductance by the other cell was to spike. The current flowing from the
increasinggc, , the hyperpolarizing effect by injecting a tonicleading cell to the lagging cell had an effect strong enough to
hyperpolarizing current in the soma, and the reductiol Iy  trigger a dendritic spike in the lagging cell (as seen at abeut
decreasingg,. Thus we setge, ; = 1.2 mS/cm, I 0.6 s). As a result, a few nonsynchronous somatic spikes
lappz = —0.8 um/cn?, andg, = 0.7 mS/cni (also we further followed in both cells. When the somatic spikes were suffi-
increasedg,, to 80 mS/cm to ensure robust spiking)The ciently close to each other again, a new dendritic spike was

generated in the lagging cell (as seen arourd2.5 s in Fig.

®Harmaline shifts the inactivation curve of the low threshold calciur®A), thereby maintaining the complex spiking pattern. The
currents to the right (Llimand Yarom 1986). In the present model, we chose

to simulate the modulatory action by adjusting the maximal conductances orgyeliminary simulations which showed that shifting the inactivation function of
in order not to increase the parameter search space. We did however leun, to the right by 5 mV also reproduced robust somatic spiking.
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FIG. 9. Responses of coupled spiking cells in 2 conditions.
Att = 0.5 s, a depolarizing pulse was given to the dendrite of
cell 1 for symmetry breakingA: complex desynchronized
firing patterns obtained fog, = 0.03 mS/cM, gc, = 1.2
mS/cnt, g, = 0.7 mS/cnd, gy, = 80 mS/cnd, andl,,,; =
lappz = —0.8 pm/cn?. B: anti-phasic spiking patterns for
same parameters asApexceptge, ;= 1.5 mS/cm andg, =
0.01 mS/crf. For a better visualization of the desynchroni-
zation, we plottedell 1's somatic membrane potential eIl
2's potential of for the complex firing pattern casg) for the
anti-phasic casel)).

nonsynchronous firing can be better visualized by plotting tiierough the gap junction (as in FigAR® Very weak coupling
membrane potential ofell 1 as a function of the membrane(g, < 0.003 mS/crf) had no effect on the phase relationship of
the spiking cells. For a large range of intermediate coupling
For g. = 0.01 mS/cm and with a further increase in thevalues ¢, between 0.003 and 0.15 mS/@nspiking was
strength ofl, | (Jca | = 1.5 mS/cni), the cells exhibited complex. Only very large coupling conductances £ 0.2
anti-phasic firing (Fig. B). Interestingly, anti-phasic so- mS/cnf) brought the two cells into the in-phase mode. Because
matic firing has been reported in the 10 cells by Lknand these large values are probably not biologically plausible (see
Yarom (1986; see their Fig.B. Plotting the membrane piscussioN, complex firing behavior occurred for almost the
potential of one cell as a function of the membrane potentiahole physiological range aj.. The range ofy-, ,for which
of the other reveals the precise periodicity of this spikinfiring is complex was 1.15-1.4 mS/énThis range should be
compared with the spontaneous somatic spiking domain: if

potential ofcell 2, as in Fig. €.

pattern (Fig. ®).

MODULATION OF BOTH COUPLING STRENGTH AND
CURRENTS IN SIMULATED HARMALINE APPLICATION.
show that, in addition to the coupling conductance, the ma
mal conductance values of boltg, ,andl, have key roles in

the appearance of complex, desynchronized firing patterns..jn.

IONIC
Here we d
Xl

Uca | Was <0.9 mS/cmi only subthreshold oscillations were
observed, and i, | was >1.6 mS/cré, only spontaneous
endritic spiking were observed. Thus desynchronization oc-

6

This value might appear small compared with spike amplitudes. However,
e the maximal firing rate is low (around 3-4 spikes per s) and since a

Fig. 10A, the distance between the two cells is plotted as &odium spike lasts only a very short time (in the order of 2-3 ms), the two

function of bothgc, ;andg.. The contouD = 2 mV approx- de
imately corresponds to the appearance of a significant ph&
shift. The contouD = 8 mV corresponds to the induction of

synchronized cells have similar, hyperpolarized, membrane potentials most
éhe time. During these relatively long-lasting common hyperpolarized
phases, the instantaneous distance is small; this explains the small values of the
distance, which was temporally averaged over long duration, compared with

desynchronizing dendritic spikes by the current flowinge spike amplitudes.
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curred for more than a third @, ,values for which somatic of several neurons which contain active dendrites (Booth et al.
spikes were observed. B 1997; Mainen and Sejnowski 1996; Pinsky and Rinzel 1994;

In Fig. 1B, the distancé between the two cells is plottedRush and Rinzel 1994). The second compartment, correspond-
as a function of botlg, andg,. As in the preceding text, very ing to the lumped dendrites, allowed us to segregate the soma
weak coupling had no effect, but for stronger coupling valuggm the dendritic location of the high-threshold calcium cur-
firing became complex, and the two cells were desynchronizegnt, the gap junctions, and the synaptic inputs. The morpho-
The spiking was complex and desynchronized for a very larggyical parameters;,,, andp were critical to the behaviors of
range ofg,, i.e., 0.005-0.14 mS/cirand wheng, was in the e two-compartment model. When the coupling conductance
0.4- to 1-mS/crfi range. Thus desynchronization occurred fogaiveen the two compartmegy, was set to large values (in
more _than a I.fOl.thh of possiblg, é_?ges' Note that therﬁ_sseffect lumping the somatic and dendritic compartments into 1
gg{cvaelgnW(?SZSIrgggdotiszg/%rgn%/ntanegrﬁ; dgﬁgri'dngsé Cik.in isopotential compartment), simulations showed that it was im-

) ) P P gpossible to generate somatic spikes: the sodium spikes always

occurred;<0.15 mS/crA the cells were in a hyperpolarized" . o ; .
steady state; angt2.45 mS/cm only subthreshold oscillations Frlggered dendritic spikes. We found that, for proper function-

were observed. For values gf, between 0.25 and 0.40 ms/ng Of the. mOdelgi"t must be set 16<0.2 mS/crﬁ. Moreover,
cn?, while one cell is hyperpolarized after a dendritic Spiké),ecayse it is reasonable to assume th_at intracellular coupling
the other cell could not generate a somatic spike because @ed 1S Stronger than intercellular couplingf, we haveg, <
depolarization induced by the h current was weak comparge < 0.2 mS/cr (see Table 2 for plausible ranges of param-
with the hyperpolarizing coupling current. The cells generate4€rs inferred from simulations). In the present modet; 0.2
nearly simultaneous somatic spike at the end of the AHWas used for the ratio of the somatic area to the total surface
Therefore in this particular case, dendritic spikes do not leadagea. In two compartment models, it is difficult, however, to
significant desynchronization. relate directlyp to the actual cell morphology due to the
attenuation of the current flowing from distal dendrites to the

DISCUSSION
We propose a novel two-compartment biophysical model HBLE 2. Plausible ranges of several parameters inferred from

IO neurons that reproduced many reported experimental génulations
sults. The modeled neurons exhibited multiple firing patterns

that depended on the level of depolarization or hyperpolariza- Parameter Range
tion, on the relative influence of the ionic currefitg ,andly, p 0.2-0.3
and on the strength of the electrotonic coupling. Gt MS/en? 0.08-0.2
¢ mS/Cn;F e < Gint
. . . . a» MSfcn? 0.5-1.5
Comparison with related modeling studies gf, ;hg;cng 1-2

Two-compartment models similar to the one described heroe how the ranges for the first four parameters have been reduced

were shown to reproduce successfully many cellular respongsespared with Table 1.
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soma (Pinsky and Rinzel 1994). Thpshould be larger than lonic current modulation—rhythmicity in single inferior olive
the actual morphological ratio (0.1-0.2) (Manor 1995). cell

In the present study, the calcium dynamics and the kinetics ) _ _ )
of the I, pandly ¢, currents were borrowed from Traub et AS previously described in experiments (Lampl and Yarom
al.’s (1991) CA3 hippocampal pyramidal neuron model. Thed@88; Llinas and Yarom 1986) and in the model of Manor et al.
kinetics lead to satisfactory performance of our 10 modék997), simulations showed that the low-threshold calcium
because most of the results of the present study are in ag@gfent had a central role in generatlng rhythmlc behavior. If
ment with experimental observations. It is possible, howevéf€ maximal conductance &f, ,was below a threshold value,
that the very low firing frequency of 10 neurons in vivo is dudhen spontaneous subthreshold oscnlatlons_ did not occur re-
to a longer lasting AHP than in the modet850 ms when no gardless of th)e input current. Small changegdg_, around the
tonic current is injected). When we used the following calciurﬁ[andaerI cel’'s parameter had dramatic effects on the cell

X P ; excitability pattern (R, SO, or SS) as shown in Figs. 5 and 6.
dynamics equation (instead of Traub et al.'s) Depending on the brain slice, or even depending on the cell

d[ca*] impaled, 10 neurons recorded in vitro exhibit a variety of
= —1.0lg, ,— 0.04C&"] responses to the same stimulus, and some cells are more
excitable than others. Our results show that even a relatively

then | <, was activated for a longer period and created d}fTOW distribution ofjc,_,in real 10 neurons can explain the

AHP that lasts~700 ms (same experimental conditions as ifilVersity of responses encountered. Figures 4 and 5 suggest

Fig. 2). Thus the maximal firing rate of the cell would b4.4 wo new experiments to test further the effect of the low-

spikes/s, in line with in vivo data (at most 2 or 3 spikes withiff"€shold calcium current in single cells, i.e., cells grown in

a second) culture or isolated (this only will be feasible when specific gap
To our knowledge the model developed by Manor (199' nctions blockers become available). In these experiments,

. . oth the low-threshold calcium conductance and the injected
and Manor et _al. (1997) is the only other published mod_el O_ﬂ nic current are controlled independently. In the first experi-

) ) RRent (Fig. 4), starting from rest at the depolarized level, a very
so their model contained onlyc, , and a leakage currentgioy continuous decrease in the injected tonic current first
(because these 2 currents are sufficient to generate subthr@gfiid produce subthreshold oscillations of increasing ampli-
old oscillations). These authors notably showed that when tW@jes, then oscillations of decreasing amplitudes, then rest
nonidentical cells were coupled, oscillations could be gengfgain. In a second experiment (Fig. 5), if the maximal conduc-
ated even though neither of the individual cells was a spontanceg, , is increased (by harmaline for instance), the se-
neous oscillator. For example, the two cells shown in FB. &uence of responses to decreasing injected current then would
did not oscillate when they were not coupled because the fitgt: subthreshold oscillations of increasing amplitudes at
cell was too depolarized and the second cell was too hypergtightly hyperpolarized membrane potential, then spontaneous
larized. When coupled (witg, = 0.05 mS/crf), however, the somatic spiking, and finally rest again for large hyperpolarizing
two cells oscillated at the same frequency, but at differeaurrents.
baselines and with a small phase shift. Moreover, if one cellOur results indicate that the anomalous rectifier curtgnt
started spiking, the oscillations in the other cell increased ays a major role in controlling the frequency of the oscilla-
amplitude. tory behavior and the generation of 10 somatic spikes. This is
Our model significantly extends the Manor et al. modefonsistent with the observations of Bal and McCormick
however, because we incorporated sodium spikes, dendrftf@97)-lca1andl, play antagonistic roles: while an increase in

spikes, and AHP. Thus we could investigate the conditions 9¢a_ ma!TeS ﬂ]lfe cell rlr:1_ore eX(_:IELableff(Fig. i)’ r? decreaslgnin
IO spike generation when input current, electrical couplin@s..SImI ar effects (Fig. B). The effect of the anomalous
ctifier could be tested by controlling simultaneously the

strength, and the conductances of bigth, and!, were varied. onductance of,, (with serotonin and/or Tris artificial cere-

We further showed that a two-cell network model can exh|bD ospinal fluid) (see Bleasel and Pettigrew 1994) and the

anti-phase spiking (as previously found in S|m.ple models embrane potentials. For example, an experiment designed to
coupled neurons) (e.g., Abarbanel et al. 1996; Kawato et llow a path at a fixed membrane potential similar to

1979; Sherman and Rinzel 1992) and complex, desynchroniz€d,g_.c".p in Fig. 7 could be performed.

firing patterns (also observed in the m_odel of Abarbanel et a_l.|n the present model, the frequency of all oscillations are
1996). In the present model, the crucial and novel elementy§itage dependent. In agreements with our model, the results of
the triggering of dendritic spikes by electrical coupling leadingjinas and Yarom (1986) and of Bal and McCormick (1997)—
to desynchronization. Our results suggest that this behaviokise their Fig. 2—seem to indicate that somatic spiking oscil-
robust because it can be attained for a large range of coupligfions are voltage dependent. However, the spontaneous sub-
and ionic conductances. threshold oscillations, in slices where they occur, are voltage
Finally, our two-compartment model is complex enough tmdependent (Lampl and Yarom 1997; Ll:and Yarom

reproduce the essential properties of IO cells, such as tt@86). Part of the discrepancy between our results and these
generation of dendritic and somatic spikes, but computatioexperimental results may be due to network oscillations as
ally simple enough to be later integrated into models of largepposed to cellular oscillations. Lampl and Yarom (1997)
networks. Moreover, realistic, time varying inputs could bshowed that the pattern of subthreshold oscillations is network
provided to the IO network by incorporating it into a completspecific rather than cell specific. Thus injection of current in
sensorimotor neural system (see Schweighofer et al. 1998)one cell does not change its oscillatory frequency. Only when

dt
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an experimental method is available to isolate a single 10 calduce relatively small changes in ionic conductances may
will it be possible to analyze the voltage dependency of subring 10 cells into spontaneous rhythmic firing modes and
threshold oscillations in single cells, as predicted here. allow neighboring 10 cells to be desynchronized. Indeed, se-
rotonin, released by the raphe nucleus, has been shown to have
Influence of coupling and current modulation—synchrony effe_cts very similar to_those of harma_lme on IO ceIIL_IIar be-
and desynchrony of inferior olive cells hawqr (even though its mo_dg of actions may be different)
(Sugihara et al. 1995). Thus it is possible that our results under
Even though gap junction coupling generally is thought teimulated harmaline application apply to serotonin neuro-
bring the membrane potential of the two coupled cells closertoodulation. First, because only a slight increasgdy ,allows
each other, we found that, counterintuitively, increasing cospontaneous rhythmic somatic spiking (at least at slightly hy-
pling strength can desynchronize the two spiking cells. If gerpolarized membrane potentials), 10 cells could be exquis-
somatic spike occurred in one cell, a dendritic spike in igely sensitive to serotonin: by increasing the voltage sensitivity
coupled cell could be triggered by the current flowing througdf 1~, , serotonin may allow the control of repetitive spiking.
the gap junctions. Thus under certain conditions, it appears t&a&tcond, because anomalous rectification is reduced by seroto-
electrical coupling may induce effects that are similar to thogen (Sugihara et al. 1995), it is possible thaplays a central
induced by chemical synapses, that is, they may trigger denle, along withl, , in controlling whether the mode of 10
dritic spikes. In addition, the long AHP after the dendriticell firing is rhythmic or not in vivo. Moreover, as shown in
spikes increased the complexity of the firing pattern. DesyRig. 10, both an increase i, ,strength and a decreaseljn
chronization is robust because there were broad rangessténgth would make the desynchronization process more
electrotonic coupling strengths and maximal conductancdigely. This prediction could be tested experimentally by re-
Oca 12ndg, where desynchronization was observed. Moreoverprding two neighboring 10 cells and by simultaneously con-
we verified that desynchronization does not critically deperitblling the serotonin level.
on the voltage dependency of the coupling conductance: Linear
electrical coupling conductances also can desynchronize fwepENDIX
cells (however, because of the stronger overall effect of lineal
coupling, the range of. where desynchronization was ob—n K, I, g,andr is
served is smaller). Note that the occurrence of complex firing " " ™
behavior by a reduction @, can be understood by the fact that
a reduction ofl,, decreases the electrotonic distance between

the soma and the dendrites, which, in tum, increases mgthematical descriptions of the activation and inactivation functions

influence of a somatic spike in one cell on the dendritlgnd their time dependence are given by the following equations.
compartment of another cell.

It might appear puzzling that because a somatic spike in the

rThe kinetics equation for the activation and inactivation variabjes

%* V) = x]I=(V
o = (V) = xUm(v)

leading cell (orcell 1) triggers a dendritic spike in the lagging cell M@

(cell 2), electrical coupling fails to trigger a dendritic spikedell ~ Adapted from Rush and Rinzel (1994).

1 as well. However, a close inspection of the currents flowing into an(V) 0.1(V + 41)
and out of the two dendritic compartments reveals the following. m.(V) = m with an(V) = — d—(V + 41)/10]
Thecell I's somatic spike propagates in the dendrite and in turn " "

slightly raises the membrane potentialaadl 2. If this happens and By(V) = 9.0 exg—(V + 66)/20]
simultaneously with a rise in the dendritic membrane potential of ) an(V) " 170

cell 2 due to the propagation ofell 2s somatic spike, the (V) = —————— (V) =
combined effect is sufficient to trigger a dendritic, ,, spike in V) BilV) V) + BrlV)
cell 2. This, in turn, creates a relatively large current flow through with (V) = 5.0 exg —(V + 60)/15]

the electrical coupling. However, the somatic spikeelf 1 has (V + 50)

already activated thi, ,current to some extent (but not suff- and (V) =7 expl—(V + 50)/10]

iently to generate a spike), which in turns lead to some activation

of Ix_ce This later current counterbalances the depolarizing effqet |

of the coupling current: As a consequence, no dendritic spike IS _

generated ircell 1. Adapted from Rush and Rinzel (1994).

To test the effect of coupling on the synchronization, we an(V) 5
propose the following experiment: two electrodes could be V= Ve ™V T )+ B
inserted into two neighboring olivary cells after harmaline
application. Because inhibitory inputs from the cerebellar nu- With  a(V) = (V+41
clei can decrease significantly the gap junction coupling 1—exp—(V+41)/10]
strength (Lang et al. 1996), excitation or inhibition of deep and Bn(V) =12.5 exp—(V + 51)/80]
nuclear cells that project to this region of the 10 could be used
to control the coupling conductance. We predict that, depeng, ,
ing on the electrical coupling strength, the two recorded cells
could be in-phase, phase-shifted, anti-phase, or desynchro’o-‘(jl"’IIDtEOI from Manor (1995).
nized. 1

k.(V) = n="5

Our results imply that neuromodulatory inputs to the 10 that 1+ exp[—(V + 61)/4.2]
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