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Moortgat, Katherine T., Theodore H. Bullock, and Terrence J. model with experimental data on Pn connectivity and neuron
Sejnowski. Gap junction effects on precision and frequency of gorphology (Dye and Heiligenberg 1987; Elekes and Szabo
model pacemaker netword. Neurophysiol83: 984-997, 2000. We 19g5) and responses to intracellular current injections (Dye

investigated the precision of spike timing in a model of gap junction- . .
coupled oscillatory neurons. The model incorporated the known ph95991' Juranek and Metzner 1998; Moortgat et al. 2000).

iology, morphology, and connectivity of the weakly electric fis's OUr study differs from previous research that has largely
high-frequency and extremely precise pacemaker nucleus (Pn). T&i@phasized mechanisms for frequency locking and synchroni-
neuron classes, pacemaker and relay cells, were each modeled @étion between cell units, often with the simplifying assump-
two compartments containing Hodgkin-Huxley sodium and potassiuin of all-to-all coupling (Chow and Kopell 1999; Ernst et al.
currents. Isolated pacemaker cells fired periodically, due to a constggigs: Hansel et al. 1995; Matthews and Strogatz 1990; Sher-

current injection; relay cells were silent but slightly depolarized 3han and Rinzel 1991). Some modeling studies have focused
rest. When coupled by gap junctions to other neurons, a model neuron licitl the t ’ | - f ilati d |
like its biological correlate, spiked at frequencies and amplitudes tl‘?aff.p \Citly on the empora_ precision of osciiiations and neura
were largely independent of current injections. The phase distributiSRIKINg (Enright 1980a,b; Shinbrot and Scarbrough 1999) but
in the network was labile to intracellular current injections and to gdpave concluded that thousands of cells are required for high
junction conductance changes. The model predicts a biologicapyecision. The Pn model presented here is based directly on a
plausible gap junction conductance of 4-5 nS (200-230)Mhis  biological pacemaker network made up of only 150 rhythmi-
results in a coupling coefficient 0f-0.02, as observed in vitro. cally firing, sparsely coupled neurons whose behavioral impor-
Network parameters were varied to test which could improve thgnce is well understood.

temporal precision of oscillations. Increased gap junction conduc-The medullary Pn commands the timing of the weakly
tances and larger numbers of cells (holding total junctional condugr ctric fish’s electric organ discharge (EOD), which is part of

tance per cell constant) both substantially reduced the coefficient . . . .
variation (CV= standard deviation/mean) of relay cell spike times b%ﬂ f;Shf.S %Ctlvﬁ. erllec.trousensor%/ Syftimh The !T_IOtD IS a;n elfectrlc
74-85% and more, and did so with lower gap junction conductan gole field which, In “wave-type 1ish, osciilates at a ire-

when cells were contacted axonically compared with somaticalfue€ncy of 602,000 Hz with a coefﬂmeﬂt of variation (GV
Pacemaker cell CV was only reduced when the probability of contsgi@ndard deviation/mean period) 06210 " corresponding to
was increased, and then only moderately: a fivefold increase in #estandard deviation of the period (SD) as low as OQuk4
probability of contact reduced CV by 35%. We conclude that ggBullock 1970; Bullock et al. 1972; Moortgat et al. 1998). Both
junctions facilitate synchronization, can reduce CV, are most effectilee high frequency and the low CV are maintained throughout
between axons, and that pacemaker cells must have low intrinsic €hé lifetime of a fish, but each can be modulated in behavioral
Hagedorn and Heiligenberg 1985; Heiligenberg et al. 1981;
Keller et al. 1991; CV: Moortgat et al. 1998). Weakly electric
INTRODUCTION fish determine the locations of objects by evaluating relative

Individual neurons from the pacemaker nucleus (Pn) pase and amplitude shifts at the electroreceptors that cover its

certain weakly electric fish generate spikes with far greatBPdY (Heiligenberg 1991; von der Emde et al. 1998). The low
temporal precision than any other neurons known (Moortgat2p °f the emitted electric field oscillations may be crucial to
al. 1998, 2000). In addition, the precision in the weakly electrif® fish’s ability to make phase discriminations as small as 0.40
fish can change spontaneously and can be modulated by # (Carr et al. 1986).

: . hen the Pn is cut away from the brain stem, its neurons
havioral stimuli (Moortgat et al. 1998). It has been proposed ™. . ' .
Vi imuli ( g ) brop gontlnue to fire at the same frequency (Meyer 1984) and with

that the high precision results from gap junction couplin - S

among neL?rong in the Pn. In this stt?d)? {Ne model thpe e same precision (Moortgat et al. 2000) as in vivo. The adult

neurons to test how their precision and its modulation afé’ |stc_:ompr|sed of 1005160 Cr;eu(;q?s, coupledtsolelyslla axod—

affected by network coupling, and what intrinsic cellular pr -Or.T.a |c,baxoai<gg|79, I?Ink axo ?jnsn '(l; gal%éusr']cl\}lonst( ¥e tanl

cision would be required. We constrain our compartment tgenberg , EIEKES and >zabo 1965, vioortgat €t al.
00). The importance of different gap junction locations is not

The costs of publication of this article were defrayed in part by the paymelﬁpown and cannot readlly be tested phySIObglcally' .
of page charges. The article must therefore be hereby maskbaftisemerit A Pn network model can thus be particularly tractable, with
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  just 150 resistively coupled neurons. We show that while relay
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cell CV is substantially reduced by network coupling, the samesLe 2. Forward and backward rate functions for ion channels
does not hold for pacemaker cells. Taking this result in com-

bination with the Pn physiology, we conclude that the high _ [ p< +40> ]’1
. . am = —0.1V + 40)| ex -

precision of pacemaker cells must largely result from single- 10
cell rather than network properties. We also compare axoso- V4t 65
matic to axoaxonic gap junction coupling and find the latter to Bm= 4exp<— 18 )
have enhanced effects on precision and frequency.

Earlier versions of this work were included in a PhD thesis o = 0.07 ex;{_ v+ 65)
(Moortgat 1999). 20

V + 35 -

METHODS B"Z[eXp<_ 10 >+1]
Model neurons o = —0.04V + 55 exp<V 1055>

Because Pn neurons showed important voltage activity both above
and below spike threshold (Moortgat et al. 2000), we used model V + 65
neurons described by Hodgkin-Huxley equations (Hodgkin and Hux- Bn=0.125 ex‘<_ 80

ley 1952). The neuronal simulation package, NEURON (Hines 1993),
was used to model two Pn neuron types: the pacemaker and refay
cells, and their electrotonic interconnections as seen in the Pn of th .
weakly electric fishApteronotus leptorhynchu&ach model cell had WﬁereE'ea.k_ ~70,Ena =50, = —77.5mV are, r.(.espectlvely, the
two compartments: one somatic and one axonic. Dendritic compa{ﬁgk’ sodium, anq potassium re\(ersal potenu%,!s the current
ments were not included despite anatomic evidence for extens{Ji¥Cted; andiq,, is the gap junction current entering the cell (see
relay cell dendrites (Dye 1991; Elekes and Szabo 1985) with g del network Table 2 lists the forward and ba_lckward rate con-
junctions (Moortgat et al. 2000), because the dendrites are though®{@nts«« andp, for m, h,andn. These were determined by fitting the
be involved primar”y in synaptic integration, being covered annodel to the Shapes of Pn cell action pOtentlals, because detailed
chemical synaptic boutons from higher brain centers (Elekes ali@etic studies have not yet been conducted for these neurons. Cal-
Szabo 1985). These higher centers modulate spike frequency butcien conductances are also important for the firing of Pn neurons
not required for the continuous, phase-locked oscillations in the P(Dye 1991), but were not included in the model because little is
The two model cell types are distinguished in part by their morphdthown about their modes of action. The two model cell types con-
ogy, as seen in fixed and live Pn tissue (Dye 1991; Elekes and Sz#ioed the same active ionic currents and kinetics but differed in the
1985; Moortgat et al. 2000). Model pacemaker cells have somata ofi@flance of conductances to reflect physiological spike shapes and
um diam, and cylindrical axons of &m diam and 45um length, amplitudes. The potassium conductance had a maximum Glue
whereas the larger model relay cells have somata qiréisdiam and chosen to reflect the spike width that was seen experimentally (see
cylindrical axons of 7um diam and 4Qum length. The length of the Fig. 3 of Moortgat et al. 2000, for example). Lar@grandd,,, values
model c’ell’s axon was chosen to roughly match f[he length of the biologyrrowed the spike. The same maximum sodium conducGpeeas
ical cell's axon initial segment. We did not aim to model the fullyresent in the axonic compartments of both cells and in the somatic

branched axon or action potential propagation through it. compartment of the pacemaker cell type. The relay cell soma, on the
The model parameters used in each compartment for each cell t}g%:?

) , . L er hand, had no active conductances. This lack of somatic conduc-
are listed in Table 1. Somatic leak currents were set to give m%

: 8 . ce was suggested by experimental observations of low-amplitude
rels,lstamlzles o_f ﬁ.o arr:d SM rgspectll\llely, for |sol(¢j';1ted pacfemaker an fFikes in the somata compared with those in the axon, an effect seen
relay cells, within the experimentally measured range for neurons; o ;
the intact Pn (Dye 1991; Juranek and Metzner 1998). The current IH oth cell types (Dye and Heiligenberg 1987) but most pronounced

voltage dynamics of the two active conductances included in t he relay cells (personal observation). The difference in spike
ge dyn . . ?nplitude between the model relay cell’'s soma and axon (Fig. 1,
model, sodium and potassium, were calculated using the Hodgk

. X .lﬂ']'dC) was additionally enhanced by the axon’s high axial resistance
Huxley equations (Hodgkin and Huxley 1952) R,, which needed to be at least250 Q2-cm to significantly decrease
av the somatic spike amplitude.
_CE = geaV — Epead + Gnah(V — Epo) To give each pacemaker cell an “intrinsic” spiking frequency, at
which it fired without being coupled to other cells, a constant current
+9«n*(V = Ex) + li + 1gay (1) of 1 nA was injected into each soma. The injected current took the
place of a pacemaker current that would produce a pacemaker poten-
TABLE 1. Model parameters for pacemaker and relay cells and tial, as observed in the Pn pacemaker cells. Larger or smaller injected

their two compartments currents led to higher or lower spiking frequencies for these isolated
cells. The 1-nA value was chosen so the spike frequen@1@ Hz)
Pacemaker Relay would fall in the biological range for the species studied (500—900
Hz). The relay cells also received a constant current injection of 0.5
Soma Axon Soma Axon nA, which depolarized them but did not bring them to spike threshold.
Only with inputs from pacemaker cells did the relay cells spike at the
Diam 30 8 65 7 pacemaker frequency. Larger current injections into relay cells further
Ra 100 100 100 500 gepolarized the membrane potential but did not cause repeated spik-
Yreak 8@003 8'5001 00'001 005'001 ing; instead, the membrane potential resonated but did not repolarize
g’:a 0.02 0.02 0 005 fully, presumably because of a lowKchannel density. In some

simulations, the current injected was randomized between cells (giv-

The 2 cell types were modeled with the same differential equations, but wihd €ach cell a different but fixed intrinsic frequency or interspike
different parameter values for each compartment of each model cell type. Utiitterval) and/or randomized over time (making the interspike interval
areum for diameter()-cm for axial resistanci,, and S/criifor conductances. slightly different for each interval).
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FIG. 1.
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soma

elay\som,
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cells require network input to firéd: in an uncoupled networkg(,, = 0), a
model pacemaker cell fired with a period 6612 Hz, whereas a relay cell Spike shape and amplitude depend on cell type
remained at a constant voltage not far from spike threshold. When the networE P P P yp

was sufficiently strongly coupled (in this exampdg,, = 5 nS), the relay cell

spiked periodically. The relay cell action potential was initiated in the axon

8 contacts, respectivelyeceived byeach relay and pacemaker cell
(Fig. 2B).

The gap junction contacts were rectified, with current flowing from
a pacemaker cell axon into a contacted cell’'s soma or axon. That is,
gap junction connections were axosomatic or axoaxonic, depending
on the simulation, and only passed current when the contacted cell’s
voltage was lower than that of the cell contacting it. It is not known
whether gap junctions in the electric fish’'s Pn are rectified. The
biological gap junctions, however, occur at long distances along
multiple axon branches from the axon initial segment, and the rectified
gap junction would seem to best model this. An unrectified antidromic
subthreshold signal would decrement to insignificance over the long
axonal distance. Gap junction conductance varied between simula-
tions from 0.5 to 10 nanosiemens (nS) per contact, equivalent to a
resistance of 100—2000 ™

Simulations of the full network, using Euler integration with a time
step of 1us, took~100 s real time per ms of simulated time (Dec
Alpha server 2100/300). The first 10 ms of each simulation was

0 i 3 5 considered to be settling time and was discarded from our analysis.
Time (ms) Voltage measurements were made at the soma, unless otherwise
50 indicated.
C Pacemaker
soma
% ot RESULTS
£ We tested how well the network model yielded the electro-
_50 physiological results (Moortgat et al. 2000) and used the model
-65 to make predictions for future physiological studies. The gen-
” ‘ 3 5 eral strategy was to explore the network properties with the
Time (ms) given parameter values, not to search for the best parameter

values for each simulation.

Isolated model pacemaker cells fire periodically, whereas relay

Isolated model pacemaker cells fired periodically with a

(B), causing a large voltage change with a small delay in the relay celf§€an intrinsic frequency of 612.5 Hz. Relay cells had no
passive somaQ). Because the relay cell had active conductances only in tigpontaneous rhythm, but had a resting membrane potential
axon, the axonal waveform amplitude was significantly larger than that of itdose to spike threshold (Fig AL When the pacemaker and

soma. Note that the pacemaker cell's membrane potential rose slowly befpéqaay cells were coupled together with axosomatic gap junc-
firing, whereas the relay cell fired rapidly from the baseline voltage.

Model network

tions of 5 nS conductance, they caused a voltage deflection in
the passive relay cell soma that reached the axon with sufficient
amplitude to cause the axon to spike (Fi§).1The relay cell

Model networks contained a 4:1 ratio of pacemaker and relay celigtion potential rose abruptly from the minimum membrane
The total number of neurons in the model was varied from 50 to ZOQotentiaI, whereas the pacemaker cell showed a prolonged

Unless otherwise specified, the model contained 150 neurons, wi

120 pacemaker and 30 relay cells. Model neurons were coupled
resistive (gap junction-like) connections, such that the curtgpt

cemaker potential” before the spike onset. Another differ-
ce between the cell types was the brief “shoulder” in the

between connected cells was proportional to the difference in tr1eelay somatic W_ave_form (FIg.O), .WhICh occurred at about .
cells’ membrane potentialsandu, o I = g... X (v — .., where one-half the oscillation amplitude in the form of a decrease in
k gap pre/s

pre' 'gap P ;
Jgapis the gap junction conductance. Each pacemaker axon contadfa@ voltage slope. Adding small somatic conductances, at least
35% of relay cells and 7% of other pacemaker cells, chosen randorHig t0 10% of axonic conductances, did not remove the shoul-

(Fig. 2A). For a network of 150 neurons, each pacemaker cell coéler, but did increase the amplitude of the somatic voltage
tacted an average of 18.5 cells total. This resulted in a mean of 42 astillations from 50 to 85 mV. However, model relay cells that

A 30 . B sor-.. -
. . e FIG. 2. Number of contacts between each
° ’ . : B o[, "7 cell pair was chosen from a random distri-
g 20l R A s | bution that depends on the cell typ@seach
@ e .. et 8 30l pacemaker cell axon (cell numbe3$—150Q
8 L7 . 2 madean average of 18.5 total contadis
g ) £ o other cells. Relay cell axons (cell numbers
g 10 3 . 1-30 did not contact any other cell in the
z S 10 ot network. B: relay and pacemaker cells, re-
T, spectively,receivedan average of 42 and 8
0 0 : contacts, reflecting the convergence of pace-

0 50 100
Cell number

150 0 50 100
Cell number

maker axons onto relay cells.
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relative to the average spike peak time of the pacemaker cells,
for each neuron in the model network, and report it as a percent
of the interspike period. Simulations began with all neurons at
zero phase lag, but the phases changed to new and stable values
within a few interspike periods for moderate values of the gap
junction conductance (3—6 nS). With conductane@snsS, the
phases distributed only after tens of spike periods. As the phase
: . ‘ distribution widened to its steady state, the amplitude of pas-
0 ° 20 80 sive voltage oscillations in a relay cell increased (one example
ime (ms) 7 . . . .
relay cell is shown in Fig. 3). Thus the widened phase distri-
Fic. 3. Amplitude of the voltage oscillations in relay cells increased duringtion appeared to increase the gap junction current that the

the first 30 ms of simulation. In a passive relay cell (solid line) the gap juncti . . .
input caused only a 5-mV voltage oscillation, but this amplitude grew ter%Iay cell received. Gap junctions pass no current when the

constant of 13 mV over 15 oscillations. When another simultaneously sim¥0ltage across them is zero, as can occur when the phase lag is
lated relay cell (dashed line) had all its normal active conductances, t#ero, and pass increasingly large currents as the voltage dif-
oscillation amplitude increased similarly. These amplitude increases occurfedence (and phase lag) increases. Geeussionfor one in-
concurrently with a broadening in the phase distribution among model Ce'f%rpretation

which were initiated (0 ms on graph) in the simulation with zero phase lag: ’

This simulation was run with axosomatic gap junctions of particularly low S o

conductanced,,, = 1 nS) to increase the time constant of the amplitudBimodal phase distribution narrows with increased gap

increases. junction conductance

had a more depolarized intrinsic membrane potential, did notAll model relay cells fired with a delay relative to the
show the shoulder. Also, when axosomatic gap junctions wetacemaker cells. The phase delay was cell specific, with a
replaced with axoaxonic ones, the shoulder disappeared. THak/e that depended on the gap junction conductameg €ig.

the shoulder in the passive somatic waveform of these ceffd)- At low conductance values, spiking relay cells had larger
appeared to result from the delay between somatic gap junct@tSe delays, but not all relay cells fired action potentials. For

input and the antidromic axonal spike arriving at the soma.example, forgy,, = 2.5 nS, spiking relay cells lagged the
pacemaker cell by an average 20% (range 18—-21%), but only

9 of 30 relay cells were spiking. Doubling the gap junction

conductancedy,, = 5.0 nS) reduced the phase lag between
The model relay cell in Fig. 1B andC, fires with a phase relay and pacemaker cells to an average 12.1% (range 9.5—

delay after the pacemaker cell. We calculated the phase 1a4§,7%) and recruited all relay cells into the network spiking

Nonzero phase lag between cells in the model network

A Axo-somatic C Axo-—-axonic
20 20+
g 10 g 10}
% _ % \
i O [ i 0 [ ?
R —
-10b . : . : - -10 b
1 2 3 4 5 6 1 2 3 4 5 6
9gap (NS) 9gap (NS)
B 25} ] D 25t
o 20¢ 020
8 15} 8 15}
5 k<]
5 10} 5 101
g £
; dm
0 — 0 on
-10 0 10 15 -10 0 10 15
Phase (%) Phase (%)

FiG. 4. Phase lag between and within cell types decreases with increggsjng: a representative subset of the cells in a model
network connected by axosomatic gap junctions showed decreased phase lag with increased gap junction cogglyjtaaos (
line follows the phase lag of an individual cell relative to the mean pacemaker cell spike tigyg, @mereased. Largegy,,values
recruited more relay cells (the top lines, with greatest phase lag) into the network oscillation. By 4 nS, all relay cells fired with the
network periodB: the phase distribution for all cells in the network with axosomatic coupling is plotteg,fgr= 5 nS, a value
that leads to a phase delay between the average pacemaker cell (shown in white) to a relay cell (shown in black) of 9.5-15.7% of
the cycle periodC: in a network coupled with axoaxonic gap junctions, the relay cells were all recruitec-witthe gy, required
for axosomatic couplingD: the phase distribution for all cells in the network with axoaxonic coupling is plottedgfor= 4 nS,
resulting in a pacemaker-to-relay cell delay-e®.7—12.8% of the cycle period. The subdistribution of relay cells was more sharply
peaked in the network with axoaxonic rather than axosomatic coupling.
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rhythm (Fig. 8B). If the relay cells received an “intrinsic” However, the sum of all gap junction inputs to a cell can be

depolarization that was larger than specifiesiimtops, then a substantial, as shown below.

smaller gy,, was required to recruit all relay cells with a

10-15% phase lag. Axosomatically coupled cells: responses to intracellular
current injection

Phase distribution: axoaxonic versus axosomatic coupling  pgcemaker and relay cells, coupled by axosomatic gap junc-

The phase lag between model pacemaker and relay cells Bi&&ts of 5-nS conductance, were injected somatically with step
matched the biologically observed distribution when axos&Urrents of various amplitudes. Moderate somatic current in-
matic gap junctions had 5-nS conductance (equivalent tgegtion (=4 to +2 nA) into one model r<_a|ay cell I|_nearly altered
resistance of 200 ). However, networks coupled with axo-the phase lag of the injected cell's spikes relative to those of a
axonic coupling required only 4 nS (250Mresistance) gap Model pacemaker cell (FigAy and changed the spike ampli-
junction conductance to attain a similar phase lag (mean Hfl€ from 69 to 50 mV (Fig. B). Currents of up to+2 nA
11.4%). Axoaxonic coupling also recruited all relay cells int§@ried the peak voltage of the spike by only 2.5 mV (Fig).5
the network oscillations at a lower conductance (Fig) than Large depolarizing currenis>@4 nA) reduced the slope with
did axosomatic coupling (Fig.A). In addition, axoaxonic which the phase lag changed as current increased, whereas
coupling of 4-nS conductance narrowed the phase distributiig€ hyperpolarizing currents-@¢ to —10 nA) increased the
within the relay cells (9.7—12.8%, FigD} relative to axoso- SIOP€. For these large currents, the amplitude of relay cell
matic coupling of 5 nS (9.5-15.7%, FigB} Further network oscnlatlonfs_contlnued to decrease,_ t_hough only slightly, with
simulations use the value gf,,, that gave the best match withMOr€ positive current. Hyperpolarizing currents larger than
biological phase distributions: namely, 5 nS for axosomatic orL3 NA caused the relay cell’s oscillation amplitude to drop to
4 nS for axoaxonic network coupling. Thus an average rel4$ MV, where it remained, even with further increased hyper-
cell in a network with axosomatic coupling will have a totaPolarizing current. These massive hyperpolarizing currents
gap junction conductance of 210 nS (mean of 42 contacts: $4g° reduced the peak spike voltage and caused it to decrease
METHODS), Whereas a pacemaker cell will have on averadBo'® rap|_dly with more negative current. _The current ampli-
40-nS total gap junction conductance. These values are r e required for each of these effects varied from cell to cell,
tively small compared with the conductance between a relwh_ a relay cell reaching a constant amplitude oscillation with
cell's axon and soma (750 nS) or a pacemaker cell’'s axon &y /ittle as—7 nA or as much as-14 nA. The larger currents
soma (4,500 nS). The increased membrane conductal(&€ required for relay cells that received more gap junction
through gap junctions leads to input resistances of 13 and satacts. Compared with relay cells, pacemaker cells had qual-

MQ, respectively, for pacemaker and relay cells in a netwoﬁé‘tively similar but more sensitive responses to current i_njec-
with axosomatic gap junctions of 5 nS. tions. For example, a pacemaker cell’s oscillation amplitude

reached a fixed value with only2.5 nA. None of the intra-
_ . cellular current injections perturbed the frequency of the in-
Coupling coefficients between coupled cells are small jected cell’s voltage oscillations away from the model network

We measured the coupling coefficients between axosomdfgauency, just as observed in vitro (Moortgat et al. 2000).
cally coupled pacemaker and relay cells for the gap junction . _ L
conductance determined above. The coupling coefficient is #igoaxonically coupled cells: responses to current injection

ratio of the passive voltage deflection in one c@lVg) in |5 the same network, now coupled with axoaxonic gap
response to a voltage chang®\) in the coupled (presynap jynctions of 4 ns conductance, the phase lag of the same relay
tic) cell (AV,/AV,). This measure could not be directly applie&e|| was more resistant to the somatic step current injections
to the model cells because they spiked rhythmically with shqttig. 5p). That is, the phase lag during injection efL0 nA
interspike intervals such that their voltages continuously 0scjr3 only 17.8%, compared with 20.3% in the axosomatically
lated. We measured the coupling coefficient as the ratio of thgypled network. Also, currents of 4—10 nA did not alter the
minimum somatic voltage during the spike’s repolarizatioghase lag from 8% in the axoaxonically coupled network. The
phase (trough) before and during a constant current injectionfflay cell in this network more than halved its oscillation
the presynaptic cell's soma. The minimum voltage in ongmplitude (from 68 to 31 mV; Fig.E), and dropped its peak
model pacemaker cell shifted with injected current. We expjtage from—39 to —96 mV (Fig. F) with a shift in injected
pected a substantial shift in a directly coupled cell’s minimu,rrent from—10 to —14 nA. Despite these differences be-

voltage, but found only a small one. The coupling coefficientgeen the relay cell in the two network configurations, the
were ~0.02 and 0.025 for two different pacemaker cells CORyualitative responses were similar.

tacting a single relay cell. Even simultaneously injecting cur-

rent into two pacemaker cells that were coupled to a relay (\:ﬁéssive and active membrane voltage oscillations

caused the latter's minimum voltage to shift by only 1.5 mV,

whereas that of the directly injected pacemaker cells changed'he reason for the abrupt changes in the relay cell’s current
by 14 and 42 mV, respectively. Similarly small coupling coresponse became clear by comparing the cell’'s normal (Fig. 5,
efficients are consistent with in vitro results (Moortgat et aE andF, O) to its passive response (Fig. B,andF, A). The
2000) and were observed even when the model relay celiiday cell’'s response to currents 6fLl4 nA or more negative,
active conductances were removed, making the cell entirggd of 4 nA or more positive, was predominantly passive. That
passive. Thus the currents from each individual gap junctias the N& and K" conductances were not activated. During
make only small voltage deflections in the postsynaptic cethese current injections, the somatic membrane voltage contin-
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Axo-somatic Axo-axonic

20r A 20¢ D

151 15}

101 10

Phase lag (% of cycle)

7

Oscillation amp. (mV)

Peak voltage (mV)
[}
(9,3
(=]

-20 -10 0 10 -20 -10 0 10
Current injected (nA) Current injected (nA})

FIG. 5. Model relay cell responds with 2 voltage components to somatic current injeti@hresults for axosomatic network
coupling.A: phase lag (measured as a percent of the cycle period) between the relay cell and one reference pacemaker cell increased
with hyperpolarizing current, and decreased with depolarizing current injected into the relay cell soma. This pair of cells was not
directly coupledB: the oscillation amplitude in same model relay cell increased with hyperpolarizing currents-UtoA, and
then dropped. Larger hyperpolarizing currents led to much slower amplitude increases. Depolarizing current decreased the
oscillation amplitude, first rapidly, then, witk4 nA and greater depolarizing current, more slov@y the peak somatic voltage
of the relay cell during an oscillation increased with more positive current injections. Only a small range of current injeions (
nA) yielded relatively fixed-peak oscillations=@.5 mV). D—F: results for axoaxonic network coupling. the phase lag of the
same model relay cell relative to the same reference pacemaker cell A% iasponded to current with qualitative but not
quantitative similarity toA: for a given current injection, the phase lag for axoaxonic coupling was less than for axosomatic
coupling.E: the oscillation amplitudex) had 2 components. One component is the passive cell respgradeactive conductances
removed); the other the active response. When the current injection was too high, active conductances shut down, but the membrane
voltage continued to oscillate by30 mV, entirely due to the passive response to gap junction inputs. The amplitude ranged more
widely with axoaxonic than with axosomatiB)(coupling.F: the peak voltage of the oscillations increased monotonically, but only
step-wise linearly with more positive current injection. The passive cell changed its peak voltage linearly, matching the active cell
peak voltage when current injections made spiking impossible. The current amplitudes test@®arel 7, —14, —10, -7, —4,
-2,-1,0,1,2,4,7, and 10 nA.

ued to oscillate; for-14 nA, oscillation amplitudes were 48failed to bring the cell to spike threshold when the cell received

mV for axosomatic and 31 mV for axoaxonic couplingmassive hyperpolarizing current, and only brought about pas-
roughly the same amplitudes seen in the passive cell at reiste subthreshold membrane oscillations. The amplitudes of
(lij = 0). Thus large membrane oscillations in the highlyhe passive oscillations were significantly less voltage depen-
hyperpolarized or depolarized cell were due entirely to gajent than the active processes.

junction currents. The active membrane processes of this relayfo understand the difference in the relay cell response

cell shut down betweer-10 and—14 nA, causing the transi- between the two types of network coupling, consider the rel-

tion from larger amplitude action potentials to smaller amplative location of the recorded voltage signal and the gap

tude (but still sizeable) voltage oscillations caused by gdynctions. The voltage was recorded in the soma. Gap junction
junction inputs. Apparently the axoaxonic gap junction inpuisputs at the relay soma caused larger amplitude somatic mem-
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A sor FIG. 6. Hyperpolarizing current injections
Relay over a narrow range causes both model cell
% or types to fire in 1:2 locking with the network
= oscillations. A: during somatic injection of
> -50 —12.2 nA, a relay cell soma (smaller ampli-

tude) and axon (larger amplitude) fired only
once every 2 cycles of the model network;
) during the other network cycle, the membrane
B sor Time (ms) potential predominantly reflected the passive
Pacemaker ceII_ response to gap junction input. Some
s 0 active process during t_he sk_lp_ped spike is
E indicated by the changing minimum mem-
£ brane potential, which is more negative after a
> skipped spike than after a full spikB: with
injection of —0.58 nA, this pacemaker cell
5 10 15 20 o5 failed to spike every other network cycle. The
Time (ms) minimum membrane potential was constant.

N
o
3

brane oscillations than inputs at the axon because the sigbat of gap junction contacts onto the relay cell than onto the
was not dampened by the axon’s high axial resistance. Henpacemaker cell, and hence the smaller gap junction currents.
the passive somatic oscillation amplitude was larger for ax8econd, the model pacemaker and relay cell waveforms dif-
somatic than axoaxonic coupling. Similarly, the peak somatigred in the minimum membrane potential reached during the
voltage of the passive oscillation was greatest when the Cugpolarization phase after active spikes and passive oscilla-
rents derIng the oscillation arrived direCtly at the soma, rathﬁbns' Specifica”y, the re|ay cell’s minimum membrane poten-
than resistively through the axon (compare FigC&ndF).  tal was more hyperpolarized after a passive membrane oscil-
) o ) ) o lation than after an action potential. In contrast, pacemaker
Passive oscillations can altt_ar_nate with spikes within a cells usually had the same minimum voltage after a spike as
narrow range of hyperpolarizing current after a passive oscillation. In a few model pacemaker cells, the
In the narrow transition between the full amplitude spikeé®inimum membrane potential was more hyperpolarized after a
and passive oscillations (Fig. 5), model pacemaker and refgyl spike than after a passive oscillation, the opposite of relay
cells could spike in integral ratios of the network frequencyells. The cause for the differences between pacemaker and
The most common and stable pattern was one spike for evegjay cell minimum voltages is not known, but is consistent
two cycles of the model Pn network, in a 1:2 ratio (as showmith biological observations.
in Fig. 6, A andB). Lower ratios, including 1:3, 1:4, and 1:5, Similar alternations between passive oscillations and ac-
were also observed in both pacemaker and relay cells. In sotiv@ action potentials were seen in a network with axoaxonic
cases, lower ratios settled into a 1:2 ratio with continuasbupling. In this case, the relay cells required more hyper-
(beyond~20 ms) current injection. Other cases of low spikingolarizing current £ 16 nA for a cell that required-12 nA
ratios were SUSt-ained |ndef|n|te|y,W|th eaCh OSCiI-Ia-tion W|th|W|th axosomatic Coup“ng) to Spike in al:?2 |ocking W|th the
the pattern having a lower amplitude until a minimum wagetwork oscillations. The range of hyperpolarizing currents

reached. After the minimum amplitude oscillation, the nexhat caused the alternations was even narrower in networks
oscillation had the full spike amplitude. Only a narrow range Qf;, axoaxonic coupling than in those with axosomatic
currents, typically within=0.5 nA for a relay cell and-0.1 nA coupling

for a pacemaker cell, caused the cells to alternate between
passive oscillations and spikes in any ratio.
To confirm that the lowest amplitude oscillations were inHow should noise be added to the deterministic model?

deed the cell's passive response to gap junction input, we

removed the cell's active conductances. The membrane potenWe further tested which network parameters had the stron-

tial during the low-amplitude oscillation had the same amplgest effect on the spike timing precision, as measured by the

tude and peak voltage when the cell's active properties wereefficient of variation (CV= standard deviation/mean) of

removed. Thus the low-amplitude membrane oscillations wesech cell's interspike intervals. First, the time step of the

truly “skipped spikes™ the cell's passive response to gafmulation was set ta\t = 1us to allow detection of CVs

junction input, and had no active membrane component. >3 x 104, within the range observed physiologically (Moort
gat et al. 2000). Then, a time-varying Gaussian noise (updated

Differences in peak voltage alternations between relay andevery time step for each cell) was added to the deterministic

pacemaker cells model. Two sites for the noise were considered: the conduc-

Pacemaker and relay model cell waveforms differed somi@nce pf t_he _Ieak current and the constant current that sets each
what during these hyperpolarizing current injections. The&§gll's intrinsic frequency. The former proved inappropriate
differences mirrored in vitro observations (see Moortgat et Aecause of its limited dynamic range. That is, the standard
2000, Figs. 5 and 6 and section entit!8kipped spikes during deviation had to be approximately equal to the mean leak
massive current injectionFirst, the pacemaker cell’'s passiveconductance to produce a sufficiently high CV. In addition,
membrane oscillation had a significantly smaller amplitudgdding noise to the leak conductance implied a voltage-depen-
than the relay cell’s. This difference reflected the larger nurdent noise, an unnecessary complication.
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A 407 above for the hyperpolarized cell in a network of nor
(5 nS). Forgy,, = 1.5 nS, many (20/30) relay cells fired at the
~ 307 pacemaker frequency with CVs ranging 167010 * and a
=) mean CV of 33x 10 “ (Fig. 8A). As the gap junction con-
x20¢ ductance increased, the minimum CV of all relay cells de-
3 creased, and the mean and range of the CVs also shifted to
10¢ lower values (mean of 4.& 10 4 range 3.6—6.%< 10" “ at
5 ‘ . Jgap = 5 NS). The relay cell CVs were not further reduced with
010_2 107" Jgap Values above 5 nS due to the simulation time step, and
therefore are not shown in the figure. The pacemaker cells in
B 6157 the same network with axosomatic coupling (not shown) had a
minimum CV of 18 X 10 * (mean of 26x 10 %) at 1-nS
614} conductance. This minimum reduced only toXX@0 * (range

16-35% 10 4 mean of 26x 10~ %) with a fivefold increase in
conductance. There was no concurrent change in the firing

Freq (Hz)
2
w

G—6-o0-00RFHB—o—0 frequency of the pacemaker or relay (Fid)&ells. Giving
612+ pacemaker cells a distribution of intrinsic frequencies (with at
least 10% variance in the current injected to set the cell
61116_2 o frequency) did not change either cell type’s response to in-

creased gap junction conductance.
In a network with axoaxonic coupling and independent noise
Fic. 7. For an isolated model pacemaker cell, the coefficient of variatiqgurrents in each model cell as described above, all relay cells
(CV) but not the frequency of spiking increased with larger SD of fluctuationgred at the pacemaker frequency atagap junction conductance

in the injected currenf: isolated pacemaker cell was injected WlthaGaussméi?sma” as 1 nS. Again, increas%ip reduced the relay cell

noise current of constant mean (1 nA) and a range of SDs (abscissa). Increasi . . A 4 4
the SD of the injected current increased the CV of spike times. A SD of 0.1 akdV'S (Fig. &) in their minimum (from 16< 10" "to 4 X 10" %)

0.2 nA, respectively, yields a spike timing CV ofl4 X 10 %and 30x 10 % and mean from 2& 10 “to 5 X 10 %). Beyond~3 nS, the

for the single cell.B: spiking frequency of the isolated pacemaker cell reCV of relay cells no longer decreased, having reached the

mained constant with increased SD of the injected current. simulation’s limit of resolution. The axoaxonic coupling

among pacemaker cells only somewhat reduced their CV from

a mean of 26x 10 % to 22 X 10 “ (Fig. 8E), such that the
Time-varying Gaussian noise was added to the current tis@pe of CV against conductance was much lower than among

sets each cell’s intrinsic frequency. An isolated pacemaker célle relay cells in this network. Increasggh, did increase the

i.e., a single cell outside the network, was injected with thféequency of the relay cells (Fig.0§, because of the pace-

noise current. A range of standard deviations of the noigeaker cells’ increased frequency (Fid=)8

current was explored, and the resulting CV of interspike inter-

vals was measured (FigAY. The CV was limited byAt = 1us  Other effects of gap junction conductance

for noise currents with SD less thar0.02 nA, but increased

with larger SDs of the injected current. For an isolated pace-The increased gap junction conductance, in both network
maker cell to spike with C\= 102 or 3 X 1073, the injected configurations, had other effects as well. As mentioned above,

noise had, respectively, SB 0.1 and 0.2 nA. the phase lag between model pacemaker and relay cells de-
creased with increasing gap junction conductance. In addition,
the relative phase could shift between pairs of cells of the same
type, even changing in sign. That is, one pacemaker cell could
In the following simulations, pacemaker cells that had Cvghase lag another at one value @f,, but phase lead it at

of ~3 X 103, due to cell-dependent, time-varying injecte@nother value. This type of shift in relative phase, with sign
current noise of SD= 0.2 nA, were coupled to relay cellschanges, was observed in the biological network (Moortgat et
injected with current of the same SD. These neurons hati 2000). Gap junction conductance also modulated the appar-
independent noise that was updated every time step, and wefiésomatic spike amplitude. This effect was most pronounced
coupled with axosomatic or axoaxonic gap junctions. in an electrically passive model relay soma.

SD of Injected current (nA)

Time-varying current noise increases cell CV

Specification of the noise used in subsequent simulations

Increased gap junction conductance: effects on CV and  Network size: effects on CV

f
requency To determine whether the network size affects the firing

We investigated the effects of gap junction conductance precision or frequency of noisy cells (noise as described
the spike timing precision of relay and pacemaker cells. &bove), we studied networks with different numbers of cells,
network of 150 neurons (120 pacemaker and 30 relay celldways in a 4:1 ratio of pacemaker to relay cells that were
each with independent noise of the same SM.2 nA) was coupled with the usual probabilities. Increasing the numbers of
coupled with axosomatic gap junctions. Gap junction conduceurons while maintaining constant coupling probabilities re-
tances @4,p Of =1 nS failed to drive relay cells to the firingsults in each cell receiving a larger number of contacts on
frequency of the pacemaker cells (612.5 Hz). Some relay cedigerage, causing a greater gap junction drive. We normalized
fired every other pacemaker cycle in the same pattern descriltleel gap junction conductance for the average number of con-
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Axo-somatic Axo—-axonic Axo-axonic
" Relay > Relay = Pacemaker
10 10 10
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107° 107° I 107° oo
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A B D F
i 614 614 614
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% y!_'_'/;\'/‘\,__./' i
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Ygap (nS) 9gap (nS) 9gap (nS)

FIc. 8. Relay but not pacemaker cell CV decreases substantially with larger gap junction conductance. All cells in the network
are injected with a noisy step current (mean 1.0 nA,-SD.2 nA). Each dot represents a single cell in a network with coupling
conductance given by the abscisga.relay cells in a network coupled by axosomatic gap junctions. As the gap junction
conductance increased, the CV of the relay cell spike times decreased for an individual cell (—), and the mean and range of CVs
for all cells decreased. The minimum CV was limited+8 X 10~ “ by the time resolution of the simulatioB: concurrently, the
relay cells in the same network synchronized at the pacemaker cell intrinsic frequency (612.5 Hz, seeCFigel®y.cells in an
axoaxonically coupled network reached the minimum CV at lower gap junction conductances than in the axosomatically coupled
network. The decrease in CV and increase in frequency for the same representative relay celhadBnare indicated with the
solid line. D: the relay cells’ increase in frequency is more pronounced in this network than shoBh i pacemaker cells in
the network coupled by axoaxonic gap junctions reduced their mean CV by only 30% (from a mean CV of 26 i®1§ over
a 10-fold increase in gap junction conductance. The CV of one pacemaker cell (—) did not markedly decrease over the range of
gap junction conductanceB: pacemaker cells increased frequency with larger gap junction conductance, apparently driving the
relay cells to increase frequency as wéll)(

tacts received by relay cells to maintain the same conductafised between 612.5 and 612.9 Hz. This result reflects the
and thus distinguish the effects of increased numbers of inpstgcessful normalization @fy,, by the number of cells in the
from the effects of increased gap junction current drive (preetwork. Networks made up 6£50 neurons were not included
vious section). in the figures because some cells received no contacts and did
The total number of cells in a network was varied from 500t spike. . )

to 200, the approximate range observed in the biological paceThe network size also failed to reduce pacemaker cell CV
maker nucleus. Each cell in the model network was inject¥¢1€n cells were coupled with axosomatic gap junctions and
with an independent noisy current of SB 0.2 nA, and When the SD of the injected noise was arbitrarily halved (SD

coupled with axoaxonic gap junctions of normalized condu®:1 nA). With axpsomatic coupling,_ networks of all sizes had
Hpled With axoaxaonic gap Junct 2 . é|<|ng frequencies 0f-612.7 Hz, slightly lower than the 613

tance. The relay cells became more precise, with the averigz ith . ling. The rel Icvd d
CV decreasing from 1 10 % to 5 X 10 * as the network ' 2 S€EN WIth axoaxonic coupiing. The relay ce ecrease

grew from 50 to 200 cells (Fig.A). This CV decrease amongWith the network size, but less so when cglls were coupled
relay cells was consistent with the law of large numbers (Hé’:fxosomatlcally than when coupled axoaxonically.

strom 1991) for the number of contacts received. Namely, the

CV decreases by ¥N,, whereN, is the average number of Contact probability: effects on CV and frequency

contacts received by a relay cell. On the other hand, the

pacemaker cells did not become more precise with increasedlthough increasing the two global network parameters, the
numbers of cells in the network (FigC. Even taking into gap junction conductancg,,, and the number of cells sub
account the low probability of pacemaker-to-pacemaker cesliantially reduced relay cell CV, they failed to reduce the CV
contacts (0.07) compared with the probability of pacemakesf pacemaker cells. To determine why the pacemaker cells
to-relay cell contact (0.35), and that the pacemaker cells theveere not changing CV while the relay cells did, we considered
fore receive fewer contacts, the law of large numbers stilie differences between the two cell types. One difference is
predicted a larger CV decrease for pacemaker cells than the number of contacts that cells of each type receive. To
model demonstrated (FigC). Varying the network size from examine the possibility that low numbers of contacts would
50 to 200 cells did not impact the spiking frequency of eithexccount for the limited decrease in pacemaker cell CV, the
relay (Fig. B) or pacemaker cells (Fig.09, which remained probability of pacemaker cells contacting each other was in-
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creased by a factor of three and five times, such that each Relay R Pacemaker
pacemaker cell received an average of 24 and 40 contacts'® A 10 C
respectively. The CV was observed during increases in the gap .
junction conductancg,,,,in a network containing 150 neurons
(120 pacemaker and 30 relay cells, each with the same mgan
current but independent noise of the sameSMD.2 nA) that 107 107
were coupled with axoaxonic gap junctions.

The relay cells’ CVs reached the minimum resolvable value

atggyapas low as 2 nS in the network with five times the contact 0 5 10 ) 5 10
probability between pacemaker cells (Fig.A)0a somewhat
lower gg,, than required in the network with normal contact 615 B 615 D

probabilities (Fig. 8). Also, the pacemaker cells’ CVs de-
creased more with the higher contact probabilities (FigZ)10
than with the normal probability of axoaxonic contacts (Fig
8E). That is, with five times the normal probability of axoax- g
onic contacts, the CVs of pacemaker cells decreased fromta
mean of 23X 10 4 to 15 X 10 “ with a gap junction con
ductance increase from 1 to 10 nS, whereas with normal®'2™; B PP L s 1o
contact probability (see above) the mean pacemaker cell CV (nS) g___(nS)
decreased from 2& 107* to 22 X 10™* over the sam@),,

Ygap gap
16. 10. In a network with 5 times the usual probability of axoaxonic
Change' For every co_n_d_uctance value, the CV was Iower_f E)tacts between pacemaker cells, both cell types decrease CV and increase
higher contact probabilities, and the CV reduced more rapiciéquency with larger gap junction conductance. The same noisy current was

(higher slope with conductance). injected into these cells as in Figs. 8 and\QCVs_cif relay cells (one rel_a4y cell,
Increasing contact probabilities affected network frequenég!id ine) dropped rapidly from-20-30X 10" (mean of 28X 10°) to

more than did other parameters tested, raising it to 614.3 26310 " (mean of 8.L< 10 °). B relay cell frequency increased by a

X p S e 9 : an of 1.6 Hz over a 10-fold increase in gap junction conductahdbe CV

just above the pacemaker cells’ intrinsic frequency (612.5 Hay.pacemaker cells (one pacemaker cell, solid line) decreased from an average

Thus multiplying by five the probability of contacts betweegf 23 to 15x 10 “ D: the pacemaker cells’ frequency increased with gap

pacemaker cells reduced the CV of pacemaker cellsB§o Junction conductance.

614 614

ney (Hz)

613

-

» = and allowed a 2-Hz increase of the network frequency above
10 A ° C the intrinsic pacemaker frequency.
Relay Pacemaker A network with high probabilities of axosomatic (rather than

i i i | J i l axoaxonic) contacts was also studied. The results were similar
N R in both networks, although the effects on CV and frequency

L 10° - were less pronounced in the axosomatic network than even the
i - i L -I moderate effects in the network with axoaxonic gap junctions.

(L This was part of the general trend that networks with axoaxonic

50(12) 100(35) 150(41) 200(59) 50(3) 100(5) 150(8) 200(12) gap junctions have larger changes in CV and even frequency

p’

s No. of cells N) 15 No. of cells (N,) than seen in networks with axosomatic gap junctions.

B D

614 Other network parameters have only limited effects on

i pacemaker cell CV and frequency
o | L l We sought other network parameters that would modulate
612 the CV of pacemaker cells when they were coupled in a
network. The primary remaining parameters that differ be-
0 100 150 200 s 100 10 200 tween pacemaker and relay cells are the high axial resistance
No. of cells No. of cells R, of the relay cell axon, and the passive membrane in the relay
FIc.9. CV of relay but not pacemaker cells decreases with the size of &§ll Soma. Raising th&, of the pacemaker cell axon did not
axoaxonically coupled network. Each cell in the model network was injectételp reduce the pacemaker cell CVs; and adding active con-
with a Gaussian noise current of SD0.2 and is represented by a d&t.CVs  ductances to the relay cells did not remove their ability to

of relay cells decreased with increasing number of cells in the network. T VA ; ; ;
decrease roughly followed 1N, (dashed line), wherd\, is the average Péduce CV with Increasing gap junction conductance.

number of contacts received by relay cells and is labeled in parentheses for

each abscissa valuB: relay cell frequency remained relatively constantat 61® ISCUSSION

Hz over the tested range of network siz€sin the same networks, the CV of . .

pacemaker cells did not decrease with network size, not even at the moderatJntil now, no proposed mechanism has adequately ex-
rate of 1V/N, (dashed line), wher&\, is the average number of contactsplained the phenomenal precision of the weakly electric fish’s

received by pacemaker cells and is labeled in parentheses for each absgig§aneurons although the question and its Significance have
value. D: pacemaker cell frequency was also not affected by the increa !

network size. The gap junction conductance is normalized for the numbe?@%en recqgnlz_ed for three decades. We propose an ex_plan_atlon,
contacts received, starting with a conductance of 5 nS for a network of 166s€d primarily on the above network model and in vitro
cells. physiology, in two steps. First, the pacemaker cells are intrin-

Ccv
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o
=
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Frequency (Hz)
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sically more precise (lower CV) than any previously know#/t the same time, an overly broad phase distribution may not
cellular biological clock. Second, these cells converge on reldyive the contacted relay cells above spike threshold. The
cells with a ratio of~40:1 and a conductance of 4 nS, whiclmetwork might effectively be maximizing, over the first oscil-
together reduce the relay cell CV by an average-@D times. lation cycles, the total current passed through all the gap
Several possible mechanisms are suggested that could be updetions or some other function of phase lag.
central control and explain the biologically observed modula- The final distribution of phases depended on the gap junction
tions of regularity. conductance, which was chosen to be 5 and 4 nS, respectively,
With a simple network model, we explored the genesis @i networks with axosomatic and axoaxonic coupling, to fit the
the high precision of the weakly electric fish’'s pacemakdriologically observed 10-15% phase lags between pacemaker
nucleus and the biologically observed responses of neuronsaind relay cells (Dye 1988; Moortgat et al. 2000). The factor of
this nucleus to current injection. The model was composed 4fr 5 higher conductance than, for example, the 1 nS directly
150 2-compartment neurons of 2 types, containing sodium amgtasured between rat cardiac cells (Spray et al. 1985), could
potassium Hodgkin-Huxley—type currents, and coupled witlesult from larger numbers of gap junction channels, even at a
gap junctions. The model reproduced many detailed physgngle club ending, as well as higher unitary conductance
logical results and made new predictions for the electric fish(sonductance per gap junction channel). Unitary conductances
pacemaker nucleus, in particular, and for gap junction—couplate connexin-specific and range as widely as 30—-300 pS in
oscillators in general. Also, the model predicted that not ontyammals (Spray 1997). Thus the model predicts a biologically
networks of neurons, but single neurons themselves are caplausible gap junction conductance.
ble of the extreme precision (C¥ 6—-25x 10 *) observedin ~ Phase lags not only between but also within cell types
the biological Pn. shifted with gap junction conductance. Also, the phase lag
Biologically reasonable values of cellular parameters gabetween any cell pair varied with gap junction conductance: a
the observed low input resistance for both cell types, and, foell that spiked after its neighbor at one conductance could
pacemaker cells, a high intrinsic spiking frequency and tlspike ahead of it at another conductance. Such phase shifts
ability to drive other cells to fire. We included only sodium angvere observed in vitro when gap junction blockers (aimed at
potassium currents, although we know that calcium also plasesiucing the gap junction conductance) were applied (see Fig.
an important role in setting the firing frequency (Dye 1991YB1 of Moortgat et al. 2000). Thus the in vitro result is
possibly producing a pacemaker potential in a role similar tmnsistent with blockage of gap junctions. A cell’'s phase also
that in many other pacemaker cells (Hille 1992). Here, the raflepended on injected current, both in this model and in the
of the pacemaker potential was played by a continuous steiplogical preparation. Because the model used injected cur-
current. The injected currents and their distribution on the ce#int to set a cell’s intrinsic firing frequency, shifting the in-
membrane produced spikes that had similar waveform ajetted current effectively changed its intrinsic firing frequency.
relative amplitude to those seen in the biological homologu€hus another explanation for the relative phase shifts seen
The absolute amplitudes, however, are significantly larger\ivhen gap junction blockers were applied to biological cells is
the model than in the biological neurons, probably becausetbét cells changed relative to one another in intrinsic frequency.
differences in the recording location. The relative amplitudghis could occur if the gap junction blocker altered the intrinsic
decay between the somatic and axonic compartments of a rdi@guencies of cells in some spatially dependent way: for
cell was largely determined by the passive relay soma, and theample, different network locations could have received dif-
high axial resistance of the relay axon, as suggested ferentblocker concentrations. However, other lines of evidence
dendrites of neocortical pyramidal neurons (Mainen ar{ftequency change, below) support the conclusion that gap
Sejnowski 1996). junction conductances were indeed decreasing with drug ap-
Model pacemaker cells were coupled to each other, aplication.
model pacemaker cells were coupled to model relay cellsCurrent injections to model neurons qualitatively replicated
roughly according to the statistics of anatomic data (Dye amioe sometimes perplexing in vitro results. Namely, the currents
Heiligenberg 1987; Moortgat et al. 2000), with a maximum afiever altered the frequency of membrane voltage oscillations.
one gap junction per cell pair. Interrelay cell coupling was nétlso, the responses to moderate and large hyperpolarizing
incorporated in the model despite anatomic evidence of derurrents (0O to—10 nA) had only limited effects on the spike
drosomatic gap junctions among relay cells (Moortgat et @mplitude while substantially driving the peak spike voltage. A
2000) for two reasons. First, the model did not include denarrow range of hyperpolarizing currents led a biological or
dritic compartments. Second, the effect on the network frezodel neuron in a network to alternate between high and low
guency and precision due to distant gap junctions on filscillation amplitudes. The range of currents required for this
processes would be minimal. The dendritic gap junctions maliternation pattern were quantitatively similar in the biological
be more involved during modulations of network frequencgnd model cells. In the model cells, we could attribute variation
that are driven by higher brain centers by way of the relay céfl the required current to the number and location of gap
dendrites (Heiligenberg et al. 1996; Spiro 1997). junction contacts that the cell received, with larger currents
Simulations began with all cells arbitrarily at the same phasequired for high conductance gap junction inputs located at
(zero phase lag), but the phase rapidly changed to new stadptens (axoaxonic coupling). Even the details of the minimum
values, and many cells simultaneously received increased gaftage achieved after high- and low-amplitude oscillations
junctional currents. The increased input arose from increasgdre reproduced in the model (Fig. A,and B). That these
phase lags among cells. That is, a gap junction only passe@erimental results were reproduced, without additional
current when the voltage across it is nonzero; in the casembdel parameter tuning, supports the validity of our model.
coupled oscillators, the phase between cells must be nonzerd&imulations revealed that the high-amplitude oscillations
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reflected full spikes, whereas the low-amplitude oscillatiopsnction conductance can change pacemaking frequency in a
are the passive response to gap junction input. We could niitection that depends on spike shape (Chow and Kopell 1999;
test this possibility in the biological cells, but we confirmed iKepler et al. 1990). However, our results are quantitatively
in selected model pacemaker and relay cells by removing albst plausible for the Pn. Specifically, Kepler et al.’s model
active conductances in those cells and observing the sajRed gap junction conductances that were a factor of 1,000
low-amplitude qscnlatlons. The model sho_wed_that a narroM{gher than the range we considered for Pn coupling. Within
range of_ somatic currents _procjuced the biologically observgﬁg range of conductances we tested, the frequency of model
spike skipping in a 1:2 ratio with cycles of the network, angg|s changed by<1%, well below the experimentally ob-
predicted that further hyperpolarizing a Pn neuron should stgpyeq 30-50% decrease when pharmacological gap junction
its active spiking altogether. The model also predicted thaf) 1 ars were applied (Moortgat et al. 2000). On the other

other ratios of skipped spikes to network oscillations, includir\gand other model neurons (Chow and Kopell 1999) showed a

1:3, 1:4, and 1:5, could occur in relay cells and that spik . . . =
would have graded amplitude Neitheythe graded ampli?ud?ésvsefdd decrease in frequency with a fivefold reduction in gap
’ Ignction conductance. We conclude that the effect on fre-

(Moortgat et al. 2000), perhaps because of the narrow rang ncy by th.e gap junction blocker_s was partially due o
currents that produce them. The biological pacemaker cells (CKINg gap junctions, but was also influenced by drug side
show the low ratios, without graded spike amplitudes. effects. For example, the drugs may have redl_Jced calcium and
To study the effects of gap junctions on spiking precisioﬁPd'Um cpnductances and thereby substantially reduced the
we included a stochastic process in our deterministic modBfcemaking frequency. o _
Biological sources of noise are typically differentiated between Distributing pacemaker cell intrinsic frequencies;,(
external synaptic noise, and intrinsic noise of the spike initiga¢éan = 1.0 nA, SD = 0.2), did not obviously alter the
tion mechanism that includes cellular morphology as well dkgquency locking or CV of coupled model neurons within the
ion channel fluctuations. The intrinsic noise is thought to dested range of gap junction conductances. However, substan-
dominated by the latter. Models have incorporated noise tially different choices of frequency distribution and coupling
many ways: from a fluctuating spike threshold in an integrastrength (possibly outside the biological range) might lead to
and fire model (Reich et al. 1997) to ion channel-specifggnificantly different spiking patterns, as described in oscilla-
fluctuations (Wilders and Jongsma 1993) in a modifiemrs with mean-field coupling (Matthews and Strogatz 1990).
Hodgkin-Huxley model. Adding cells to a network while normalizing the gap junc-
We added intrinsic noise in another way, through a timéion conductance to the average number of contacts received by
varying current injection into each cell’s soma. In networks otlay cells also reduced only the relay cell CV, but only
cells that each received independent noise current, cells lmadderately (by~1/V'N,, whereN, is the average number of
intrinsic variability in their spikes times of C\¥= 30 X 10”4,  contacts received by each relay cell). The CVs of pacemaker
We tested whether gap junctions among pacemaker cells aetls were not changed between the same 50 to 200-cell net-
between pacemaker and relay cells could reduce the CVvadrks. This result is consistent with the biological observation
spiking, as has been reported for coupled photoreceptors, tiwat increasing the numbers of neurons beyeri in the Pn
example (Lamb and Simon 1976). Coupling the noisy Rof one species of weakly electric fish does not significantly
neurons with gap junctions, and increasing the gap junctioeduce the CV of pacemaking (Hagedorn et al. 1992).
conductance from 0 to 4-5 nS caused rapid and dramatidor the Pn to send a precisely timed drive to the fish’s output
reductions of the CV of relay cell spike times, without signiftail organ (the electric organ) only the Pn’s relay cells need to
icantly altering the pacemaker cell CVs. Thus the model sulgave particularly low CV. However, we only observe CVs in
gests that coupling Pn cells with gap junctions of biologicallihe range of 6 to 30< 10~ “ in the biological Pn, with most
plausible conductance can reduce relay cell CV fre80 X  cells within 10 to 20X 10 *. There was no evidence for the
10~ * by a factor of~10. This may be part of the explanatiorbimodal distribution suggested by the model. The only network
for the low CV observed in relay cells. Also, behavioral modearameter that decreased pacemaker cell CV below its intrinsic
ulations in the CV (Moortgat et al. 1998) could be achieved bxalues (set by the noise current to 8010 %) was an increased
changing gap junction conductance. Relevant sensitivities mbbability of contact between pacemaker cells. Increasing the
gap junction conductance include pH, voltage, and calciupnobability to three to five times the numbers in the anatomic
concentrations (Spray and Bennett 1985). Calcium concentdata slightly reduced the CV of pacemaker cells.
tions in particular could be adjusted in the vicinity of gap What is the intrinsic CV of single, isolated pacemaker and
junctions by co-localized glutamate receptors, known to lelay cells? This has not yet been directly measured in vitro.
involved in the modulation of Pn frequency (Heiligenberg et ahll simulations assumed that the CV of model pacemaker cells
1996; Kawasaki and Heiligenberg 1989; Keller et al. 1991) angl30 x 10 “ (Fig. 8—10) or lower (not shown). However, most
possibly involved in CV modulation (Moortgat et al. 1998)reports of cellular precision (weakly electric fish’s pacemakers
Alternatively, active glutamate receptors may directly increas@d circadian rhythms are notable exceptions) describe CVs of
the CV by opening synaptic current channels that would ndd-01-0.1 at a minimum. If model pacemaker cells had intrinsic
mally be closed. As mentioned above, synaptic currents ha@¥'s of this value, then our model predicts we would have
long been thought to cause high CVs in some neurons.  measured biological CVs of this same order. However, CVs in
We observed a frequency increase with increasing gap juiselated or in vivo nuclei were below25 X 10~ *, with a few
tion conductance in both the model, and, we believe, in vitrminor exceptions that could reflect poor intracellular record-
These results are qualitatively consistent with other modelsinfys. Our model predicts that, unless the reported anatomy of
gap junction—coupled oscillators that show that increased gagcemaker to pacemaker contacts is wrong by a factor of five
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