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Precision of the Pacemaker Nucleus in a Weakly Electric Fish:
Network Versus Cellular Influences
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“Department of PhysicSNeurobiology Unit, Scripps Institution of Oceanograpf®gpartment of Neuroscience, and
>Department of Biology, University of California, San Diego, La Jolla, California 92093

Moortgat, Katherine T., Theodore H. Bullock, and Terrence J. as low as 6X 10 % in turn driving the electric organ tg
Sejnowski. Precision of the pacemaker nucleus in a weakly e|eCtri§‘1’oduce a signal with C\= 2 X 104, which gives SDs in the

fish: network versus cellular influencels Neurophysiol83: 971-983, ;
2000. We investigated the relative influence of cellular and netwo%lyqurf;%snegczggter;r;gﬁa\(}\élog\r/tg?:l ?ﬁeeﬂénzigiggm'\ﬂfgl otper

properties on the extreme spike timing precision observed in tﬁél . . . - _ 3
medullary pacemaker nucleus (Pn) of the weakly electricAigter- With circadian rhythms slightly better with CV's of 25510

onotus leptorhynchuOf all known biological rhythms, the electric (Se€ Table 1). We investigated the relative roles of netwpr
organ discharge of this and related species is the most temporallgctrotonic coupling and intrinsic cell properties in setting t
precise, with a coefficient of variation (C¥ standard deviation/mean extreme spike timing precision observed in one species
timing of the electric organ discharge is commanded by neurons of theThe weakly electric fish electrolocates using its elect

Pn, individual cells of which we show in an in vitro preparation to disch detecting it lectric field which i
have only a slightly lesser degree of precision. Among the 100_1§6gan ISCharge, detecting Its own electric nield which IS mq

Pn neurons, dye injection into a pacemaker cell resulted in djjid Dby the surrounding environment, with electrorecept
coupling in one to five other pacemaker cells and one to three re@PNg its body. The timing and amplitude of the electric field
cells, consistent with previous results. Relay cell fills, howevethe electroreceptors are the key information the fish ha
showed profuse dendrites and contacts never seen before: relay melke electrosensory discriminations (Heiligenberg 1991).
dendrites dye-coupled to one to seven pacemaker and one to sqyastise timing of the electric organ is commanded by the
relay cells. Moderate (0.1.—.10 nA)_intraceIIuIar cgrrent injection ha.Neurons of the Pn fire in Synchrony, with each cell f|r|ng ev r8
no effect on a neuron’s spiking period, and only slightly modulated |[-§yc|e of the 500- to 900-Hz oscillation, even when its inp fé
spike amplitude, but could reset the spike phase. In contrast, massjjg outputs are cut (Dye 1988; Meyer 1984). S

hyperpolarizing current injections (15-25 nA) could force the cell to : _
skip spikes. The relative timing of subthreshold and full spikes sugLThe Pn i a network of 100160 neurons that develop frp&

~

N =)
apeojumod

iasgguFudyP

gested that at least some pacemaker cells are likely to be intrin e same rhomt_)ome_res as other b_raln_ stem pacemaker ,Qn
oscillators. The relative amplitudes of the subthreshold and full spike&/ding the inferior olive and VOR circuitry (Bass and Bakeis
gave a lower bound to the gap junctional coupling coefficient d997). The Pn contains neurons of two types: pacemaker GiE
0.01-0.08. Three drugs, called gap junction blockers for their mode(@5—30 um soma diameter), which remain intrinsic to tHen
action in other preparations, caused immediate and substantial redugeleus, and relay cells (60—70n soma diameter) (Dye and
tion in frequency, altered the phase lag between pairs of neurons, &teiligenberg 1987; Elekes and Szabo 1985), whose somath$s
later caused the spike amplitude to drop, without altering the spik® the nucleus and whose axons project down the spinal

normal Pn rhythm does not require maximal gap junction condugsqan inApteronotugBennett et al. 1967a)]. These two neurdn
tances between neurons that have ordinary cellular precision. Rat es occur in a ratio of~4:1, respectively, in adult fis

the spiking precision can be explained as an intrinsic cellular prope
while the gap junctions act to frequency- and phase-lock the netW(‘ lekes and Szabo 1985), although the number of pacempke

oscillations. cells increases linearly with a fish’s length without a corre-
sponding increase in relay cells (Dye and Heiligenberg 1947).
The input impedance of the pacemaker and relay neuron8 i
INTRODUCTION and 1-4 M), respectively (Dye 1991; Juranek and Metzner

. L . i 1998). The pacemaker cells converge onto relay cells, which in
The electric organ, whose timing precision was first quaniyn send their axons down the spinal cord to command fthe

fied decades ago (Bullock 1970; Bullock et al. 1972), remalIgecise firing of the electric organ, with each relay cell spi
the most precise known biological pacemaker, but the mechajresponding to one cycle of the electric organ discha
nism _of its extreme precision has yet to be elucidated. TR&ijence for a third neuron type have been reported (Tu
electric organ is commanded by the medullary pacemakgry nmoroz 1995) but was not mentioned in earlier elect
nucleus (Pn), whose neurons in the in vivo Pn fire synchrgsicroscopic studies (Elekes and Szabo 1985; Ellis and S
nously with a coefficient of variation (C¥ SD/mean period) 1980). What role this third neuron type could have in the

The costs of publication of this article were defrayed in part by the paymegg;”lanomS remains unclear.
of page charges. The article must therefore be hereby maskhaftisemerit ~Among Pn neurons of\pteronotus leptorhynchughe spe-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ cies studied here, gap junctions are the sole synaptic commu

0022-3077/00 $5.00 Copyright © 2000 The American Physiological Society 971
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TABLE 1. Coefficient of variation measured in various pacemaking systems

System CcVv Period Reference
EOD of weakly electric fish 0.0002 1-2ms Bullock 1970; Moortgat et al. 199Bb
Weakly electric fish Pn cell 0.0006 — 0.002 1-2ms Here and Moortgat et al. 1998b
Circadian rhythm 0.002 - 0.005 1 day Enright 1980
Aplysiapacemaker neuron 0.01-0.08 16.4s Junge and Moore 1966
Avian MVN neurons 0.01-0.1 20-100 ms du Lac and Lisberger 1995
Rat respiration 0.04 -0.09 04-05s Sammon et al. 1993
Heart ECG 0.03 0.7-09s Gustafson et al. 1978
Cat spinal motoneuron 0.10 80-130ms Calvin and Stevens 1967
Bullfrog sciatic nerve 0.10-0.37 50 — 200 ms Hagiwara 1954

CV, coefficient of variation; EOD, electric organ discharge; Pn, pacemaker nucleus; MVN, medial vestibular nucleus; ECG, electrocardiogram.

nication, and occur at large axosomatic and axoaxonic clulere filled intracell_ularly with Neurot_)iotin (2%ni3 M_K_CI, Vec_tor
endings (Dye and Heiligenberg 1987; Elekes and Szabo 19g5)boratories, Burlingame, CA). This tracer was injected ionofo-
Each neuron appears to contact only a small fraction of tﬁgoretlcally with de_polar_lzm% current (0.5-2.0 nA) for 30—-120 mip.
total number of neurons, similar to the coupling reported iHSSué was then fixed in 4% paraformaldehyde for 1-3 days gn

inni i . processed as described elsewhere (Wong 1997).
Hypopomus pinnicaudatugDye and Heiligenberg 1987; We aimed to reduce gap junctional conductance with bath applica-

Moortgat. and Keller 1995; Spiro 1997). Gap Junctlo.ns affon of gap junction blockers. The three agents used were halothane]
present in abundance throughout the adult gymnotid elgggpor (2.5-5.0% in 95% 95% CO,) (Peinado et al. 1993; Wojtczak
trosensory and electromotor pathways (Bennett et al. 1961835), octanol (1-5 mM, fim 1 M stock in DMSO, Sigma) (Johnstor]
Yamamoto et al. 1989) and are thought to be important in tinagal. 1980), and carbenoxolone (1@ to 1 mM, Sigma) (Draguhn
coding (Carr et al. 1986) and synchronization. It has beenal. 1998).
proposed that gap junctions among Pn neurons could also play
arole in reducing the CV of spike timing below the intrinsic or
natural CV of isolated neurons. RESULTS

We investigated the network and cellular basis of spike
timing precision in the in vitro Pn. We provide evidence that
the precision of the pacemaker nucleus (Pn) in an electric fi&

01} papeojumod

The spiking precision observed in neurons of the in vitro R
| intact nucleus with all inputs and outputs cut, matched

uFw

t

could derive from cellular rather than network properties, a &Egr:no;]gué?en-z |r_1cthcele|n ;’;\i'(;) dgr(eiﬁgrast'?;é Ii\rl]?é?\?gé trllieggl'ls“‘g
that the frequency- and phase-locking is modulated by g cpr single gells teyste):j wrfs Gaussiaf? (e[;ts were Si r{ificant) g
junction coupling. i gie ce alfidth of 1.9 3 S
Earlier versions of this work were included in a PhD thes?g't a minimum half-width of 1.2us, corresponding to 3 9
and a conference abstract (Moortgat 1999; Moortgat et Q?efﬁmentﬂva}na}non (CV= standard deviation/mean periog)a
1998a) ' 0f 7.0 X 104, similar to minimum values seen in vivo (Moert| S
' gat et al. 1998b). CV values, observed during intracellula®
recordings, ranged from this minimum te25 X 10~%in 40 | &

METHODS neurons from 17 nuclei (Fig.B), with no apparent correlation 5
between a cell's CV and its frequency at room temperatyre.

Male and femaleApteronotus leptorhynchusere obtained under The pacemaker and relay cells, which were distinguishgoje

the common name “brown ghost” from a commercial fish supplievisually (when somata lay on the Pn surface) and sometings

Fish were kept in aquaria whose water was maintained in temperatfrem spike shapes (see for example, Fi§),4did not appear to

(26.0-28.0°C), pH (7.0-8.0), and resistivity (5-1G-km). Fifty-six differ in the distribution of their mean CV values (FigB)l

fls;w_hof é;—zo t(_:m body Igngth were_us_led 't“ tthtSth‘dY- _ i Because the pacemaker cells contact other pacemaker ell
€ dissection procedure was similar to that of previous SlUGIgaq rejay cells, simultaneously recorded neurons could hiave

(Dye 1988; Meyer 1984; Spiro 1997). Each fish was cold anest prrelations in the cycle-by-cycle variability about the megn

ti th i idl int | tificial . . .
sIFZ)?ndél ilnu?d (igr;':r? mafnﬁf) 'fz);rﬁln;g\(eg IIQ(?I Cg'gsar@hfg Cle rlebrperlod, correlations that could act to increase the CV. If the

MgSO,, 1.1 CaCl, 16 NaHCQ, and 10p-glucose), which had been Variability were correlated between cells, we would expect a
oxygenated and pH adjusted to 7.4. Tissue 1 mm rostral and caudi$tinct peak in the covariance. We would also expect that the
and ~2 mm dorsal to the Pn's ventral surface was cut away withf®0t sum of the squared CV of two neurons would be gregter
scalpel. The remaining tissue block, including the whole Pn, wékan the CV of the cycle-by-cycle period difference. In the
pinned in a silicone elastomer (Slygard) well and the meninges pulleight neuron pairs for which cycle-by-cycle periods were pi-
away. The tissue was continuously perfused with oxygenated ACSfiultaneously recorded (FigC), the CVs were additive, ang

Neural activity was monitored with a combination of sharp intrage found no clear peak in the covariance (Fif)&nd thus
cellular (9-30 M) and local field potential electrodes (300—50Q.qclyde that the cycle-by-cycle variability is independdnt
kQ). Amplified voltage signals were either directly digitized (Nation etween NeUrons.

Instruments ATMIO 16E2) at a rate of 20—200 kHz, or passed to aB th . fp I firi intained wh
Schmitt trigger circuit. The Schmitt trigger (Getting Instruments, lowa ecause the precision or Fn cell firing was maintained wien

City, IA) has independently adjustable hysteresis center and width@b PN inputs and outputs are cut, the spiking precision mus{ be
allow measurement of individual cycle periods within the detectidfitrinsic to the Pn; either due to network connections, single
(=50 ns) of the data acquisition board. cell properties, or a combination of the two. We first chargc-

To reveal neuron morphology and dye coupling, some neuroterized the numbers and strengths of electrotonic connectfons

T
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150 even when coupling occurs between processes. These Iptter
2 contacts have been documented as axoaxonic gap junctions im
£ 100 electron microscopy studies (Ellis and Szabo 1980) but were
5 not counted in the HRP studies.

g 50 Only one cell per Pn was injected with Neurobiotin. Three jof

six stained pacemaker cells were filled darkly in tissue
low enough background staining to evaluate dye couplin
other pacemaker cells and relay cells (Table 2). The filled
pacemaker cells were dye coupled to one to five other pdce-
maker cells and one to three relay cells.
The morphology of pacemaker cells stained with Neuropi-
otin and viewed as fixed and histologically processed tis$ue
was consistent with previous studies (Dye and Heiligenbgrg
1987; Elekes and Szabo 1985). A few additional pacemaker
cells were injected with Lucifer yellow, which did not cro
gap junctions in these neurons, and observed in the live tigsue
1.995 C under combined infrared and fluorescent light using DIC qp-
' { tics. A striking observation was the abundance of large-digm-
eter (-6—9 um) processes coursing throughout the Pn [also
noticed in electron microscopy (Elekes and Szabo 198%)].
These processes were found to be the pacemaker cells’ pri
axons and their multiple, equally large diameter branches.
axon narrowed slightly at branch points, but withirb um
10 20 30 regained its initial diameter in both new branches. These |
Cyele number pacemaker cell axons appear to take up a large percentag
D the Pn volume.

In five relay cells, dye injection resulted in staining of one
seven pacemaker and one to seven other relay cells. Ur
previously observed contacts, none of these contacts appe
to stem from the filled relay cell’s soma or axon but rather frg
its dendrites, one of which is shown in Figh 2oming in close

-40 20 -30 20 40 proximity to a dye-filled pacemaker axon. This result was 1

Lags reported in previous electron microscopic or electrophysiol

Fic. 1. Precision and statistics of pacemaker nucleus (Pn) oscillationsif@ll studies, but is not contradicted by them. To confirm tk
vitro match those seen in viva: the histogram of interspike (cycle) periodsthe dye coupling from the relay cell dendrites did not respi§
from an individual in vitro neuron fit a Gaussian distribution with widthfrom the “shish kebob artifact,” in which multiple cells abso [g

determined by the SB= 1.2 us, corresponding to a coefficient of variation
(CV) of 7.0 X 10™“. B: the histogram of CV values compiled from 38 neuron dye throth cell damage along the electrode track (Spray g-d

from 17 in vitro Pns., relay cell CVs;O, pacemaker cells or neurons ofsBenne'[t 1985), we injected neurons (1 per Pn) that lay on |tiee
unknown type. Minimum CV values matched the minima observed in vivdrain surface and were the only cell recorded in that Pn. Stith
(Moortgat et al. 1998b). Cycle period<)( of 2 neurons simultaneously dye coupling was observed. In addition, dye was localized 9
recorded intracellularly did not clearly covar®). The cross covariance was tl]e soma and axon initial segment of some dye-coupled &
calculated over 500 cycles of the 2 neurons’ cycle periods. The peak normal- . . .
ized covariance (correlation coefficient) is 0.34 at a lag—& cycles. The ron_s that were on opposite sides of the Pn from_ the dlr_e tly
measured lag between the 2 neurons could be shifted by upl@bcycles, Stained neuron. Thus our data suggest electrotonic coupling a
depending on the data acquisition delay between the 2 neurons. This, howeileg relay cell dendrites.
has no effect on the form of the cross covariance function. The morphology of relay cells was found to be more coin-

) ) ) lex, with more profuse and more finely branching dendrifes
and then modulated their strengths without altering the numhgr, previously reported. The dendrites sometimes tapefed

of electrotonic connections. only to increase in diameter again more distally from the relay

1.738 1.742 1.746

No. of cells
N ~

10 20 30

1.99

QO
=

Cycle period (ms)

=

Fodng

D

Covariance
=}

A&no!ﬁq%tﬁlﬁ

=
e

Neuron morphology and dye coupling between neurons ~ TABLE 2. Number of dye-coupled cells when a pacemaker or relfy
cell is injected with Neurobiotin

Previous intracellular horseradish peroxidase (HRP) injee=
tions into a number of pacemaker cells and one relay cell Dye-Coupled Cell
revealed their cellular morphology and the number of axosp

matic contacts made (Dye and Heiligenberg 1987). We hauiseted cell n Pacemaker Relay Total
extended these anatomic studies by intracellularly injecting thecemaker 3,7 1-5 (2.3) 1-3(2.7) 2-13 (5.9)
tracer Neurobiotin into multiple pacemaker and relay cell&elay 5 1-7(4.4) 1-7(3.6) 2-14(8.0)

Neurobiotin, unlike HRP, crosses gap junctions, thus allowing

us to assess not Only phySICal proximity but also functional g%é:;g with the mean value in parentheses. For pacemaker cells, the last cgumn]

coupling. The functional gap junctions permit staining in COYacorporates our data as well as the number of contacts made by 4 pacerhake]
pled neurons, which are then readily recognized and typeseys described in Dye (1987), to give= 7.

ange of dye-coupled cells imdye injections in each cell type is given
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A B

Fic. 2. Camera lucida reconstructions of dye-injected relay callghe relay cell was injected with Neurobiotin while the
smaller distant pacemaker cell soma and axop (ight) showed dye coupling, probably through the relay cell dendrite that came
in close proximity to the pacemaker cell axon. Shown here are the dendrites withinggxi8@ctions. This relay cell was counted
as contacting 1 relay and 3 pacemaker cells. Dendrites from the filled relay cell also approached 3 other relay cell somata (dotted
perimeters)B: an injected relay cell had profuse dendrites that extene®@®@0, 390, and 55@.m in the lateral, dorsoventral, and
rostrocaudal dimensions, respectively. Shown here are the dendrites within Bri@@ctions. This relay cell was counted as
contacting 2 pacemaker and 2 relay cells. These transverse sections are shown ventral side up.

soma (Fig. 2), and the finest dendrites showed swellings qling coefficients were calculated from the deflection of t
“beads.” The dendrites of two relay cells, one from a 12.9-crminimum voltage during 0.5-2.0 s of constant current inje
long female and one from a 12.4-cm-long male, were partictions (0.1-1.5 nA). Coupling coefficients were not observed
larly well stained and cover, respectivety,100% and 68% of eijther long or short time constants. Likewise, current injecti
the lateral, 100% and 62% of the dorsal-ventral, and 61% agpfone cell changed the spike amplitude in that cell but not
53% of the rostral-caudal extent of Pn. One of these neurof\gy simultaneously recorded neuron.
(the former) is drawn in Fig.R. If we assume that each relay e recorded spike amplitudes to test whether poor sp
cell's dendrites are similarly extensive, the branches of diffeé'ramping or membrane voltage fluctuations could explain
ent relay cells are highly overlapping. The overlaps may Bgck of measurable coupling coefficient. A poor space cla
crucial to the prepacemaker nuclei's ability to rapidly angdoy|d allow a somatic current injection to dissipate throu
simultaneously modulate a_II rel_ay cells’ frequency, _Wh|ch iRak conductances in the cell membrane, resulting in a m
thought to be modulated primarily at relay cell dendrites (Hekmaller current at the distant gap junction contact at the en
ligenberg et al. 1996). the axon. The low spike amplitude, often recorded at the s
] ] ) (as confirmed visually during the experiment and in some c3
Electrophysiological measures of coupling strength across after Neurobiotin staining), and its unusual decay with i
gap junctions creased membrane potential suggest that the injected cu

To unveil the effect of gap junctions on the firing of eachlid indeed leak. First, in the hundreds of intracellular reco
neuron, we need to know not only the number of contacts, BI85 W€ made, the recorded 'splke _amplltude had a maximur
also their strengths. The strength of coupling between a pairgft© MV, but was more typically in the range of 15-30 m

neurons can be quantified by the coupling coefficient, defindd€ 10W spike amplitudes were not indicative of poor rec‘%’ld'

as the ratio of the voltage deflection in one cell to that if#9S: because they occurred with stable membrane potenti
pproximately—75 to —65 mV in recordings that lasted fro

another cell that is injected with a constant current. We h X L
pothesized that the coupling coefficient between pairs of ndgnS of minutes to 7 h. Second, when currents were injec
F} g peak voltage of the spike was not fixed (Fig, 3:0.3 nA

rons making direct contact would be large because, des ; . . :
relatively sparse connections (low numbers of contacts), tg@e wave). Also, the spike amplitude (Fig)3lecreased with

frequency and phase are tightly locked between all Pn neurofigPolarizing current at a lower rate than the minimum me

rane potential increased (FigCBand showed hysteresis with

membrane potential. These results indicate that current wag
injected in electrotonic proximity to the spike initiation zong

Because the contacts are sparse, we expected only a subslet our recordings, neurons did not have a fixed initial me
of coupling coefficients to be nonzero. We were initially subrane potential, as required for measuring coupling coeffici¢
prised that the coupling coefficients measured between ev&ather, the neurons’ active spikes clouded their passive
one of 26 neuron pairs, including both pacemaker and relggonses to the gap junction drive. An active spike in a pres
cells, were not significantly different from zero. These cowptic neuron causes a substantial voltage drive across the

Coupling coefficient
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-21 A tions into one neuron did not alter the phase of the simulta-
% neously recorded neuron (relative to its original phase) in any
- ‘ of the 26 pairs we recorded. However, an injected neurgn’s
E 40 ;“ Wil | phase relative to another neuron (or its own original phase) yvas
-~ T linearly advanced with depolarizing current and delayed wjith
§ _50 H [HHHD il hyperpolarizing current (Fig.@, slope= —0.55%/nA,r? =
0.99). These results further confirm that the current injectigns
o in one cell's soma were not reaching the other recorded cgll.
0 50 100
Time (ms) B Skipped spikes during massive current injection
28.6 ] ) . e . o
281 . . s A neuron’s firing frequency was immune to somatic injeg-
< - - tion of at least=10 nA. Even with this large current injection,
E 26 a neuron continued to fire with every cycle of the collective Pn
3 oscillations. How could large current injections have no eff¢ct
2 on pacemaking frequency when the Pn neurons can be drjver
g 24
< -34
22.8
-40
0 50 100
Time (ms) g 50 5
28.6 = <]
28 £ =
= > -60 =
> o
5 2
26 @
p -70¢ Q
E 74 =
= 0 o
g' 24 Time (ms) E
< >
22.8 4 M o
B <
-63 -60 -55 -50 -46 3 ‘c_’;.
Vm (mV) o g
g

Fic. 3. Intracellular response of a pacemaker cell soma to a moderate 32 é
sinusoidal current injection#0.3 nA). A: membrane voltage\,,) during ° S
injection of the sinusoidal current®: spike amplitude during the current 3 o
injection decreased with depolarization and increased with hyperpolarization, 1r 3
but by only ~¥s of the baseline membrane voltage changésthe spike Q
amplitude and voltage showed a relative clockwise hysteresis, a sort of cellular o
memory of previous voltage and spike amplitude states. This allows 2 ampli- 5 10 15 g
tudes for any membrane voltage and vice versa, a feature reported previously Phase lag (% of period) o
in vivo (Moortgat et al. 1998b) and confirmed here. The range of spike N
amplitude and membrane voltages is indicated on the axes. 8
. . _ 18 C o
junction to a phase-lagged postsynaptic neuron (F4g. #he S
voltage drive is as large as the amplitude of a spike;-d0 3516
mV. Thus the effect of a small somatic current injection, like f
those we applied, whose amplitude has decayed along the long g
axon, may be overwhelmed by the drive of the presynaptic o 14¢
spike and the subsequent postsynaptic spike response.

. . . . . 12 : ‘
Phase shift with moderate current injection -5 0 1 2 5
Current (nA)

Because measuring electrotonic coupling proved difficultes 4. phase-locked firing of neuron pairs. simultaneous intracellular
with the traditional measure, we sought other ways of detectingtage recordings of a pacemaker and a relay cell show the difference ir] the
coupling. We looked for phase and frequency shifts betweer? eell types’ spike waveforms. The pacemaker cell (—) has a slowly increaging
neuron injected with current and another simultaneously r{gp_tenthl lacking in the relay cell (~ -). The fecorded amplitude of the splke>_

ded N I tw in the Pn fired at t as typical for the pacemaker cell, but particularly large for a relay cell thaj in
corded neuron. O_rma Y, any two neuron_s inthe Fntired a ny recordings had 8- to 15-mV spike. the phase lag for 19 pairs of
same frequency with a fixed phase lag (Fi§).4The phase lag simultaneously recorded neurons is plotted. Shaded bars indicate pacemakert
was smaller between cells of the same type than different typelsy cell pairs; open bars indicate same-type cell pairs, as determined from the
(Fig. 4B) (Dye 1988). If a neuron responds to current injectioh‘“ace"g'gggjviform%:g%qaiﬂe 12g 18 lable to Inracelular current njection

: : : - (slope—0.55%/nA,r? = 0.99). Mean phase lag is marked with a circle, the S
Wlth either a Ch?‘”ge In phase or frequency' then a simi h a bar. The phase lag changed asymmetrically to 5-nA hyperpolarizing and
smultaneous shift in the second neuron would Suggest Calk.na depolarizing currents, with a time average phase advance of 2% [and
pling between the two neurons. We found that current injeghase delay of 3.5%, respectively.
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to a range of frequencies by higher-order brain centers, msuron no longer had full amplitude oscillations locked 1f:1
shown in many previous studies (Dye 1988; Heiligenberg et alith the Pn oscillation, but rather had a full amplitude osgl-
1996; Spiro 1997; see Heiligenberg 1991 for review)? Wation followed by a low-amplitude oscillation, usually locked
sought to answer this question by injecting even larger cur:2 with the Pn oscillation. Concomitant with the alternation fof
rents. A strong gap junction drive to each neuron (which couinplitudes was an alternation in the peak-to-peak interval
bring the neuron to threshold and act as a current shutithes of the oscillations (Fig.A. The intervals varied by
combined with the large electrotonic distance between the g&P.05 ms (4%) around the cell's mean spike period befgre
junctions and the recording electrode could result in the lack afirrent injection.
response to the=10 nA current injections. If so, such injec- Frequency locking between an injected neuron and the
tions at the soma might not be sufficient to overcome thest of the Pn could take on values of 1:1 and 1:2, and gIso
combined gap junction inputs at the axon initial segment andratich lower integer ratios that could change in time duripg
the soma, and larger currents would be required to alter ttiee current injection. One neuron receiving 20 nA hypergo-
firing rate of the neuron in the intact Pn. larization, for example, went from normal firing (firing with

Intermediate current injections (10-14 nA) caused an altavery network oscillation) to skipping 1 spike in 16 netwofk
nation in the voltage amplitude from cycle to cycle. In onescillations (1:16, Fig. A3), back to normal spiking, and
example, the spike amplitude wa20% higher in one cycle then to skipping in a ratio of 1:23 (Fig.B®). When this
than the succeeding cycle, and the time intervals were constaauron, which had a pacemaker cell waveform, skippel a
between the oscillations (FigB}. All current injections caused spike, the membrane voltage still oscillated with a mejn
an immediate, substantial drop in membrane voltage, followadhplitude of 3.7 mV (range 0.5-7 mV). The ratio of the
by a slower voltage decay with time constarfd.5 s (Fig. &), skipped to full spike amplitude can be taken as an estimate
too large to be the membrane time constant of the singdé the coupling coefficient (see discussion). The cycle j
neuron, but possibly the time constant for slowly charging thiéd varied slightly and took on a new value during the cyd
entire Pn. The alternation in spike amplitudes began soonafter every subthreshold oscillation (Fig.A2 andB2). The
sometimes within the stimulus artifact time. During the time ahembrane voltage continued to hyperpolarize in the re
slower voltage decay, the low-amplitude oscillations were dikrizing phase (trough) after each spike during the 2-s ¢
tinguishable from the full amplitude oscillations, but bothlient injection (Fig. €).
changed amplitude over 1 s.

When neurons were instead injected with massive hyper&ects of pharmacological gap junction blockers
larizing step currents of 15-25 nA, not only the spike ampli-
tude but also the spike timing was affected. The full spikes thatWe next tested the importance of the observed gap junc
persisted arrived at roughly integer multiples of the preinjegiputs in setting the extremely low CV of spike timing. W
tion cycle period, but the neuron no longer spiked with evegompared the effects of bath application of halothane (1—
cycle of the Pn oscillation (Fig.A. That is, the hyperpolarized vapor), carbenoxolone (10@M to 1 mM), and octanol (1-5

G 1870120 U0 610'A£§§|6D!s§,]d'u_l wo.y pa%eﬁumo‘?] ®

9002
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1 2 1 2 tion into a Pn neuron, probably a relay cell,
Time (s) Time (s) caused spike amplitude and, with increased c!
.. “ ee e rent, cycle period to vary bimodallAl: during
G A2 . e e e n B2 a—23-nA current injection, the spike amplitudg
§1 4 e T 51 4 PRLYRTL switched between 2 values, whereasAid the
Jo R Jo cycle period remained relatively fixed3: the
E R = T R LT E Pt T amplitude variation was evident in the intracel
T T T erriyr—y=—d : lular membrane potentiaB1: during a—21-nA
1.3 LT rm Lt 1.3 current injection into the same cell, both the
n 2 " 2 spike amplitude and the cycle perioB2) var-
Time {s) Time (s) ied bimodally, with long periods followed b
- A3 -110}, B3 ied dimoaaly, Wi ong periocs T y
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mM), three putative gap junction blockers (halothane: Peinado5t10 mV of its original in all 11, 6, and 2 trials in, respectively g
al. 1993; Wojtczak 1985; octanol: Johnston et al. 1980; carbdralothane, carbenoxolone, and octanol. 5
oxolone: Draguhn et al. 1998). Of primary interest were their Spiking frequency decreased, apparently at the same rafevir

effects on the CV of interspike periods. We found that the C\Jl Pn neurons, reaching a dose-dependent minimum
measured intracellularly, remained at its initial low value, somguency. Continued drug application reduced the spike am
times decreasing slightly (up to 20%) during application of halgdde such that all neurons appeared to stop firing simu
thane (Fig. A, n= 4) or carbenoxolonan(= 2) over 30—40 min, heously in halothane (Fig.A}. That is, once one neurof
or sometimes up to 100 min, of sustained application of meditffPPPed firing in a halothane-treated Pn, all others were also
or high drug concentrations. This relative constancy in the C¥#€nt. In contrast, neurons in an octanol- or carbenoxolope-
occurred during substantial frequency decay elicited by all thri§ated Pn stopped firing minutes apart. Neurons on the vertra
drugs. In fact, the frequency decreased by up to 50% in halothahiface of the Pn (which is the ventral surface of the brain
(Fig. 7A), 20% in carbenoxolone, and 50% in octanol. Applicatio tem) Stopp?d f|r|n?' Wh”? about two or tH‘ee n(heurqr;]s deepe: n
of the blockers also shifted the phase lag between simultaneo r& II:')tn dcontlr:jue(:t mngthoié_lg T.'n’ _attr?ug '\Iiwt reoll_tlcud
recorded neurons, sometimes even changing its sign (BM. 7 ampiiiude and often with 1. locking in the spike amplitude

8B).

) - Fig.

The phase lag returned to its original value when the drugs wérg?Ve tested whether the frequency decrease could be die tc
washed out. . L . a decrease in excitatory drive. Namely, halothane, known to

After prolonged and continuous application of a high druggress glutamate transmission in some preparatipns
concentration, the spike amplitude decreased to a point beyct clver et al. 1996), might be blocking glutamatergjc
which no further spikes were elicited (Fig. B2 andB3). As  gynapses from glia or from axons arriving from higher order
the spike amplitude decreased, the measured CV increasgthters onto both cell types (Dye et al. 1989; Heiligenbérg
This CV increase could simply be due to lower ratio of biogt al. 1996). However, 30 min of bath application of 2-anji-
logical signal to electrical noise rather than to major changesna-5-phosphonovaleric acid (APV; 1Q0M) and 6-cyano-
the gap junction strength. The minimum membrane potentanitroquinoxaline-2,3-dione (CNQX; 1@mM), which are
(during the repolarization phase after a spike) remained withiitmethyl-o-aspartate (NMDA) andx-amino-3-hydroxy-5-
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does not seem to decrease frequency by modulating glpita-
o5 T matergic synapses.
— A1
=20 Other parameters that could affect precision of spike timing
5 ' Because pharmacological reduction of network coupling
10p - within the range tested did not alter the firing precision of Pn
5 neurons, the precision must either have a highly nonlingar
=50 25 0 25 50 dependence on coupling, or be largely a cellular property. We
considered whether other manipulations known to change fel-
400 A2 lular spike frequency also alter the spike timing precision, [or
T CV. Increasing the aquarium water temperature from 20| to
% 30°C did not affect the CV of the electric organ dischargelin
g 300 two A. leptorhynchugB. Keeley and K. T. Moortgat, unpub
g lished observations), although the frequency changed with a
L 200 Qi of 1.5 (Enger and Szabo 1968).
We found no correlation between female fish’s body length
I and the CV of their electric organ discharge, although bddy
= ime (min) length and number of pacemaker cells in the Pn are positiely
% 4 ! B1 correlated (Dye and Heiligenberg 1987). Two large males who
L= TR chirped repeatedly had particularly high CV of the electiic
;2 : organ discharge (C\= 20 X 10~4), even when not chirping.| ¥
= 0 Although the CV of the fish’s electric organ discharge varieg
ﬁ o o spontaneously, as well as in response to behavioral sti ngu‘JIi
2 - (Moortgat et al. 1998b), we found no such CV modulations in {he
x4 : 10-s intracellular recordings made in the isolated in vitro Pn. | &
0 20 40 60 80 3
3
. DISCUSSION =
— -, ho}
£ 800r = - B2 We have shown that thé. leptorhynchusPn retains its [
8 050 \ I,"' extreme precision of firing in vitro. We have quantified the&
) . i number of functional gap junctions between pacemaker §&d
8 200 ", relay cells, and measured and modulated their strength. §
= Y We estimated the number of neurons electrotonically cpe
150 20 '40 o " pled to an intracellularly dye-filled neuron by the number |o§
dye-coupled neurons, as done in rat neocortex (Kandler pad
30[ . ) B3 Katz 1998; Peinado et al. 1993). The extent of dye couplind ®
< R . ./,_“,:,u s pacgmaker and relay cells varied widely, due to natural va ig-
E 50 . i tion in the number of contacts and total number of Pn neurqns,
2 “*: i as well as inconsistent dye uptake and transport. Indeed, [dy
2 v, appeared to travel more completely into some neurons, songe:
g1 3, times even better in one process or type of process than other
< | of the directly injected neuron. For example, one relay gell
0 20 20 pos pvs showgc_j a well-stained soma and. axon, but only part of ¢ne
Time (min) dendritic process was obviously filled. Dye coupling was rfot
o o ~ symmetrical: the number of relay cells dye coupled to a page-
i e ot e s o e s of maker cell was sfightly smallr than the number of pacemaker
interspike intgrvals remained consta?nt or decreacs]ed in"ghtIy (increa&gls dye coupled to a relay cell. Some of the differences in dye
precision) during application of halothane (5% startingiate = 0 min). Uptake and transport could result from larger currents for
A2 the frequency, however, simultaneously decreased by Bothe longer durations in some cells, as well as the difficulty of fully
e Son o crmee s sy o o ans (aaniog 0 it dye the huge volume, including for the pacemaker
time=0 m?n),gang returned ?o or?ginal vaII)Ses with drug wash out (starti%éé"’ a 30um-diam soma and 7- to 13m-diam axon of 1 mm
attime = 36.5 min, marked with dashed vertical line). Concurrently, th«gength and multiple branches, a volume that can be even lajger
frequency B2) and later the spike amplitud®) decreased at the samefor the relay cell. Because many of these factors act to reduce]
rate in both neurons until the oscillations stopped entirely throughout tilhe number of dye-coupled neurons, we tend to bias our gsti-
Pn. Oscillations returned with drug wash out. mate of the number of contacts toward the higher values.
In a typical adult Pn of 150 neurons, in a ratio of 4]1
methyl-4-isoxazolepropionic acid (AMPA) antagonists, repacemaker to relay cells (Ellis and Szabo 1980), the pacempke
spectively, did not alter the firing frequency or its CV, andgells contact a maximum of 4% (5/120) of other pacemaker

on addition of halothane, did not alter halothane’s ability toells and 10% (3/30) of relay cells. The relay cells in turn g

decrease the Pn frequency (Fig. 9). Therefore halothaineelectrotonic contact with 6% (7/120) pacemaker cells gnd

re
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Fic. 8. Halothane and octanol had different time courses of shutting down the Pn oscill&tionsmder halothane, the final
intracellular oscillations before Pn shutdown had an exaggerated pacemaker potential, and low amplitude, and stopped simulta-
neously in all cellsA2 power spectrum of the waveform over 400 ms of the last oscillations in halotBdnender octanol, a
few neurons in an otherwise silent Pn continued to show low-amplitude oscillations of unusual waveform, such as the one shown
here.B2: despite the distorted waveform, the power spectrum over 600 ms has a single dominant frequency at 163 Hz with a
subharmonic at 82 Hz. The frequency of peaks in both power spectra are indicated along the abscissa.

23% (7/30) other relay cells. This coupling is quite sparse 10
compared with the all-to-all coupling often estimated in models A
of tightly synchronized oscillatory systems.

We found that relay cell dendrites were intricately branched
and could reach across the full dorsal-ventral and medial-
lateral extent, ane-60% of the rostral-caudal extent of the Pn.
This dendritic arbor exceeds estimates from the one relay cell
fill previously described (Dye and Heiligenberg 1987) and may _650 o 50 Py
provide multiple sites of contact with the widely distributed
inputs (Heiligenberg et al. 1996) from higher centers. These 6001 |
higher centers may require multiple contact sites to effect their ~ T e,
strong and rapid modulations of the Pn frequency (Dye 1987; < 500 .
Kawasaki and Heiligenberg 1990; Keller et al. 1991; Metzner i
1993), something that proved difficult to do with somatic
current injection into a single neuron (Fig.3). & | T

Dendritic gap junctions onto relay cells were previously 300 Jagh
reported in other species of electric fisBt€rnopygusand 50 0 50 100
Steatogenysbut were thought to originate only from pace-
maker cell axons (Bennett et al. 1967b). Electrotonic coupling 30
between relay cells, which was physiologically supported in
these species, was hypothesized to occur indirectly through
pacemaker cell terminals (Bennett et al. 1967b). In the species
studied here,A. leptorhynchus,axosomatic and axoaxonic
electrotonic coupling had been reported (Elekes and Szabo
1985). We provide the first evidence in this species that an
additional site of coupling occurs: axodendritic connections 20_50 0 50 100
between pacemaker and relay cells. Additionally we show that Time (min)
relay cells are directly dye coupled to other relay cells, often.; g Eftects of halothane were not blocked by a cocktail of glutam
through connections from one relay cell’'s soma to anothefgtagonists. The glutamate antagonists 2-amino-5-phosphonovaleric
dendrite. Thus electrotonic spread between relay cells d&RV) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were bath appli

25

Amplitude (mV)

cells when higher order inputs bypass the pacemaker cells ipn (starting atime = 32 min, marked with vertical dashed liné): the

. . tail did not alter spiking precision or frequency, aBjl did not interfere
send commands directly to the relay cells (Heiligenberg et &fith halothane’s effects on frequency, suggesting that halothane is not a

1996; Kawasaki and Heiligenberg 1989). Similarly, dendritithrough glutamate receptors.

occur directly. This may facilitate coordination between rela%? combination (starting aime = 0 min) before and during halothane applir
api
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gap junctions are thought to be involved in synchronization aditio of postsynaptic voltage to presynaptic voltage, if we
spiking in the inferior olive (review in DeZeeuw et al. 1998assume that the presynaptic voltage has the amplitude of g full
and in the developing visual cortex (Kandler and Katz 1998pike. For the data in Fig. 6 (probably a pacemaker dell
How can higher order centers drive Pn cells to fire at highezcording), the ratio is~0.08. Dividing by the maximum
frequencies while intracellular injection of up to 10 nA has naumber of contacts to a pacemaker cell (Table 1) yield$ a
effect on firing frequency? The main reason may be that tkeupling coefficient of~0.01. Similar analysis of the data from
higher order centers synaptically modulate many cells simual-ikely relay cell (Fig. 5) yields a post- to presynaptic voltage
taneously, while we inject current into only one or two cells attio of ~0.65, giving a coupling coefficient 0f0.05. Thus
a time. Also, the location of the inputs may be crucial. Boutortbe larger subthreshold oscillations in Fig. 5 than in Fig. 6 may
of chemical synapses, thought to arise from the higher ordeflect larger numbers of gap junction contacts, higher coupling
centers, cover the dendrites, somata, and axon hillock (Elekeefficient, and different cell types. Certainly the couplifg
and Szabo 1985). Even when these synaptic inputs are sil@ogfficient among Pn neurons is significantly smaller than fhe
our current injections must overcome gap junction inputs. G&03-0.14 measured in mouse motoneurons (Rekling and Held
junctions from one pacemaker cell contact other pacemakean 1997), or the 0.6—0.9 between pairs of cultured horizo
cells primarily at the axon initial segment, but also on a sharells (Lasater and Dowling 1985). Our estimate of the coupling
dendrite, and the soma. Likewise, the axon initial segment edefficients will vary slightly depending on the strength
the relay cell receives particularly dense axoaxonic gap jurinjected current. Also, the true coupling coefficient betwegn
tion innervation, which is considered “the morphological copacemaker and relay cells may be significantly higher if th¢re
relate of a synchronizing function” (Elekes and Szabo 198%re fewer contacts, or if presynaptic voltage is less than [the
Likewise, axoaxonic gap junctions in a model of anotheamplitude of a full spike as recorded in the current-injected
system, the hippocampus, were shown sufficient to synchigeil.
nize high-frequency oscillations between pyramidal neuronsAlthough the relative amplitudes of the subthreshold os¢i§
(Draguhn et al. 1998; Traub et al. 1999). lations and the spike peaks provide an estimate of the coup|igg
The limited effect of current injections to the pacemaker arabefficient, the relative timing of the two events provid 3
relay cell somata may also arise from a long electroton@vidence for the cell’s intrinsic firing properties. Certainly
distance to the action potential initiation zone. Indeed, thexpect to find at least a subset of Pn neurons that are sp
small somatic spike amplitude, particularly in the relay celheously active, because the Pn oscillates without external d
indicates just this. Similarly small somatic action potentials cgiMeyer 1984). The small precession in the pacemaker c
be seen in other systems when the spike initiation zone lagycle period around the Pn oscillation frequency during
distant from a neuron’s soma, such as in the molluscan phoassive current injection suggest that the pacemaker cell
toreceptors (Alkon and Fuortes 1972). Another reason to am intrinsic firing frequency that is different from the P
lieve the Pn cells’ action potential initiation zones are distafequency (Chay et al. 1995; Winfree 1987). The cell’s intri
from the soma is the small size of observed changes in spi#e frequency may normally be close to the Pn oscillatip
amplitude with current injection. In the example of Fig. 3, th&equency, but may have been decreased by the massive
spike amplitude only decreaseds.8 mV during a recorded rent injection. The electric fish pacemaker neurons need
membrane potential shift of-17 mV. Thus the peak spike have the same firing frequency to synchronize: simulatiq
voltage, rather than being a fixed property of the spike, appe&e/e demonstrated synchrony between coupled oscillator
labile to membrane voltage at the electrode. We hypothesiistributed intrinsic frequencies (Matthews and Strogatz 19
that the small change in spike amplitude reflects a small meMeortgat et al. 2000).
brane voltage deflection at the site of action potential initiation. We next tested the importance of gap junctions in setting
The recorded membrane potential is local to the recordilegtremely low CV of spike timing observed intracellularly i
electrode, but does not indicate the true membrane potentiaPat cells. Our investigations mainly focused on decreasing|the
the axon initial segment. That is, the neuron is not well spagap junctional coupling strengths with pharmacological agents
clamped. that, in the ideal case, electrically dissociate neurons. Phydical
Lack of space clamping in a neuron will hinder traditionatlissociation of the Pn, using techniques developed by Turngr et
measures of coupling coefficient: the voltage deflection ofa. (1995), resulted in live neurons with phase-bright sompta
current-injected neuron will decay down the axon and may naihd axon initial segments, but preliminary experiments yielded
alter the membrane potential of a coupled neuron. Even megurons that were electrically inactive (both spontaneously gnd
suring coupling coefficients between neurons silenced wittith step current stimulation). The lack of electrical activity
tetrodotoxin or 4-aminopyridine (Dye 1991; Smith and Zakomay reflect damage caused by the dissociation rather thar] the
1998) would fix membrane potentials of both cells at thiue nature of the normal neurons.
recording sites, but still have a space-clamp problem. A spac@All 3 pharmacological gap junction blockers in 19 total trials
clamp could best be achieved with dual patch-clamp recordirdgcreased the spike frequency, demonstrating that the drugp ar
in which the prejunctional axon and the postjunctional soma baving some effect on the Pn. Still we did not know whetHer
axon are simultaneously recorded. The latter experiments halve drugs were affecting the gap junctions. Evidence that [the
not yet been conducted for technical reasons. drugs do indeed act on gap junctions was the consistency of
We can, nevertheless, estimate the coupling coefficiemtsponses to the three chemically different drugs: no dfug
When massive current was injected in the soma, a neurceused an increase in the CV of a neuron’s interspike pefiod
began to skip spikes in multiples of the Pn oscillation. The ratighile the spikes maintained their full amplitude. Our prelini
of the subthreshold oscillation to the full spike amplitude camary results with high-pH ACSF, known to reduce gap junctipn
be taken as an estimate of the total coupling coefficient, thenductance in some systems (Spray and Bennett 1985)
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showed reversible frequency and spike amplitude decreades,neurons, we considered reducing their number by remoying

similar to those reported here with other gap junction blockei8n neurons. Unfortunately, cutting the Pn in half with a rago

Additional evidence that the gap junctions were closingr vibratome irreversibly silenced the Pn. More selective fe-

comes with comparison to a realistic compartmental model wfoval, killing one neuron at a time with Lucifer yellow inject
the Pn (Moortgat et al. 2000). The model is consistent with thien followed by strong illumination (Miller and Selverston

biological spike waveform and frequency (Figd)4the phase 1979), is feasible, but the data analysis is problematic. Func-
distribution observed in the Pn (FigB¥ and in a cell's phase tional removal of single neurons by hyperpolarization was fot

response to current injection. The model predicts shifts possible because even25 nA did not silence a neuron.

relative phase lag between neurons, even to the point of switchAnother way of assessing the importance of the numbef of
ing polarity, as gap junction coupling is decreased, as obsenrl cells on their spike timing precision is to look at develop-
in the physiological data (Fig.B1). That the phases are stillmental changes in the CV of the electric organ discharge.
locked at all suggests that the drug is causing partial bidagedorn et al. (1992) found in a related weakly electric figh,

possibly not full block while the spikes have their full ampli-Eigenmannia,that the CV of the electric organ discharge
tude. Another more general model also confirms that decreasiegreases with increasing body length up to 1.5-2.0 cm
gap junction conductance reduces firing frequency in neurombich stage the Pn contains60 neurons, differentiated intd
whose spike shape is similar to the Pn neurons (Chow atweb classes, as seen in the adult fish. Phéeptorhynchu$n

Kopell 2000). Other lines of evidence that the drug was takirmpntinues to develop more pacemaker cells with increaging

its purported action, including a decreasing coupling coeftbody length even at the adult body lengths of 15-25 cm (Qy

cient or decreasing number of dye-coupled neurons, wel®91). However, we did not observe a decrease in the C\ of

considered but not pursued for technical reasons. the electric organ discharge with increasing body length in th

Although the three gap junction blockers had many consiish we studied (11-20 cm). Thus the spiking precision dges
tent effects, they differed in the way their continued applicatiamot appear to be sensitive to the addition of neurons beyon®a

stopped Pn oscillations. Although halothane seemed to stomimum number.
oscillations in all neurons simultaneously, octanol and carben-In summary, decreasing the gap junction strength, the ndi
oxolone left a few neurons oscillating deep in the nucleus whikeer of gap junction inputs, or the number of Pn neurons did
the surface neurons were silent. The halothane may diffusiéer the CV of the interspike period. Instead of dramatica
more uniformly through the tissue, although this is not due ttecreasing CV, the gap junctions may be most involved
a lower formula weight (formula weights for halothane, octdrequency and phase locking. Indeed, Dye (1991) showed
nol, and carbenoxolone are 197.4, 130.2, and 614.7, respeeatments thought to increase intracellular calcium broke
tively). Another difference between the drugs was the reveithe frequency and phase locking between simultaneously
ibility of their effects: washing out halothane returned the Pn tmorded Pn neurons.
its original synchronized firing state within minutes, with the Taken with previous studies, our results indicate that {
phase lags returning to prewash values, whereas octanol ertteme spike timing precision in th&. leptorhynchusPn
carbenoxolone were not entirely reversible, leaving only @uld primarily be an intrinsic property of each neuron a
subset of neurons firing asynchronously after hours of wastay only minimally depend on the Pn network interaction
out. The ease of reversibility with halothane, and relativelyhat is, the network may not act to dramatically increase
greater difficulty with octanol, has been similarly observed iprecision of otherwise sloppy neurons. The CV commol
other systems (D. Spray, personal communication). reported for individual neurons is10 * to 10 2 (Table 1).
The Pn neurons stopped oscillating when a drug-depend@&his is the first suggestion that individual neurons could
frequency was reached. The dependence of the minimum fréasically have a CV as low as7 X 10~ 4, equivalent in this
guency on the drug suggests that frequency changes may no¢xemple cell to SD= 1.2 us.
mediated by gap junction closure, but by drug side effects.On the other hand, convergence of relay cells onto th
Halothane, for example, is known to enhance GAB#Aedi electromotor neurons of the electric organ could explain th

ated inhibition (Pearce 1996), depress glutamate-mediated etatively small decrease in CV (increase in precision) betwe¢en
citation (Perouansky et al. 1995, 1996), and inhibitCand them. The minimum CV of the electromotor neurons, as mga-

Na®* channels (Franks and Lieb 1994), in addition to blockingured outside the tail, is2 X 10~* (Moortgat et al. 1998b),

gap junctions (Peinado et al. 1993; Wojtczak 1985). The first 8F4 times less than the minimum CV of relay cells. According

these effects is not relevant to the leptorhynchu$n, whose to the law of large numbers, such a CV decrease would reqli

inputs are not GABA mediated but glutamatergic (Dye et a convergence of 9-16 independent relay cells onto epch
1989; Heiligenberg et al. 1996). We found that blocking thelectromotor neuron. This prediction of convergence is consis-
glutamatergic synapses did not decrease frequency, nor doasrit with anatomic data showing that each relay cell electro-
hinder halothane’s ability to reduce Pn frequency. The possbnically innervates most or all the electromotor neurons (E|lis

bility remains that halothane blocks the Pn neuronsCand and Szabo 1980). We must assume that the electromotor heuf
Na®" channels, which is known to reduce the Pn firing- frerons do not themselves add noise to the output; they too nust

guency (Dye 1991; Smith and Zakon 1998). This hypothedig capable of extremely high precision spiking.

has not yet been tested experimentally but is supported by ouiThe CV of the fish’s electric organ discharge varies sporta-
realistic Pn model (Moortgat et al. 2000). In contrast, anotheeously, as well as in response to behavioral stimuli. These
model of gap junction—mediated oscillations did achievehanges may be mediated by a higher order nucleus, |the
~40% frequency change with modulated gap junction condugrepacemaker nucleus (Moortgat et al. 1998b). We found| no
tance (Kepler et al. 1990). such CV modulations in the 10-s recordings made in vitfo.

In addition to modulating the strength of contacts betwedthowever, we did observe that two large male20 cm) who

=3

JPapEs|um

%u@@

A@Dlo1sg

qe30 ¢ Bio

900Z 8 4o

r

at

e

e

re|



http://jn.physiology.org

982 K. T. MOORTGAT, T. H. BULLOCK, AND T. J. SEJNOWSKI

repeatedly modulated their electric organ frequency (in a glBve, J. AND HEILIGENBERG, W. Intracellular recording in the medullary pace
tamate-driven “chirp") had particularly high CV of the electric maker_ nucleus of the we_akly electric figtpteronotusduring modulatory
organ discharge (CV= 20 x 10 4). The CV of Pn neurons, _ PehaviorsJ. Comp. Physiol. [AlL61: 187-200, 1987. .

X . L Dyg, J., HEILIGENBERG, W., KELLER, C. H., AND KAwasakl, M. Different
ar,]d her)ce of the eIeCt_”C organ dlscha}rge may be, m(,:rease sses of glutamate receptors mediate distinct behaviors in a single b|
with active glutamatergic (AMPA) PPn inputs to their site of stem nucleusProc. Natl. Acad. Sci. US86: 8993—8997, 1989.
contact, the relay cells (Heiligenberg et al. 1996). Similarly, thekes, K. anp Szago, T. Synaptology of the medullary command (pacemal
CV of Pn neurons could be at its lowest with all inputs to the er) nucleus of the weakly electric fistgteronotus leptorhynchysvith
Pn silent. If so, application of AMPA to specific locations on Particular reference to comparative aspegtep. Brain Res60: 509-520,

; ; ; il h985.
the relay cell soma and dendrites would increase the mterSpEEés, D. B. anD SzaBo, T. Identification of different cells types in the

perIOd CV. command (pacemaker) nucleus of several gynotiform species by retrog
transport of horseradish peroxidas&eurosciencé: 1917-1929, 1980.

We thank J. Fellous for assistance with recording data in Fig. 3; J. Dye ENGER P. S.AND Szago, T. Effect of temperature on the discharge rates of the

Fellous, W. Kristan, J. Seamans, and C. Wong for helpful discussions; E€lectric organ of some gymnotid€omp. Biochem. Physio27: 625-627,

Calloway, G. Kennedy, and D. Needleman for assistance with histology; andL968.

W. Kristan and two anonymous reviewers for thoughtful critique of th&nrigHT, J. T. Temporal precision in circadian systems: a reliable neurg

manuscript. clock from unreliable component$tience209: 1542—-1545, 1980.
K. T. Moortgat was supported by National Institute of Mental HealtlFranks, N. P.AND Lies, W. R. Molecular and cellular mechanisms of gener

Predoctoral Fellowship MH-10864-03 and by the Sloan Foundation; T. H.anaesthesiadNature 367; 607—614, 1994.

Bullock _by the _National Institute of Neurolog_ical Disprders and Stroke; af@USTAFsoN D., WiLLSKY, A. S., WaNG, J. Y., LANCASTER M. C., AND
T. J. Sejnowski by the Howard Hughes Medical Institute. TrIEBWASSER J. H. Ecglvcg rhythm diagnosis using statistical signal an
Present address and address for reprint requests: K. T. Moortgat, Sloaysis_ I. Identification of persistent rhythmEEE Trans. Biomed. Eng@5:

Center, Dept. of Physiology, Universit'y of California, San Francisco, Box 344-353, 1978.

0444, 513 Pamassus Ave., San Francisco, CA 94143-0444. HAGEDORN, M., ViscHER H. A., AND HEILIGENBERG, W. Development of the
jamming avoidance response and its morphological correlates in the g
notiform electric fishEigenmannia. J. NeurobioR3: 1446-1466, 1992.

HAGIWARA, S. Analysis of interval fluctuation of the sensory nerve impulg

REFERENCES Jpn. J. Physiol4: 234-240, 1954.

HEILIGENBERG, W. Neural Nets in Electric FishCambridge, MA: MIT Press,

ALkoN, D. AND FuorTES M. G. Responses of photoreceptorshgrmissenda. 1991.

Received 19 March 1999; accepted in final form 18 October 1999.

J. Gen. Physiol60: 631-649, 1972. o _ , HEILIGENBERG, W., METZNER, W., WONG, C. J.,AND KELLER, C. H. Motor

Bass, A. H. AND BakeRr, R. Phenotypic specification of hindbrain rhom-  control of the jamming avoidance responseAptteronotus leptorhynchus
bomeres and the origins of rhythmic circuits in vertebraBrsin Behav. evolutionary changes of a behavior and its neuronal substratéomp.
Evol. 50 1 Suppl.: 3-16, 1997. Physiol. [A] 179: 653-674, 1996.

S Uhrastructure of clectrotone Jneions. V. Medlary electromotor nuclei #0-1STON M. F- SNON, S. A, AND Ratton F. Interacion of anaestheties wit
! P ry electrical synapse$lature 286: 498-500, 1980.

gymnotid fish.J. Neurophysiol30: 236-300, 1967a. oo . . .
BENNETT, M.V.L., ParpPAS G. D., GMENEZ, M., AND NAKAJIMA, Y. Physiology Juﬁ:kg':gjrmgﬁr@spj ‘Isr.lt‘elrlslpllztz‘llntirgv;é fluctuations Aplysiapace-

and ultrastructure of electrotonic junctions. IV. Medullary electromotor ; . o .
nuclei in gymnotid fishJ. Neurophysiol30: 236-300, 1967b. JURANEK, J.AND METZNER, W. Segregation of behavior-specific synaptic inpu

BuLLock, T. H. The reliability of neuronsl. Gen. Physiol55: 565-584, 1970, {0 a vertebrate neuronal oscillatar. Neurosci.18: 9010-9019, 1998.
BuLLock, T. H., HamsTRA, R. H., AND ScHeicH, H. The jamming avoidance KANDLER, K. AND KATz, L. C. Relationship between dye coupling and spo
response of high frequency electric fish. | andJl.Comp. Physiol77: taneous activity in developing ferret visual corté®ev. Neurosci.20:

1-48, 1972. 59-64, 1998.
CaLvIN, W. H. AND STEVENS, C. F. Synaptic noise as a source of variability inKawasaki, M. AND HEILIGENBERG, W. Distinct mechanisms of modulation in
the interval between action potentiaBciencel55: 842—844, 1967. a neuronal oscillator generate different social signals in the electric

CARR, C. E., HEILIGENBERG, W., AND RosE G. J. A time-comparison circuitin -~ Hypopomus. J. Comp. Physiol. [AB5: 731-741, 1989.
the electric fish midbrain. |. Behavior and physiolog}. Neurosci.6:  Kawasaki, M. AND HEILIGENBERG, W. Different classes of glutamate recepto
107-119, 1986. and GABA mediate distinct modulations of a neuronal oscillator, the m
CHAvY, T. R., LEE, Y. S.,AND FaN, Y. S. Appearance of phase-locked wenck- ullary pacemaker of a gymnotiform electric fish. Neurosci.10: 3896 —
ebach-like rhythms, devil's staircase and universality in intracellular cal- 3904, 1990.
cium spikes in non-excitable cell models.Theor. Biol.174: 21-44, 1995. KELLER, C., Kawasaki, M., AND HEILIGENBERG, W. The control of pacemaker
Crow, C. C.anp KoreLt, N. Dynamics of spiking neurons with electrical modulations for social communication in the weakly electric sarnopy-
coupling.Neural Comp.n press. gus. J. Comp. Physiol. [A169: 441-450, 1991.
DEe Zeeuw, C. I., SMPsoN, J. |., HOOoGENRAAD, C. C., G\LJART, N., KOEKKOEK,  KEPLER T. B., MARDER, E.,AND ABBOTT, L. F. The effect of electrical coupling
S.K.E., anD Ruigrok, T.J.H. Microcircuitry and function of the inferior  on the frequency of model neuronal oscillatdssience248: 83—85, 1990.

olive. Trends Neurosci21: 391-400, 1998. LASATER, E. M. anD DowLing, J. E. Electrical coupling between pairs of
DrAGUHN, A., TrRAUB, R. D., SHMmITZ, D., AND JEFFERYS J. G. Electrical isolated fish horizontal cells is modulated by dopamine and camidp:
coupling underlies high-frequency oscillations in the hippocampus in vitro. Junctions,edited by M.V.L. Bennett and D. C. Spray. New York: Col@l
Nature 394: 189-192, 1998. Spring Harbor Laboratory, 1985, p. 393-404.
DU LAc, S. AND LISBERGER S. G. Membrane and firing properties of avianMAcIVeEr, M. B., MikuLec, A. A., AMAGASU, S. M., AND MONROE, F. A.
medial vestibular nucleus neurons in vitrd. Comp. Physiol. [A]176: Volatile anesthetics depress glutamate transmission via presynaptic acjons
641-651, 1995. Anesthesiology5: 823—834, 1996.

Dyg, J. Dynamics and stimulus-dependence of pacemaker control duriMigtTHEWS, P. C. AND STROGATZ, S. H. Phase diagram for the collectiv
behavioral modulations in the weakly electric fi8lpteronotus. J. Comp.  behavior of limit-cycle oscillatorsPhys. Rev. Let#65: 1701-1704, 1990.
Physiol. [A] 161: 175-185, 1987. MEeTzNER, W. The jamming avoidance responselbigenmannids controlled

Dvg, J. An in vitro physiological preparation of a vertebrate communicatory by two separate motor pathwayk. Neurosci.13: 1862—-1878, 1993.
behavior: chirping in the weakly electric figkpteronotus. J. Comp. Physiol. MeYER, J. Steroid influences upon discharge frequencies of intact and isol
[A] 163: 445458, 1988. pacemakers of weakly electric fish. Comp. Physiol. [A]154: 659668,

Dye, J. lonic and synaptic mechanisms underlying a brainstem oscillator: an inl984.
vitro study of the pacemaker nucleusAgpteronotus. J. Comp. Physiol. [A] MILLER, J. P.AND SeLVERSTON A. Rapid killing of single neurons by irradi-
168: 521-532, 1991. ation of intracellularly injected dyeScience206: 702—704, 1979.

A
1

ain-

ade)

hal

=

-

MDQ

eoju

€

& BioABojoisAyd-ul wouy pap

=

00&'S 1890130 U

D
9

-

hted



http://jn.physiology.org

HIGH PRECISION SPIKING IN A NEURONAL PACEMAKER 983

MooRrTGAT, K. T. Precision of Pacemaking in a Weakly Electric Fish: Behav- pacemaker nucleus neurons in a weakly electric f&ioc. 5th Int. Cong.
ior, Physiology, and ModelingPhD thesis). San Diego, CA: University of Neuroethol.1998.
California, 1999. ] SrIro, J. E. Differential activation of glutamate receptor subtypes on a sin
MoorTGAT, K. T., ButLock, T. H., aND Seanowsky T. J. Blocking gap  class of cells enables a neural oscillator to produce distinct behavi
junctions in the electric fish pacemaker nucleus alters frequency and synj. Neurophysiol78: 835-847, 1997.
chrony of oscillationsSoc. Neurosci. Abst@4: 77.3, 1998a. Spray, D. C. AND BENNETT, M. V. Physiology and pharmacology of gay
MooRTGAT, K. T., BuLLock, T. H., AND SEanowsky, T. J. Gap junction effects junctions.Annu. Rev. Physiol7: 281-303, 1985.
on precision and frequency of a model pacemaker netwoitkeurophysiol. TRAUB, R. D., SHMITZ, D., EFFERYS J. G.,AND DRAGUHN, A. High-frequency

83: 984-997, 2000. population oscillations are predicted to occur in hippocampal pyrami

MooRrTGAT, K. T., KELLER, C., BuLLock, T., AND SEJNowsk, T. Submicro- ) h o
S . . . neuronal networks interconnected by axoaxonal gap junctidestosci92:
second pacemaker precision is behaviorally modulated: the gymnotiform

) 407-426, 1999.
electromotor pathwayProc. Natl. Acad. Sci. USA5: 4684-4689, 1998b. ’ . .
MOORTGAT, K. T. AND KELLER, C. H. Network properties of a highly regular TURNER R. W., Borg, L., anD Sep, N. I. A technique for the primary
neuronal oscillator in a weakly electric fisboc. Neurosci. Abst1: 79.21, 1995,  dissociation of neurons from restricted regions of the vertebrate C
PeaRCE, R. A. Volatile anaesthetic enhancement of paired-pulse depression inJ- Neurosci. Method§6: 57-70, 1995. S )
vestigated in the rat hippocampus in vittb.Physiol. (Lond.492: 823-840, TURNER, R. W. AND Moroz L. L. Localization of nicotinamide adenine

1996. dinucleotide phosphate-diaphorase activity in electrosensory and electrg
PeINADO, A., YUSTE, R.,AND KATz, L. C. Extensive dye coupling between rat tor systems of a gymnotiform teleo&pteronotus leptorhynchus. J. Comy.

neocortical neurons during the period of circuit formatidfeuron. 10: Neurol. 356: 261-274, 1995.

103-114, 1993. WINFReg, A. T. When Time Breaks DowiRrinceton, NJ: Princeton Univ.
PEROUANSKY, M., BARANOV, D., SALMAN, M., AND YAARI, Y. Effects of Press, 1987.

halothane on glutamate receptor-mediated excitatory postsynaptic curreWiteorczak, J. A. Electrical uncoupling induced by general anesthetics

A patch-clamp study in adult mouse hippocampal slidesesthesiolog3: calcium-independent process? Gap Junctionsedited by M.V.L. Bennett

109-119, 1995. and D. C. Spray. New York: Cold Spring Harbor Laboratory, 1985,

PerouaNsky, M., Kirson, E. D., AND YAARI, Y. Halothane blocks synaptic ~ 167-175.
excitation of inhibitory interneurongnesthesiolog®5: 1431-1438, 1996. Wong, C.J.H. Afferent and efferent connections of the diencephalic prepg
RekLING, J. C.AND FELDMAN, J. L. Bidirectional electrical coupling between maker nucleus in the weakly electric figigenmannia viresceniterac-

inspiratory motoneurons in the newborn mouse nucleus ambiguddeu- tions between the electromotor system and the neuroendocrine
rophysiol.78: 3508—-3510, 1997. J. Comp. Neurol383: 18—-41, 1997.

Sammon, M., Romaniuk, J. R.,AND BRuck, E. N. Bifurcations of the respi- YamamoTto, T., MALER, L., HERTZBERG E. L., AND NAGY, J. |. Gap junction
ratory pattern associated with reduced lung volume in the Ja&\ppl. protein in weakly electric fish (gymnotide): immunohistochemical localiZ
Physiol.75: 887-901, 1993. tion with emphasis on structures of the electrosensory sysier@omp.

SwiTH, G. T. AND ZAkoN, H. lon currents regulating spike frequency of Neurol.289: 509-536, 1989.

ple
prs.

Hal

mo-

oV

©

C

Wroar

[
papeo|

900¢ ‘G 1890100 uo hio AbBojoisAyd-ul woly



http://jn.physiology.org

