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Moortgat, Katherine T., Theodore H. Bullock, and Terrence J. as low as 6xX 10 % in turn driving the electric organ to
Sejnowski. Precision of the pacemaker nucleus in a weakly e|9Ctri§|’oduce a signal with C\= 2 X 104, which gives SDs in the

fish: network versus cellular influencels Neurophysiol83: 971-983, ¢\ ,pmicrosecond range (Moortgat et al. 1998b). Most other
2000. We investigated the relative influence of cellular and netwo%k . . ) 5, -l
properties on the extreme spike timing precision observed in tﬂécemak'”_g systems haye CVsin the. range of"110 1073’
medullary pacemaker nucleus (Pn) of the weakly electricAipter- With circadian rhythms slightly better with CV's of 2510

onotus leptorhynchusOf all known biological rhythms, the electric (S€€ Table 1). We investigated the relative roles of network
organ discharge of this and related species is the most temporallgctrotonic coupling and intrinsic cell properties in setting the
precise, with a coefficient of variation (C¥ standard deviation/mean extreme spike timing precision observed in one species of
period) of 2x 10*4_ and standard deviation (SD) of 0.12-L8. The weakly electric fishApteronotus leptorhynchus.

timing of the electric organ discharge is commanded by neurons of theThe weakly electric fish electrolocates using its electric

Pn, individual cells of which we show in an in vitro preparation to disch detecting it lectric field which i d
have only a slightly lesser degree of precision. Among the 100—136gan ISCharge, detecting Its own electric field which 1S mod-

Pn neurons, dye injection into a pacemaker cell resulted in djj&d Dy the surrounding environment, with electroreceptors

coupling in one to five other pacemaker cells and one to three reR@PNg its body. The timing and amplitude of the electric field at

cells, consistent with previous results. Relay cell fills, howeveifie electroreceptors are the key information the fish has to
showed profuse dendrites and contacts never seen before: relay ke electrosensory discriminations (Heiligenberg 1991). The
dendrites dye-coupled to one to seven pacemaker and one to sqyetise timing of the electric organ is commanded by the Pn.
relay cells. Moderate (0.1-10 nA) intracellular current injection hajeurons of the Pn fire in synchrony, with each cell firing every

no effect on a neuron’s spiking period, and only slightly modulated |Esyc|e of the 500- to 900-Hz oscillation, even when its inputs

spike amplitude, but could reset the spike phase. In contrast, massjjg outputs are cut (Dye 1988; Meyer 1984).

hyperpolarizing current injections (15—-25 nA) could force the cell to : _
skip spikes. The relative timing of subthreshold and full spikes sug- The Pn 'Sha nte)twork of 100 tfjw-60 tr)‘e‘.”onf that deveml? frO”.‘
gested that at least some pacemaker cells are likely to be intrin&E same rhombomeres as other brain Stem pacemaxers, in-

oscillators. The relative amplitudes of the subthreshold and full spike/ding the inferior olive and VOR circuitry (Bass and Baker
gave a lower bound to the gap junctional coupling coefficient d997). The Pn contains neurons of two types: pacemaker cells
0.01-0.08. Three drugs, called gap junction blockers for their mode(@5—30 um soma diameter), which remain intrinsic to the
action in other preparations, caused immediate and substantial redugeleus, and relay cells (60—¢0n soma diameter) (Dye and
tion in frequency, altered the phase lag between pairs of neurons, #eiligenberg 1987; Elekes and Szabo 1985), whose somata lie
later caused the spike amplitude to drop, without altering the spil the nucleus and whose axons project down the spinal cord

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

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 pacemaker

oscillations. cells increases linearly with a fish’s length without a corre-
sponding increase in relay cells (Dye and Heiligenberg 1987).
The input impedance of the pacemaker and relay neuron8 is

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 the

fied decades ago (Bullock 1970; Bullock et al. 1972), rernalIgecise firing of the electric organ, with each relay cell spike
the most precise known biological pacemaker, but the mechajresponding to one cycle of the electric organ discharge.
nism of its extreme precision has yet to be elucidated. Th&igence for a third neuron type have been reported (Turner
electric organ is commanded by the medullary pacemakgry \voroz 1995) but was not mentioned in earlier electron
nucleus (Pn), whose neurons in the in vivo Pn fire synchrgyicroscopic studies (Elekes and Szabo 1985; Ellis and Szabo
nously with a coefficient of variation (Cw¥ SD/mean period) 19g0). What role this third neuron type could have in the Pn

The costs of publication of this article were defrayed in part by the payme?%?cmatloﬂS 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-
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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. 1998b
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 clwlere filled intracellularly with Neurobiotin (29%ni3 M KCI, Vector
endings (Dye and Heiligenberg 1987; Elekes and Szabo 19g5)boratories, Burlingame, CA). This tracer was injected ionoto-
Each neuron appears to contact only a small fraction of tﬁgoretlcally with de_polar_lzmg current (0.5-2.0 nA) for 30—-120 min.
total number of neurons, similar to the coupling reported iHSSué was then fixed in 4% paraformaldehyde for 1-3 days and

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

Moortgat. and Keller 1995; Spiro 1997). Gap Junctlo.ns aon of gap junction blockers. The three agents used were halothane
present in abundance throughout the adult gymnotid eIQ%—por (2.5-5.0% in 95% ©5% CO,) (Peinado et al. 1993; Wojtczak
trosensory and electromotor pathways (Bennett et al. 1961835), octanol (1-5 mM, frm 1 M stock in DMSO, Sigma) (Johnston
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 The spiking precision observed in neurons of the in vitro Pn
timing precision in the in vitro Pn. We provide evidence that pIking p '

the precision of the pacemaker nucleus (Pn) in an electric ﬁgﬂelrr:tacagﬂftlﬁgsir\?”t%hea}lr! |\r/1if)/gts raelzni&?itgﬁt?\lgﬁ,eqnaiﬁre]eddistnﬁt
could derive from cellular rather than network properties, argcf’ prep : Y,

) neling tion of cycle-by-cycle periods (interspike intervals, Fig) 1
}Hﬁéﬂtgﬁ gﬁ;ﬁigcy and phase-locking is modulated by g cpr single cells tested was Gaussiai? fests were significant)

I\g/ith a minimum half-width of 1.2us, corresponding to a
efficient of variation (C\= standard deviation/mean period)
7.0x 104, similar to minimum values seen in vivo (Moert
gat et al. 1998b). CV values, observed during intracellular
recordings, ranged from this minimum te25 X 10~ % in 40
neurons from 17 nuclei (Fig.B), with no apparent correlation
between a cell's CV and its frequency at room temperature.
Male and femaleApteronotus leptorhynchusere obtained under The pacemaker and relay cells, which were distinguishable
the common name “brown ghost” from a commercial fish supplievisually (when somata lay on the Pn surface) and sometimes
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 (5-13-km). Fifty-six  differ in the distribution of their mean CV values (FigB)l
f's$hog %jils_sze%t(i:g:] l:)(;gé’e'gﬂgéhw";‘;riifnsig‘: 'tr(‘J Thlztsé?dgr'evious StudisﬁBecause the pacemaker cells contact other pacemaker cells
. R ) d relay cells, simultaneously recorded neurons could have
(Dye 1988, Meyer 1984; Spiro 1997). Each fish was cold anest prrelations in the cycle-by-cycle variability about the mean

ti th i idl int I tificial . . .
sIFZ)?ndél ﬁ‘lnuc:d (igr;':r? ma?nﬁf’ 'fzariln;g\(eg '2& C(l)gsarKngg 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 caudégtinct peak in the covariance. We would also expect that the
and ~2 mm dorsal to the Pn's ventral surface was cut away with f®0t sum of the squared CV of two neurons would be greater
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 si-
away. The tissue was continuously perfused with oxygenated ACSfultaneously recorded (FigC), the CVs were additive, and

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 independent
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 when

City, IA) has independently adjustable hysteresis center and width@b PN inputs and outputs are cut, the spiking precision must be
allow measurement of individual cycle periods within the detectiditrinsic 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 charac-

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

Earlier versions of this work were included in a PhD thes
and a conference abstract (Moortgat 1999; Moortgat et 8?
1998a). 0

METHODS
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even when coupling occurs between processes. These latter
contacts have been documented as axoaxonic gap junctions in
electron microscopy studies (Ellis and Szabo 1980) but were
not counted in the HRP studies.

Only one cell per Pn was injected with Neurobiotin. Three of
six stained pacemaker cells were filled darkly in tissue with
low enough background staining to evaluate dye coupling to
other pacemaker cells and relay cells (Table 2). The filled
pacemaker cells were dye coupled to one to five other pace-
maker cells and one to three relay cells.

The morphology of pacemaker cells stained with Neurobi-
otin and viewed as fixed and histologically processed tissue
was consistent with previous studies (Dye and Heiligenberg
1987; Elekes and Szabo 1985). A few additional pacemaker
cells were injected with Lucifer yellow, which did not cross
gap junctions in these neurons, and observed in the live tissue
1.995 C under combined infrared and fluorescent light using DIC op-

' { tics. A striking observation was the abundance of large-diam-

- ry
o 2]
o Q

o
o

No. of periods

1.738 1.742 1.746

No. of cells
N ~

10 20 30

% 199 eter (-6—9 um) processes coursing throughout the Pn [also
2 noticed in electron microscopy (Elekes and Szabo 1985)].
© 198 These processes were found to be the pacemaker cells’ primary
& , L axons and their multiple, equally large diameter branches. The
1973 axon narrowed slightly at branch points, but withirb um
Y 10 20 30 regained its initial diameter in both new branches. These large
Cyele number pacemaker cell axons appear to take up a large percentage of
D the Pn volume.

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

-40 20 -30 20 40 proximity to a dye-filled pacemaker axon. This result was not
Lags reported in previous electron microscopic or electrophysiolog-

FG. 1. Precision and statistics of pacemaker nucleus (Pn) oscillationsi¢al studies, but is not contradicted by them. To confirm that
vitro match those seen in vivé\: the histogram of interspike (cycle) periodsthe dye coupling from the relay cell dendrites did not result
from an individual in vitro neuron fit a Gaussian distribution with widthfrom the “shish kebob artifact.” in which multiple cells absorb
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 neuronsgye through cell da_m_age along the electrode track (Spray and
from 17 in vitro Pns.a, relay cell CVs;0, pacemaker cells or neurons of B€NNEtt 1985), we injected neurons (1 per Pn) that lay on t_he
unknown type. Minimum CV values matched the minima observed in vivdrain surface and were the only cell recorded in that Pn. Still,
(Moortgat et al. 1998b). Cycle period<C) of 2 neurons simultaneously dye coupling was observed. In addition, dye was localized to
recorded intracellularly did not clearly covar®). The cross covariance was tl]e soma and axon initial segment of some dye-coupled neu-
calculated over 500 cycles of the 2 neurons’ cycle periods. The peak normal- that it id f the Pn f the directl
ized covariance (correlation coefficient) is 0.34 at a lag—& cycles. The ron_s at were on opposite siaes o e rFn rom_ e 'r_ec y
measured lag between the 2 neurons could be shifted by upl@bcycles, Stained neuron. Thus our data suggest electrotonic coupling at
depending on the data acquisition delay between the 2 neurons. This, howeilee relay cell dendrites.
has no effect on the form of the cross covariance function. The morphology of relay cells was found to be more com-
lex, with more profuse and more finely branching dendrites
R&n previously reported. The dendrites sometimes tapered,
only to increase in diameter again more distally from the relay

Covariance
=}

and then modulated their strengths without altering the num
of electrotonic connections.

Neuron morphology and dye coupling between neurons ~ TABLE 2. Number of dye-coupled cells when a pacemaker or relay
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 ha&i\ECted cel n Pacemaker Relay Total
extended these anatomic studies by intracellularly injecting thgcemaker 3,7 1-5 (2.3) 1-3(2.7) 2-13(5.3)
tracer Neurobiotin into multiple pacemaker and relay cellgelay 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 column

coupling. The functional gap junctions permit staining in CoUacorporates our data as well as the number of contacts made by 4 pacemaker
pled neurons, which are then readily recognized and typeseis 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 withinggi8@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 extend®@®@0, 390, and 55@.m in the lateral, dorsoventral, and
rostrocaudal dimensions, respectively. Shown here are the dendrites within @ri8@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 @ling coefficients were calculated from the deflection of the
“beads.” The dendrites of two relay cells, one from a 12.9-crminimum voltage during 0.5-2.0 s of constant current injec-
long female and one from a 12.4-cm-long male, were partictions (0.1-1.5 nA). Coupling coefficients were not observed at
larly well stained and cover, respectivety,100% and 68% of either long or short time constants. Likewise, current injection
the lateral, 100% and 62% of the dorsal-ventral, and 61% ajtfone cell changed the spike amplitude in that cell but not in
53% of the rostral-caudal extent of Pn. One of these Neurof\sy simultaneously recorded neuron.
(the former) is drawn in Fig. R If we assume that each relay \ye recorded spike amplitudes to test whether poor space
cell's dendrites are similarly extensive, the branches of d'ffetE’ramping or membrane voltage fluctuations could explain the
ent relay cells are highly overlapping. The overlaps may Bgck of measurable coupling coefficient. A poor space clamp
crucial to the prepacemaker nuclei's ability to rapidly angdoyid allow a somatic current injection to dissipate through
simultaneously modulate all relay cells’ frequency, which igak conductances in the cell membrane, resulting in a much
thought to be modulated primarily at relay cell dendrites (Hekmaller current at the distant gap junction contact at the end of
ligenberg et al. 1996). the axon. The low spike amplitude, often recorded at the soma
] ] ) (as confirmed visually during the experiment and in some cases
Electrophysiological measures of coupling strength across after Neurobiotin staining), and its unusual decay with in-
gap junctions creased membrane potential suggest that the injected current

To unveil the effect of gap junctions on the firing of eacl.qid indeed leak. First, in the h.undreds.of intracellular (ecord—
neuron, we need to know not only the number of contacts, J0§S We made, the recorded spike amplitude had a maximum of
also their strengths. The strength of coupling between a pairgft0 MV, but was more typically in the range of 15-30 mV.
neurons can be quantified by the coupling coefficient, defindd€ 10w spike amplitudes were not indicative of poor record-
as the ratio of the voltage deflection in one cell to that if#9S: because they occurred with stable membrane potentials of
another cell that is injected with a constant current. We h@iPProximately—75 to —65 mV in recordings that lasted from
pothesized that the coupling coefficient between pairs of nd'S Of minutes to 7 h. Second, when currents were injected,
rons making direct contact would be large because, desr} g peak voltage of the §p|ke was not f|>§ed (Fig, 0.3 nA
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 neurofi§Polarizing current at a lower rate than the minimum mem-
a y P gnty rane potential increased (FigCBand showed hysteresis with

membrane potential. These results indicate that current was not
injected in electrotonic proximity to the spike initiation zone.
Because the contacts are sparse, we expected only a subsket our recordings, neurons did not have a fixed initial mem-
of coupling coefficients to be nonzero. We were initially surbrane potential, as required for measuring coupling coefficient.
prised that the coupling coefficients measured between ev&gther, the neurons’ active spikes clouded their passive re-
one of 26 neuron pairs, including both pacemaker and relagonses to the gap junction drive. An active spike in a presyn-
cells, were not significantly different from zero. These cowptic neuron causes a substantial voltage drive across the gap

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 neuron’s
E 40 ;“ Wil | phase relative to another neuron (or its own original phase) was
-~ T linearly advanced with depolarizing current and delayed with
§ _50 H I il hyperpolarizing current (Fig.@, slope= —0.55%/nA,r? =
0.99). These results further confirm that the current injections
o in one cell's soma were not reaching the other recorded cell.
0 50 100
Time (ms) B Skipped spikes during massive current injection
28.6 ] ) . e . L
281 . . s A neuron’s firing frequency was immune to somatic injec-
< - - 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
2 oscillations. How could large current injections have no effect
2 on pacemaking frequency when the Pn neurons can be driven
g 24
< -34
22.8
-40
0 50 100
Time (ms) %-50
28.6 £
28 £
—— > —
S 60
E
o 26 70l
= —740
g 24
<
22.8 4 M
-63 -60 -55 -50  -46 . B
Vm (mV) ®
s
FiG. 3. Intracellular response of a pacemaker cell soma to a moderate &5
sinusoidal current injection#(0.3 nA). A: membrane voltage\,,) during °
injection of the sinusoidal current®: spike amplitude during the current 3
injection decreased with depolarization and increased with hyperpolarization, 1r
but by only ~¥ of the baseline membrane voltage chandésthe spike
amplitude and voltage showed a relative clockwise hysteresis, a sort of cellular
memory of previous voltage and spike amplitude states. This allows 2 ampli- 5 10 15
tudes for any membrane voltage and vice versa, a feature reported previously Phase lag (% of period)
in vivo (Moortgat et al. 1998b) and confirmed here. The range of spike
amplitude and membrane voltages is indicated on the axes.
18 C
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 —
-5 012 5

Phase shift with moderate current injection
Current (nA)

Because measuring electrotonic coupling proved difﬁcgltFlG. 4. Phase-locked firing of neuron pair. simultaneous intracellular
with the traditional measure, we sought other ways of detectingtage recordings of a pacemaker and a relay cell show the difference in the
coupling. We looked for phase and frequency shifts betweer? eell types’ spike waveforms. The pacemaker cell (—) has a slowly increasing
neuron injected with current and another simultaneously feptential lacking in the relay cell (~ ). The recorded amplitude of the spikes

. - as typical for the pacemaker cell, but particularly large for a relay cell that in
corded neuron. Normally, any two neurons in the Pn fired at t ny recordings had 8- to 15-mV spike&. the phase lag for 19 pairs of

same frequency with a fixed phase lag (Fig).4The phase lag simultaneously recorded neurons is plotted. Shaded bars indicate pacemaker-
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 injectioﬁtracellular waveformsC: phase lag is labile to intracellular current injection

: ; ; e pe—0.55%/nAr = 0.99). Mean phase lag is marked with a circle, the SD
with either a change In phase or frequency' then a simi h a bar. The phase lag changed asymmetrically to 5-nA hyperpolarizing and

simultaneous shift in the second neuron would suggest COlk.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 1:1
shown in many previous studies (Dye 1988; Heiligenberg et alith the Pn oscillation, but rather had a full amplitude oscil-
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 of
rents. A strong gap junction drive to each neuron (which coueimplitudes 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&f.05 ms (4%) around the cell’'s mean spike period before
junctions and the recording electrode could result in the lack ofirrent 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 also
combined gap junction inputs at the axon initial segment andratich lower integer ratios that could change in time during
the soma, and larger currents would be required to alter ttiee current injection. One neuron receiving 20 nA hyperpo-
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 network
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 constaatiron, which had a pacemaker cell waveform, skipped a
between the oscillations (FigB}. All current injections caused spike, the membrane voltage still oscillated with a mean
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 singlé the coupling coefficient (see discussion). The cycle pe-
neuron, but possibly the time constant for slowly charging théd varied slightly and took on a new value during the cycle
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 repo-
slower voltage decay, the low-amplitude oscillations were dikrizing phase (trough) after each spike during the 2-s cur-
tinguishable from the full amplitude oscillations, but bothlient injection (Fig. €).
changed amplitude over 1 s.

When neurons were instead injected with massive hyperp&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 junction
persisted arrived at roughly integer multiples of the preinje@puts in setting the extremely low CV of spike timing. We
tion cycle period, but the neuron no longer spiked with evegompared the effects of bath application of halothane (1-5%
cycle of the Pn oscillation (Fig.A. That is, the hyperpolarized vapor), carbenoxolone (10@M to 1 mM), and octanol (1-5

s A1l s
%40 %40
E E
'?;1 30 . ; ?;1 30
L p—— - < Fic. 5. Massive intracellular current injec-
1 2 1 2 tion into a Pn neuron, probably a relay cell,
Time (s) Time (s) caused spike amplitude and, with increased cur-
.. “ ee e rent, cycle period to vary bimodallAl: during
G A2 . e e e n B2 a—23-nA current injection, the spike amplitude
§1 4 e T 51 4 PRLYRTL switched between 2 values, whereasAid the
Jo R Jo cycle period remained relatively fixed3: the
E S, - : 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, wih ong perocs y
110 shorter ones, and vice ver$a: the intracellu-
< S lar membrane potential, from which the ampli-
5_130 5_130 tude and period were calculated are plotted
§ § here. Note that the voltage usually reached its
minimum after a small “spike,” but not after a
-150 -150 large spike. This did not seem to be the case in
10 20 10 20 A3. C membrane voltage (measured at the
Time (ms) Time (ms) trough of the oscillation) responded slowly,
80 with at least 2 time constants, to the injected
% 100 C current.
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A3 (Al andB1) and periodsA2 andB2) corre-
_180k sponding to voltage trace&\8 and B3) oc-
% curred, respectively, early and late during
< ook the current injection. The timing, and thus
E- the amplitude of the subthreshold oscillation
varied with reference to the spikeS: the
-220 h ] L ! membrane potential (measured at the trough
20 40 60 of the membrane oscillation) during the 2-s
B3 -18or recording is plotted, with bars indicating the
segments representedAn(0.9-1.3 s) an®
< ook | ‘ ‘ (1.5-1.9 s). The membrane voltage response
£ to the current injection had a slow time com-
g _oo0k ponent.D: spike amplitude vs. cycle period.
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mM), three putative gap junction blockers (halothane: Peinado5et10 mV of its original in all 11, 6, and 2 trials in, respectively,
al. 1993; Wojtczak 1985; octanol: Johnston et al. 1980; carbdralothane, carbenoxolone, and octanol.

oxolone: Draguhn et al. 1998). Of primary interest were their Spiking frequency decreased, apparently at the same rate in
effects on the CV of interspike periods. We found that the C\&Jl Pn neurons, reaching a dose-dependent minimum fre-
measured intracellularly, remained at its initial low value, somguency. Continued drug application reduced the spike ampli-
times decreasing slightly (up to 20%) during application of halgdde such that all neurons appeared to stop firing simulta-
thane (Fig. A, n= 4) or carbenoxolona\(= 2) over 30—40 min, neously in halothane (Fig.A3. That is, once one neuron
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 carbenoxolone-
occurred during substantial frequency decay elicited by all thrif§ated Pn stopped firing minutes apart. Neurons on the ventral
drugs. In fact, the frequency decreased by up to 50% in halothahsface of the Pn (which is the ventral surface of the brain
(Fig. 7A), 20% in carbenoxolone, and 50% in octanol. Applicatio tem) stopped f|r|n?' Wh'lﬁ;\ about two or tH‘ee nﬁurqr;]s deeper in
of the blockers also shifted the phase lag between simultaneo r& II:')tn dcontlr:jue(:t mngthoié_lg rlpln, _attr?ug '\Iiwt re(il_?cgd
recorded neurons, sometimes even changing its sign (Bh. 7 ampliiude and often wi - locking In Ihe spike ampfitude

8B).

The phase lag returned to its original value when the drugs wé'r:é?v'e tested whether the frequency decrease could be due to
washed out. . _— . a decrease in excitatory drive. Namely, halothane, known to
After prolonged and continuous application of a high drugenress glutamate transmission in some preparations
concentration, the spike amplitude decreased to a point beyQRthciver et al. 1996), might be blocking glutamatergic
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; Heiligenberg
This CV increase could simply be due to lower ratio of biogt al. 1996). However, 30 min of bath application of 2-ami-
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 withitmethyl-o-aspartate (NMDA) andx-amino-3-hydroxy-5-



978

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

does not seem to decrease frequency by modulating gluta-

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 nonlinear
=50 25 0 25 50 dependence on coupling, or be largely a cellular property. We
considered whether other manipulations known to change cel-
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 discharge in
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
s -2 0 25 %0 and the CV of their electric organ discharge, although body
Time (min) . .
5 length and number of pacemaker cells in the Pn are positively
% 4 ! B1 correlated (Dye and Heiligenberg 1987). Two large males who
2 TR chirped repeatedly had particularly high CV of the electric
< : organ discharge (C\= 20 X 10~4), even when not chirping.
< 0 Although the CV of the fish’s electric organ discharge varies
ﬁ_g . o spontaneously, as well as in response to behavioral stimuli
@ - (Moortgat et al. 1998b), we found no such CV modulations in the
x4 : 10-s intracellular recordings made in the isolated in vitro Pn.
0 20 40 60 80
. DISCUSSION
£ 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 and
8 200 ", relay cells, and measured and modulated their strength.
= Y We estimated the number of neurons electrotonically cou-
150 20 '40 p~ %0 pled to an intracellularly dye-filled neuron by the number of
dye-coupled neurons, as done in rat neocortex (Kandler and
30[ . B3 Katz 1998; Peinado et al. 1993). The extent of dye coupling to
e o . pacemaker and relay cells varied widely, due to natural varia-
> >, ya d . . .
E 50 . i tion in the number of contacts and total number of Pn neurons,
2 “*: i as well as inconsistent dye uptake and transport. Indeed, dye
2 v, appeared to travel more completely into some neurons, some-
g1 3, times even better in one process or type of process than others
< | of the directly injected neuron. For example, one relay cell
. . showed a well-stained soma and axon, but only part of one
0 20 40 60 80 dendritic process was obviously filled. Dye coupling was not
Time (min) '

FIG. 7. Bath application of a gap junction blocker left a neuron firin

symmetrical: the number of relay cells dye coupled to a pace-

“aker cell was slightly smaller than the number of pacemaker

with its initial precision, but at a new phase and frequerky. the CV of . .
interspike intervals remained constant or decreased slightly (increa@IS dye coupled toa relay cell. Some of the differences in dye

precision) during application of halothane (5% startindiate = 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
prase lag b simtancously ecorded newons sited coninucuflin with dye the huge volume, including, or the pacernater
time= 0 m?n),gang returned ?o or?ginal VaF?LFI)eS with drug wash out (starti%éé"’ a 307‘*m‘d"’?‘m soma and 7- to 1@m-diam axon of 1 mm
attime = 36.5 min, marked with dashed vertical line). Concurrently, th&ngth and multiple branches, a volume that can be even larger
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 ttlhe number of dye-coupled neurons, we tend to bias our esti-
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 pacemaker
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 are
decrease the Pn frequency (Fig. 9). Therefore halothaineelectrotonic contact with 6% (7/120) pacemaker cells and
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Fic. 8. Halothane and octanol had different time courses of shutting down the Pn oscill&tionmder 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, and-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, B

1
t

strong and rapid modulations of the Pn frequency (Dye 1987; < 500
Kawasaki and Heiligenberg 1990; Keller et al. 1991; Metzner
1993), something that proved difficult to do with somatic
current injection into a single neuron (Fig. 3).

Dendritic gap junctions onto relay cells were previously 300 e
reported in other species of electric fisBtérnopygusand 50 0 50 100
Steatogenysbut were thought to originate only from pace-
maker cell axons (Bennett et al. 1967b). Electrotonic coupling 30 C
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

.,
o
v,

Amplitude (mV)

25

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 Ot,her relay cells, Ofte,nFIG. 9. Effects of halothane were not blocked by a cocktail of glutamate
through connections from one relay cell’'s soma to anotheggtagonists. The glutamate antagonists 2-amino-5-phosphonovaleric acid

dendrite. Thus electrotonic spread between relay cells c@RV) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were bath applied
occur directly. This may facilitate coordination between relag? combination (starting aime = 0 min) before and during halothane appli-

- . ion (starting atime = 32 min, marked with vertical dashed liné): the
cells when higher order inputs bypass the pacemaker cells tail did not alter spiking precision or frequency, aBjl did not interfere

send commands directly to the relay cells (Heiligenberg et @jth halothane’s effects on frequency, suggesting that halothane is not acting
1996; Kawasaki and Heiligenberg 1989). Similarly, dendritithrough glutamate receptors.
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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 a full
and in the developing visual cortex (Kandler and Katz 1998pike. For the data in Fig. 6 (probably a pacemaker cell
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 noumber of contacts to a pacemaker cell (Table 1) yields 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 sima-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 coupling
and Szabo 1985). Even when these synaptic inputs are sil@ogfficient among Pn neurons is significantly smaller than the
our current injections must overcome gap junction inputs. G803-0.14 measured in mouse motoneurons (Rekling and Feld-
junctions from one pacemaker cell contact other pacemakaan 1997), or the 0.6—0.9 between pairs of cultured horizontal
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 ofefficients will vary slightly depending on the strength of
the relay cell receives particularly dense axoaxonic gap jurinjected current. Also, the true coupling coefficient between
tion innervation, which is considered “the morphological copacemaker and relay cells may be significantly higher if there
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 synchiceil.
nize high-frequency oscillations between pyramidal neuronsAlthough the relative amplitudes of the subthreshold oscil-
(Draguhn et al. 1998; Traub et al. 1999). lations and the spike peaks provide an estimate of the coupling
The limited effect of current injections to the pacemaker arabefficient, the relative timing of the two events provides
relay cell somata may also arise from a long electroton@vidence for the cell’s intrinsic firing properties. Certainly we
distance to the action potential initiation zone. Indeed, thexpect to find at least a subset of Pn neurons that are sponta-
small somatic spike amplitude, particularly in the relay celheously active, because the Pn oscillates without external drive
indicates just this. Similarly small somatic action potentials cgiMeyer 1984). The small precession in the pacemaker cell's
be seen in other systems when the spike initiation zone lagygcle period around the Pn oscillation frequency during the
distant from a neuron’s soma, such as in the molluscan phoassive current injection suggest that the pacemaker cell has
toreceptors (Alkon and Fuortes 1972). Another reason to b intrinsic firing frequency that is different from the Pn
lieve the Pn cells’ action potential initiation zones are distaftequency (Chay et al. 1995; Winfree 1987). The cell’s intrin-
from the soma is the small size of observed changes in spiée frequency may normally be close to the Pn oscillation
amplitude with current injection. In the example of Fig. 3, th&equency, but may have been decreased by the massive cur-
spike amplitude only decreased5.8 mV during a recorded rent injection. The electric fish pacemaker neurons need not
membrane potential shift of-17 mV. Thus the peak spike have the same firing frequency to synchronize: simulations
voltage, rather than being a fixed property of the spike, appe&s/e demonstrated synchrony between coupled oscillators of
labile to membrane voltage at the electrode. We hypothesiistributed intrinsic frequencies (Matthews and Strogatz 1990;
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
The recorded membrane potential is local to the recordilegtremely low CV of spike timing observed intracellularly in
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. Physical
Lack of space clamping in a neuron will hinder traditionatlissociation of the Pn, using techniques developed by Turner et
measures of coupling coefficient: the voltage deflection ofa. (1995), resulted in live neurons with phase-bright somata
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 maeeurons that were electrically inactive (both spontaneously and
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 than 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 drugs are
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 drug
When massive current was injected in the soma, a neurcgused an increase in the CV of a neuron’s interspike period
began to skip spikes in multiples of the Pn oscillation. The ratighile the spikes maintained their full amplitude. Our prelimi-
of the subthreshold oscillation to the full spike amplitude camary results with high-pH ACSF, known to reduce gap junction
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 removing
similar to those reported here with other gap junction blocke@n neurons. Unfortunately, cutting the Pn in half with a razor

Additional evidence that the gap junctions were closingr vibratome irreversibly silenced the Pn. More selective re-
comes with comparison to a realistic compartmental model wfoval, killing one neuron at a time with Lucifer yellow injec-
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 not
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 number 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 fish,
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, at
gap junction conductance reduces firing frequency in neuromnbich stage the Pn contains60 neurons, differentiated into
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 increasing
its purported action, including a decreasing coupling coeftbody length even at the adult body lengths of 15-25 cm (Dye
cient or decreasing number of dye-coupled neurons, wel®91). However, we did not observe a decrease in the CV of
considered but not pursued for technical reasons. the electric organ discharge with increasing body length in the

Although the three gap junction blockers had many consifish we studied (11-20 cm). Thus the spiking precision does
tent effects, they differed in the way their continued applicatiamt appear to be sensitive to the addition of neurons beyond 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 num-
oxolone left a few neurons oscillating deep in the nucleus whiber of gap junction inputs, or the number of Pn neurons did not
the surface neurons were silent. The halothane may diffusiéer the CV of the interspike period. Instead of dramatically
more uniformly through the tissue, although this is not due ttecreasing CV, the gap junctions may be most involved in
a lower formula weight (formula weights for halothane, octdrequency and phase locking. Indeed, Dye (1991) showed that
nol, and carbenoxolone are 197.4, 130.2, and 614.7, respeeatments thought to increase intracellular calcium broke up
tively). Another difference between the drugs was the revetthe frequency and phase locking between simultaneously re-
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 the
phase lags returning to prewash values, whereas octanol artteme spike timing precision in th&. leptorhynchusPn
carbenoxolone were not entirely reversible, leaving only @uld primarily be an intrinsic property of each neuron and
subset of neurons firing asynchronously after hours of wastay only minimally depend on the Pn network interactions.
out. The ease of reversibility with halothane, and relativelyjhat is, the network may not act to dramatically increase the
greater difficulty with octanol, has been similarly observed iprecision of otherwise sloppy neurons. The CV commonly
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 in-
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 the
Halothane, for example, is known to enhance GAB#Aedr electromotor neurons of the electric organ could explain the
ated inhibition (Pearce 1996), depress glutamate-mediated etatively small decrease in CV (increase in precision) between
citation (Perouansky et al. 1995, 1996), and inhibitCand them. The minimum CV of the electromotor neurons, as mea-
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 require
inputs are not GABA mediated but glutamatergic (Dye et @ convergence of 9-16 independent relay cells onto each
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 (Ellis
bility remains that halothane blocks the Pn neuronsCand and Szabo 1980). We must assume that the electromotor neu-
Na®" channels, which is known to reduce the Pn firing- frerons do not themselves add noise to the output; they too must
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 sponta-
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 vitro.

In addition to modulating the strength of contacts betwedthowever, we did observe that two large male20 cm) who
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repeatedly modulated their electric organ frequency (in a glove, J. AND HEILIGENBERG, W. Intracellqlar_ recording in the_ medullary pace-
tamate-driven “chirp") had particularly high CV of the electric mMaker nucleus of the weakly electric figpteronotusduring modulatory

: — 4 behaviorsJ. Comp. Physiol. [Al161: 187-200, 1987.
organ dISCharge (C\# 20 X 10 ) The CV of Pn neurons, 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 asses of glutamate receptors mediate distinct behaviors in a single brain-
with active glutamatergic (AMPA) PPn inputs to their site of siem nucleusProc. Natl. Acad. Sci. US86: 8993-8997, 1989.

contact, the relay cells (Heiligenberg et al. 1996). Similarly, theexes, K. anp Szago, T. Synaptology of the medullary command (pacemak-
CV of Pn neurons could be at its lowest with all inputs to the er) nucleus of the weakly electric fisigteronotus leptorhynchuswith

Pn silent. If so, application of AMPA to specific locations on Particular reference to comparative aspegtep. Brain Res60: 509-520,

; ; ; il h985.
tpheeriz)?jlaé/\(/:e" soma and dendrites would increase the mterSpEEés, D. B. anD SzaBo, T. Identification of different cells types in the

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