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Nguyen, Peter V., Laurent Aniksztejn, Stefano Catarsi, and Xenopus(Kullberg et al. 1977). We chose to investigate the
Pierre Drapeau. Maturation of neuromuscular transmission duri”@evelopment of neuromuscular transmission in the zebrafish

early development in zebrafisi. Neurophysiol.81: 2852-2861, ¢y, 4 vari fr ns. First. this animal offers th van
1999. We have examined the rapid development of synaptic tranO a variety of reasons. First, this animal offers the advantage

mission at the neuromuscular junction (NMJ) in zebrafish embrygi qbtammg large numbers of externally.fe'rtlllze.d. eggs at
and larvae by patch-clamp recording of spontaneous miniature eR€Cise developmental stages that are easily identified because

plate currents (MEPCs) and single acetylcholine receptor (AChRfthe optical clarity of the embryos. In particular, the migra-

channels. Embryonic (24-36 h) mEPCs recorded in vivo were smtthns and pathfinding of identified neurons such as the spinal
in amplitude (50 pA). The rate of mEPCs increased in larvagnotoneurons have been described in detail in the embryo and
(3.5-fold increase measured by 6 days), and these mEPCs were mqgffya (Myers et al. 1986; Westerfield et al. 1986) and appear to

of larger amplitude (10-fold on average) witi¥§-fold) faster kinet- 1,0 \ojateq 10 the onset of early locomotor behaviors (Saint-
ics. Intracellular labeling with Lucifer yellow indicated extensweA t and D 1998). H v limited ohvsiol
coupling between muscle cells in both embryos and lansago( ~Mant and Drapeau ). However, only limited physiolog-

days). Blocking acetylcholinesterase (AChE) with eserine had #eal information is available concerning the development and
effect on mEPC kinetics in embryos at 1 day and only partially slowdroperties of neuromuscular synaptic transmission (Grunwald
(by ~¥2) the decay rate in larvae at 6 days. In acutely dissociated al. 1988; Liu and Westerfield 1988; Westerfield et al. 1986).
muscle cells, we observed the same two types of AChR with conduge- particular, an analysis of the endplate currents (EPCs) and
tances of 45 and 60 pS and with similar, briefd.5 ms) mean open the underlying single acetylcholine receptor (AChR) properties
times in both embryos and larvae. We conclude that AChR propertig§s not been done to date during in vivo NMJ maturation in
aret Sett. ear“; tﬂu”li}lg\]/l Jd.e"elolpme”t: aththesg bea”y stages; f‘f”":(t:'ﬁ { preparation. Another interest of the zebrafish is that recent
maturation of the is only partly shaped by expression o : - s ; : :
and may also depend on postsynaptic AChR clustering and presgg_netlc screens have identified mutations affectlng'embryomc
aptic maturation. ocomotor behaviors (Granato et al. 1996), suggesting that the
molecular bases of the development of these behaviors can be
studied. However, an accurate description of the mutant phe-
notypes requires the characterization of the functional deficits
INTRODUCTION before precise knowledge of the consequences of gene muta-

O@ns can be established. A functional definition of embryonic

Understanding the mechanism of synapse formation duri : X . ;
embryonic development is an important goal of neurobiolog{Pcomotion requires an understanding of the mechanisms re-
Much of what we know about the formation and maturation oiPonsible for the maturation of motoneurons and of neuromus-
synapses is based on studies of the highly accessible periphE4’ Synaptic transmission, which together constitute “the
neuromuscular junction (NMJ). The cellular and moleculdfi@l common pathway for all behavioral acts™ (Sherrington
events taking place during embryonic development of the N 947)'

have been characterized in considerable detail in vitro and inT0 examine the properties of developing neuromuscular

vivo in a variety of vertebrate and mammalian species (rgynapses in the zebrafish, we have combined whole muscle cell

viewed by Hall and Sanes 1993; Jacobson 1991). UItimatetEtCthar.np recordings of synaptic activity in the embryo and

the celluiar analysis of functional development needs to V@ In vivo and recordings of single AChRs in acutely dis-

determined in vivo. Detailed studies of neuromuscular synapgeciated muscle fibers at these two early developmental stages.

formation have been performed with cultured cells, but only 2 récording postsynaptic currents, we have been able to relate
i

few studies have examined the functional changes occurringf1 properties of synaptic transmission to single AChR chan-
vivo because of the difficulty of performing electrophysiolog€!S: Previous morphological studies have shown that the three
ical recordings in early embryos primary motoneurons on either side of each of the segmented

Early studies (before the advent of high-resolution pa,[Cﬁpinal cord somites extend axons that reach the muscle fibers
clamp techniques) reported developmental transitions in erfe"d the middle of the segmental myotomes and form tiny “en

| ials in th ; B Petti ssant” synapses starting at 17 h after fertilization (Liu and
E;;i.pgfnngliz Setma}_ i;ﬁp%?grlﬁornaé (aneanl?\;leitltegin ci%%t; Igg;rﬂ?esterﬁeld 1992; Myers et al. 1986; Westerfield et al. 1986),

which is the time at which spontaneous contractions of the tail
The costs of publication of this article were defrayed in part by the paymeﬂ‘[e fII’St_ observed (Samt-Amant and Drapeau 1998)' The.se

of page charges. The article must therefore be hereby magdudftisemerit  CONtractions eventually cease, and by 27 h the embryo_s swim

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ briefly in response to a touch (Eaton and Farley 1973; Kimmel
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et al. 1972; Saint-Amant and Drapeau 1998), the time at whidtug for =30 min before recording to ensure penetration of the

the more numerous secondary motoneurons innervate the nggfine. We performed statistical comparisons by using a Kolmog-
cles (Myers et al. 1986; Westerfield et al. 1986). The embry8&V-Smimov test for mEPC data.

hatch on the second day of development, and within a few days

the newborn larvae swim in short bursts at near-maximal rafége coupling

(Eaton and Farley 1973; Kimmel et al. 1972; Saint-Amant and|, some experiments fluorescent Lucifer yellow (Li salt; Sigma)

Drapeau 1998). We found it difficult to completely suppresgas included (0.1%) in the patch pipette solution to determine the
(e.g., with TTX or high-Mg/low-Ca concentrations) the largeextent of coupling between the muscle cells at different developmen-
amplitude contractions, with the tail reaching the head @l stages. In some experiments we added 1-3 mM halothane, 1-oc-
unrestrained embryos. It was thus not possible to maintaamol, or 1-heptanol (Sigma) to the extracellular solution and super-
patch-clamp recordings from the very fragile (unfused) musdiésed the preparations fer30 min before starting the recordings to
cells in embryos<24 h old. We report here our observationgncouple the cells with these gap junction blockers. The cells were
with embryos between 24 and 30 h, when swimming is fir otographe_d with a still camera after removing the pipette at the end
manifested (Saint-Amant and Drapeau 1998), and contr@5fhe experiment.

these with the observations in 3- to 6-day larvae, when swim- ) o

ming has reached a maximal rate. We show that the mEP@@ute dissociation of muscle cells

increase greatly in frequency, amplitude, and kinetics duringto enhance recording of single AChRs, we acutely dissociated
this early period of maturation without a change in AChRhuscle cells by treating skinned embryos (as described previously) for
properties. 5-10 min with 0.1% collagenase (Type Xll, Sigma Chemical) dis-
solved in normal extracellular solution (containing 1.3 mM CgaZid
1 mM MgCl,). The collagenase was washed off, and the cells were
dissociated with a fine glass needle while incubating the tissue frag-
Embryonic and larval zebrafish preparations ments in a modified recording solution that was nominally Mg- and
Ca-free and that contained 2 mM EDTA. Dissociated cells were
Whole cell voltage-clamp recordings of mEPCs were performed @mnsferred to tissue culture dishes coated with polylysine (Sigma) to
living zebrafish embryos and larvae (ages 24 h to 6 days). Adhhance cell adhesion and were kept in normal extracellular solution
procedures were carried out in compliance with the guidelines stipfgr <2 h. No obvious changes in cell morphology were noticed during
lated by the Canadian Council for Animal Care and McGill Univerthese short time periods.
sity. Intact animals were anesthetized by immersion in tricaine (0.1
mg/ml, Sigma) dissolved in a modified extracellular saline solutiog; :
(Westerfield et al. 1986) consisting of (in mM) 116 NacCl, 2 KCl, O%mgle'Channel recording
CaCl,, 10 MgCl,, 10 glucose, and 10 HEPES, adjusted to pH 7.2, 290 Electrodes of 5- to 10-I resistance were coated with dental wax
mosmol. The reduced calcium and elevated magnesium concentga~50 um of their tips, and the recording solution level was kept low
tions were necessary to attenuate muscle contractions during @)feduce capacitive noise0.3 pA RMS). The electrodes were filled
experiments. In some experimentsu TTX (Sigma) was added, with either recording solution containing 1.3 mM CaCllL mM
and similar results were obtained. Fine tungsten wires (0.001 in.) WegCl,, and 0.4uM ACh for cell-attached recordings or with KCI
used to securely pin specimens through the notochord onto a Sylggighette solution (as for whole cell recordings, but containing KCI
lined petri dish. A glass needle and fine forceps were used to exp@sstead of CsCl) for recording in the outside-out configuration (Hamill
the axial muculature of a specimen by lifting and then carefullyt al. 1981). Recordings were filtered at 5 kHz3(dB) and digitized
peeling its skin. After this initial procedure, tricaine was washed ogt 20 kHz. Data were stored to computer disk or digital tape and were
and replaced with drug-free saline. The viability of the preparatiaihalyzed off-line with pClamp 6 software (Axon Instruments). For
was assessed by looking for vigorous heart contractions and blagsine experiments, cells were continuously superfused with recording

METHODS

circulation. solution containing drugs (0.44M ACh, 10 uM b-tubocurarine;
Sigma). The membrane potential of the muscle fibers was determined
Whole cell voltage-clamp recordings in the whole cell configuration and was used to correct the pipette

potential applied during recordings.

Standard whole cell voltage-clamp recordings (Hamill et al. 1981)
were performed on dorsal and ventral muscle fibers (epaxial ag¢t sy 15
hypaxial muscles) (see Myers 1985) in vivo under direct visualization
with the use of Hoffmann modulation opticx 40 water immersion Morphological features of embryonic and larval muscle
lens, Nikon Labophot microscope). All experiments were performdibers in vivo
at room temperature (22°C). Patch-clamp electrodes were pulled from
thin-walled, Kimax-51 borosilicate glass (3- to 5¢Mesistance) and ~ As an initial step toward a physiological characterization of
were filled with (in mM) 130 CsCl, 2 MgG| 10 HEPES, 10 EGTA, neuromuscular synaptic properties in living zebrafish embryos,
and 4 NaATP, pH 7.2, 290 mosmol. The series resistance (5410 Mwe compared the morphological features of myotomes and
was compensated by 60—-80%. Whole cell currents were record@discle fibers in embryos and larvae at two different develop-
with an Axopatch-1D amplifier (Axon Instruments), filtered at 2 kHznental stages. Between 24 and 30 h postfertilization, chevron-
(—3 dB) and digitized at 10 kHz, allowing the resolution of event haped myotomes (Fig.A] were clearly demarcated in the

with rise times of>0.1 ms. Data were acquired with pClamp 6. : - _
software (Axon Instruments) and were analyzed off-line with Axo-Orsal (op) and ventral regions of the zebrafish embryo. How

graph 3.5 (Axon Instruments). Cells with resting potentials less th&y &' individual myocyt.es within each segmental myom“?e
~50 mV were discarded, and all recordings were obtained fromCQuld not be clearly discerned at this stage. Ventral axial
holding potential of—60 mV. For some experiments 0.1 mM eserinénuscles were less prominent at this stage than were dorsal
(Sigma), an inhibitor of acetylcholinesterase (AChE), was dissolvéduscles. In sharp contrast larvae showed long, fused muscle
in the modified saline solution, and specimens were preincubatedfiipers with discrete striations at 2m intervals (an isolated
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A 27-hr Zebrafish Embryo B 6-day Zebrafish Larva

FIG. 1. Myotomal morphologies and miniature endplate cur-
rents (MEPCs) in a 27-h-old embryé)(and a 6-day-old larva
(B). sh: somite boundaries; arrowheads: ventral midline (out of
focus inA); m: muscle cell. Unfused embryonic myocyte is seen
between the m and the tip of the pipetteAnand a long, fused
(polynucleated), striated muscle fiber is seen in the larvB.in
mMEPCs are small in size and slow in kinetics in the embA)o (
but have increased in amplitude and show faster kinetics in the
27-hr Spontaneous mEPCs 6-day Spontaneous mEPCs larva B). Whole cell voltage-clamp recordings were obtained at
a holding potential of~60 mV in this and all subsequent mEPC
recordings. Inset of each micrograph shows overall appearance of

| e —T Vr V the zebrafish embryo and larva at these 2 developmental stages.

In embryos, there is a large yolk sac situated just caudal to the
head region. In these micrographs, dorsal is on top and rostral is
to the left. Scale bar: 2pm for muscle micrographs, 1 mm for

\ 1 ——— V- Y insets.

50 pA 50 pA
50 ms mgl

muscle fiber from a 3-day larva is shown more clearly in FignEPCs recorded in embryos and larvae show distinct kinetic
4A,), and the demarcations between individual fibers weoharacteristics

clearly evident (Fig. B). At this stage of development, skin . . . .
peeling was easily performed, and the result was invariablylgA casual inspection of mEPCs recorded in embryos (Fig.

more pristine and intact pre ; ; . _ ) and larvae (Fig. B) revealed two primary cha_racteristics._
P preparation than with embryos First, mEPCs recorded from embryos were invariably small in

size, in contrast to the larger mEPCs measured from larvae.
Second, the embryonic mEPCs were slower in their kinetics of
We compared the spontaneous neuromuscular synaptic @aset and decay than those observed in larvae. In general,
tivity profiles of embryos (24-36 h) and larvae (3—6 days). WREPCs with fast kinetics of onset and decay emerged at
bathed the preparations in a high-Mg/low-Ca solution to pre-36—42 h of development (not shown), and the transition
vent muscle contractions and to isolate spontaneous (prestiram slow to fast mEPC kinetics was largely completed by 3
ably quantal) events. The recordings were performed near ttays of development.
middle of the somite, where neuromuscular innervation occursA more thorough analysis of these mEPCs showed that in
(Liu and Westerfield 1992). Similar levels of synaptic activitgmbryos the mean amplitude was 12:310.4 pA f{ = 5
were observed in preliminary experiments (not shown) in thisuscle cells, in different animals). The amplitudes measured in
presence of 1M TTX at a normal Ca concentration comparedarvae were significantly greater, 62:316.1 pA at 3 days and
with the levels observed in high-Mg/low-Ca solution at bothhi22.2+ 120.7 pA at 6 daysR < 0.005,n = 5 preparations;
stages of development, indicating that these were spontanedig, 2, A-E, and Table 1). The median amplitudes at 27 h and
not evoked, events. In embryos, whole cell voltage-clanfpdays were 7 and 73 pA, respectively (Fig:)2In no case
recordings of spontaneous miniature EPCs (MEPCs) revealembald the amplitude histograms be described by a single Gauss-
mean frequency of 2& 20 (SD) min * (n = 5; Fig. 1B shows ian distribution. In summary, spontaneous mEPCs recorded at
selected traces with several events each). In contrast, in 6-tlagse two developmental stages differed significantly in their
larvae, the mean frequency was significantly higher7938 mean amplitudes.
min~! (n = 5; P < 0.01). Hence the mean frequency of We also observed significant age-dependent increases in the
spontaneous synaptic transmitter release was$-fold higher kinetics of onset and decay of mEPCs. The average mEPC rise
in the 6-day larvae than in the more immature 1-day embrydignes (10—-90% maximum amplitude) in 24- to 36-h embryos
The mEPCs were blocked at all stages in the presence of VEJsus 3- and 6-day larvae were 2t42.1 ms versus 0.23
uM bp-tubocurarine, as shown previously for the block 08.04 ms and 0.49- 0.28 ms, respectivelyP( < 0.0001 for
neuromuscular transmission in larvae (Grunwald et al. 198&mbryos compared with larvae,= 5 for each age; Table 1).

Differential activity profiles in living embryos and larvae
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FIG. 2. mEPCs are smaller and slower in 27-h embrygstifan in 6-day larvaeR). Sample tracesQ) show clearly the more
prolonged onset and decay kinetics in embryonic mEPCs compared with mEPCs obtained in a larva. Rise times (10-90%) of the
traces obtained in embryos and larvae were 1.8 and 0.9 ms, respectively. Decay time constants for these traces were 6 ms for the
embryonic mEPCs and 1.6 ms for the larval EP@shistogram of mEPC amplitude distribution at 27 h. Most mEPCs wes@
pA in size.E: histogram of mEPC amplitude distribution at 6 days. Larger mEPCs were more evident in larvae than in embryos,
resulting in a more skewed distribution. No single quantal distribution of amplitude peaks was evident at either stage of
developmentF: cumulative histogram of mMEPC amplitudes measured in a 27-h embryo and a 6-day larva. Median mEPC sizes
for embryos and larvae were 7 and 73 pA, respectively.

The medians of the rise time distributions for these two stag€supling between muscle cells

were 1.95 ms in embryos and 0.35 ms in 6 day larvae, respec-

tively (Fig. 3A). In embryos, the mean decay time constant of One possible explanation for the presence of smaller and
mEPCs was 7.2- 2.3 ms (Table 1), which was significantlyslower events in the embryonic muscle cells is if these are
longer P < 0.0001) than the mean decay time constant meaxtensively coupled in the embryo and the coupling is lost at
sured in larvae at 3 days (1:30.4) and 6 days (2.* 1.3 ms; the larval stage, as described Xenopusembryos (Armstrong
Table 1). The median decay time constants for these two stagesal. 1983) where the coupling is lost within 2 days of
were 6.8 ms in embryos and 1.5 ms in 6-day larvae, respgermation of the NMJ. Accordingly, the embryonic cells would
tively (Fig. 3B). Finally, there were clear biases in the distribe more affected by cable (or syncytial) filtering. We examined
butions of MEPC sizes and their matching decay times at bals by including the small, gap junction-permeable fluorescent
stages (Fig. ). At 27 h, mEPCs were distributed such that thgye |ucifer yellow in the patch pipette. As shown in FigB4,
majority had decay time constants®# ms and amplitudes of gng D, many other muscle cells were labeled with Lucifer
<50 pA. In larvae by sharp contrast, mEPCs observed at 3 8o\, indicating extensive coupling in both embryos (Fig. 4,
6 days had decay time constants that were mesgyms, with ‘A gng B) and larvae (Fig. 4C and D). Larval muscle cells
relatively few events>4 ms in duration (Fig. @), and most of | amained coupled foe10 days, and only in older larvae- (4
these mEPCs had amplitudes>f.00 pA. days) did Lucifer yellow not pass into other cells (not shown),
TABLE 1. Summary of mEPC data indicating a rather delayed uncoupling. However, the muscle
fibers were too large at this stage for whole cell recordings of
Mean mEPC MEPCSs.

_ Mean mEPC Mean mEPC  Decay Time In other experiments (not shown) we attempted to uncouple
Type of Recording Size, pA Rise Time, ms _ Constant, ms myscle cells in younger larvae and embryos by incubating
Whole cell, 27 h 123+ 104 24 +21 72 +23 these in the presence of 1-3 mM of the common gap junction
Whole cell, 3 day 62.3* 16.1 0.23*+ 0.04 1.3*+ 0.4 uncouplers halothane, 1-octanol, or 1-heptanol (de Roos et al.

Whole cell, 6 day 122.2% 120.7 0.49*+ 0.28 21*+ 1.3 1996; Niggli et al. 1989). Halothane and 1-octanol failed to
uncouple the cells; although 1-heptanol prevented coupling, it

Values are meang SD. For 27-h data: 420 events from 5 embryos; for i _
3-day data: 2,727 events from 5 larvae; for 6-day data: 2,650 events fron@gso eliminated mEPCs even at late stages (2 3 Wk) when

larvae. MEPC, miniature endplate curren?*< 0.0001, Kolmogorov-Smir- coupling was no longer present, suggesting a toxic effect, e.g.,
nov test comparison with embryo data. such as blockage of AChRs (Murrell et al. 1991). We were
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150 and 1.5 ms, respectively. After acute treatment
with eserine (0.1 mM), a cholinesterase inhibi-
tor, the decay times in larvae were significantly
prolonged, with a median decay time now
50 shifted to 3.3 ms. Eserine had no significant
effect on decay times of embryonic mEPCxs.
bivariate scattergrams of mMEPC amplitudes and
their corresponding decay time constants. Each
point represents a single mEPC recorded in a
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therefore unable to directly test the effects of coupling athat, for embryos, 0.1 mM eserine had no significant effect on

mEPC properties and conclude that extensive coupling existéteg mean decay time constant (6:01.9 ms vs. 7.2- 2.3 ms

all the stages we could record from. in controls;P > 0.2, see Fig. B and Table 2). A similar lack
The small fraction £5%) of low amplitude €100 pA), of effect was observed at 1 mM eserine (not shown). However,

slow (>4 ms) mEPCs observed in larvae (Fig. 3) could reprere observed pronounced effects of eserine in larvae as mEPCs

sent immature events similar to those observed in embryosstiowed twofold longer decay time constants in the presence of

perhaps represent a minor population of poorly clamped evetite drug (Fig. 8 and Table 2). Nonetheless, it is noteworthy

in the larger, larval muscle fibers, although we recorded frothat the decay time constants measured in larvae in eserine

the middle of the fibers, presumably close to where they amean= 3.8 ms) did not match the embryonic control (drug-

innervated. That the mEPCs at 6 days were somewhat sloviree) decay time constant (mean7.2 ms). Thus the activity

on average than at 3 days (Table 1) and had more of the vefyAChE in the synaptic cleft has only a partial role in deter-

slow events ¥4 ms) suggests that there was a small buining the decay rates of mMEPCs recorded in zebrafish axial

gradual decrease in the effectiveness of the space clamp. Thisscles, and the transition from slow to fast mEPC decay rates

is consistent with an increase in muscle fiber size during thiannot be attributed entirely to changes in AChE activity

developmental period, and we were unable to effectively volturing development.

age clamp muscle cells in older larvae. We conclude that the

mEPCs recorded in 24- to 27-h embryos were, on avera@milar AChR channels in embryonic and larval muscle cells

~10-fold smaller in size and 3- to 4-fold slower in kinetics of

onset and decay than were mEPCs measured in 6-day IarvaéN e hypothesized that the observed developmental alter-
ations in mEPC kinetics may also arise from changes in the

gropemes of AChR channels during development, such as the
expression of different subunits or subtypes. To characterize
What might be the molecular bases of the developmenthk properties of AChRs, we recorded single-channel activity
difference in mEPC decay time constants? We addressed thisn acutely dissociated muscle cells. As shown in Fig,,5
guestion by first examining the effects of acute exposure wiyocytes from 1-day-old embryos were small, spherical cells
axial muscles to an inhibitor of AChE. We reasoned thaif 10—-20 um in diameter. Muscle cells isolated from larvae
blocking AChE, which hydrolyzes and inactivates the neuravere long, fused trapezoidal cells of 20—gfn in diameter
muscular transmitter, should prolong the decay time constaatsd <100 um in length (Fig. 3\,). Regular striations were
of MEPCs because of decreased breakdown of and conseqegident at 2gm intervals. These dissociated cells thus ap-
prolonged exposure to ACh in the synaptic cleft. We foungeared to retain the morphology observed in vivo (Fig. 1). We

Differential effects of AChE inhibition on mEPC decay time
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Fic. 5. Amplitudes of acetylcholine receptor (AChR) channel openings in
muscle cells isolated from embryos and larv&emicrographs of muscle cells
isolated from a 1-day embrydd() and from a 3-day larvaA;). Note the
striations evident at 2:m intervals in the larval muscle celB: sample
recordings from cell-attached patches with QM ACh in pipette, displaying
openings to 2 different levels in an embry®, ( held at—77 mV) and a larva

Fic. 4. Dye coupling among cells. Embryonic (294andB) and larval (4 (B, , held at—70 mV). C: amplitude histograms for the events recorde®in
day;C andD) muscle cells were filled with Lucifer yellov(andD) dissolved  an embryo C,) and a larva,). Smooth lines are the combined Gaussian fits
in pipette solution during whole cell recording. Note that only the brightest cglhr 2 populations of events, indicated individually by the dotted curves. Peaks
was filled, whereas many other cells were coupled and labeled with Lucifgf the bottom amplitude events are denoted by arrows at O1 and the larger
yellow. amplitude events at O2. Individual distributions ar@.8 = 0.5 pA (O1inC,),

—4.8+ 0.5 pA (02inC,), —3.5+ 0.5 pA (O1inC,), and—4.1 + 0.5 pA
isolated muscle cells from 3-day-old larvae because cells frd@® in C,). Only 1 of each type of channel was present in the patches.
older specimens were more difficult to dissociate, and the
developmental changes in mEPC properties were largely coi-ange of holding potentials) of 45 pS (45:34.4 pS,n = 28)
plete by this time. Unlike mammalian muscle fibers (Brehrdnd 60 pS (60.% 2.6 pS,n = 27) and mean open times efl
and Kullberg 1987), there was no thickening of the en passams, as described subsequently (based on all recordings pre-
NMJ that could be discerned in early zebrafish muscle cellsented in Table 3). These events were likely due to the pres-
Cell-attached recordings with 04M ACh in the pipette ence of two distinct channels (rather than subconductance

from muscle cells at both embryonic and larval stages revealsigtes) as patches containing one or the other type of channel
two types of channels (Fig. 8, and B,). Amplitude histo- were observed in approximately one-half (15/28) of the
grams of channel openings in the experiment illustrated in Figatches. Furthermore, when two channels were present, either
5 were best fit by two Gaussian distributions (Fig.G3,and one could predominate, although the 60-pS channel was seen
C,) with predominantly larger amplitude events. On averagfiore frequently. Occasionally other conductance levels were
the channels had slope conductances (Fg.estimated over observed (usually of-20, 35, and>100 pS), but unlike the 45-

, . and 60-pS channels these proved to be insensitivettio-
TABLE 2. Effects of eserine on mean time constants of decay ¢ rarine.

We characterized the properties of the channels in dissoci-

Experimental Condition Mean Decay Time Constant, ms .

ated myocytes from embryos and larvae to ascertain whether
27-h controls 7.2 230 =5 420events) their properties changed between these stages of development.
27-h+ 0.1 mM eserine 6.60 1.9 =5, 247 events)  As shown in Fig. 8, ~45-pS and (more frequently)60-pS
6-day controls _ 2.1 1.3 (=5, 2650 events)  conductances were observed in embryonic myocytes and had
6-day + 0.1 mM eserine 3.& 2.3* (n = 6, 1078 events)

reversal potentials near 0 mV. Similar conductances were
Values are means SD. * P < 0.0001, Kolmogorov-Smirnov test compar-Observed in larval muscle cells as well (Table 3; Student's
ison with controlsn is the number of recordings. t-test, P > 0.05 for the difference between each type of
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conductance in each “type of recording”). Single exponentigdsLe 3. Summary of AChR channel properties in zebrafish
distributions were normally observed for the open and closed

time histograms (Fig. 8, andB,) with means of<1 ms and ~_Type of Mean Open  Mean Closed
of a few hundred milliseconds, respectively (Table 3). Only/Xec°"dng Conductance, pS __ Time, ms Time, ms
occasionally (4/55 channels analyzed) were second, lon@gl attached

open (-5 ms) or closed times<400 ms) detected (as seen for 24-36 h 46.1* 4.2 (9) 0.51+ 0.17 111+ 66

a small number of events in Fig. B, B,, andC,). Rather than tached 60.5x 4.1 (12) 0.38+0.15 74+ 43
H ioti H attache

reflecting distinct but rarely observed seconq states, we bgh&f‘gdays 46,15 4.2 (9) 0.29+ 0.14 83+ 62

that these longer-lasting events were more likely due to misse

. 58.7+ 2.5 (7) 0.31*+ 0.10 241+ 224
events during unresolved bursts. We conclude that these chaiside out

nels shared similar kinetic properties in embryos and larvaes days 43.8- 4.8 (10) 0.26+ 0.05 —
despite their different conductances. 601+24 (8) 0.25+ 0.05 543+ 821

TO. .ascertam that these were _lnd_eed AChR channels, th9alues are means: SD. Numbers in parentheses represent number of
sensitivity of the channels to application of ACh (1) and  recordings. AChR, acetylcholine receptor.
p-tubocurarine (1QuM) was examined in outside-out patches
because synaptic currents were found to be abolished at thigl as shown in Fig. A (ACh) andB (representative of 3 such
concentration ob-tubocurarine, which was shown previouslyexperiments), the probability of channel opening increased
to suppress neuromuscular transmission in the zebrafish (Grtapidly on application of ACh. Channel activity was com-
wald et al. 1988). As shown in Fig.A7 recordings from pletely suppressed by subsequent application ofubd b-
outside-out patches revealed channels with properties indistibocurarine in the presence of ACh [Fig.A(ACh + d-Tc)
guishable from those observed in cell-attached patches (Takkgl B], confirming that these channels were indeed AChR
3) in that both 45- and 60-pS conductances with brief (ns) channels. Furthermore, in 12 recordings from cell-attached
openings were observed. A very low, spontaneous level ghtches witho-tubocurarine in the pipette solution, no channel
activity was observed in the absence of applied ACh (Controjctivity was observed. We conclude from these results that the

same two types of AChR are present throughout the develop-

A Vimy) , . 0 mental stages examined.
-200 -150 -100 -50 ////
//

L2

|4 DISCUSSION
o We have observed spontaneous mEPCs in zebrafish embryos
46 pS -8 between 24 and 36 h, with slow rise times-e2 ms and decay

10 times of~7 ms. The mEPC amplitudes were 10—80 pA (mean
61pS 1o 12 pA). Primary motoneurons start innervating the muscles at
1{pA) ~17 h postfertilization, the same time at which spontaneous
B B tail contractions are first observed (Myers et al. 1986; Wester-
1 Open 2 Closed field et al. 1986). This is also the earliest time at which clusters
120 1 of AChRs have been detected in living embryos by staining
with fluorescenta-bungarotoxin (Liu and Westerfield 1992).
Thus AChR clustering appears to occur within a few hours of
contact between the motoneurons and muscle cells. After
601 hatching, when larvae are able to swim in fast bursts (Eaton
40 and Farley 1973; Kimmel et al. 1972; Saint-Amant and
20 Drapeau 1998), severalfold larger and faster synaptic currents
: oL, 0 . : o were observed (rise times 6f0.5 ms and decay times ef2
o 1 2 0 50 100 150 200 MS), suggesting an increased efficiency of transmission at
C Time (ms) C Time (ms) maturing endplates. The neuronal sources of these mEPCs
cannot be unambiguously defined because of polyneuronal
innervation. The caudal primary motoneuron and numerous
secondary motoneurons innervate the lateral ventral muscle
fibers, whereas the middle primary motoneuron and secondary
motoneurons innervate the dorsal muscles (Myers 1985;
Westerfield et al. 1986). This polyneuronal innervation may
account for the non-Gaussian distribution of mEPCs recorded
‘ ‘ 0 . , . - at the stages we examined if different presynaptic endings
T,l ( ‘)2 0 50 100 15 200 gctivated synaptig responses qf different amplitudes. Muscle
fmetms Time (ms) cells were extensively coupled in both embryos and larvae for
Fic. 6.  Amplitude and dwell time distributions for 2 types of AChR chan<2 wk, in contrast to the coupling betwe&t®nopusembry-
nels recorded in an embryA: current-voltage relationship is plotted for eventsynic muscle cells that is lost after? days (Armstrong et al.

with slope conductances of 46 p) @nd 61 pSi() with extrapolated reversal [ . .
potentials { - - ) near 0 mV B: open B,) and closedR,) time distributions for 1983). This indicates that the trunk contractions during early

46-pS eventsC: open C,) and closed(,) time distributions for 61-pS events. larval swimming are mediated by a synsytium of coupled
Mean times (from monoexponential fits) are indicated for each histogram.muscle fibers that may help minimize disparities in the extent
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A Control Ach Ach + d-Tc
e T L MWMWM’MWW et o ed i
L ST e WMWWWWM WIS oo obong FiG. 7. ACh and b-tubocurarine (d-Tc)

sensitivity of the AChR channel#: sample
__l2pa traces from an outside-out patch isolated

B 10 msec from 3-day larval muscle cell showing rare
d-Tc (10 M ) spontaneous openings before the addition of
. Ach (04 pM) ACh (left, Control), a high rate of opening
0.012 ' after addition of 0.4uM ACh (middle), and
the elimination of channel activity after ad-
0.0104 dition of 10 uM d-Tc in the presence of 0.4
uM ACh (right). B: open probability plotted
0.0084 as a function of time course of the experi-
o ment.J: period during which the patch was
°8’. 0.0064 exposed to 0.44M Ach; m: application of 10
~ uM d-Te.
0.004 4
0.002 M
o000 M AA A R
0 120 240 360 480 600 720
Time (s)

of NMJ maturation by enhancing the overall performance ofiuch faster than those in larvae as these are already among the
the muscle. fastest cholinergic responses to be reported and are close to the
Two types of AChR channels were detected in muscle celimit of detection (and effectiveness).
acutely dissociated from embryos, 45- and 60-pS conductancét the low concentration (0.4tM) of ACh used here, only
channels with mean open times gfL ms. In the dissociated single AChR channel openings &f0.5 ms in duration were
muscle cells, we could not distinguish between synaptic antiserved. At higher concentrations, bursts or clusters of open-
extrasynaptic AChRs. However, in numerous other prepatags have been observed in other preparations (reviewed by
tions, extrasynaptic AChRs appear to have properties similarEfdmonds et al. 1995; Lingle et al. 1992), and their durations
synaptically localized AChRs and provide direct informatioappear to determine the time course of synaptic events (e.g., at
about the latter (Brehm and Kullberg 1987; reviewed by EdkenopudNMJs) (Kullberg and Owens 1986). Accordingly, we
monds et al. 1995; Schuetze and Role 1987). The same twould expect several reopenings of AChRs at mature synapses,
types of AChR channels were observed in larvae, ruling out given the mean synaptic decay time constant@fms that we
obvious transition in channel properties during maturation abserved. It is interesting to note that{enopugKullberg and
these early stages. However, more subtle changes, e.g.Oimens 1986) and garter snakes (Dionne and Parsons 1978,
modal gating of the channels (Naranjo and Brehm 1993) or 1981) the mEPC decay rates are related to contraction velocity.
affinity for ACh, may not have been detected in our experBecause zebrafish larvae and adults show a high frequency
ments. In many other preparations, a switch from slow- {0—40 Hz) of contractions during swimming (Liu and
fast-channel kinetics is observed during muscle maturatidviesterfield 1988; Saint-Amant and Drapeau 1998) and have
(reviewed by Jacobson 1991; Schuetze and Role 1987). A ldster and more pronounced startle contractions (Kimmel et al.
postnatal switch in bovine (Mishina et al. 1986) and murin€972; Saint-Amant and Drapeau 1998), we propose that the
(Witzemann et al. 1996) AChR subunit composition has beghysiological properties of the NMJ (brief AChR channel
shown to underlie the kinetic transitions in these species. Thysenings and fast mEPCs) have been optimized for these high
in most preparations it appears that postsynaptic events detates of muscle contraction.
mine the early maturation of the NMJ during the first few days The immature synapses recorded in embryos had time con-
or weeks of development. In contrast, two types of AChRtants of decay that were threefold longer than those recorded in
subtype with fast kinetics have also been observed in miz@vae, suggesting prolonged channel reopenings during ACh
(Sheperd and Brehm 1997), and chick muscle has only omdease. The AChE inhibitor eserine caused only a twofold slow-
type of AChR with a mean open time that remains lonipg of larval mEPCs and did not affect the time course of embry-
(Schuetze 1980). Similar to these latter species, the ACloRic mMEPCs, suggesting that AChE expression appears to be an
openings that we observed in zebrafish appear to remain conportant determinant for the maturation of synaptic transmission
stant (albeit brief) throughout the early developmental peried NMJs but is not the only limit to mEPC decay. The limited
that we examined, suggesting that the channel properties ncaptribution of AChE to shaping mEPCs may have contributed to
be expressed from the onset of embryogenesis. As we did tie non-Gaussian amplitude histrograms observed both in em-
examine the properties of MEPCs and AChRs in mature ahiyos and larvae if the prolonged presence of ACh in the synaptic
mals, we cannot exclude a later change in receptor propertiglsft produced broader and more variant patterns of AChR acti-
However it seems unlikely that the synaptic currents can gedtion. AChR clusters increase in number and size early during
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synaptogenesis (Liu and Westerfield 1992). Together with &pmonos, B., Gce, A. J., ANd CoLQUHOUN, D. Mechanism of activation of

increase in AChR density within clusters this could account formuscle nicotinic acetylcholine receptors and the time course of the endplate
. - . - . currents./Annu. Rev. Physiob7: 469—-493, 1995.
both the increase in mMEPC amplitude and kinetics. Alternatlve‘g_(vERS J.. LASER M., SUN, Y.-A.. XIE, Z-P., x> Poo, M.-M. Studies of

presynaptic diﬁerentiati(_)n may determline the development Oherve-muscle interactions kenopusell culture: analysis of early synaptic
mature endplate properties in the zebrafish. It has been shown thairrents.J. Neurosci9: 1523-1539, 1989.

the growth cones ofkenopusnotoneurons in culture release ACHETcHo, J. R. Spinal network of the Mauthner celBrain Behav. Evol37:
before contacting a muscle cell (Hume et al. 1983; Young and P28 316, 1991.

RANATO, M., VAN EEDEN, F.J.M., ®HACH, U., TRowg, T., BRAND, M.,
1983). Contact enhances the rate of release of ACh (Sun and QORUTANI-SEIKI, M., HAFFTER, P.. HAMMERSCHMIDT, M., HEISENBERG C.-P.,

1987; Xie and Poo 1986), and the kinetics and frequency Ofjanc, Y.-J., Kang, D. A., KeLsH, R. N., MULLINS, M. C., ODENTHAL, J.,AND
MEPCs increase with time in culture (Evers et al. 1989). TheseussLenVoLHarD, C. Genes controlling and mediating locomotion behav-
findings with cultured cells suggest that an extended diffusiorior of the zebrafish embryo and larvaevelopment.23: 399413, 1996.

barrier may exist at newly formed zebrafish NMJs in vivo angRUNWAD: D- J., KMMEL, C. B., WESTERFIELD M., WALKER, C., AND STRE
. L ISIGNER, G. A neural degeneration mutant that spares primary neurons in the
may result in delayed and prolonged activation of AChRS. Pre-gpafishDev. Biol. 126: 115-128, 1988.

synaptic contact with muscle cells could culminate in tight, reéta.., z. W. axo Sanes, J. R. Synaptic structure and development: the
stricted apposition of the motor nerve terminal to the muscle cellpeuromuscular junctiorCell 72/Neuron10: 99-121, 1993.

and a higher density of AChE would accelerate the mEPC ded‘&r'uv O. P., MARTY, A., NEHER, E., S\KMANN, B., AND SIGWORTH, F. J.

mproved patch-clamp techniques for high-resolution current recording
rate to that observed by 3 days' ReQardleSS of the structur |Iom cells and cell-free membrane patch@$liigers Arch.391: 85-100,

changes occurring during early development of the NMJ, ourjgg;.
results indicate that the same AChRs are present in the embry@e, R. I., RoLg, L. W., anp FiscHeacH, G. D. Acetylcholine release from
and larva and that AChE expression is not the only limit to growth cones detected with patches of acetylcholine receptor-rich mem-
maturation of the mEPC branesNature 305: 632—634, 1983.
’ Jacosson, M. Developmental Neurobiologf8rd ed.). New York: Plenum,
1991.
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