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Development and Role of GABAReceptor—-Mediated Synaptic
Potentials During Swimming in Postembryor{enopus laevis
Tadpoles

CAROLYN A. REITH AND KEITH T. SILLAR
School of Biology, Gatty Marine Laboratory, University of St. Andrews, St. Andrews, Fife KY16 8LB, Scotland

Reith, Carolyn A. and Keith T. Sillar. Development and role of tional roles for GABAergic transmission during locomotgr
GABA, receptor-mediated synaptic potentials during swimmingctivity. In the lamprey, GABA has been implicated in mogl-
in postembryonicXenopus laevistadpoles.J. Neurophysiol.82: ulating burst rate and intersegmental coordination, wjth

3175-3187, 1999. We have investigated the contribution of GAB . :
receptor activation to swimming iKenopugadpoles during the first’AGABAB receptors affecting the magnitude and GABrecep-

day of postembryonic development. Around the time of hatching staff¥S reducing the variability of the phase lag between segmen-
(37/8), bicuculline (10-5QuM) causes a decrease in swim episodél oscillators (Tgner et al. 1993). In the neonatal rat, both,
duration and cycle period, suggesting that GABi&ceptor activation GABA, and GABAg receptor blockade increases swimmir@
influences embryonic swimming. Twenty-four hours later, at stage 4Pequency, but only GABA receptor activation affects burgt=
GABA , receptor activation plays a more pronounced role in mOd‘émplitude (Cazalets et al. 1994). More recent experiments é_

lating larval swimming activity. Bicuculline causes short, '”tensth neonatal rat preparation showed that either strychning ®r
swim episodes with increased burst durations and decreased cyclé

periods and rostrocaudal delays. Conversely, the allosteric agor#{:,ucglllne COUld.abO“Sh |p_S|Iat_eraI ﬂexor/extensor alternatipg
5B-pregnan-a-ol-20-one (1-10uM) or the uptake inhibitor, nipe- anc_i disrupt left-right coord_matlon, suggesting th{;\t the coagt®
cotic acid (200uM) cause slow swimming with reduced burst duravation of GABA, and glycine receptors may be important
tions and increased cycle periods. These effects appear to be ma@ifiprdinating activity between antagonistic motor pools (Coj
the result of GABA release from the spinal terminals of midhindbraitey and Schmidt 1995).

reticulospinal neurons but may also involve spinal GABAergic neu- During fictive swimming in immobilizedXenopusembryos
rons. Intracellular recordings were made using KCI electrodes (gtage 37/8) (Nieuwkoop and Faber 1956), ventral root actiyi
reverse the sign and enhance the amplitude of chloride-dependegsists of simple biphasic impulses that alternate across| i
inhibitory postsynaptic potentials (IPSPs). Recordings from larvglyqgy and progress caudally with a brief intersegmental deflay
motoneurons in the presence of strychnine (1:AB), to block gly- eqPr review, see Roberts 1990). The left/right alternation gg>

cinergic IPSPs, provided no evidence for any GABAergic compon tob diated solelv by alvci - inal .
to midcycle inhibition. GABA potentials were observed during epipears 0 be mediated solely by glycinergic spinal cCommisSsy

1al
sodes, but they were not phase-locked to the swimming rhythfiterneurons (Dale 1985;.So.ffe 1987)_- There Is no evidenée
Bicuculline (10-50M) abolished these sporadic potentials anéhat GABA, receptor activation contributes significantly tog
caused an apparent decrease in the level of tonic depolarization dufiigthm generation at this early stage because fictive swimmi
swimming activity and an increase in spike height. Finally, in moss apparently unaffected by either bicuculline (40/4) or
larval preparations, GABA potentials were observed at the termingdrare (100uM), two GABA, receptor antagonists in this
tion of swimming. In combination with the other evidence, our datpreparation (Soffe 1987). However, motoneurons do posg
suggest that midhindbrain reticulospinal neurons become involvedfnBA , receptors (Soffe 1987) and GABA-immunoreacti

an intrinsic pathway that can prematurely terminate swim episodeg, rons are present in the embryonic brain and spinal dord
Thus during the first day of larval development, endogenous activ,

tion of GABA, receptors plays an increasingly important role irﬁf{obe(;ts et_zl.éLQg?).tlso far, a role forlpn(jlytorlﬁ poputlatllon as
modulating locomotion, and GABAergic neurons become involved ﬁ%ee” escribed. L>entie pressure applied 1o the rostral cemnen

an intrinsic descending pathway for terminating swim episodes. dland causes swimming to prematurely terminate, coincident
with a train of bicuculline-sensitive potentials recorded intta-

cellularly in embryonic motoneurons (Boothby and Robe[ts
INTRODUCTION 1992a). Cement gland afferents are thought to activiate
. . , ... GABAergic midhindbrain reticulospinal (mhr) neurons whose
Although much is known about glycine’s role in mediating,yons descend and terminate within the spinal cord (Boothby
reciprocal inhibition between antagonistic spinal motor pool§,§ Rroberts 1992b). GABA receptor agonists have be
in a range of vertebrates (e.g., Alford and Williams 1987%Ghqn 10 alter spike threshold and presynaptically modulate
Buchanan 1982; Cohen and Harris-Warrick 1984; Dale 198 strength of reciprocal glycinergic inhibition, but the cif-

Soffe 1987), the contribution of GABA to rhythm generation ig, mstances under which these effects are brought into play]
less clear. Nevertheless, the widespread distribution of GABtﬁ‘Jring swimming are unclear (Wall and Dale 1993).

throughout the brain and spinal cord suggests important func‘l’wenty-four hours later (at stage 42) fictive swimming ajc-

yity is more complex and flexible (Sillar et al. 1991, 1992).

The costs of publication of this article were defrayed in part by the payme% . .
of page charges. The article must therefore be hereby magdaftisemerit iven that GABA receptors play an important role during

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  locomotor activity in other vertebrate preparations (Cazalet$ et
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al. 1994; Tgner et al. 1993), it is conceivable that GABAergicvas averaged over five consecutive episodes evoked at 5-min ifter
neurons may become involved in the control of larval swimals recorded under each experimental condition from five simflar
ming. Thus in the present study we focused on the possi@p@eriments. For each experiment, measurements were made 0] ros

- Nt ; -~ tral and caudal burst durations; cycle period, which was measyred
ntribution m ABAT r ivation wimmin ' '
contributio ade by GABA receptor activation to s 9 from the onset of one burst to the onset of the next and rostrocapidal

at larval stage 42 compared with embryonic stage 37/8. As-
pects of this work have been published previously in abstr

lay, measured from the start of the rostral burst to the start of|the
. . dal burst. The first 500 ms of activity in each episode was igndred
form (Reith and Sillar 1995). to avoid possible influences arising directly from sensory stimulatipn.

Averages were calculated, for each parameter, from a total of| 60

METHODS measurements (20 measurements from each of 3 different epispdes

under each condition). In the case of spinalization experiments, wiyere
Experiments were carried out on stage 37/8 embryos and stageepsodes were<20 cycles long, more episodes were measured| to

larvae of the South African clawed frofenopus laevi§Nieuwkoop obtain a total of 60 cycles. Averages are given as mearge.
and Faber 1956), which were obtained by induced breeding following

injection of human chorionic gonadotrophin (1,000 U/ml, Sigma) inte sy T

pairs of adults from a laboratory colony. Tadpoles were immobilized

in the neuromuscular blocking agent-bungarotoxin (1.25uM, Comparison of the effects of bicuculline on swimming at
Sigma) and then transferred to a preparation bat@ (l volume) stage 37/8 and stage 42 activity

containing frog Ringer of the following ion composition (in mM): 115 .

NaCl, 2.5ch:|£,]J 25 ?\laHCQ 10 HEPEgS, 1 Mgczpl and 2 E)r 4 Ca)mgl In Xenopusembryos (stage 37/8, FigAl) and larvae (stage;
(2 mM for extracellular experiments and 4 mM for intracellulad2, Fig. B1), episodes of sustained swimming activity lasting

experiments); buffered to pH 7.4 Witl N NaOH. The saline was many seconds are initiated following a brief electrical stimulus

continuously recirculated, being gravity fed from a stock bottle cotte the tail skin. At each stage the coordination of swimmi
taining 100 ml of saline and returned by means of a peristaltic pumgctivity is similar, but larval swimming comprises much

The animals were secured on their right side through the notocorgnger, more complex ventral root bursts than those seen in
using fine pins etched from tungsten wire, to the silicone elastom@,rnbryo (Sillar et al. 1991). We compared the effects of big
(Sylgard) surface of a rotating Perspex table located in the preparatiol}ine (10-50M) on four parameters of fictive swimming
bath. After removal of the flank skin, on the left side, from around t?@lpisode length, rostral and caudal burst duration, cycle per,

level of the anus to the otic capsule, extracellular recordings of ven d ¢ dal del t th 'Wo d I tal st ]
root activity were made by placing glass suction electrod€s0(uM and rostrocaudal delay) at these two developmental stages

tip opening) in the exposed intermyotomal clefts wherein lie the axoR9th stages, bicuculline caused a reversible reduction in
of spinal motoneurons. The position of each electrode was noted aghggation of swim episodes evoked in response to stimulation
distance in clefts numbered sequentially from the otic capsule. Fictitfee skin (Fig. 1A2andB2). Figure 1,A3andB3,compares the
swimming activity was initiated either by dimming the illumination oreffect of 50uM bicuculline on episode lengths in five conse
by applying brief (0.5-1 ms) current pulses (using a Digitimer DS@tive episodes from five different embryo and five differe
isolated stimulator) to the tail skin via a glass suction electrode. Jarval experiments. Under control conditions the average ¢
tEree experimlentjs afsecgnd stimulating electrcc)jde W?S posititl)nedsqﬂje length was similar at each stage: 46.7.1 s and 40.6
the cement gland of embryo preparations, and similar stimuli w ; :

used to terminate swimming (cf. Boothby and Roberts 1992a). gwgpseéw\?ea}f Ir? I,[Eh) ef%rrégeenecn;b(;%lg&ckﬁgg Cﬁ%ﬂﬁ[]eep?ergﬂg?s

intracellular recordings, a rostral section of myotomes was remov nin episode duration was much larger in larval preparatid
using tungsten needles, to reveal the underlying spinal cord. Rec 9 In epi uration w u geri val prep '

ings were then made using glass microelectrodes pulled on a Carif}2n in €émbryos. In embryos, episodes decreased 3% to
den Instruments moving coil microelectrode puller (model 753) or&l.7 = 6.2 s, whereas the larval episodes in the presencé
P2000 laser puller (Sutter Instruments) from filamented borosilicdgécuculline were reduced to only 34 0.8 s,~8% of control

glass capillary tubes (1 mm OD). The electrodes were filled with 2 Kurations. The effects of bicuculline were reversible becal
KCl and had resistances of 80-13dMKCI electrodes were chosenreturning to control saline increased the length of episo

because the leakage of chloride ions into the interior of these s ain to 49.8+ 13.6 s for embryo and 17.% 3.2 s for larval

=
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(IPSPs) to be massively reversed in sign so that they become large

depolarizing. This greatly facilitates the detection and analysis Qlvi
GABAergic and glycinergic IPSPs. In addition, depolarizing GABA
IPSPs can be readily distinguished from glycinergic ones on the bald u_nced by stage 42. .
of their duration and their sensitivity to selective agonists and antag-Bicuculline had only a relatively small effect on other pa-
onists (Reith and Sillar 1997). Penetrations were made in the venfrdmeters of embryonic swimming activitg & 5). Excerpts of
portion of the spinal cord using capacity overcompensation. Tis&vimming activity before and after the addition of bicucullire
recorded cells were rhythmically active during fictive swimming andre shown for one typical experiment in FigA,2where the
were assumed to be motoneurons because the ventral portion ofdhéy obvious change is a small decrease in cycle periods (F
cord is known to consist almost entirely of cells of that type (Robers A1 cf. A2). The data graphed in FigA3 show that cycle
and Clarke 1982). Electrophysiological data were recorded and stoggliods were indeed significantl? (< 0.001) reduced from
onto video tape using a VR100B digital recorded (Instrutech, Ne 9+ 0.8 ms to 485+ 0.6 ms, 10 min after the bath

York, NY) and analyzed off-line either manually or using the “Spike, o jication of 50uM bicuculline, whereas burst durations ar{d

2" analysis software package (CED, Cambridge, UK). Y
Pharmacological agents were bath applied to the perfusater trocaudal delays were not significantly affectetegt,P >

neurons causes chloride-dependent inhibitory postsynaptic potent &parations. These data suggest that endogenous activatipn

& pofedgn

SjoisAgd T &

‘0©490fPAON U0 @3'93\'6

Boge

kb4

BA, receptors has a marked influence on the duration of
m episodes, with the effect becoming much more pfo-

g.

adding known quantities to the stock bottle to achieve the desired fitaP1, Not shown). Thus at stage 37/8, the frequency of fictive
concentration. The drugs used in this study were strychnine g5 Swimming was the only other parameter to be affected sighif-

Sigma), bicuculline (10-5@M, Sigma), and B-pregnan-a-ol-20- icantly after GABA, receptor blockade in each of five expef
one ($83«; 1-5 uM, Sigma). The duration of fictive swim episodesments {-test, P < 0.01). When the data from these five
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Ai
. Fic. 1. Effects of bicuculline on swim ep-
Il % control isode length in embryos and larva&l: the
late embryo, stage 37/&2: bicuclline caused
L4 a reversible decrease in the length of embry-
onic swim episodesA3: graph of average ep-
* 50uh4bkumﬂﬁne isode length calculated from 25 embryonic ep-
isodes from 5 preparations at each stage |in
which episodes decreased from 4@:17.1 s
under control to 21.7 6.2 s in the presence off
* wash ‘ bicuculline and returned to 498 13.6 s after
5 ‘ 7 returning to control salineB1: the larva, stage
s ! ' S 42.B2: bicuculline causes a more marked dg-
crease in larval swim episodes that are par-
tially reversed following wash in control sa-
m 70 m line. B3: 50 uM bicuculline caused a decreasg
— 604 n=5 Z in the duration of larval episodes from 4Q:6
2 5 g} 7.8 s to 3.4+ 0.8 s, which were increased
£ 40 | £ again to 17.1+ 3.2 s after washing off the
B 404 o antagonist.
) =
T 204 E
2 104 ‘= )
g ) g
control 50uMbic. wash control 50uMbic. wash =3
<]
QD
. . . . . o
experiments are pooled, embryo cycle periods decreasedconditions. However, in the range of cycle periods that over|(gp
average by 9.7% (range 7.0-12.6%). This change, accomieeontrol conditions and under bicuculline (40—80 ms), deleyg
nied with the decrease in swim episodes suggests that GABAnder bicuculline declined as a proportion of cycle period frqrB
receptor activation plays some role in controlling the output df3.8 = 0.4% ( = 104 cycles) to 10.7= 0.6% ( = 47 cycles). | 5
the central pattern generator for embryonic swimming. Mofehus GABA may affect intersegmental coordination in wa@
specifically, the fact that blockade of GABAeceptor—-medi- other than purely through changing cycle periods.

ated inhibition reduced the duration of swim episodes implies The preceding results suggest that the endogenous activ
that the maintenance of rhythmic activity is somehow facilef GABA , receptors has a profound influence on larval swi
tated by endogenous GABAergic influences. ming activity by directly affecting the excitability of the centrg
In contrast to the situation just described for embryos, tpattern generator. If this is the case and the results are not
larval stage 42, the marked decrease in swim episodes tbysome nonspecific effect of bicuculline, then agents th
bicuculline (Fig. 1,B2 andB3) is accompanied by significant potentiate GABA, receptor activation would be expected
changes in all parameters of the swimming motor pattern. Thave the opposite effect to bicuculline on larval activity.
example in Fig. B clearly shows that bath application of 5Qtherefore used the neurosteroidB-pregnan-&-ol-20-one
1M bicuculline results in fast, intense activity. Like the em{583«), a potent allosteric modulator of the GARAeceptor.
bryo, cycle periods decreased, from 52:8).6 ms to 45.6= We have previously shown thap38a is a specific agonist a
1.1 ms (Fig. B3). This decrease in cycle periods under bicuhe GABA, receptor inXenopustadpoles, which enhance
culline was significant in 10 of 11 preparations examinegsponses to endogenous GABA release in this prepardt
(t-tests;P < 0.01) where on average cycle period were reduc€Reith and Sillar 1997). 83« (1-10 uM) had consistent an
by 11.6% (range 5.5-27.8%). In addition, rostral burst duraignificant effects on larval ventral root activity € 5), which
tions increased by 15.6% from 14#70.4 msto 17.0- 0.5 ms are illustrated in Fig. 3. 83« (5 uM) caused a decrease i
(Fig. 2C1), whereas caudal burst durations also increased bgisode length as shown in the example in Fig, @here
>20%, from 12.8+= 0.3 ms to 15.6+ 0.4 ms (Fig. £2). In  episode length was reduced from 48&:0L5.0 s A1) to 16.1=*
pooled data from 9 of 11 experiments where bicuculline si¢-.4 s @2). Subsequent application of 20M bicuculline fur-
nificantly increased burst durations the average effect was 18%ér reduced episodes to an average of#4.8.4 s A3). Thus
(range 6.3-54%). In addition, rostrocaudal delays decreadié@ the experiments described earlier for bicuculline alohe
from 8.0 = 0.2 ms to 4.9+ 0.3 ms under bicuculline (Fig. (i.e., Fig. 1), bicuculline in the presence of steroid still cauded
2C3). In contrast to the situation in embryos, rostrocaudapisodes to decrease in duration rather than reversing the
delays in larvae vary with cycle periods so that long cyclef the steroid (se@iscussioy. In contrast to the antagonis

'%%0;5

NRugEhio

‘0€ J19qUPAD

8002

n

stall and Sillar 1993). Hence the decrease in delays unaard weak (Fig. 3B2 cf. B1) an effect that was reversed by t
bicuculline could be produced simply as a consequence of th&sequent bath application of bicuculline (not shown).

decrease in cycle periods. Figur® 8hows plots of rostrocau- steroid significantly P < 0.001) decreased the average rostfal
dal delays against cycle periods, over whole episodes befbrast duration from 15.@ 0.4 ms to 8.3+ 0.3 ms (Fig. £1)

and during GABA, receptor blockade. It can be seen thand the average caudal burst duration from 1t.8.3 ms to
bicuculline causes short cycle periods that are associated v@th = 0.2 ms (Fig. £2). The frequency of swimming was alsp
rostrocaudal delays shorter than those measured under corgighificantly reduced, with average cycle periods increasjng
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FIG. 2. Effects of bicuculline on embryonic and larval ventral root activityexcerpts of ventral root activity befor&)(and
after ) the addition of 5quM bicuculline. The activity appears little affected by the antagonist apart from a slight decrease in cycle
period.A3: graphed data averaged from 20 measurements from 3 different episodes of activity under each condition confirms that
cycle period decreased significantly from 53:96.5 ms in control to 48.5- 5.4 ms in the presence of %M bicuculline P <
0.01).B1andB2: by stage 42, 5uM bicuculline obviously increases the intensity of ventral root activid$. cycle period was
again decreased from 528 0.6 ms in control to 45.6= 1.1 ms in 50uM bicuculline. C: in addition, rostral burst duration
increased from 14.# 0.4 ms to 17.0= 0.5 ms C1), caudal burst duration also increased from 12.8.3 ms to 15.6- 0.4 ms
(C2), and rostrocaudal delay decreased from8.0.2 ms to 4.9+ 0.3 ms C3). All of these changes occurring as a result of the
antagonist were highly significartest,P < 0.01).D: plot of rostrocaudal delay against cycle period befajeand after ¢) the

bath application of 5QuM bicuculline, indicating that rostrocaudal delay is decreased, partly as a result of the decrease in cycle
period and partly via a direct action.

from 49.6 = 0.7 ms to 67.8= 0.7 ms (Fig. £3). This was pattern generator for swimming. The main effect of GABA
accompanied by an increase in the magnitude of the rostroceeeeptor activation is to reduce the frequency, intensity, a
dal delays from 10.4- 0.3 ms to 20.0+ 0.2 ms (Fig. £4). duration of swimming, although, paradoxically, the block pf
Plots of delay against cycle period showed that, althoughABA, receptors also produces short swim episodes (se€)
shorter cycle periods with shorter delays were only seen undescussion.
control conditions, at similar cycle periods, the steroid still
increased delays to a greater extent than those seen UREif&cts of bicuculline and /B« in the presence of strychning
control (Fig. D). Again, as suggested by bicuculline experi-
ments described in Fig. 2, delays appear to be directly affectedlo determine more precisely the role of synaptic inhibitipn
by GABA neurotransmission. Similar experiments were alsnediated by GABA receptor activation alone during rhythmig
carried out with the GABA uptake inhibitor, nipecotic acidswimming activity, the next set of experiments was carried gut
(200 uM). Figure 3,E1andE2, shows that nipecotic acid (200after first blocking glycinergic inhibition with strychnine
uM) produces a slow, weak swimming rhythm, similar to thaBlocking both types of inhibition (with 1-aM strychnine and
recorded in the presence of steroid=€ 5). Moreover, in the 20-50 uM bicuculline) revealed another developmental dif-
majority of experiments (3 of 5), nipecotic acid, likg8&x, ference between embryonic and larval preparations. Figuie 4
reduced episode lengths (not illustrated). shows an example of the effects of simultaneously blocking
Because the actions of bicuculline, nipecotic acid, g88cb glycine and GABA, receptors at each stage. Following bath

all rely on an endogenous source of GABA to exert theapplication of 5uM strychnine to the embryo, episode length
effects, the main conclusion from these initial ventral roatas largely unaffected, although there was a slight increasg in
experiments is that by stage 42, an intrinsic GABAergic systeswimming frequency (Fig. 4A2 cf. A1 and A5). Subsequent
is capable of significantly influencing the output of the centrélath application of 50uM bicuculline in the presence of

800z ‘0€ JaqwanoN uo Bio°ABojoisAyd-ul woly papeojumoq
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Fic. 3. Effects of B3« on larval ventral root activityA1-A3 bath application of uM 583« markedly reduced episode length,
which then remained short in the presence of20bicuculline.B1 andB2: bath application of uM 583« caused the swimming
pattern to become slow and wedBl: rostral burst duration decreased from 15:00.4 ms to 8.3+ 0.3 ms.C2 caudal burst
duration decreased from an average of 1t.8.3 ms to 8.6+ 0.2 ms.C3: cycle period increased from 496 0.7 ms to 67.8=
0.7 ms.C4: rostrocaudal delay also increased from 16.4.3 ms to 20.0+ 0.2 ms. (All of these changes were significat<
0.01).D: plot of rostrocaudal delay against cycle period showing that part of the effect of the steroid on delay is mediated through
the increase in cycle period but that there is also a direct effdcand E2: the GABA uptake inhibitor, nipecotic acid (2QoM)
also causes a slow activity that is also comprised of decreased ventral root bursts. Note, data illusiaBedirandE are from
3 different preparations.

strychnine elicited an intense nonrhythmic burst before thike that seen during swimming, was still observed (n
onset of each swim episode (FigA3. This suggests that shown), indicating that the motor system is not engaging
GABA, receptors are normally activated in response to skiitctive struggling; this alternative motor pattern is characteriz
stimulation. The sustained swimming activity that followed thby a marked increase in burst durations but is accompanie}

"':o@JaqLua/\oN uo 610'ABojoisAyd-ul woly papeojumoq

initial nonrhythmic burst showed a further increase in frea reversal of the intersegmental delay to caudorostral (S¢ffe
qguency (Fig. 4A3andAb). The effects of strychnine are not sal991). Rhythmic activity returned following wash in contrgl
easily reversible as those of bicuculline, but returning to comaline (4,B4 andB5). Thus by stage 42, a certain amount pf
trol saline did abolish the burst of activity at the beginning dhhibition seems to be required for the central pattern generator
the episode and reduce the swim frequency (Fig#andA5). to produce rhythmic ventral root activity.

By stage 42, a very different picture emerges as shown inEnhancing GABA inhibition, in the presence of strychning,
Fig. 4B. Following the bath application of either strychninevith 583«, resulted in similar effects to those already reported
alone (1-5uM, Fig. 4B2) or bicuculline (20-5Q:M, e.g., Fig. for the steroid alone (see above). Figure 5 shows an exampl|e o
2B2), rhythmic ventral root activity is still recorded. Likethe consistent effects of the steroid in the absence of gly¢in-
bicuculline, strychnine causes an increase in burst duratiargic inhibition ¢ = 5). Application of 83« in the presence
and a decrease in cycle periods (FigB2,cf. B1 andB5) but of strychnine weakens swimming (Figs.A3 cf. A2 andAl).
with an increase rather than a decrease in episode length (Righough 2 uM strychnine increased rostral burst duratiops
4B1 cf. Fig. 1B2). However, following the coapplication of from 13.8 = 0.3 ms to 20.7= 0.6 ms, 5uM 583« in the
bicuculline and strychnineB@) essentially all rhythmic activity presence of strychnine decreased average burst durations t
is abolished, and only an intense nonrhythmic burstis normall2.1 = 0.4 ms (Fig. B1). Similarly, caudal burst durationg
recorded on the ventral roots. In a few cases this nonrhythnmcreased from 10.1% 0.3 ms to 15.2+ 0.5 ms under strych-
burst terminated with a few cycles of rhythm (e.g., arrowed inine and decreased to 813 0.2 ms after the bath applicatiof
Fig. 4B3). Although the activity immediately after electricalof 583« (Fig. 5B2). This decrease in the intensity of bursts hy
stimulation of the skin is nonrhythmic, a rostrocaudal delayhe steroid was paralleled by a slowing of the rhythm becapise
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Fic. 4. Effect of blocking inhibition on embry-
onic and larval rhythm generatioAl: episode of
control embryonic ventral root activith2 5 uM
strychnine has little effect on the episode length bt
causes a slight increase in swim frequen&g:
subsequent addition of 50M bicuculline causes a
burst of intense activity at the beginning of the
episode, thought to be due to the actions of bic|
culline on sensory pathways, after which swin
ming activity is sustained with a further increase i
frequencyA4: returning to control saline abolished
the sensory effect of bicuculline, and the frequen
of the ventral root activity is at least partially de
creased (see text\5: measurements of cycle pe
riods confirmed that they decreased from 5.1
0.2 msin control, to 41.& 0.4 ms in the presence]

e of 5 uM strychnine, and to 37.4 0.3 ms in the
i presence of strychnine and @M bicuculline.
Cycle periods were at least partly reversed in wagh
Wash

Embryo Larva

Al i Control

stimulus

Control

i - 5uM strychnine ii 5uM strychnine

=)

<

iii , SuM strychnine + 50uM bicuculline 5uM strychnine + 50uM bicuculline

saline to 41.9+ 0.5 ms (see text)BL control
larval swim episode following a skin stimulud2:
ventral root activity is sustained at a higher frg-
quency in the presence of oM strychnine.B3:

coapplication of 5QuM bicuculline generally abol-
ishes rhythmic ventral root activity both in re-

1]
. i Wash .
\Y) v

sponse to a skin stimulus and during spontaned ug

1.5s activity. On some occasions, however, cycles pfS

swimming activity were recorded following the) é—’

Vv 2 6 A o 6 end of the burst (at arrowg4: shortly after return- 2

E 5 £ ing to control saline, rhythmic ventral root activity] @

2 g 4 resumesB5: histogram showing that cycle period =

g 4 H 3 decreased from 448 0.5 msin control to 38.8& | S

o 3 o 0.4 ms in 5uM strychnine. Coapplication of bicu-| 3

5, 2 5 5 culline abolished swimming, which then resu_med3
cont. strych. bic. wash cont. strych. bic. wash with a cycle period of 40.4- 0.6 ms after washing

into control saline.

cycle periods increased from 42:0 0.6 ms in strychnine to so at this level of transection, larval preparations can S
53.2 = 0.5 ms in the presence of both agents (Fi@35 sustain episodes of swimming activity. Figurig@ $hows activ-
Rostrocaudal delays similarly increased from 14.0.3 ms to ity from a transected preparation before and after the addifi

810 ABBj01sAyd

18.6 = 0.3 ms (Fig. B4). These effects of the steroid in theof bicuculline. Bicuculline (5Q.:M) caused the usual reversiblgS
presence of strychnine are consistent with there being a progecrease in episode length, which in the example in FRy. |&
inent GABA, receptor—mediated input during fictive swimyecreased from an average of 21-®8.0 s in control to 1.0+ | &
ming, which helps to maintain swimming activity even in the) 01 s in the presence of bicuculline and then increased agan
absence of glycinergic inhibition. The next topic to be inves, g 3+ 0.5 s after returning to control saline. The histograh3
tigated addresses the location of the GABAergic neurons thatriq 6c also confirm that the antagonist still causes thé
influence swimming. typical increase in burst durations (Fig. 61 and C2) and | N
. - . . . decrease in cycle periods and rostrocaudal delays (Fi§36| 3
Possible role for the midhindbrain reticulospinal neurons andC4). These data suggest that the population of neurons fhat

during larval swimming activity plays a role in modulating larval swimming is located belgw

Of the eight populations of neurons that show GABA imthe level of the otic capsule, and therefore either the mhr orjthe
munoreactivity at stage 37/8 (Roberts et al. 1987), two popspinal populations (or both) are involved.
lations are located in the spinal cord, three populations in theSpinalizing preparations at the level of the fifth postofic
hindbrain, and the remaining three populations are locatedntyotome (“spinalized” preparation, FigAp removes the in-
the mid- and forebrain. The most caudal of the hindbrafiuence of all but the two populations of spinal GABAerg|c
neurons are the mhr neurons that 400 um caudal to the neurons. At this level of spinalization, however, the prepafa-
otic capsule. The vestibular complex neurons are located at tlee can only produce very short bouts of swimming presum-
level of the otic capsule, and the third, rostral hindbrain popbly because a proportion of the descending excitatory inter-
ulation lie just rostral to the entry of the trigeminal nerveneuron pool has also been removed (cf. Roberts and Alfprd
Immunocytochemical studies at larval stage 42 indicate that th886). Hence, in these experiments, low doses (1QsMpof
same populations of GABAergic neurons are present, and Nenethylo-aspartate (NMDA), insufficient to trigger swim
new populations have developed compared with the situatiomaihg on their own, were applied to raise the levels of excitation
stage 37/8 (Reith 1996). Transecting the brain at the level arfid thus increase episode durations following skin stimulatipn.
the otic capsule (“transected” preparation, Figh) Ghould Bicuculline was found to have only small and inconsistgnt
therefore leave only the mhr neurons and two populations @ffects on burst durations and rostrocaudal delay that were
spinal GABA neurons intact. The essential components of tbéen not reversible. As in the intact and transected prepara-
rhythm generator for swimming are located in the spinal cortipns, however, there was a tendency for the length of episgdes
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Fic. 5. Effects of B3« in the presence of strychniné: the intensity and frequency of larval ventral root activith) (s
enhanced by the bath application ofu® strychnine g) and then decreased again after the bath applicationdf1% B3« (3).
B: graphed data of the significant changes occurring as a result of the bath application of strychnig8aril5rostral burst
duration averaged 13.8 0.3 ms in control, 20.7= 0.6 ms in the presence of strychnine, and 8.8.2 ms in the presence of
strychnine and steroi®2: similarly caudal burst duration changed from 16:1.3 ms in control, to 15.2= 0.5 ms in strychnine,
and to 8.3+ 0.2 ms in the presence of88a. B3: cycle period was decreased from 46:8).4 ms to 42.0+ 0.6 ms by strychnine
and increased to 53.2 0.5 ms by B3«. B4: rostrocaudal delay increased in strychnine from 12.6.3 ms to 14.7+ 0.3 ms and
then further increased byB3« to 18.6 = 0.3 ms.

to be reversibly reduced by bicuculline (5 of 7 experimentsparameters that are affected by bicuculline at stage 37/8,
An example of the effect on episode length is shown in Figesting that embryo swimming might be influenced by spi
6D, where bicuculline was washed on to the preparation twi€@ABAergic neurons.

(only the 1st application is shown) and on each occasionThe main conclusion, therefore from these spinalizati
caused a decrease in episode length. The average epigdgeriments is that by stage 42, an important GABA input
length in control was 2.2= 0.1 s, reduced to 1.% 0.05 s in the spinal swimming circuitry comes from a population p
50 uM bicuculline and then increased to 37 0.7 s after neurons Iocate_d in the caudal hindbrain, most probably the
returning to control saline. Reapplying the bicuculline reducé¥gurons described by Roberts et al. (1987).
episode lengths again to 18 0.07 s (not illustrated). The

other most consistent change in the ventral root activity of ti@ABAergic input during rhythm generation

spinalized animal was a small but significant decrease in cycle

period (5 of 7 experiments), which decreased from 67.8.4 Thus far we have described a developmental increase inf the
ms in control to 62.7+ 1.2 ms in 50uM bicuculline and contribution of GABAergic transmission to swimming during
increased again to 708 0.9 ms after washing off the bicu- early postembryonic development. The next question we jad-
culline (Fig. &3). However, although the decrease in cycldressed was when during swimming are GAB#eceptors
period was significant, it was not as marked as the effect aftivated? Intracellular recordings from ventrally positiongd

@USNON uo Bio°ABojoisAyd-ul woly pspeojumog

‘8@165 ¢

—~

>
=

bicuculline on the swimming frequency of intact or otic capspinal neurons, presumed motoneurons, were made to detert

sule transected preparations (Fig8 and 6C3). The other mine the timing of GABAergic IPSPs. To facilitate this god|
parameters of swimming were not consistently or significantbtycinergic transmission was first blocked with strychnine, and
changed by bicuculline in the spinalized preparation (Fig. 8, M KCI was used as the microelectrode electrolyte becalise
E1, E2,andE4). These results suggest that there is only a sméttis has the effect of reversing and enhancing chloride degen-|
contribution to swimming from the spinal GABA populationsdent potentials, including GABA-mediated IPSPs (Reith and
although if these neurons were normally excited by descendi&dlar 1997). Figure 7 shows an episode of swimming recorded
systems then this will be removed following spinalization. It iff'om a larval motoneurontgp traces,MN) with an accompa-
notable that episode length and cycle period are the same taying ventral root monitorottom tracesyr) before strych-
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Fic. 6. Effects of bicuculline on the ventral roo
. mansected sqpinaliced activity of “transected” and spinalized larvag:. to
A 2:;5ule"‘epa’;““°“ preparation determine the location of the population of GABAert
- gic neurons that exert their effects on the swimmirjg
pattern generator, the CNS of larval preparations was
cut at 2 different levels. Transection at the level ¢f
the otic capsule (“transected” preparation) removgs
all but the midhindbrain reticulospinal and 2 spindl
populations of GABAergic neurons. Spinalization gt
the level of the 5th postotic myotome (“spinalized
preparation) ensures that only the spinal populatiops
of GABAergic neurons can still influence swimming
ittt A G MR S i L activity. B1-B3 bicuculline reversibly decreases th¢
. ‘ ‘ length of swim episodes of transected preparations.
Ci ii CL under control conditions, average rostral burpt
T 07 Y duration was 10.7 0.3 ms; it was increased by 50
91 uM bicuculline to 12.3+ 0.3 ms and then decreasegl
8] to 10.0= 0.2 ms after returning to control salineé2:
7{ | caudal burst duration was similarly increased fron
6 | 6.2+ 0.1 ms to 9.3+ 0.2 ms by 50uM bicuculline
iJ ) and then decreased to 6:70.1 ms after washing off
cont bic wash cont. bic. wash cont. bic. wash the bicucullineC3: cycle period averaged 70:10.7
ms, 50.6x 1.3 ms, and 63.& 0.5 ms under control,
i 50pM bicuculline ii Wash 50 uM bicuculline and wash, respectivel.4: av-
i erage rostrocaudal delay in control saline was 6.2
0.1 ms; it then decreased to 1146 0.4 ms in the
presence of 5QuM bicuculline and was increased
again to 15.6= 0.1 ms in wash saline. All of these
changes were significant-test,P < 0.01). D1-D3
in the majority of spinalized larval preparations, if
the presence of 10—20M NMDA (see text), 50uM
bicuculline caused a reversible decrease in episd
length. E1, E2,and E4: neither burst durations or
rostrocaudal delays were significantly changed in tl
presence of 5@&M bicuculline ¢-test,P > 0.01).E3:
cycle period decreased significantly from 678L.4
ms to 62.7+ 1.2 ms by 50uM bicuculline and then
increased to 70.G: 0.9 ms after washing off the
antagonist ttest, P < 0.01).
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nine application A1). The expanded traceAR) shows more ming, recorded in the presence of strychnine, were analyze
clearly the alternating pattern of on-cycle excitation, leading ttetermine whether these GABA potentials occurred at &
action potentials, in time with the ipsilateral ventral root, angarticular phase of the swim cycle. The expanded traces in
depolarizing (reversed) midcycle inhibition, occurring whedB2 show excerpts of activity from four parts of an episode
neurons on the opposite side of the cord are active. The phagich there arel) no apparent underlying GABA potentiaB),
of the midcycle glycinergic inhibition was measured as @ABA potentials that appear to fall midcycle and GAB
marker to determine whether or not a midcycle componepétentials occurring in eithe8) the falling or 4) the rising

remained after the bath application of strychnine. Measuriehase of the on-cycle excitation. This suggests that the GA
ments were made of the time from the peak of the on-cyditentials are variable in their timing within a cycle of activity

spike to the start of the midcycle IPSP divided by the time @nd indeed the phase plot, measured from six episodes u

the peak of the subsequent on-cycle spike (i.e., y/x, FAg).7 strychnine, confirms that GABA potentials can occur at g

The onset of the IPSPs was chosen because this will closp@int during a cycle (Fig. B3). Note, however, that GABAer-

reflect the timing of the action potentials in contralateral rhyttgic IPSPs occurring on-cycle, during the excitatory phase| of
mic neurons. The plot of midcycle IPSP phase values ovesSwimming, would be excluded from this type of analysis (see
range of cycle periods (Fig.A?) shows little variation in the DiscussioN. It seems likely that the mhr neurons are resporisi-
onset of the strychnine-sensitive IPSPs that occurred at phkefor generating these GABAergic IPSPs, although the pps-
values of~0.5 over a whole episode of rhythmic activity. Ongibility that they are produced by spinal neurons normajly

feature of swimming that was present in control but becomastivated by descending excitatory pathways cannot be ¢
more apparent in the presence of strychnine (FRl)7s that, pletely discounted.

although midcycle inhibition is largely abolished, sporadic

depolarizing potentials occur in some cycles of activity. Whefigrmination of swimming by GABAergic inhibition

these potentials occur, they are relatively long in duration and

cause a decrease in input resistance, as evidenced by thehe idea that GABAergic mhr neurons become involved
decrease in spike height (asterisks in FiB1)Y These poten- the descending control of larval fictive swimming is support|

tials were considered to be GABAergic becausg)dheir long by the fact that episodes of larval swimming can terminate wjith
duration compared with glycinergic IPSPs (Reith and Sillax barrage of depolarizing IPSPs in motoneurons. These IRSP$
1997), 2) their duration was enhanced by3x, and3) they were observed in at least some and occasionally in all episqdes

were blocked by bicuculline (see Fig. 8). Episodes of swimmecorded in two-thirds of larval preparations (24 of 36; e.
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FIG. 7. GABA potentials underlie larval rhythm generatigkil: control activity recorded from a larval motoneuron with a
KCl-filled microelectrode A2: expanded trace showing the typical pattern of on-cycle excitation, leading to action potentials,
followed by midcycle (reversed) inhibition while neurons on the opposite side of the cord are active. The phase of the midcycle
inhibition was measured as the onset of the inhibitory postsynaptic potential (IPSP) in relation to the time between the peak of the
on-cycle spike (i.e., y/xX)A3: plot of cycle period against phase of midcycle inhibition showing that there is little variation in the
onset of the midcycle inhibition measured over a whole episBdein the presence of LM strychnine, midcycle inhibition is
abolished, but underlying GABA potentials (see text) are observed at several points in the episode (at 82eazkgrpts of
rhythmic activity during whicha) there was no obvious midcycle componén)tGABA potentials appeared to occur midcyaob,

GABA IPSPs occurred on the falling phase of the on-cycle excitation,du@ABA IPSPs occurred on the rising phase of the
on-cycle excitationB3: the plot of cycle period against phase shows clearly the random occurrence of GABA IPSPs throughout
6 episodes of larval swimming under strychnine.

Fig. 8, B1 andB2). This phenomenon has never been doceompletely abolished these IPSPs (Fig33 n = 12). These
mented in recordings from embryonic motoneurons (e.g., Reithservations further support the idea that GABreceptor—
and Sillar 1997; Roberts et al. 1984, Sillar and Roberts 199ediated potentials in spinal neurons are used to termi
and was not observed in 14 preparations examined in tlagval swim episodes.

present study either where embryonic swimming episodes end

with the membrane potential smoothly declining to its resting, s c yss1on

level (Fig. 8A1). Interestingly, however, the self-termination of

larval swimming episodes (Fig. 81 andB2) closely resem-  The results presented in this paper show that between g
bles the termination of embryonic swimming following cemen®7/8 and 42, the endogenous synaptic activation of GAB
gland stimulation (Fig. 82) (see Boothby and Roberts 1992areceptors plays an increasingly important role in controlli
Reith and Sillar 1997), in that trains of depolarizing IPSPs arbythmic swimming activity irXenopugadpoles. Over the first
evident. We sought confirmation that the potentials coincidir®@# h of larval development, the effect of GARAreceptor
with the end of the majority of larval swim episodes result frorhlockade changes from affecting only swim duration and fi
GABA, receptor—mediated inhibition. First, they are longuency to modulating all swimming parameters.
compared with glycinergic IPSPs (Reith and Sillar 1997), and Paradoxically, both removingnd enhancing GABAergic

second, they are still observed at the end of episodes recoridibition decreases the duration of swim episodes, indicagng

in the presence of oM strychnine (Fig. €1, n= 18). Third, that GABA transmission also plays a role in maintainir
10 uM 5B83a massively enhanced the duration of the potentiatbythm generation. Presumably, any reduction in inhibiti

at the termination of swimming to the point that they sunwill lead to higher levels of excitability in the network thgt

mated, greatly increasing the time for the membrane potentiaight prevent or prematurely terminate activity. This cou
to return to control levels (Fig.®2, n= 4). Fourth, bicuculline occur if, for example, the increased excitability triggered act
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FiIG. 8. Larval episodes terminate with GABA potentiaksl: intracellular recording from an embryo motoneuron showing
rhythmic activity terminating with no obvious synaptic inpAg: following electrical stimulation of the cement gland, episodes are
terminated prematurely with a train of potentials (see Reith and Sillar 1B8ndB2: at stage 42, the majority of recordings from
motoneurons revealed that swim episodes could end with a barrage of IPSPs in the absence of any obvious senSaryhaput.
potentials at the termination of larval episodes were not blocked iyl Strychnine.C2: 10 uM 583« enhanced both the apparent
tonic depolarization during rhythmic activity and the IPSPs occurring at the termination of swimming, causing them to summate.
C3: bicuculline decreased the level of tonic inhibition and abolished the potentials at the termination of the episode.

membrane properties in spinal neurons that then lead to strdimgn could vary between preparations. The marginally highé&¥
hyperpolarizing conductances that suppressed network actiencentrations used here compared with previous studies (3.
ity. Oscillatory membrane properties are present in spinal cagiffe 1987) were probably necessary because for our extrgdcgl

AON Uuo Bio°ABojoisAyd-ul wou papeojumoq

neurons ofXenopuslarvae following activation of NMDA lular experiments the spinal cord was not exposed and

receptors, and they are enhanced following block of inhibitoaccess problems could become relevant. In addition, ugi

amino acid receptors (Reith et al. 1998; Scrymgeour-Weddapamin on embryo preparations resulted in an increase in
burn et al. 1997). These bistable membrane properties &rgth of swim episodes (Wall and Dale 1995), and theref
common in larval neurons but rare in embryonic ones, providny nonspecific effect on the calcium dependent potass
ing a plausible explanation for differences in the effects aurrent by bicuculline would be expected to have the oppo
coapplying strychnine and bicuculline in larvae where rhytheiffect to that observed in this present study.

generation is abolished and in embryos where rhythm generaHow do the results of the present study compare with th

tion persists. Alternatively, it could be argued that bicucullinebtained in other vertebrate locomotor systems? For the nfost

at high concentrations may be having some direct nonspecifiart such comparisons are made difficult by the fact t
effect, and it has been reported that at higher concentratichgthm generation in other systems, such as the lamprey
bicuculline blocks apamin-sensitive calcium-dependent potdke neonatal rat, is usually induced by activating the netw

sium channels in adult mammalian thalamic reticular neuromsth endogenous excitants such as NMDA. Nevertheless, dur-

(Debarbieux et al. 1998). Becaudenopusieurons do possessing fictive swimming evoked by tail skin stimulation in th
a calcium-dependent potassium current, albeit with exceptidamprey, simultaneous block of GABAand glycine receptors
ally slow kinetics and which does not produce a clear slogauses an increase in burst durations at the beginning o
afterhyperpolarization (Wall and Dale 1995), it is possible thapisode to the point where there is no clear interburst inter
the action of bicuculline at 5g.M could be nonspecific (Wall as inXenopusHowever, in contrast t&Xenopudarvae, rhyth-

and Dale 1995). However, a shortening of episodes was seemat activity still persists after the initial burst and an increafe

concentrations as low as 10-2(M, which would not be in episode length is observed (Alford et al. 1990). The locat

expected to act nonspecifically. The maximum shortening of the GABAergic systems that impinge on the locomotpr
episode lengths was above g®/, but the precise concentra-network may also explain interspecies differences. The results

o
reoy

s
Dre
um
ite

pSe
hat

and
Drk

1%



http://jn.physiology.org

ROLE OF GABA TRANSMISSION DURING LARVAL SWIMMING 3185

of our spinalization and brain stem transection experimerg&imming rhythm or that glycinergic commissural internep-

suggest that the main GABA input d¥enopusswimming lies rons co-release GABA, as has been shown recently in rat sgina
between the level of the otic capsule and the fifth postotic cleftprd neurons (Jonas et al. 1998). Nevertheless, bicucullineland
therefore implicating a role for mhr neurons (Boothby andeurosteroid-sensitive GABA IPSPs occurred sporadically
Roberts 1992b; Roberts et al. 1987). In contrast, for both tli@oughout episodes of rhythmic activity. Although these IPSPs
lamprey (Alford et al. 1990) and the neonatal rat (Cazaletswere not locked to any particular phase of the swimming rhythm,
al. 1994), GABAergic neurons that regulate locomotor activitiheir frequency of occurrence tended to be higher nearer the gtart$
must be spinal in origin because significant effects of bicucudnd ends of swim episodes. Moreover, the GABA IPSPs
line are observed in the isolated spinal cord preparation. In tredatively long in duration {200 ms) when compared with th¢
lamprey, immunocytochemical studies indicate that thwycle periods attained during fictive swimming%0—100 ms) so

preparation it has been established that there are GABAertficoughout each episode. In support of this idea, it is notable
projections from the lower brain stem to the spinal cord, whidfig. 8C that the neurosteroid enhances the level of tonic depo

(Cazalets et al. 1994). In this study, although the effects s€ending GABAergic inhibition in the intrinsic termination
bicuculline on spinal larval preparations were inconsistergrval swimming. InXenopusembryos, activation of the de
there was a tendency for episodes to decrease and cycle persmsding GABAergic mhr pathway does not appear to

swimming at larval stages. terminate due to an increase in the activation of g gurrent
The present study has focused on the role of GAB&cep- resulting from a buildup of intracellular calcium during

tors in the control of swimming, but if GABA neurons areepisode. This in turn would decrease the input resistance

active during fictive locomotion as we suggest, then it is likelnembrane time constant of neurons in the locomotor ne

T

transmission influences locomotor activity via coactivation dfVall and Dale 1995). Second, the changing balance bet
GABA, and GABA; receptors, which modulate different aslevels of extracellular ATP and adenosine may underlie
pects of the locomotor rhythm (Cazalets et al. 1994griex et rundown of the motor pattern. Early in an episode, levels
al. 1993). The role of GABA receptor activation oXenopus extracellular ATP (presumably released from an unkno

(Wall and Dale 1993). The GABAagonist, baclofen, causes gformed by the breakdown of ATP by ectonucleotidases) §
decrease in the reliability of action potentials and in the reliew. ATP causes a reduction in voltage-gated Kurrents,

observed decrease in ventral root amplitude and episasfethe network. As the episode proceeds, rising levels
length. However, blockade of these receptors had little effemdenosine block voltage-gated Cacurrents to decrease ex
on swimming, making it unclear whether endogenous GABAcitability in the network eventually reaching a level at whid
receptors are normally activated during embryonic swimmirggyvimming can no longer be sustained (Dale and Gilday 194
(Wall and Dale 1993). Similarly irXenopuslarvae, prelimi- From a behavioral viewpoint, both of these mechanisms [for
nary experiments using the GABAantagonist 2-hydroxy- terminating embryonic swimming, which are intrinsic prop
saclofen failed to detect any obvious effects on the swimmittigs of the spinal rhythm generating network, could be con
rhythm (unpublished observations). ered as a last resort. They will ensure that in the absence offany

et al. 1990), whereas in the neonatal rat, there is evidence thale 1995), although there is currently no evidence for sug
both GABA, and glycine receptor activation may be importaninechanism. However, our evidence suggests larval swim

tion (Cowley and Schmidt 1995). IKenopudarvae, GABA, from mhr neurons. In two-thirds of preparations, the ends| of
receptor activation does not appear to contribute to the miebisodes of swimming activity coincide with a barrage

nine. This finding largely rules out the possibilities thagmbryonic swim episodes following stimulation of the cem
GABAergic neurons are rhythmically active in time with thegland (Fig. ?2) (Reith and Sillar 1997). The mhr neurons i
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embryos are known to be rhythmically inhibited in time wittBracci, E., BaLLERINI, L., AND NisTRI, A. Spontaneous rhythmic bursts
the swimming pattern (Boothby and Roberts 19928.) Ce_induced by pharmacological block of inhibition in lumbar motd
. . . S . neurones of the neonatal rat spinal catidNeurophysiol75: 640—-647,
ment gland stimulation causes sufflc!enjt excitation of the ggg
mhr neurons that they overcome the inhibition, fire a burgkopi, L., DaLe, N., Giristenson J., SorRM-MATHISEN, J., HOKFELT, T.,
of action potentials, and so trigger the end of an episode oknp GrILLNER, S. Three types of GABA-immunoreactive cells in the lan|
swimming. However, the reliability of the cement gland Prey spinal cordBrain Res.508: 172-175, 1990.
stoppin athwav steadilv declines from stage 37/8 Onwal?HCHANAN, J. T. Identification of interneurons with contralateral caudal axg
pping p y. y 9 in the lamprey spinal cord: synaptic interactions and morpholdgiNeu-
and completely disappears by stage 45 (Boothby and Robgsci 47- 961-975, 1982.

erts 1992Db). By this time the cement gland itself has comaazaiets, J. R., Houssain, Y. S.,AND CLARAC, F. GABAergic inactivation of

pletely degenerated_ Thus the mhr neurons are in the procesrge central pattern generator for locomotion in isolated neonatal rat spinal

; ; ; ; ; cord.J. Physiol. (Lond.474: 173-181, 1994.
of bemg disconnected from their exmtatory afferent Inp HEN, A. AND HARRISWARRICK, R. M. Strychnine eliminated alter-

from the cement gland. This situation ra|s¢s the importa %ating motor output during fictive locomotioBrain Res.293: 164-167,
guestion of the fate of the mhr neurons during larval devel-19g4.

opment. Numerous hypothetical possibilities relate to th@wiey, C. anp SchmipT, B. J. Effects of inhibitory amino acid antago
general problem of what happens to a set of neurons whefists on reciprocal inhibitory interaction during rhythmic motor activit
their function at one stage of development disappears the in vitro neonatal rat spinal cord. Neurophysiol74: 1109-1117,
later stages. First, the_neurons CO_UId degener?te- Se_cond, € N. Reciprocal inhibitory interneurons in théenopusembryo spinal
neurons could be retained for a different function. Third, thecord and their role in the activation of swimming. Physiol. (Lond.B63:
neurons could be deployed in the same role but becom&l1-70, 1985.

activated via new or different routes. For the mhr neurof¥LE. N. anD GiLbay, D. Regulation of rhythmic movements by purinergi

. o - neurotransmitters in frog embryoNature 383: 259-263, 1996.
we propose that the third pOSSIbI|Ity app“es' Immunocytcb_ALE, N., OTTERSEN O. P., PBERTS A., AND STORM-MATHISEN, J. Inhibitory

chemical _Studie_s indicate that the mhr neurons are present &kurons of a motor pattern generatorienopusevealed by antibodies to
stage 42 in similar numbers to stage 37/8 (Reith 1996), andlycine. Nature 226: 255-257, 1986. _ _
the electrophysiological experiments of the present Stu@yBARBIEUX, F., BRUNTON, J., AND CHARPAK, S. Effect of bicuculline on

: : : thalamic activity: a direct blockade of I-AHP in reticularis neuroriedNeu-
suggest that they continue to function in the same role,rophysiowg: 20112918, 1998.

namely in the termination of locomotor activity. The iImpOryg srece J. C. Ultrastructural evidence for GABAergic brainstem proje
tant distinction between the function of the mhr neurons attions to the spinal motoneurones in the rat.Neurosci.11: 159-167,
the two stages is that early in development they are activated991. )

exclusively by afferents of the cement gland, whereas JopiAs, P., BSCHOFBERGER J., AND SANDKUHLER, J. Corelease of two fast

lat t th tivated b It i tral neurotransmitters at a central synapSeience281: 419—-424, 1998.
ater stages they are activate y alternative central paj IEuwkoOP, P. D.AND FABER, J. Normal Tables of Xenopus laevis (Daudin

ways that have yet to be discovered. This developmentahmsterdam: North Holland, 1956.
transition in the function of the descending GABA pathwager, C. A. GABAergic modulation of locomotor rhythmicity during post
provides the tadpole with a method of terminating swim- embryonic development iXenopus laevi$PhD thesis). St. Andrews, Scot
ming “at will.” Because embryos spend much of their timgiE'a”d’ UK: University of St. Andrews, 1996.
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hanging motionless from their cement glands while larvalyyring swimming inXenopus laevidarvae (Abstract)J. Physiol. (Lond.)

animals become free swimming, the change in the functiorugs: 186pP, 1995.
of the mhr neurons may be more appropriate to the larv@dit, C. A. anb SiLLAR, K. T. Pre- and postsynaptic modulation of spin
Iifestyle. GABAer_gic neurotransmisiion by the neurosteroif-gregnan-a-ol-20-
one.Brain Res.700: 202—-212, 1997.
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