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Summary

Hatchling Xenopus laevigadpoles spend most of their where a weight attached to the mucus simulates the force
time attached to objects or the water surface by mucus as it hangs. Simulated attachment reduces responsiveness
secreted by a gland on the head. While attached, and spontaneous fictive swimming activity. We have
swimming activity and responsiveness to swim-initiating recorded the activity and responses of trigeminal neurons
stimuli are reduced over long periods of time. We have innervating the cement gland. They are spontaneously
investigated the mechanisms and significance of this active and simulating attachment results in a sustained
apparent long-term inhibition. In  behavioural increase in this activity. We propose that hanging from a
experiments we show, firstly, that innervation of the mucus strand increases firing in cement gland afferents.
cement gland and GABA.-mediated inhibition are  This leads to tonic GABA inhibition that reduces tadpole
necessary for attachment to reduce responsiveness, and activity and responses, and leads to fewer attacks by
secondly, that denervation of the cement gland increases predators.
tadpole activity and increases their predation by damselfly
nymphs (Zygoptera). To investigate the neuronal pathway
from the cement gland to GABA. inhibition, we have  Key words: GABA, Xenopus, tadpole, trigeminal, immobility,
devised an immobilized, inverted tadpole preparation cement gland, tonic inhibition.

Introduction

In certain behavioural states like sleep, levels of motoat rest, hanging from a mucus strand secreted by a cement
activity and responsiveness are redu&cth states may make gland on the front of the head. While attached in this way to
animals less conspicuous or function to conserve energy. Thepjects in the water or the surface meniscus, tadpoles are less
can occur with a circadian rhythm, e.g. honey bee (Kaiser armésponsive to trunk skin touch (Boothby and Roberts, 1992a)
Steiner-Kaiser, 1983), cockroach (Tobler and Neuner-Jehland dimming that excites the pineal eye (Jamieson and
1992), larval zebrafish (Zhdanova et al., 2001) and mammakRoberts, 2000). Finally, spontaneous swimming does not occur
(Glenn and Dement, 1981). Alternatively, they depend owluring attachment, but is seen in unattached tadpoles
external stimulation, for example when sucker attachmer{famieson and Roberts, 2000). The simplicity of both the
inhibits swimming in the leech (Gray et al., 1938), or footbehaviour and the nervous system of the hatchXegopus
contact inhibits flight in insects (Pringle, 1974; Kramer andadpole has been the impetus for its use in the study of the
Markl, 1978). The most widely documented state of reducedeuronal control of locomotion (for a review, see Roberts et
responsiveness is induced by restraint or postural inversioal., 1997). In immobilised tadpoles fictive swimming can be
Given many names, including animal hypnosis, toniaecorded from the motor nerves with no requirement for
immobility and thanatosis (Gallup, 1974), this state is found imnaesthesia. The sensory stimuli, which start and stop
many different species, e.g. crayfish (Krasne and Wine, 1975%wimming in the behaving tadpole, are also effective in the
stick insect (Bassler, 1983), cricket (Nishino and Sakai, 1996jictive preparation, and the neuronal pathways through which
locust (Faisal and Matheson, 2001), toad (Gargaglioni et athey act have been partially characterized (for a review, see
2001) and guinea pig (Monassi et al., 1997). Knowledge of thRoberts, 1997). Touch-sensitive neurons innervate the tail,
neuronal basis of such states of reduced motor activity artclink and head skin and their activation can initiate swimming
responsiveness is limited. Could some of them depend on toni€larke et al., 1984; Roberts and Sillar, 1990; Roberts, 1980).
inhibition within the nervous system? Swimming can also be initiated when dimming excites pineal

To investigate the neuronal basis of a state-dependeganglion cells (Jamieson and Roberts, 1999). Significantly for
reduction in responsiveness we chose the hatchling tadpole aifir study of reduced responsiveness, pressure on the head skin
Xenopus laevisThese young animals spend 99% of their timeor cement gland can stop swimming. These tissues are
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innervated by trigeminal sensory neurons, which fire irstimuli, individual tadpoles were stroked across the base of the
response to pressure and excite GABAergic midhindbraitail or on the head (Figd.B) while viewing through a binocular
reticulospinal neurons (MHRs). These, in turn, producenicroscope. Each tadpole was tested only once.
GABAa-mediated IPSPs (inhibitory postsynaptic potentials) in To test the effect of attachment on responsiveness to
rhythmic spinal neurons and cause swimming activity to stogdimming, two halogen lights (Philips PAR20, B0 50cm
(Roberts, 1980; Boothby and Roberts, 1992a,b; Perrins &bm the dish were used. One was set to full brightness and the
al., 2002; Li et al.,, 2003). Could these same pathways bather dimmed to minimal brightness. Four tadpoles at a time
responsible for long-term reductions in responsiveness?  were placed in the dish in either the unattached or attached
Our aim was to use behavioural experiments to examine thposition. To stimulate, the bright light was switched off so the
reduction in responsiveness to skin touch and to dimmindight dimmed from ~4800 to ~180ux. The light was switched
when freely behaving tadpoles hang attached by a strand of again after 5. Responses were considered to be initiated
mucus. We tested whether the sensory innervation of they the dimming if they occurred within thoss 5Each tadpole
cement gland and GABAergic inhibition are necessary fowas tested only once.
attachment to reduce responsiveness and spontaneous activity.
Since reduced responsiveness and activity during attachment Mandibular nerve lesioning
may make tadpoles less obvious to predators, we looked at theUnder anaesthetic, skin on the side of the head overlying the
effect of cement gland denervation on the predation of tadpolelistal end of the mandibular nerve was opened, enabling the
by one of their most important natural predators, Odonateerve to be seen. The nerve was then severed using two
nymphs. To investigate the neuronal basis of reduced activityngsten needles (FigC). The tadpole was re-pinned on its
and responses, we simulated cement gland attachment in atter side and the process repeated. As a control, a sham
immobilised preparation where recordings of afferent activityoperation involved making a lesion of tissue just caudal to
from the cement gland could be made over extended periodbe nerve. The tadpole was allowed to recover fomzbin
Our aim was to define the sensory input needed to induaaline prior to tests on behaviour (in saline). Testing for
and maintain the state of reduced responsiveness durimgsponsiveness began aftemb adaptation to the light

attachment. conditions (one halogen light at 6th, ~4600Lux). For each
Preliminary accounts of this work have been presentethdpole, unattached and attached tests alternated and a total of
(Lambert and Roberts, 2000a,b). five tests were done in each state.

For experiments testing spontaneous activity and predation,
the anaesthetized tadpole was placed in a groove in the Sylgard
Materials and methods base of a small dish and secured witii-shaped pin around
All experiments were carried out on stage 37X&hopus the neck region. A inm wide, chisel-like blade made from a
laevis Daudin tadpoles (Nieuwkoop and Faber, 1956), apiece of razorblade was pressed down through the tadpole in
room temperature, 20£2°C. For dissection, tadpoles wera single motion until it cut into the Sylgard layer below. To cut
anaesthetized in 0.1% MS-222 (3-amino-benzoic acid ethyhe mandibular nerve innervating the cement gland, the blade
ester; Sigma, St Louis, MO, USA) in saline, of the followingwas positioned parallel to the proximal surface of the cement
composition: NaCl, 11&moll-% KCI, 3mmoll-% CaChk,  gland. To perform a control cut, the blade was positioned level
2mmoll-}; NaHCQ, 2.4mmoll-% MgCl;, 1mmoll-1;  with the caudal edge of the eye and the most dorsal edge of
Hepes, 10nmolI-%; adjusted to pH.4 with Emol -1 NaOH. the cement gland and in a dorso-ventral direction. After
Usually tadpoles were then pinned onto a rotatable Sygardsurgery tadpoles were placed in saline for five minutes and then
block in a small bath. Swimming was initiated by stroking thanto 50:50 saline:aerated tapwater fon o allow the wound
tadpole’s skin using a hand-held mounted mouse whiskeo heal.
(15pum tip diameter). Dissection was carried out using

mounted finely etched tungsten microneedles and fine forceps. Predation
_ Damselfly (Zygoptera) nymphs, 1-XB (measured from
Behaviour the head to the base of the lamellae), were collected from a

Experiments on responsiveness were carried out in drainage canal near Bristol and identified (Brooks, 1997) as
darkroom in circular glass dishesin in diameter and filled mostly Ischnura elegansand Coenagrion puella but with
to a depth of @m with dechlorinated tapwater or saline. A some Platycnemus pennipeand Coenagrion pulchellum
piece of 0.3nm diameter wire fixed to the side of the dish wasNymphs were kept under a h212h light:dark cycle, fed on
submerged below the surface of the water. Using a wira diet ofDaphnia,starved for 3 days prior to trials and used
entangled in their cement gland mucus, tadpoles could kenly once. For testing, a nymph was transferred to a white
placed on the bottom of the dish (unattached) or attached tircular plastic dish (6.6m diameter) of aerated tapwater in
the wire via the mucus (attached; FifjA). Unless stated natural daylight. The nymph was given 13 to acclimatise
otherwise, responses to stimuli were testedriafter tadpoles before a tadpole was introduced to the dish. A video recorder
were placed in position. (Sony, Tokyo, Japan) placed & above recorded the activity

To test the effect of attachment on responsiveness to touah six dishes simultaneously.
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A Fig. 1. Diagrams of experimental setups. (A) Cross section

Cementgland \ of the dish used in behavioural experiments. Tadpoles

could be unattached on the bottom of the dish, or attached

by their cement gland mucus to a piece of wire, which was
fixed to the side of the dish. (B) Scale diagram of the
Xenopustadpole to show the location of strokes to the
head and tail used in behavioural and electrophysiological
experiments (shaded areas indicate region and arrows
indicate direction). Scale bar,mim. (C) Diagram of the
head of the tadpole showing the mandibular nerve of the
trigeminal ganglion innervating the cement gland. The site
of the lesion is shown by a dotted line. (Modified from
Roberts and Blight, 1975.) (D) Simulating cement gland
attachment. The immobilised tadpole was pinned to a
Sylgard block that was rotated so that the tadpole pointed
downwards. A weight attached to the cement gland mucus
was able to hang freely. An extracellular suction electrode
on an intermyotomal cleft monitored fictive swimming
activity from a motor nerve. Arrows show the direction of
rotation of the block.

Tungsterwire
fixed to side of
circular glassdish

q Myotomes

C D

Trigeminal ganglion
Vental root
electrode
returned to the bath and re-pinned with their right side
up and their rostro—caudal axis perpendicular to the
axis of rotation of the Sylgard block (F4D). The
skin overlying the dorsal fin and the right myotomes
was removed from the level of the 4th to the 9th post-
otic myotome (when testing responsiveness) or 1st
Weight aftached tq the_ 9th pqst-otlc myotome_ (when_ rec_ordmg
to cement dand trigeminal actlylty). The prepar_atlon was illuminated
mucus by a halogen light source and light pipe, or by a green
LED (Farnell, Wetherby, UK) with peak emission of
525nm, which is close to the wavelength of maximum
sensitivity of the pineal eye (520n; Foster and
Behavioural pharmacology Roberts, 1982). A minimum period of bin after dissection
In order to test the effect of drugs, the skin overlying thevas allowed for recovery prior to recording. To record ventral
dorsal fin and the myotomes on the right-side was removewot activity a glass suction electrode (6@ diameter tip) was
from the level of the 1st to the 9th post-otic myotome (seelaced over an intermyotomal cleft. To record trigeminal
Fig.1B). This dissection was also carried out on controhctivity, the skin, eye and meninges overlying the right
animals. Following dissection, animals were givemii@ to  trigeminal ganglion were removed. A 60 or |3 diameter
recover in saline and a furthen®n in the experimental dish glass suction electrode was placed on the ventral lobe of the
and lighting conditions. Drugs were dissolved in the saline irexposed trigeminal ganglion to record multiple- or single-unit
the dish. Responsiveness to dimming or touch was tested astivity respectively (FigdA).
above. To simulate cement gland attachment, the block was rotated
Drugs used were bicuculline methochloride, CGP-35348 ({3so the rostro—caudal axis of the tadpole pointed downwards at
aminopropyl}{diethoxymethyl}phosphinic acid), SR-95531 (6- an angle of about 70° from vertical. A length of silver wire
imino-3-{4-methoxyphenyl}-1{6H}-pyridazinebutanoic acid (0.1 mg mass) equivalent to that of a typical tadpole in water
hydrobromibe) (all from Tocris, Avonmouth, UK);NAME (0.09mg; volume 2.32nm?3, density 1.04ycnr3, Roberts et
(NW-Nitro-L-arginine methyl ester hydrochloride) amst  al., 2000) could be attached to the cement gland mucus and
NAME (NW-nitro-db-arginine methyl ester hydrochloride) (both then allowed to hang freely (FigD).
from Sigma). Responsiveness was tested by giving stimuli at intervals of
2min. Any fictive swimming was stopped within 20by
Electrophysiology pressing on the head skin with a hand-held mounted hair. Three
Anaesthetised tadpoles were pinned onto a rotatable Sylgastimuli with nothing attached to the cement gland mucus were
block in a bath perfused with saline, slit along the dorsal finfollowed by three stimuli with the weight attached, and this
and then transferred to-bungarotoxin (1umolI-1in saline; was repeated. The stimulus used was dimming of an LED
Sigma) for up to 20nin. After immobilisation, tadpoles were (500ms, from ~8000 to either ~5000 or ~150X).

Cement gaﬁd
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Chemicals used were r@moll~1 kynurenic acid, 100. A
10 umol I-1 a-bungarotoxin, 0.1% 3-aminobenzoic acid ethyl Stroke tal
ester (MS-222) and 1Q@moll-1 cadmium chloride (all 80 1
Sigma). Chemicals were either bath applied or delivere 60 |
through a multi-barrelled microperfusion system. Fine
polyethylene tubes led to a single nozzle with a tip diameter ¢ 40 ;
approximately 12um (for kynurenate) or 6@m (for MS- 20
222). One barrel contained the chemical dissolved in salini <
another contained a solution of Fast Green in saline ar § 0 : : - :
another barrel contained control saline, which was applie S 1 min Ilm'” 10min 30 min
between drug applications to prevent perfusion artefact: =
During bath application of 100mol -1 CdCh, the skin and g Unattached Atiached
meninges overlying the hindbrain and midbrain were remove S
to improve access. }%’ 100, B im lich
Electrical activity was amplified and then sewia a = 80 Dim light
CED140Dlusdigital interface (Cambridge Electronic Design,
CED, Cambridge, UK) to a personal computer where it wa 60
monitored, stored and analysed off-line using Spike2 or Signi 40
software (CED), which could also be used to control the LED
A controlled pull on the cement gland mucus was produce 201
using a loop of tungsten wire mounteth a lever to a 04 —
loudspeaker cone driven by the CED 1g@ldgdigital interface. 1 min 1 min 10 min 30 min
Individual trigeminal units, identified on the basis of spike : :
shape, were discriminated off-line, using the Spike2 templat Unattached Attached

matching function. For analysis of single unit activityn® of  Fig. 2. Cement gland attachment reduces responses to touch and light
unattached and attached activity were used. Firing rate widimming. Percentage of tadpoles responding to stimulation when
calculated as a single value: total number of spikes/total tirunattached (black bars), and at increasing times after attachment (1,
period. Interspike interval (ISI) histograms were constructed witll0 and 30min, white bars). (A) Responses to a tail stroke are
a bin width of 100ms. The coefficients of variation (CV) of the Ssignificantly reduced in all attached groups compared to unattached
ISIs were calculated (standard deviation IS/mean IS) to descrit(P<0-01 for all,x?=43, 27 and 44, d.f.=Iy corrected for multiple
the regularity of firing. Autocorrelograms were constructed front€Sts using bunn—Sidak method). (B) Responses to dimming are also
5 min of activity with 200 or more spikes (bin width 19@). reduced during attachment. With no responses after 1 aminio
Light levels were measured using an ISO-TECH ILM 350attached responses are gzrt_auped anc_i there is a significant reduction
from unattachedR<0.001,x=36.3, d.f.=1).
(RS Components, Corby, UK).
Statistical tests used are stated in the Results and we
carried out using Minitab (version 10.51) and Excel. All values
are means = standard deviatiem(). Non-parametric statistics responded after hanging, attached by their cement glands, for
were used when data failed to meet criteria of normality. 1 min (P<0.001, x2=11.09, d.f.=1). Attachment therefore
significantly reduced responses to head skin stimulation.

Results Does reduced responsiveness depend on innervation of the
Is reduced responsiveness during attachment long-lasting? cement gland?

Reduced responsiveness is not just a short-term effect of Cutting through the trigeminal mandibular nerves on each
attachment but can last for periods of attachment up to at leastle of the body removed the effect of cement gland attachment
30min (Fig.2). When tested with a tail stroke aftemin, 81% on responsiveness to tail strokes. In tadpoles with both
of unattached tadpolesN£75) responded but significantly mandibular nerves cut, responsiveness was no longer reduced
fewer responded after hanging by their cement glands fdsy attachment (unattached, 84+21% responded; attached,
1min (N=70), 10min (N=63) or 30min (N=64) (Fig.2A). 82+26%; P=0.787, W=9.0, N=10, Wilcoxon matched-pairs
Using a dimming stimulus, fewer unattached tadpolesigned-ranks test). Sham-operated tadpoles were still
responded after thin (N=24) but responses were again significantly less responsive to tail strokes when attached
significantly reduced during attachment; O%24) responded (unattached, 72+17% responded; attached, 20+F3%,006,
to dimming after both 1 and Ifin and only 4%N=24) after =~ W=55,N=10, Wilcoxon matched-pairs signed-ranks test).
30min (Fig.2B). Since cutting the trigeminal innervation of the cement gland

We also tested the responses of tadpoles to head skin toueholishes the reduced responsiveness during attachment, we
13 out of 22 tadpoles swam or flexed the trunk in response tmnclude that trigeminal sensory innervation is necessary for
a stroke to the head skin when unattached, whereas 1 out of disBachment to influence responsiveness.
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Tablel. The effect of inhibitory antagonists on the ability of cement gland attachment to reduce responsiveness of freely
behaving tadpoles to dimming

Responsiveness (%)

Control Antagonist
Antagonist Unattached Attached Reduction Unattached Attached Reduction Difference
Bicuculline (2Cumol I-1) 78+39 3+12 75£38** 90£29 60+42 30+36* 45%*
SR-95531 (2Qumol I-1) 93+18 48+37 45+33** 100 100 0 45**
Bicuculline (20umol I-)+CGP-35348 (20@mol I-)  90+16 8+18 82+20** 95+17 72+31 23+27* 59%*
CGP-35348 (20Qumol I} 98+6 38+38 60+£40** 88120 42438 46+37** 14
L-NAME (10 mmol|-1) 88+24 13+18 75423* 83+33 13+28 70£37* 5

Difference = reductiogntrol— reductioBntagonist

Values are meanssn. N=12 tadpoles were tested for each treatment exeRptME (8 tadpoles).

Significance of reduction was tested by the Wilcoxon matched-pairs signed-ranks test; significance of the difference inbetdieetion
control and antagonist by the Wilcoxon Rank Sum tést0*05, **P<0.01.

Does reduced responsiveness depend on GABAergic  Sillar (2000a) suggested that the GABAergic neurons of the
inhibition? stopping pathway (MHRs) also release NO in older tadpoles. If
If the reduced responsiveness of attached tadpoles is dueN@ is released together with GABA in the stage 37/38 tadpole,
the activity of the stopping pathway, then GAB&ediated, this may amplify the inhibition of spinal neurons during
tonic or long-lasting inhibition of rhythmic spinal neurons attachment. Using the same protocol as with GABA antagonists
will be necessary for attachment to reduce responsivenetsee above), we tested for an effect of the NO-synthase inhibitor,
(see Introduction). The effects of GABA antagonists on.-NAME, on the ability of attachment to reduce responsiveness.
responsiveness during cement gland attachment were therefdnethese experiments, drug access was improved by running a
tested in freely behaving tadpoles. Each tadpole received fitengsten needle between the myotomes and the dorsal spinal
stimuli while unattached and five while attached by its cemertord in the region where the skin had been removed. An inactive
gland, with unattached and attached tests alternating. Removyatm of NAME, p-NAME, was used as a contra-NAME
of a section of skin over the trunk muscles allowed bath-applied 0 mmoll-1) had no significant effect on the responsiveness
drug access to the nervous system. reducing effect of attachmer®£0.956, see TablE).
Dimming was used as a stimulus in most tests because it can
be controlled precisely. Tadpoles from the same batch of egdoes activity increase when the cement gland is dennervated?
were tested in control salin®£12) or saline containing an  If GABA a-mediated inhibition is activated while tadpoles
antagonistl=12). The effect of antagonists was measured aang from their mucus strand, this might be expected to reduce
the difference between the reduction in responsivenespontaneous movements. At stage 37/88nopustadpoles
produced by attachment in control medium (con) and théang attached for 99% of their time and do not move while
reduction produced in the presence of an antagonist (ardgttached (Jamieson and Roberts, 2000). We therefore
difference=reductioppn—reductionn). This difference was compared the activity of sham-operated tadpoles with others
significant in the presence of GARAantagonists (Tablgé):  where the cement gland was denervated by cutting the
bicuculline (20umol 11, P=0.0072), SR-95531 (20mol I-L; maxillary nerve. Tadpoles were placed in a dish of
P=0), and bicuculline (2fimol I-1) together with the GABA  dechlorinated tapwater and allowedmf to acclimatise.
antagonist CGP-35348 (2@@nol I-1; P=0.0002). In contrast, Activity was then observed and all flexions and swimming
the GABAg antagonist CGP-35348 (2@inoll-1) alone movements timed to the nearest second for a total ofiB0
produced no significant differencé®50.4079). Swimming Movement of control tadpoles occurred only when they were
can also be initiated by a stroke across the base of the taibt attached, either lying on the bottom of the dish or when the
with a hand-held whisker. Attachment normally reducedcement gland mucus strand had broken. They then swam briefly,
responsiveness to this touch stimulus from 90+10% to 32+18%topping as soon as they contacted the side of the dish or the water
(P=0.003; not shown), but in the presence of GABA surface. In contrast, denervated tadpoles could start and continue
antagonist SR-95531 (20noll-1) the reduction was swimming while attached. When swimming freely, they often did
insignificant, from 88+18% to 85+21%P£0.371; N=12, not stop on contact with the side of the dish but swam along it
Wilcoxon matched-pairs signed-ranks test). These resulfsr prolonged periods. Over a &tin period control tadpoles
suggest that the reduced responsiveness during attachmemdde, on average, no movements (median=0, interquartile
depends on tonic inhibition acting primarily through GABA range=2N=44) whereas denervated tadpoles made 2 movements
receptors. (median=2, interquartile range=1=44). This increase in the
Nitric oxide (NO) can facilitate GABA inhibition in  number of movements, from O tdatipole h~2, was significant
Xenopustadpoles (McLean and Sillar, 2000b). McLean and(W=2409.5P=0.0002; Wilcoxon rank sum test). The duration of
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activity also increased significantly in denervated tadpoles, fror A _
0 to 8stadpole? h1 (W=2424.0,P=0.001; data not shown). Dim

LED —\_—_!
Does predation increase when the cement gland is Unattached

denervated? vr WMMMWMM«

What is the significance of the normal inhibition of tadpole
responses and activity while they hang attached? One possibil
is that tadpoles that do not move will be less likely to be detecte LED
and eaten by predators. Odonate nymphs are important predat ——1___1

of many larval anuran species (Lawler, 1989; Skelly anc Weight attached
Werner, 1990; Chovanec, 1992) and have been observed in 1 VT s v s bl
same ponds asenopugadpoles in South Africa (Alan Roberts,
personal observation). We therefore used damselfly nympt 0.Lmv |—
(Zygoptera) to compare the predation of control tadpoles t 1s
those with denervated cement glands. Although the species us 120, B
in this study are native to Europe and therefore not a natur 1004
predator oXenopus laevjgreliminary studies showed that they =1
catch and eXenopugadpoles, especially if the tadpoles move. E 80

We placed individual control or denervated tadpoles with : ‘g; 60 1 -
single nymph and made video recordings to monitor attack: S 40
During a 2h observation period, 28 out of 44 control tadpoles g 20 I
were eaten and this number increased significantly to 36 o~ &

of 44 in denervated tadpolex?€3.77, d.f.=1,P<0.05). This 04 : '

suggests that one selective advantage of the reduction Unattached Attached
responsiveness and spontaneous activity that occurs wh
tadpoles are attached might be to reduce predation. 2 057 C
Does simulated attachment reduce responses in immobilise § 0.4+
tadpoles? é

To investigate the neuronal pathways and mechanisms fi gq’u‘ 0.3
reduced responsiveness during attachment we devised a n %-E
tadpole preparation. Immobilised tadpoles were pinned hee 5 — 0.2 *
down and a weight was attached to the cement gland muc =)
strand to simulate the attached state (Fig). Responsiveness % 01
was tested using dimming stimuli, which are more controllable T 0
and repeatable than touch. Fictive swimming responses we Unattached Attached

monitored by recording activity in the motor nerves going tc
the trunk muscles (FigA). Fig.3. Simulated cement gland attachment reduces responses to
Before testing, the threshold dim level was first determinedimming and spontaneous swimming of immobilised tadpoles. A
for one tadpole in each of the two batches of tadpoles testeSuction electrode on the motor nerve or ventral root (vr) records
The lower level of the dimming was reduced until 4 or 5 oyfictive swimming. (A) Examples of figtive responses to a dim (LED).
of 6 dims initiated fictive swimming. This threshold level was//"en unattached, rhythmic bursts in the vr indicate that swimming
assumed to be similar for all tadpoles in the batch being teste'S Mtated, but with the weight attached there is no response,
Weight attachment significantly reduced the percentage ((B) Percentage of gllms initiating flctlye swimming in the unattached
o . . . (black bar) and weight attached (white bar) states. Values are means
f'Ct'V.e swimming responses to a threshold dlm.from 781_25°/+ s.0. (N=16). Weight attachment significantly reduced the % of
of dims in the unattached state to 23+21% in the WEIghireSponses to dimming (P<0.001). (C) The frequency of
attached state (FigB; P<0.001,W=136.0,N=16, Wilcoxon  spontaneous fictive swims measured ovemiin the unattached
matched-pairs signed-ranks test). (black bar) and weight attached (white bar) states (meass.+
N=12). Weight attachment significantly reduces the number of
Does weight attachment reduce spontaneous swimming inspontaneous swims®=0.009).

immobilised tadpoles?
As in the freely behaving tadpoles (Jamieson and Robert
2000) spontaneous fictive swimming activity was present iffhis was repeated, giving a total of hin for each state. Each
immobilized tadpoles. The occurrence of spontaneous fictive min recording began min after either attaching or removing
swimming was recorded overmain with no weight attached, the weight. All spontaneous swims were stopped withis 20
followed by Smin with a weight attached to the cement glandby pressing the head skin with a hand-held mounted hair.
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A Fig.4. Multiple-unit activity in trigeminal sensory neurons
innervating the cement gland is increased by attaching a weight to
the mucus strand. (A) Diagram of the head end of the inverted
Brain tadpole preparation. The weight attached to the cement gland mucus
simulates attachment. Multi-unit activity is recorded by a suction
electrode on the trigeminal ganglion. (B) Examples of a 8Qration
Trigeminal multi-unit recording showing spontaneous spike activity in the
electrode unattached state and increased activity when the weight is attached.
(C) Combined results from 7 animals showing a sustained increase in
trigeminal activity over a 6fnin period of weight attachment and a
return to control levels after the weight is removed. Activity is

Ventral Dorsal

Cement
gland

Weight attaded , : : ;
to c%entgland measured as the number of spikes in eac's @riod and is
mucus normalised relative to that at 2%n for each recording. Values are
means 4s.D.
B

play over the longer periods of time for which we have
Unattadiec demonstrated the effects of attachment. To determine whether
cement gland mechanosensory neurons in the trigeminal

ganglion could sustain firing during prolonged attachment we

Weight hung a weight from the cement gland mucus of immobilised

atahed tadpoles in a head-down position and recorded trigeminal
activity (Fig.4A).
Multi-unit activity was recorded from cement gland
Unattadec mechanosensory neurons for3periods at intervals ofrain.

In the unattached state, spontaneous activity was recorded
05 mv| (Fig. 4B). After 2Emin, a weight was attached to the cement

gland mucus where it hung freely forhlbefore being
removed. When the weight was first attached there was a
transient peak in activity. Increased activity was then sustained

5s

Weight attaced

S| 5.C for the whole 60nin period of attachment before returning to
g 4 the previous unattached level after the weight was removed.
S The number of spikes in each 8@ecording was counted and
g § 3 activity in 7 animals normalised, by dividing each count by the
& § 2 count at 25min (immediately before weight attachment) in the
g same animal (FigdC). Linear regression over the Bn
5 1 i i i I I I i period of attachment showed no significant relationship
= 0 between activity and timeP§€0.642, F=0.218, r2=0.002).

0 5 10152025 30354045 5055606570758085 90 However, there was a significant increase in activity during

Time (min) simulated attachmenP£0.000,F=22.54, d.f.=2,20, repeated-

measures ANOVA after grouping the activity from O ton2h
(unattached) and from 30 to &%in (attached)).
The frequency of spontaneous swimming episodes was
0.23+0.21swimsmin! when no weight attached. This What is the activity of single trigeminal units during
frequency was significantly reduced to 0.06+G@8msmin-1 attachment?
with a weight was attached to the cement gland @dy. Multi-unit recording has the advantage that recordings can
P=0.009, W=45.0, N=12, Wilcoxon matched-pairs signed- be maintained for long periods of time. However, it did
ranks test). not allow us to determine whether the same neurons are
responsible for spontaneous activity in the unattached state and
Does simulated attachment result in a sustained increase inncreased activity in the attached state, or what the firing rates
trigeminal activity? were for individual neurons. When smaller electrodes were
Previous studies showed that cement gland mechanosensoised, all individual units N=20 in 15 tadpoles) showed
neurons are spontaneously active and fire a brief burst gpontaneous activity, a transient increase in firing frequency
impulses in response to brief distortion of the cement glandhen the weight was attached, and a long-term increase in
(Roberts and Blight, 1975; Boothby and Roberts, 1992a). Thidischarge during weight attachment (5.
activity was only recorded for a few seconds and so could not To study the irregular pattern of discharge in the trigeminal
be used to predict what role cement gland sensory neurons msgnsory units, we recordedrbn of unattached (spontaneous)
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Fig.5. Spontaneous activity of §
single trigeminal units and = ‘ . ‘
responses to the attachment of a ! ‘ ”H " e HH“ “ “” ‘”‘ !
weight to the cement gland mucus.
(A-C) recordings from 3 units
(lower  traces)  with  the 10004 C - 1000
instantaneous  frequency  plot 100 - M - 100
(logarithmic scale) of each unit 12: T e m ol et :%0
shown above the recording. 01- o o - ' o toa
Spontaneous activity is followed 0.01 - -0.01
by an initial transient response to Ll Ll - | T 1T
attachment of the weight before o T \ L A
firing levels out to a rate greater
than spontaneous activity. Weight attatied

activity followed by 5min of weight-attached activity, bathing medium, which blocked all muscular responses
excluding the first 38 after weight attachment to eliminate the (therefore presumably synaptic transmission; Roberts and
transient response (Fi@). Linear regression of the summed Blight, 1975), or by kynurenate, an antagonist of glutamate
total number of spikes every 30during the 3nin of the receptors (Boothby and Roberts, 1992b). We found that
attached state showed no significant effect of time on activitgxcitatory glutamatergic synaptic interactions are also not
(P>0.05) for 16 of the 20 units. We carried out further analysisequired for sustained firing in the attached state. When
of these 16 units on the assumption that their activity arosmmoll- kynurenic acid, was microperfused onto the
from a stationary process (Perkel et al., 1967). For botlrigeminal ganglion, there was no significant change in
unattached and attached activity, ISI histograms had a higiither firing rate (control=1.05+0.39z, kynurenic acid=
variance and were skewed (F&). When attached, the firing 0.99+0.46Hz,P=0.752t=0.33) or CV ISI (control=1.06+0.24,
rate was significantly higher (1.17+0.A&) than when kynurenic acid=1.31+0.51P=0.176, t=1.57; N=6, paired
unattached (0.28+0.3z; P=0.000,t=5.28, N=16, pairedt- t-tests), measured ovemin.

test). The high coefficients of variation (CV) for the ISIs show It is unlikely that sustained firing in the attached state was
that firing was irregular in both cases. There was no significamiue to repeated transient stimulation by the hanging weight
difference between the two (CV unattached=1.37+0.40; CVWnoving in the flow of perfused saline, since stopping the
attached=1.15+0.51;P=0.093, W=35.0, N=16, Wilcoxon flow produced no significant change in either firing rate
matched-pairs signed-ranks test). Using units that fired at legsontrol=1.70+£0.884z, no flow=1.35+0.681z, P=0.109,

200 spikes during Bin in the unattached\E2) or attached t=2.26) or CV ISI measured oveniin (control=1.02+0.20, no
(N=11) states, autocorrelograms were constructed. These didw=1.10+0.34P=0.48,t=0.80;N=4 units from 3 recordings,
not reveal any pattern in the firing other than a decreasqhiredt-tests).

probability of firing during a short periogZ00ms) after each

spike. Is sensory activity affected by efferent input?
_ _ . o We tested whether the activity of cement gland
Mechanisms underlying sustained sensory activity mechanosensory neurons was affected by synaptic input from

Previous work has shown that chemical synaptithe CNS during fictive swimming activity. A ventral root
transmission is not necessary for the transient response @fctrode monitored fictive swimming activity while another
trigeminal mechanosensory neurons to brief stimuli, since #xtracellular electrode monitored single trigeminal units
was not abolished either by a high Mgoncentration in the responding to cement gland stimulation. Dimming was used to
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Fig.6. Extracellular recording from a
single trigeminal ganglion unit in the 02mv
unattached and attached state. The .
instantaneous  frequency plot and 1 min
interspike interval  (ISI)  histogram 120
accompanying each trace were Wei = 80 Firing rate=2.38 Hz
. . eight attached S
constructed from a single unit & B g 83) 0 Cv=059
discriminated on the basis of spike shapeg .
(A) Spontaneous activity in the unattached8' 204 - 00 > 4 6 8 10 -20

state. (B) In the weight-attached statev) N
firing rate is increased. For each recordln%
the accompanying ISl histogram is &
unimodal and skewed. The coefficient ofE
variation (CV=s.0./mean IS|, measure of 2 0-
regularity) values show firing to be —
irregular. Firing rate over therin period

(total number of spikes/total time period)

is also shown.

Interspike interva (s)

initiate episodes of fictive swimming. The trigeminal units did A
not respond to the swim-initiating dim itselN£7 units LED
from 5 recordings; Figr). Activity in the unattached state |

(spontaneous activity) was also not affected by fictive L L \ \ RN T P TT
swimming. The firing rates of single units over a period of 30 I T R L

before an episode of fictive swimming (0.57+0Hf) were
not significantly different from the number in a S(eriod Vf%
during fictive swimming (0.67+0.58z; P=0.41,t=0.88,N=7 trig, 0.3mV
units from five recordings, pairdetest). vr, 01 mv 5s

Increased trigeminal mechanosensory neuron firing durin
attachment therefore appears to be independent of periphe
synaptic interactions, effects of saline perfusion and efferer LED I

inputs during swimming.

trig

trig »H Ly s e
. - . | \
What is the origin of spontaneous sensory activity? | i o

Spontaneous firing activity occurred even in the unattache vr mﬁwwmwmm

state in all units recorded from the ventral lobe of the

trigeminal ganglia, which were excited by attaching a weighrig. 7. Cement gland mechanosensory neuron unattached activity is
to the cement gland mucus. To rule out the possibility that thinot influenced by dimming (LED trace moves down), or fictive
spontaneous activity is an artefact of suction electrodswimming. (A,B) Examples from two tadpoles. Spontaneous activity
recording, we used the same technique to make single uwas recorded by an electrode on the trigeminal ganglion (trig;
record|ngs from neurons in the anterior lobe of the tr|gem|neve|’tlcal scale bar, OSIV) and a ventral root electrode monitored
ganglion, which innervate the head skin and do not shoyictive swimming activity (vr; vertical scale bar, OMv).

spontaneous activity (Roberts and Blight, 1975). These het

skin mechanosensory neurons were excited by broad pressumechanosensory neurons is unlikely to be an artefact of suction
to the head skinN=5) but showed no spontaneous activity.electrode recording.

This indicates that the spontaneous activity of cement gland Spontaneous activity in cement gland mechanosensory
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Fig. 8. Blocking impulses generated
receptor endings with anaesth
abolishes the spontaneous activity
cement gland mechanosensory neur

(A) Diagram of the preparation. / Microperfusion

electrode on the trigeminal gangli \ ilson cement gland
recorded  multi-unit  activity. > L %\A mucus
microperfusion nozzle was positioned Flow of bah /

the microperfusate flowed over the di: saline perfusion Cement

end of the mandibular nerve and gland
cement gland. The flow of the bi
perfusion ensured the microperfusate
washed away and did not contact Control MS-2220nto Wash
trigeminal ganglion. Microperfusion g mendibularnerve
tri

anaesthetic (0.1% MS-222) onto

; . ) ; I L

distal mandibular nerve as it innerve gt 1 ’

the cement gland produced the follow pull

effects. (B) MS-222 abolished t NS NS

trigeminal response (trig) to pulling t
cement gland mucus. Tungsten v

C
mounted in a glass capillary iS attac  trigHegeefthhopeisfiien HWH.WWHTWHH
by a lever to a loudspeaker cone, T W‘ ! \ HHHWH I ’

input to which is shown (pull). Tt

tungsten wire pulls on the cement gl

mucus when the line (pull) moves do ¢ 05mVv

Horizontal scale bar, 2% (C) MS-22: D

abolished spontaneous activ  trig Ve A

Horizontal scale bar, 68 (D) MS-22: 25s (B)
did not abolish the antidromic spik ggrsns Eg))

produced by a 300s stimulus pulse 1
the hindbrain (at arrows). Subthreshold stimulation (thin line) is shown together with a response (thick line). After \ifalst8ag2@ by
switching microperfusion to saline, spontaneous activity returned. Horizontal scale ver, 14

neurons does not depend on chemical synaptic input from thiee distal end of the mandibular nerve and did not contact the
CNS as it persisted when 1ol I-1 CdCh was bath-applied trigeminal ganglion. During microperfusion of control saline,
to the whole animal. 100mol I-1 CdCk can be presumed to cement gland mechanosensory neurons responded to pulling
block chemically mediated neurotransmission (cf. Perrins andn the cement gland mucus by firing a burst of impulses
Roberts, 1995; Zhao et al., 1998) and, after application, fictive~ig. 8B). The neurons were also spontaneously active
swimming failed to occur in response to dimming. The firing(Fig. 8C). Current pulses (100 or 308) delivered to the
rate of individual units over Bin of unattached activity in hindbrain at the level of the 5th/6th rhombomere using a glass
control saline (0.53+0.48z) was not significantly different suction electrode (100m diameter tip) were able to backfire
from that over 5nin, beginning 5nin after bath application of the trigeminal neurons (Fi§D) as their axons descend to the
100umol I-1 CdCh (0.64+0.37Hz; P=0.14,t=1.69,N=7 units  caudal hindbrain (Hayes and Roberts, 1983). Switching to
from 5 recordings, pairedtest). microperfusion of 0.1% MS-222 abolished both the response
Does spontaneous activity arise in the peripheral sensotg pulls on the cement gland mucus and spontaneous activity
endings or within the somata lying in the trigeminal ganglion®Fig. 8B,C), but current pulses to the hindbrain were still able
The mandibular nerve is approximately 408 long and to backfire the neurons (Fi§D). After returning to control
connects the trigeminal ganglion to the cement gland. Thisaline, spontaneous activity returned. These results suggest that
separation allowed local perfusion of anaesthetic to block angpontaneous activity arises in the peripheral receptor endings
impulses generated in the receptor endings in the cement glaoflthe sensory neurons.
without affecting the ability of the somata to fire impulses
(Fig.8A). Solutions were microperfused onto the distal
mandibular nerve and cement gland. The flow of the bath saline Discussion
perfusion washed the microperfusate away and, by using theWe have shown that the reduced responsiveness produced
dye Fast Green, it could be seen that the flow was restrictedlby cement gland attachment is a long-term effect, present
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at least 30min after attachment begins. Presumablywhen a weight is initially attached so cement gland mucus
responsiveness is reduced while attachment lasts, amehsion is increased, and show a sustained increase in firing
sometimes this may not be for very long. When not disturbedate while the weight remains attached. Our experiments
the tadpole’s cement gland mucus breaks on average evenglicate that the receptor terminals of trigeminal sensory
17min and tadpoles then swim and reattach (Jamieson améurons lying in the cement gland (Roberts and Blight, 1975)
Roberts, 2000). Our behavioural experiments show that thare excited directly by tension in the mucus strand secreted by
trigeminal innervation of the cement gland is necessary fahe gland.
attachment to reduce responsiveness and spontaneous activityThe responsiveness reducing effect of attachment was
We can therefore confidently identify the population ofabolished by the potent GABA antagonist SR-95531
trigeminal sensory neurons that provide the afferent inpufHeaulme et al., 1986), and significantly reduced by the
needed because only one identified class of mechanosens@pBAA antagonist bicuculline. Attachment still had a
neuron innervates the cement gland (Hayes and Roberts, 1988pnificant effect on responsiveness in@dol I-1 bicuculline,
What sensory information comes from the cement gland gfrobably because it was not blocking all GABfeceptors.
the Xenopugadpole while it hangs at rest from mucus secretedhe effectiveness of SR-95531 makes it unlikely that the
by the gland? We have demonstrated that trigeminal cemeeffects of bicuculline are due to the known non-GABA-
gland mechanosensory neurons show sustained impulseceptor-mediated effect of bicuculline, which can also block
activity at a frequency nearHz during simulated attachment. calcium-activated potassium channels (Seutin and Johnson,
Although it was known that these sensory neurons fire i1999). We conclude that GABAinhibition is necessary for
response to an increase in cement gland mucus tensitime reduction in responsiveness during attachment. It is also
(Roberts and Blight, 1975), it was not known whether theynecessary for the stopping response, where the cement gland
could sustain firing over long periods. Multi-unit recordingsis transiently stimulated when the freely swimming tadpole
show increased activity during simulated attachment, and thiontacts an obstruction (Boothby and Roberts, 1992b). In
is sustained for at least 8@in. We are therefore confident that response to pulling on the cement gland mucus or pressing the
cement gland sensory afferents can sustain low levels aement gland, trigeminal mechanosensory neurons fire a burst
increased activity throughout most periods of attachment in thaf impulses (Roberts and Blight, 1975; Boothby and Roberts
freely behaving tadpole. One of the surprises of our stud$992a). This leads to the termination of swimming activity: the
is that during the first day of the tadpole’s life thesestopping response. Present evidence suggests that the axons of
mechanoreceptor afferents are probably active nearlthese trigeminal sensory neurons release glutamate to excite
continuously. inhibitory reticulospinal neurons that, in turn, inhibit rhythmic
Although there are many examples of behavioural states gpinal neuronvia GABAa-receptors (Boothby and Roberts,
reduced activity and responsiveness that are induced @&B®92b; Perrins et al., 2002; Li et al., 2003). Our conclusion that
maintained by an external stimulus (Gray et al., 1938; KrameBABAa-mediated inhibition is necessary for attachment to
and Markl, 1978; Krasne and Wine, 1975; Nishino and Sakaieduce responsiveness supports the proposal that the same
1996; Faisal and Matheson, 2001), the current study is, wW@ABAergic reticulospinal neurons are responsible both for
believe, the first example where the sensory neurons detectisppping swimming activity when the head first contacts
the external stimulus and thus evoking the reduction isupport (Perrins et al., 2002), and for reducing responsiveness
responsiveness, have been identified. This has allowed usdaring attachment.
define the pattern of sensory activity that results in reduced Tonic inhibition mediated by GAB# receptors occurs in
responsiveness. The simple behaviour and nervous systemather systems (Hao et al., 1994; Lin et al.,, 1996). Since
the hatchling Xenopustadpole has been the key to this. Xenopustadpole spinal neurons also have GABFeceptors
Responsiveness is reduced while tadpoles are attached by th#ifall and Dale, 1993, 1994), they could contribute to the
cement glands and this behavioural state can be simulatedlomg-term inhibitory effects of attachment by raising the
our immobilised preparation. firing threshold of spinal neurons. However, we found that
The mechanoreceptors that innervate the cement gland mhlocking GABAg-receptors with 20Qmol -1 CGP-35348
serve two functions. Firstly, by firing a short burst of activity,(an antagonist known to be effective Xenopustadpoles;
they inform the tadpole that it has contacted support and showdall and Dale, 1993) had no significant effect on the
stop swimming (Boothby and Roberts, 1992a). Secondly, byesponsiveness-reducing effect of attachment.
firing continuously at low levels (~Hz) during attachment, Our evidence suggests that GAB#hibition plays a major
we have shown that they give the tadpole continuousole inreducing responsiveness when tadpoles are attached, but
confirmation that it is hanging attached to its mucus strandhe possibility that other neurotransmitters are also involved
These separate functions could be served by two populationannot be excluded. Nitric oxide (NO) is present in the tadpole
of trigeminal sensory neurons. However, our evidence does nbindbrain (McLean and Sillar, 2001; Lopez and Gonzalez,
support this proposal. In contrast, the activity of single unit2002) and may facilitate GABAergic IPSPs (McLean and
suggests that trigeminal cement gland mechanosenso8ijllar, 2000b, 2002). However, at stage 37/38, a role for NO
neurons form a homogenous population. They all haven facilitating tonic inhibition was not supported by our
irregular spontaneous activity; fire a transient burst of impulsesbservation that blocking NO production wittNAME failed
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to have an effect on the ability of attachment to reducguite unexpected that reduced activity appears to result from
responsiveness. Neurons containing 5-HT are present in tleentinuous, tonic, sensory stimulation and continuous, tonic
raphe nucleus of stage 37/38 tadpoles (Van Mier et al., 1986)hibition during attachment. This means that for its first day
and 5-HT has been shown to block initiation of swimming byout of the egg the tadpole is tonically inhibited for 99% of the
both skin stimulation and dimming (Sillar and Simmers, 1994time. Is this long-term tonic inhibition an unusual feature of
Jamieson, 1997). 5-HT inhibition of responsiveness to skithe hatchling tadpole, or could it be more widespread?
stimulation involves presynaptic inhibition of primary afferentUnfortunately, few cases have been studied in sufficient detail,
neurons (Sillar and Simmers, 1994) and an increase in theip data is lacking, but in the crayfish, tonic inhibition that leads
firing threshold (Sun and Dale, 1997). This presynaptic actioto reduced responsiveness has only been reported under
of 5-HT contrasts with the postsynaptic action of GABAergicparticular behavioural conditions such as during feeding or
inhibition on spinal CPG neurons during the stopping respongghysical restraint (Vu and Krasne, 1993).

(Li et al., 2003) and, as we now propose, during attachment.

5-HT is known to have effects on CPG neurons but these areWe should like to thank Derek Dunn, Julie Hansen and
excitatory, increasing the duration and intensity of motor burstsinda Teagle for technical assistance. We are also very
in swimming episodes through presynaptic inhibition ofgrateful to the University of Bristol for providing a
glycine release from interneurons within the CPG (McDearmighostgraduate scholarship to T.D.L. The experiments reported
et al., 1997). The possible involvement of 5-HT in thein this paper comply with the regulations of the Home Office
inhibitory effects of attachment remains to be investigated. in the United Kingdom.
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