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Abstract

Xenopus laevis has a lateral line mechanosensory system throughout its full life cycle, and a previous study on prefeeding stage
tadpoles revealed that it may play a role in motor responses to both water suction and water jets. Here, we investigated the
physiology of the anterior lateral line system in newly hatched tadpoles and the motor outputs induced by its activation in
response to brief suction stimuli. High-speed videoing showed tadpoles tended to turn and swim away when strong suction was
applied close to the head. The lateral line neuromasts were revealed by using DASPEI staining, and their inactivation with neo-
mycin eliminated tadpole motor responses to suction. In immobilized preparations, suction or electrically stimulating the anterior
lateral line nerve reliably initiated swimming but the motor nerve discharges implicating turning was observed only occasionally.
The same stimulation applied during ongoing fictive swimming produced a halting response. The anterior lateral line nerve
showed spontaneous afferent discharges at rest and increased activity during stimulation. Efferent activities were only recorded
during tadpole fictive swimming and were largely synchronous with the ipsilateral motor nerve discharges. Finally, calcium imag-
ing identified neurons with fluorescence increase time-locked with suction stimulation in the hindbrain and midbrain. A cluster of
neurons at the entry point of the anterior lateral line nerve in the dorsolateral hindbrain had the shortest latency in their
responses, supporting their potential sensory interneuron identity. Future studies need to reveal how the lateral line sensory in-
formation is processed by the central circuit to determine tadpole motor behavior.

NEW & NOTEWORTHY We studied Xenopus tadpole motor responses to anterior lateral line stimulation using high-speed vid-
eos, electrophysiology and calcium imaging. Activating the lateral line reliably started swimming. At high stimulation intensities,
turning was observed behaviorally but suitable motor nerve discharges were seen only occasionally in immobilized tadpoles.
Suction applied during swimming produced a halting response. We analyzed afferent and efferent activities of the tadpole ante-
rior lateral line nerve and located sensory interneurons using calcium imaging.
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INTRODUCTION

Aquatic vertebrates including fish and amphibians use the
distributed mechanosensory lateral line (LL) system to sense
hydrodynamic disturbances (1–4). The LL system provides
an important sensory mode for animals to conduct rheotaxis
(facing into and swimming against a current) (5–8), preda-
tion avoidance and escape (9–12), prey detection (13–15), and
schooling (16–19). The LL mechanosensory neuromasts can
be either located superficially in the epidermis or embedded
in the lateral line canals (20). Superficial neuromasts are

found in both amphibians and fish, whereas canal neuro-
masts are exclusive to fish (3, 21). Hair cell ciliary bundles in
the neuromasts act as mechanotransducers (22). These con-
sist of a single kinocilium and many stereovilli embedded
inside a gelatinous cupula that bend with water flow (1, 23).
The LL information enters the brainstem via two cranial
nerves, the anterior lateral line nerve (aLLN) innervating the
head region, and the posterior lateral line nerve (pLLN)
innervating the trunk. Both project to a conserved nucleus in
the dorsolateral medulla, the medial octavolateralis nucleus
(MON) (24–30).
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All anuran tadpoles possess a lateral line system before
metamorphosis but only some species, like Xenopus laevis,
retain it into adulthood (31, 32). Their LL system all have two
orbital and three mandibular LL nerves, as well as trunk and
tail LL nerves, with the mandibular LL nerve exhibiting
more interspecific variation (33). The neuromast size, and
number and organization of hair-cells, vary between species
of Anura (33). Both receptor organs and sensory neurons of
the LL develop from progenitor cells deposited by five LL
placodes derived from the dorsolateral placode (34, 35). For
X. laevis, LL neuromasts first appear in stage 32 tadpoles (9,
31, 32). Unlike the adult neuromasts covered by a gelatinous
cupula (36), it is thought that the cupula has not yet formed
in early tadpole stages (9). Activation of the lateral line sys-
tem in X. laevis tadpoles can initiate escape responses fol-
lowed by swimming (9) and rheotactic behavior in older
tadpoles (8).

With the exception of escape responses mediated by
Mauthner (M) and M-homologue cells, understanding of
how the central neuronal circuit processes the LL informa-
tion and determines motor outputs is limited. The organiza-
tion of the spinal circuit in X. laevis tadpoles at stage 37/38 is
one of the best understood and simplest among all verte-
brates (37–40). Moreover, tadpole sensory modalities are
limited at this stage in that only skin mechanosensory sys-
tems and the light-sensing pineal eye are functional. Other
senses including ocular vision, hearing, taste, and pain are
not developed (9). The simplicity of tadpole sensory and
motor systems presents an excellent model for studying sen-
sory information integration and motor decision-making at
an early stage in development (41, 42). In this initial study,
we investigated how the activation of the tadpole anterior LL
system affected motor outputs from both a behavioral and
electrophysiological perspective. We also analyzed aLLN
afferent and efferent activities and located potential aLLN
sensory interneurons in the brainstem with the aid of cal-
cium imaging.

MATERIALS AND METHODS
Mating between pairs of adult X. laevis was induced regu-

larly by injections of human chorionic gonadotropin (HCG,
1,000 U/mL, Sigma, UK) into the dorsal lymph sacs.
Procedures for HCG injections comply with UK Home Office
regulations. All experimental procedures on tadpoles were
approved by the Animal Welfare Ethics Committee (AWEC)
of the University of St Andrews.

Behavioral Tests

Skin touch activates Rohon-Beard sensory neurons inner-
vating the skin and induces swimming in a resting tadpole
(43). Before testing tadpole responses to suction, the animal
tail was touched with a hair to ensure it was capable of swim-
ming normally. A Toohey spritzer (Toohey Company,
Fairfield, NJ) was used to control the timing and duration of
suction, applied through a suction nozzle connected to the
Toohey spritzer outlet. The inlet of the Toohey spritzer was
connected to a glass bottle of 1,000 mL, the negative pres-
sure inside which was controlled by pumping out a set
amount of air using a 50-mL syringe. The suction level was
calculated based on Boyle’s law (Pressure1 � Volume1 =

Pressure2 � Volume2) and expressed as the difference from
normal atmosphere pressure in kPa. A valve connected/dis-
connected the bottle with the suction nozzle, which was
made of a glass pipette with an inner diameter of �1.5 mm.
This was placed close to the tadpole lying on its side at the
bottom of a 9-cm Petri dish filled with dechlorinated water.
A high-speed camera (MotionBLITZ EoSensmini, Mikrotron,
Germany) was used with MotionBLITZ Director2 software to
capture tadpole responses to suction at 500 fps. Different
suction levels were tested and for each suction setting at
least 10 trials were carried out. In particular, suction stimuli
of�0.4, �1,�2,�3, and �4 kPa and 500ms long were tested
in two configurations: in the “head-toward-nozzle” configu-
ration the head was oriented toward the nozzle, whereas in
the “tail-toward-nozzle” configuration the tadpole was
flipped, so that in this case the tail was toward the nozzle. A
turning response was defined as the tadpole contracting its
myotomes and changing its body axis orientation by �180�

outside or inside the suction pipette, whereas a flexion is
characterized as a weak body bend in the middle trunk
region, without propagating muscle contraction waves seen
in swimming. At the beginning of each experiment, tadpoles
lied at rest at the bottom of the test Petri dish in one of the
aforementioned configurations. When suction started, the
body axis could passively change and images could become
blurry due to the tadpole entering the suction nozzle at high
velocity. This made it difficult to accurately spot the first
frame when tadpoles started muscle contraction. Therefore,
the latency was here measured from the frame when water
level started to rise inside the nozzle to the frame when the
muscle contraction generated the maximal bend in the tad-
pole trunk (Fig. 1A).

Neuromast Staining and Treatment with Neomycin

To visualize the LL neuromasts in tadpole skin, an assay
by Pisano et al. (44) was adapted for use in the present study.
Tadpoles were placed in 0.2 mg/mL solution of vital dye 2-
[4-(dimethylamino)styryl]-N-ethylpyridinium iodide (DASPEI,
Sigma-Aldrich, UK) in saline for 30 min. The treatment was
carried out in darkness to prevent photobleaching and on a
rocking bed to favor the uptake of the dye. The animals were
then moved in a saline bath for 5 min to wash off the excess
dye. In all experiments hereafter, the saline was prepared as
follows: 115 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2.4 mM
NaHCO3, 1 mM MgCl2, and 10 mM HEPES, adjusted with 5 M
NaOH to pH 7.4. To identify and count stained neuromasts,
a stereomicroscope was modified with the addition of a bar-
rier filter and monochromatic LED light source at 450 nm
to allow fluorescent imaging. Tadpoles were placed in sa-
line between two recessed slides. Both sides of the head and
trunk were observed and photographed using an eyepiece
camera and DinoCapture imaging software (Dino-Lite
Europe). To enhance visualization of the neuromasts, the
original fluorescent microscopy images were converted to
gray scale by enhancing the red and yellow color channels
(Fig. 2A). All images were edited using FIJI (45) or Corel
PHOTO PAINT. All experiments were performed on newly
hatched prefeeding X. laevis larvae between developmental
stages 32–42, defined by Nieuwkoop and Faber (46). To
inactivate the neuromast hair cells, tadpoles were placed in
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a 3 mg/mL solution of neomycin (Sigma-Aldrich, UK) in sa-
line for 30 min. Tadpoles were then imaged to confirm the
loss of neuromast staining. Behavioral responses to suction
before and after neomycin treatment were documented
without videoing.

Extracellular Recordings

In this study, all electrophysiological experiments were
carried out in tadpoles at stages 37–39 (46), at a room tem-
perature of 18�C–22�C and in saline prepared as aforemen-
tioned. Extracellular recordings of motor nerve (m.n.)

activity were made using methods previously described (47).
Prior to each surgical procedure, tadpoles were briefly anes-
thetized with 0.1% MS-222 (3-aminobenzoic acid ester,
Sigma, UK) in saline for �20 s and secured on a rubber stage
in a dissection chamber using 50 mm electrically etched
tungsten pins. The pinning was performed through the noto-
chord, approximatively at the level of the 4th and 15th post-
otic myotomal segments. The dorsal fin was slit open using
an etched 200-mm tungsten needle and the tadpoles were
transferred to a-bungarotoxin at 10 mM for 20–30min, where
the opening of the dorsal fin skin facilitated the diffusion of

Figure 1. High-speed video analyses of
tadpole responses to suction at different
levels. A: single frames from a 500 fps
video showing tadpole turning behavior in
the head-toward-nozzle configuration at
10 ms intervals after water level starts to
rise inside the suction pipette (0 ms). �The
maximal bend used to estimate latencies.
B: tadpole turning and swimming inciden-
ces increase with suction strengths in the
head-toward-nozzle configuration while
suction applied to tail mainly evokes
swimming (tail-toward-nozzle, Pearson’s
chi-squared test, P < 0.01, n = 8 tadpoles).
C: the likelihood to evoke initial turning
increases at high suction levels in the
head-toward-nozzle orientation (related-
samples Friedman’s two-way analysis of
variance by ranks, P < 0.001, n = 8) but in
the tail-toward-nozzle orientation turning
incidence is lower (independent-samples
Mann–Whitney U test for �4 kPa suction
trials, P < 0.001, n = 7). D: the success rate
for tadpoles swimming out of the suction
nozzle increases with suction strength
(related-samples Friedman’s two-way anal-
ysis of variance by ranks, P < 0.01, n = 8).
E: tadpoles produce the first bend to suc-
tion consistently toward the exposed side
in the head-toward-nozzle (P < 0.05, one-
sample Wilcoxon signed rank tests to me-
dian of 100%, n = 7) but not in the tail-to-
ward-nozzle orientation. F: the latency from
the beginning of suction to the maximum
swimming bend decreases with suction
strength (related-samples Friedman’s two-
way analysis of variance by ranks, P <
0.01, n = 8). In C, E, and F, circles stand for
outliers and asterisks are for extremes. G:
the latency to the maximum turning bend
decreases with suction strength (related-
samples Friedman’s two-way analysis of
variance by ranks, P < 0.01, n = 8). H: turn-
ing bends have longer duration than swim-
ming bends (paired t test, n = 13, ��P <
0.001).
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the toxin to the neuromuscular junction for immobilization.
Once completely immobilized, tadpoles were pinned back to
the dissection chamber. Anesthetics were not used in subse-
quent procedures as tadpoles at this developmental stage are
considered insentient.

Tadpoles at developmental stages 37–39 mainly have rele-
vant sensory andmotor systems functioning to conduct sim-
ple motor behaviors like swimming, while most of the
internal organs are not developed (37). The mouth and the
digestive system are not formed, and a yolk sac occupies

Figure 2. Staining tadpole lateral line neuromasts using 2-[4-(dimethylamino)styryl]-N-ethylpyridinium iodide (DASPEI) in control and after neomycin
treatment. A: converting a color photo of a tadpole after DASPEI staining to gray scale after enhancing the red and yellow channels. B: clustering of neu-
romasts in a stage 41 tadpole (square). C: DASPEI staining of tadpoles at various stages (only eye region shown). D: neuromast counts for each side of
tadpoles at stages 32, 35, 39, and 41 (n = 10 tadpoles each, �P < 0.05 and ��P < 0.01, one-way ANOVA). E: the appearance of posterior lateral line (LL)
neuromasts. Photo shows the red rectangle area in the drawing on the top. F: DASPEI staining of stage 40 tadpoles in control, treatment with 3 mg/mL
neomycin for 30 min, and 24 h after neomycin treatment. Orientation of the tadpoles is the same in B, C, E, and F. White arrowheads point at some exam-
ple neuromasts labeled with DASPEI. Scale bars: 500 mm in A and E; 100 mm in B, C, and F.

XENOPUS TADPOLE LATERAL LINE SYSTEM

J Neurophysiol � doi:10.1152/jn.00618.2020 � www.jn.org 1817
Downloaded from journals.physiology.org/journal/jn at Univ of St Andrews Lib (138.251.135.036) on November 19, 2021.

http://www.jn.org


most of the ventral portion of the animal. In further dissec-
tions, the yolk belly was removed to improve later visualiza-
tion of the preparation in transmitted light, while the flank
skin between the 4th and 15th myotome was carefully cut
with an electrically etched tungsten needle and removed
with fine forceps to expose the underlying myotomes. The
animal was then moved to a recording chamber and re-
pinned onto a small rotatable Sylgard stage, where it was
positioned and tilted so that the rostrocaudal axis was paral-
lel to the bottom of the chamber and the dorsal side up. The
bottom of the recording dish was replaced with a coverslip to
allow bright-field illumination on an upright microscope.
Saline in the chamber was circulated at 0.5–1 mL/min. A gap
in the rubber stage allowed glass electrodes to reach both
sides of the animal trunk. Glass electrodes with a tip opening
of �60 mm filled with saline were placed on one or two mus-
cle clefts (normally between the 5th and 6th myotomes
behind the otic capsule), wherein the axons of the motoneur-
ons lie. This allowed the recording of motor nerve activity
commanding swimming. Tadpole swimming behavior is
characterized by alternating waves of lateral bending that
run from head to tail along the body length at frequencies
between 10 and 25 Hz (48). Similarly, swimming-like pattern
of m.n. bursts alternating between the left and right and
propagating from head to tail can be observed in immobi-
lized tadpoles (48). We will henceforth refer to this patterned
m.n. output as fictive swimming in this paper as we did in
previous publications for ease of description. A swimming
cycle is the period from one m.n. burst to the subsequent
one on the same side. Tadpoles are normally immotile, and
their swimming episodes can be defined by the appearing
and disappearing of the regular m.n. bursting at frequencies
between 10 and 25 Hz. The self-sustained fictive swimming
episode normally ends spontaneously after many seconds
(37, 49). Synchrony, the functional significance of which
remains undefined, is another rhythmic m.n. discharge pat-
tern where the m.n. bursts from the left and right sides take
place simultaneously rather than in antiphase and at twice
the swimming frequency (50). In these preparations, a
smaller nozzle with a diameter of �120 mm connected to the
suction device used in behavioral tests was placed �150–200
mm above the left eyecup to activate the anterior lateral line
system. Suction stimuli ranged from�1 to�7.5 kPa and were
0.5–1 s long, except in experiments on afferent activities,
where the duration of the stimulus was extended up to 10 s.
All recordings were carried out under an Olympus BX51W1
upright microscope (OlympusMicroscopy, UK).

The aLLN nerve fibers run under the skin. Following
immobilization in a-bungarotoxin, either the proximal or the
distal end of the aLLN was isolated for recordings depending
on the experimental purpose. To record the afferent compo-
nent, the aLLN was severed at its entry point to the brain-
stem while still connected to the skin peripherally. The head
skin was cut open along the midline using superfine scissors
(Vannas Scissors, WPI). From this initial slit, the skin on one
side of the head was delicately separated from the underly-
ing tissues to expose the aLLN root emerging from the dorso-
lateral wall of the brainstem. The aLLN runs parallel and
attached to the trigeminal nerve, they are just separated by a
layer of connective tissue (51). The two nerves were first sep-
arated and then the aLLN root was cut using superfine

scissors, while the trigeminal nerve was left intact. Recording
of anterior LL nerve activity was carried out by positioning
one glass electrode on the cut end with gentle suction
(��200 Pa).

To record the aLLN efferent component, the nerve was
severed distally. The aLLN is highly branched (51). Here, we
mainly referred to the dorsal ramus of the nerve innervating
the infraorbital region, where neuromasts are located at this
stage. Once the head skin was cut in themidline and isolated
from the underlying tissues as described earlier, the aLLN
fibers were separated from the trigeminal nerve and the root
of the trigeminal nerve was severed at the entry point to the
hindbrain. The remaining aLLN was cleared from the sur-
rounding tissues and the aforementioned nerve ramus was
cut distally with superfine scissors. Once the procedure on
the nerve was completed, the head skin was peeled back,
with the otic capsule removed, to facilitate the positioning of
the recording electrode. The same preparation was also used
for the electrical stimulation of the nerve.

Electrical currents with a duration of 0.5–2 ms were
applied from a DS3 Isolated Constant Current Stimulator
(Digitimer, Hertfordshire, UK) to a glass suction electrode
with a diameter of �60 mm to stimulate the aLLN. A small
LED with a 15� beam angle (C503D-WAN-CCBEB151, Farnell)
was used to shine white light onto the tadpole head. The pin-
eal eye at this developmental stage is located on top of the
forebrain and senses light intensity changes, before the eyes
have developed. In response to such changes, pineal photo-
receptors can initiate swimming (52) by activating dience-
phalic-mesencephalic interneurons, which project to the
hindbrain motor nuclei (53). We used LED dimming to start
fictive swimming in some experiments. Light dimming
through the LED, electrical stimulation through DS3, and
suction application through Toohey Spritzer were all con-
trolled by TTL pulses configured in the sampling software
Signal, through the Power 1401 board (CED, Cambridge, UK).
A fluid flow sensor (FS1012-1001-LQ, Farnell) was added to
the tubing connecting the suction nozzle. The sensor output
was amplified by 10 folds by a custom-made DC amplifier
and connected to the Power1401 inputs to monitor suction
during experiments.

Calcium Imaging

In immobilized tadpoles, the head skin was cut along
the midline using superfine scissors to minimize the
stretching and the damage to the peripheral LL organs.
The hindbrain dorsal roof was opened and some ependy-
mal cells inside the neurocoele were removed to expose
neuronal somata using a tungsten dissection needle (47).
Tadpoles were left further in 5 mM Fluo-4 AM (Thermo
Fisher Scientific, UK) saline solution for �20 min in dark-
ness. After resting the tadpole for �20 min, fluorescence
images were captured at 10 Hz using a �10 water immer-
sion lens with a Neo5.5 CMOS camera and the Andor Solis
software (Oxford Instruments, UK), around the time when
the anterior lateral line was activated by suction. Regions
of interest (ROIs) were chosen based on visible increases of
fluorescence intensity following suction during video
replay. A large blank area void of tissue was chosen to
determine background illumination, which was subtracted
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from all ROI fluorescence intensity measurements. Fluore-
scence intensities were given as change of intensity in per-
centages compared with the baseline, i.e., in the absence
of sensory stimulation or motor activity at the same ROIs.
Any fluorescence increase lower than 5% within 1 s after
suction stimulus was classified as lack of response.

Data Analysis and Statistics

Electrophysiological recordings were first analyzed using
Dataview, courtesy of Dr. William Heitler at the University of
St Andrews. Initial raw data were further processed with Excel.
All datasets were examined for normality first. Nonparametric
statistical methods were used for those without normal distri-
butions using SPSS 26 (IBM).

RESULTS

High-Speed Video Analyses of Tadpole Response to
Suction

Previous study showed that tadpoles could swim away
from suction in 40% of trials at developmental stage 37 and
in 60% trials at stage 40/41 (9). Here, we carried out a similar
test by using two different configurations and different
intensities of the stimulus.

When the tadpole was placed with its head 4–6 mm away
from the suction nozzle (head-toward-nozzle configuration)
and suction was set at�4 kPa with a duration of 500ms, suc-
tion only failed to evoke motor response in one trial. In the
remaining cases, tadpoles either turned in situ outside the
suction nozzle (before they were lifted off the bottom of
the Petri dish by the suction currents), bent their body axis
opposite to the direction of suction and swam away (turn
and swim behavior, 27± 35.32%, latency: 143.1 ± 52.1 ms, Fig. 1
and Supplemental Video 1; see https://doi.org/10.6084/m9.
figshare.16458843), or they were sucked inside the pipette
with similar turning followed by swimming out (59±30.5%,
latency: 210±40.8 ms, n = 9 tadpoles, 10–12 trials each).
Forward swimming was seen in 12± 12.9% cases, which com-
bined with water currents generated by the suction resulted
in tadpoles getting sucked inside the nozzle and remaining
inside it.

To make the suction more effective and test a wider
range of suction strengths (�0.4, �1, �2, and �3 kPa), the
tadpole was placed within 2 mm of the suction nozzle.
With suction strengths increasing from �0.4 to �3 kPa,
swimming and turning (Supplemental Video 2; see https://
doi.org/10.6084/m9.figshare.16458852) became more reli-
able (Pearson’s v2 test, P < 0.01, n = 8 tadpoles, 10–14 trials
each, Fig. 1B). The percentage of motor responses initiat-
ing with turning increased with suction intensity (related-
samples Friedman’s two-way analysis of variance by ranks,
P < 0.001, Fig. 1C). At the lowest suction level, the tadpoles
were sucked into the nozzle without any motor response, or
produced only 1–3 weak flexions (Supplemental Video 3; see
https://doi.org/10.6084/m9.figshare.16458846), or swam for-
ward. Once inside the suction nozzle, tadpole’s forward-swim-
ming could be stopped by clashing with the glass wall or
hitting the water surface (Supplemental Video 4; see https://
doi.org/10.6084/m9.figshare.16458834). The likelihood of tad-
pole swimming out of the suction nozzle increased with

suction strengths (Supplemental Video 2, related-samples
Friedman’s two-way analysis of variance by ranks, P < 0.01,
Fig. 1D). There was a decrease at �4 kPa suction, which was
likely due to tadpole swimming failing to overcome the strong
water flow. In terms of body side where the first movement
appeared (turning, swimming, or flexion), the exposed, upper
side overwhelmingly generated the first bend, regardless of
suction strengths (related-samples Friedman’s two-way analy-
sis of variance by ranks, P = 0.64, Fig. 1E). The latency for for-
ward swimming and turning decreased with suction
strengths (related-samples Friedman’s two-way analysis of
variance by ranks, P < 0.01 in both cases, Fig. 1, F and G). We
measured the duration of turning and swimming bends from
the frame of the initial yawing of tadpole head to the frame
when the front half of tadpole trunk had straightened up. The
turning bends outside or inside the suction nozzle had similar
duration (40±5.8 ms, n = 13 trials from 10 animals), which
was longer than the duration of body bends during tadpole
swimming (22±4.9 ms, n = 13 trials from 10 animals, paired t
test, P < 0.001, Fig. 1H). These results show suction stimula-
tion could initiate forward swimming or induce occasional
flexion responses at lower suction levels, whereas turning
behavior becomes common with stronger stimuli and when
the tadpole is in the head-toward-nozzle configuration.

We also tried to place the suction nozzle close to the tad-
pole tail to stimulate the lateral line hair cells sensitive to
water flow in the opposite, caudo-rostral direction (tail-to-
ward-nozzle configuration). In seven tadpoles, suction at �4
kPa evoked less initial turning responses (13 ±20%) than tri-
als with the same level of suction in the head-toward-nozzle
configuration (70±17%, independent-samples Mann–Whitney
U test, P < 0.001, Fig. 1C), with a latency of 136±62 ms. In
83±21% of trials tadpoles responded with forward swimming
(Supplemental Video 5; see https://doi.org/10.6084/m9.
figshare.16458837), which helped the tadpole swim clear of
the suction nozzle in 65 ± 32% of cases. The initial bend, ei-
ther swimming or turning, was not biased toward the
exposed side (60 ± 20%, P < 0.05, one-sample Wilcoxon
signed rank tests against median of 100%, Fig. 1E).

After the suction was released, the water level inside the
pipette normally dropped due to the gravitational pull. This
outflow of water appeared to have occasionally stopped the
swimming of tadpoles that had already turned around (e.g.,
Supplemental Video 6; see https://doi.org/10.6084/m9.
figshare.16458840). Similar stopping was also observed by
using a small pipette in front of a swimming tadpole to suck it
up (e.g., Supplemental Video 7; see https://doi.org/10.6084/
m9.figshare.16458849). This suggests that water flow in the
same direction of on-going swimming may be able to stop
swimming. We did not attempt to quantify this behaviorally
since the water flow rate and tadpole swimming were difficult
to control or track in these cases.

DASPEI Staining and Neomycin Treatment

We next aimed to count and locate the LL neuromasts
using fluorescent DASPEI staining in live tadpoles at differ-
ent developmental stages. No neuromast was visible at stage
32. Most neuromasts became visible as lone spots at stage 35
and 39 with some appearing to cluster together especially at
stage 41. In the latter case, the number of separate dots in the
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clusters was often difficult to resolve and they were counted
as one neuromast (Fig. 2B). The neuromast count increased
progressively, rising from 7.5 ±4 per tadpole at stage 35 to
13.5± 8 at stage 39, and 39± 18 at stage 41 (median ± IQR, n =
10 tadpoles for each stage, P < 0.001, one-way ANOVA, Fig.
2, C and D). Until stage 39, neuromasts were only observed
on the head, mostly arranged in a single line caudal to the
eye. At stage 39, in some cases new neuromasts began to
appear posterior to the original neuromast line (Fig. 2A). By
stage 41, neuromasts were observed surrounding the eye,
extending to the dorsal area (Fig. 2C). At this stage, the poste-
rior LL neuromasts also started to appear in a single line
down the trunk, but never reaching the tail (Fig. 2E).

Aminoglycoside antibiotics like gentamycin and neomy-
cin have been used in many studies to disable the lateral line
hair cells (54, 55). To verify if the swimming and turning
responses were initiated by the activation of tadpole LL sys-
tem, neomycin was used to inactivate the neuromasts. After
exposing tadpoles to 3 mg/mL neomycin for 30 min, DASPEI
staining did not label any neuromasts (n = 5 tadpoles, Fig.
2F). After 24-h rest period, a mean of 28± 5.25 neuromasts
from both left and right sides were detected using DASPEI
labeling for the second time (n = 5 tadpoles), indicating some
recovery of the LL neuromasts. The location of these neu-
romasts was similar to that in control tadpoles but staining
did not appear as intense as before the treatment (Fig. 2F).
Behaviorally, neomycin-exposed tadpoles lost both swim-
ming and turning responses to suction and were passively
sucked inside the nozzle. Their probability of swimming
free of the nozzle at stage 40 (suction: 4 kPa, 500 ms)
decreased from 60± 6.3% to 0% and showed no recovery
24 h after having been transferred to normal saline (n = 5
tadpoles, 5 trials per tadpole in each condition). However,
tadpoles responded to touch stimulation with swimming
(100%, 5 trials in each condition) both immediately after
neomycin treatment and after 24-h rest period. This loss of
motor response to suction showed conformity with a pre-
vious study, where tadpoles with skin abrasion caudal to
the eyes or treatment with lower concentrations of neomy-
cin reduced their swimming responses to water jets (9),
indicating a role of the lateral line system in mediating the
observed behavior.

Activating the Lateral Line System in Immobilized
Tadpoles

Having located the neuromasts and established that the
activation of the LL system is responsible for swimming and
turning behaviors in young tadpoles, we tried to characterize
these motor outputs observed behaviorally using electro-
physiology in immobilized preparations. The suction nozzle
used in the behavioral tests could easily move the tadpole
head and activate other skin mechanosensory pathways
since the tadpole was pinned down on its side to the Sylgard
platform. Therefore, we chose to use a much smaller nozzle
(diameter �120 mm) and positioned it close to the eyecup to
activate neuromasts locally, while simultaneously recording
the motoneuron outputs. This allowed us to determine
whether we could identify any discharge pattern compatible
with the results we obtained in the behavioral experiments
(Fig. 3).

Behavioral tests showed that tadpoles consistently bent
toward the exposed side initially, starting either swimming
or turning followed by swimming. In 16 immobilized tad-
poles, the initial m.n. bursts to suction stimulation showed
sidedness in individual tadpoles, but not on the whole. Eight
tadpoles generated bursts preferentially on the stimulated
left side (Fig. 3B), whereas the other eight tadpoles showed
increased initial bursting on the contralateral side compared
with spontaneous swimming (11–25 trials each, both paired t
test, P < 0.05, Fig. 3C). The latency of the initial m.n.
responses from the start of suction also shortened with
increased suction strengths in 10 of 16 tadpoles (linear
regression, P < 0.05, Fig. 3, B and D), similar to what was
observed in high-speed videos. As we showed in the high-
speed videos, a turning muscle contraction lasts longer than
a swimming contraction (e.g., Supplemental Video 2, Fig.
1G), presumably driven by prolonged discharges in the
motor nerves. Although in behavioral experiments the per-
centage of turning increased with suction strengths, the ini-
tial m.n. activity lacked a similar progression from clear
swimming rhythms to prolonged one-sided bursting impli-
cative of turning when the suction strength was increased
(n = 16 tadpoles). Instead, swimming was normally preceded
by some prolonged bursts on one or both sides but their
incidence and pattern were not correlated with suction
strengths, e.g., different bursts were observed even with the
same suction parameters (Fig. 3B, trials 3–4). In some traces,
the initial m.n. response contained synchrony (50, not
shown). Despite some brief, weak bursting making the ini-
tiating motor response not perfectly unilateral (arrow heads
in Fig. 3B, trial 4), difference between the bursting activity
on both sides would determine which side the tadpole body
bends to, i.e., tadpole bends to the side with larger and more
enduring m.n. bursts.

To assess and quantify the extent of such an asymmetric
response, we calculated an asymmetry index (Fig. 3B, trial
4). Using Dataview software, we first subtracted the DC com-
ponents from the baseline of the m.n. recording (de-mean-
ing), rectified the traces, and integrated the m.n. activity for
the period containing the prolonged bursting (Fig. 3B). To
reduce the influence of amplitude differences between the
two m.n. channels, we divided the integrated m.n. activity
on each side to the average peak amplitude of them.n. bursts
produced during the first 15–20 ipsilateral fictive swimming
cycles (normalization). We then calculated the asymmetry
index by further dividing the normalized and integrated
m.n. activity on the right side by that on the stimulated, left
side. This was calculated for 5–8 responses evoked by suction
at different strengths and five control swimming episodes in
each tadpole. In controls, fictive swimming was either
spontaneous or induced by dimming a LED light. There
was no correlation between asymmetry indices and suction
strengths (either Pearson correlation or Spearman’s rank
correlation, P > 0.05 in each of 16 tadpoles examined). The
average asymmetry indices were higher in case of suction
(1.39 ±0.16) than in controls (1.01 ±0.08, n = 16 tadpoles,
related sample Wilcoxon signed rank test, P < 0.01, Fig. 3E),
indicating higher motor nerve activity on the unstimulated
side before the initiation of fictive swimming.

We also observed that when suction was applied in the
middle of on-going fictive swimming, the fictive swimming
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activity was halted (Fig. 4, A and B). Normal fictive swim-
ming episodes were 10–41 s long (n = 12 tadpoles). The aver-
age swimming length evoked by dimming an LED light
(control) in each tadpole was estimated from 8 to 9 trials
before suction was applied during on-going swimming.
When we applied a 0.5-s suction stimulus at about halfway
the control episode swimming length (8–12 trials in each tad-
pole), the episode was shortened in 127 out of 131 trials

(independent sample t test, all P < 0.05, Fig. 4C) and only
lasted 1.82±0.16 s from the start of suction.

The Effects of Electrical Stimulation of the Anterior
Lateral Line Nerve

We next stimulated the ramus of the aLLN innervating the
region of interest electrically to see if we could evoke similar
motor responses to suction stimulation. We cut the aLLN

Figure 3. Fictive motor responses in immo-
bilized tadpoles elicited by local suction
close to the left eyecup. A: experimental
setup diagram showing the tadpole anat-
omy, the position of the suction pipette,
and the recording electrodes. fb, forebrain;
hb, hindbrain; m, myotome; mb, midbrain;
sc, spinal cord. B: examples of initial motor
responses elicited by a 500 ms suction
pulse at three different strengths (trials 1–4,
gray shading) and the processing of trial 4
recording for the calculation of the asym-
metry index, which is 0.78. The gray rec-
tangle in the demeaned and rectified trial 4
encircles fictive swimming cycles, whose
average motor nerve (m.n.) burst peak am-
plitude is used for normalizing the inte-
grated m.n. activity. Traces are color-coded
to match electrodes. Arrowheads indicate
time with simultaneous m.n. bursts on both
sides. C: tadpole initial m.n. bursts to
suction show preference to the left (from
68± 11% in control to 87± 10%, P < 0.05) or
right side (from 64± 19% in control to
17 ± 13%, P < 0.001, both paired t test, n = 8
in each group). D: latencies of first m.n. dis-
charges decrease with suction strengths
(linear regression, P < 0.05 in 10 tadpoles.
Black circles and dotted line are for the tad-
pole in B. Gray regression lines are for 9
other tadpoles). E: asymmetry indices are
larger in suction-evoked responses than in
control (n = 16 tadpoles, related-samples
Wilcoxon signed rank test). Significance at
�P< 0.05 and ��P< 0.01 in C and E.

Figure 4. Suction stops on-going fictive swimming. A: experimental setup showing tadpole anatomy and the position of the LED light, suction pipette,
and recording electrodes. fb, forebrain; hb, hindbrain; m, myotome; mb, midbrain; sc, spinal cord. B: consecutive fictive swimming episodes initiated by
dimming the LED light in control (trials 1–5) and with 500 ms suction applied �20 s into swimming (trials 6–10). Only activity from the left motor nerve
(m.n.) is shown. C: summary of fictive swimming lengths after suction in 12 individual tadpoles (all P < 0.01 except P = 0.012 in the tadpole indicated by
an arrow, independent sample t test, n = 8–12 trials in each tadpole).
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connecting to the head skin using a pair of fine scissors and
used a stimulation electrode (diameter: �60 mm) to suck
onto the severed end. Stimulation pulses (1–20; 0.5–2 ms in
duration, 20–200 mA, 200–400 Hz) were used to excite the
aLLN nerve. Following stimulation, fictive swimming was ini-
tiated but without clear prolonged one-sided bursts indicating
a turning response (Fig. 5). Therefore, we did not calculate the
asymmetry indices. The latency of the first m.n. activity,
which could be on either the stimulated or the opposite side,
was 60±0.02 ms (30 trials in 10 tadpoles). Then we applied
aLLN stimulation at different time points of on-going fictive
swimming to see if swimming could be stopped and if such
stopping depended on how long swimming had carried on.
The stimulation was applied during every other fictive swim-
ming episodes so that we could carry out pair-wise compari-
sons of each trial with its immediate, preceding control
swimming. We found that swimming could be stopped

reliably at most time points tested (from 15 to 55 s into swim-
ming, Fig. 5, C and D), just as with the more natural local suc-
tion stimuli. Fictive swimming after stimulation lasted for
3.5±0.3 s, much shorter than in control conditions (with the
pre-set stimulation time deducted, 47.5±5.4 s, P < 0.001,
paired t test, 68 trials in 9 tadpoles), but longer than the aver-
age swimming length of 1.82 s following suction (P < 0.01, in-
dependent-samples Median test, see section Activating the
Lateral Line System in Immobilized Tadpoles).

Afferent and Efferent aLLN Activity

We next focused on the afferent and efferent activities of
the aLLN. To record the afferent components, the aLLN was
severed at its entry point to the hindbrain. A suction pipette
with �60 mm tip diameter sucked onto the cut end while
maintaining the skin around the eye intact. A suction nozzle
was placed close to the eyecup to activate the neuromasts

Figure 5. Stimulating the anterior lateral
line nerve (stim. aLLN) electrically does
not produce clear turning response but
stops on-going fictive swimming. A: exper-
imental setup showing tadpole anatomy
and the position of the stimulation and re-
cording electrodes. fb, forebrain; hb, hind-
brain; m, myotome; mb, midbrain; m.n.,
motor nerve; sc, spinal cord. B: examples
of stimulation of the aLLN (arrowhead; 0.5
ms pulses, other parameters given above
traces) not evoking any prolonged burst
before regular fictive swimming. C: single
electrical stimulation (arrowheads) applied
at various points after swimming initiation
stops fictive swimming (gray traces; black
traces are controls). D: summary of electri-
cal stimulation of aLLN shortening fictive
swimming episodes (significance at �P <
0.05, ��P < 0.01, paired t tests). The time
set for aLLN stimulation from the begin-
ning of fictive swimming episodes in each
group is also indicated by the horizontal
lines inside each gray bar. Numerals
inside black control bars indicate the num-
ber of tadpoles tested for each time point.
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(typical duration: 7 s, Fig. 6, A and B). Inmost cases, multiple
units were recorded often with similar amplitudes in their
extracellular action potentials. This made it difficult to
clearly identify individual unitary discharges by either
shapes or amplitudes, especially when the discharge fre-
quencies were high. To simplify the analyses, we did not try
to discriminate different units. Instead, we used these
extracellular discharges to trigger events once they reached
the threshold (set at ±5 SD of the baseline where visually
identified events were reliably detected and noises excluded,
Fig. 6B). Then we counted the number of events in each 0.5 s
bin and averaged them across 14 tadpoles and 116 trials. The
average number of events was higher during the suction pe-
riod than before or after suction (P < 0.01, related-samples
Wilcoxon signed rank test). The discharges to suction also
decreased with time (Fig. 6C). This was observed at all levels
of suction tested (�1 to�5 kPa). The latency from the start of
suction flow to the initial first discharge was 19.7 ± 1.1 ms (13
trials in 13 tadpoles).

To record the aLLN efferent components, we removed the
skin covering the left eyecup and cut the distal end of the
nerve using a pair of fine scissors. The otic capsule was also
exposed and removed, together with the trigeminal nerve. A
pipette with a diameter of �60 mmwas used to suck onto the
cut end and record the aLLN efferent activity (56, 57) while
the m.n. activity was recorded simultaneously (Fig. 7A).
Efferent activity was only recorded during fictive swimming,
which was initiated by dimming an LED light. As in the
afferent recordings, efferent recordings also contained mul-
tiple discharges in some swimming cycles [asterix (�) in Fig.
7B]. We used a similar threshold-detection method to trigger
discharge events and analyzed their properties. The efferent
discharges were more reliable at the beginning of fictive
swimming episodes and became unreliable a few seconds

after fictive swimming was started, as summarized by the
drop of event per swimming cycle with time (Fig. 7, B, C, and
E). The majority of unitary discharges appeared to be rhyth-
mic when they were reliable and were synchronous, i.e., in
phase, with ipsilateral m.n. bursts during fictive swimming
[Fig. 7, B (inset)–D]. We did not carry out rhythmicity analy-
sis considering the possibility of discharges coming from
multiple units and the lack of reliable efferent firing over
long periods of time. Previously, we found that the earliest
firing neurons on each swimming cycle were located in the
caudal hindbrain and rostral spinal cord. There is a 3.5 ms
delay over each millimeter caudally but the delay rostral to
this point has not been quantified (58, 59). We did not con-
sider this longitudinal delay when calculating the efferent
activity phases. The distribution histogram of efferent uni-
tary discharge timing showed an in-phase peak with ipsilat-
eral (left) m.n. bursts at the 5th muscle cleft (peak phase is
0.11, Z of Rayleigh statistic is 22.6, P< 0.001, Fig. 7F).

Locating Lateral Line Sensory Interneurons Using
Calcium Imaging

To reveal where the aLLN projects in the central nervous
system, we used calcium imaging at 10 fps to locate the sen-
sory interneurons in the brainstem on the stimulated side.
We opened the dorsal roof of the 4th ventricle and removed
some ependymal cells lining the inside wall of hindbrain
and midbrain such that Fluo-4 AM could be loaded into the
exposed neurons. After this dissection, the stub of any cut
aLLN would be obscured by the hindbrain, which opened
sideways when viewed from the top. This made it impracti-
cal to electrically stimulate the aLLN. Instead, we positioned
a suction nozzle with a tip diameter of �120 mm close to the
left eyecup to activate the neuromasts. A �10 water immer-
sion objective was used such that a large area of hindbrain

Figure 6. Anterior lateral line nerve (aLLN)
afferent activities. A: experimental setup
for recording aLLN afferent activity. The
recording electrode directly sucks onto
the cut end of aLLN. B: two successive
examples of the aLLN activity around the
time of suction (�4 kPa and �5 kPa,
shaded regions). The inset (top, boxed
area) shows the events triggered by set-
ting the threshold at ±5SD in the aLLN re-
cording trace. C: average binned events
in 14 tadpoles showing increased activity
during a 7-s suction period (bin width: 0.5
s). Dotted fitting curve is for activity during
suction: y = 47.33 X�0.61 (R2 = 0.98).
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and midbrain could be imaged to screen active neurons.
Simultaneous m.n. and suction flow recordings were carried
out (Fig. 8).

In seven stage 37–39 tadpoles, we found neurons with
increased calcium activities within 1 s after the start of suction
in the hindbrain and midbrain. A cluster of them was re-
stricted in the very dorsal region where the aLLN enters the
hindbrain (likely equivalent to adult LL nucleus, red and pink
traces in Fig. 8C), whereas others were scatteredmore ventrally
in the rostral hindbrain (Fig. 8E). In two of the seven tadpoles,
subthreshold suction did not evoke any motor response but
still led to 34.9±15.9% increase of fluorescence in 24 neurons

in the LL nucleus region. Suprathreshold suctions were able to
initiate swimming and evoked similar levels of fluorescence
increases in these neurons (32.9±18.8%, related sample
Wilcoxon signed rank test, P> 0.05).

We compared the calcium activity of the presumed LL nu-
cleus neurons with other neurons in the hindbrain and mid-
brain to see if it was characteristic of sensory interneurons.
Peak fluorescence in LL neurons (34.2±23.8%, n = 50) was
higher than that in rostral hindbrain neurons (16.9± 11.9%,
n = 9) or in midbrain neurons (19.6± 11%, n = 15, independ-
ent-samples Kruskal–Wallis test, P < 0.01, Fig. 8G). The fluo-
rescence normally started to rise in the first frame following

Figure 7. Anterior lateral line nerve (aLLN) efferent activities. A: setup for recording the aLLN efferent activity where fictive swimming is started by dim-
ming an LED light. fb, forebrain; hb, hindbrain; m, myotome; mb, midbrain; sc, spinal cord. B: an example of aLLN efferent recording during a fictive swim-
ming episode. The box region is expanded below to show the timing of the efferent activity relative to motor nerve (m.n.) bursts on both sides.
�Examples of multiple unitary discharges within a single swimming cycle. C: raster plot of unitary aLLN efferent discharge phases in 10 swimming epi-
sodes from one tadpole. Top and bottom borders of color bands indicate phase from 0 to 1 as marked in episode 1. Color band length indicates episode
duration. D: pooled phase plot of all 525 unitary discharges in C. E: number of unitary discharges per swimming cycle in the first 200 cycles after fictive
swimming is started (averaged from 3 episodes from each of 10 tadpoles). Gray bars are SD. F: normalized distribution of the phases of aLLN unitary dis-
charges calculated relative to their immediate fictive swimming cycles, defined by the m.n. bursts on the ipsilateral side at the 5th muscle cleft (100
spikes from each of 10 tadpoles, longitudinal time delays not calibrated). Peak phase is 0.11 (Z of Rayleigh statistic is 22.6, P< 0.001).
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suction and rose above 20% of its peak value at 2.1 ±0.6
frames in LL neurons, in contrast to 4.0±0.9 frames in ros-
tral hindbrain and 4.3± 1.3 frames in midbrain neurons (in-
dependent-samples Kruskal–Wallis test, P < 0.01, Fig. 8, F
and H). The calcium signal peaked at 8.6±4.6 frames after
suction in 15 LL neurons. In contrast, fluorescence peak time

was at 11.8±4.7 frames in rostral hindbrain neurons and at
11.5 ±4.2 frames in midbrain neurons (independent-samples
Kruskal–Wallis test, P < 0.05, Fig. 8I). In three of the seven
tadpoles where spontaneous fictive swimming was also
monitored, 17 out of the 34 LL neurons were also active at
the start of spontaneous fictive swimming. However, the
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fluorescence increase in this subgroup of LL neurons was
lower in the case of spontaneous swimming (11.8 ± 7.3%)
compared with suction stimulation (45.2±26%, Fig. 8J, P <

0.001, paired t test). In contrast, 17 midbrain neurons showed
stronger fluorescence increase during spontaneous swimming
(79.1 ±28.3%) in comparison with suction-evoked swimming
(43.5± 18.2%, P < 0.01, related-samples Wilcoxon signed rank
test). Neurons in the LL nucleus therefore showed fast cal-
cium activity following suction and weak/no activity in spon-
taneous swimming, supporting their identity as potential
aLLN sensory interneurons.

DISCUSSION
In this study, we first tested tadpole responses to suction

behaviorally and then examined the basic physiology of
aLLN fibers in immobilized tadpoles after having located the
neuromasts using DASPEI labeling. The results show that
the aLLN plays a role in tadpole turning behavior, initiation,
and termination of swimming. In high-speed videos, initia-
tion of swimming and turning by suction were observed reli-
ably. Termination of on-going swimming was not examined
systematically due to difficulty in implementing suction. In
immobilized tadpoles, the initiation and termination of fic-
tive swimming was reliably reproduced but motor nerve dis-
charges implicating turning was only recorded occasionally.
The discrepancies between behavioral tests and results on
immobilized tadpoles likely arose from differences in experi-
mental settings. Behavioral tests show tadpole turning away
from the source of suction normally requires stronger stimu-
lation, which might recruit more neuromasts and/or makes
each neuromasts firing more vigorously. The use of smaller
nozzle was necessary to avoid physically moving the tadpole
in immobilized preparations, which could inadvertently
activate other mechanosensory pathways. However, a
smaller nozzle could only activate local neuromasts near the
nozzle. This may explain the lack of clear fictive motor out-
puts suggestive of turning. The second method we used to
activate the lateral line system was electrical stimulation of
the aLLN, which also did not evoke turning-like responses.
In the behavioral test, turning happens when strong suction
is applied in the head-toward-nozzle configuration, while
simple swimming is initiated if the suction is applied in the
tail-toward-nozzle configuration. This suggests the presence
of direction-selective neuromasts. Stimulating the whole
nerve, indiscriminate of neuromast subtypes, may account
for the reliable initiation and termination of fictive swim-
ming and absence of fictive turning. Besides, some of the

fine aLLN nerve branches may be damaged during dissec-
tion in the preparation for recordings in immobilized
tadpoles.

The primary function of the tadpole LL system should lie
in predator detection and escape since they are nonfeeding
and inactive early in development. As similarly reported by
Roberts et al. (9), our behavioral tests confirmed that tad-
poles after stage 37/38 can swim away from a suction stimu-
lus. Tadpoles at stage 37–40 normally lie down on their side
on a bottom surface, or hang to vegetation or water surface
with their cement gland. In our behavioral tests, where the
tadpole lies on its side at the bottom of the Petri dish, suction
will mainly stimulate the neuromasts on the exposed side
before the animal moves and is sucked into the nozzle. The
initial turning bend is predictably toward the exposed side,
either when it happens outside or inside the nozzle. This
suggests that the one-sided stimulation before tadpole starts
to move with water flow may be primarily responsible for
evoking the initial body bend. Turning toward the exposed
side allows the tadpole to avoid head-on collision with the
surface it is lying on, which could stop any motor response
(47).

Turning normally ends up with tadpole changing its body
axis to the opposite direction followed by swimming. In na-
ture, this turning behavior is necessary for aquatic prey ani-
mals to swim away from the water flow generated by inertial
suction-feeding predators (60). In our behavioral test, tad-
poles avoided being sucked into the nozzle when they were
more than 4 mm away from it. When they were closer to the
nozzle, they turned inside the nozzle and managed to swim
out of it in the majority of cases. In zebrafish, the LL-evoked
escape is typically the C-start response, which allows larvae
to avoid �70% of strikes (10, 11). The fast C-start in fish is
mediated by Mauthner neurons, very big reticulospinal cells
located at the level of the fourth rhombomere in the hind-
brain (61–63). These neurons can be activated bymultimodal
stimuli (64), among which the LL information could be cru-
cial for the directionality of the motor output (65). M-cells
are present in X. leavis tadpoles by stage 30/31 (66) but their
functionality has never been reported so far, with the excep-
tion of their recruitment (and consequent full C-start
response) at high temperature at stage 42 (67). This is reason-
able considering that many sensory modalities are underde-
veloped in tadpoles at early stages to provide M-cells the
proper excitation (37, 68). Nevertheless, Xenopus tadpoles
seem to react to water currents as early as stage 31/32, coin-
ciding with the appearance of the first neuromasts observed
with a scanning electron microscope (9), and more reliably

Figure 8. Locating anterior lateral line (aLL) nerve sensory interneurons using calcium imaging. A: experimental setup for calcium imaging using a �10
water immersion objective. The brain is open and the preparation is tilted so that the left side of the hindbrain stays roughly flat to facilitate the imaging
of many neurons in a single focal plane. Images have been acquired at 10 Hz. fb, forebrain; hb, hindbrain; m, myotome; mb, midbrain; sc, spinal cord. B:
three frames captured at the indicated time points in D (1, 2, and 3). Lines in frame 1 show the dorsal and ventral boundaries of the hindbrain (dotted rec-
tangle region in A). Circles in frame 1 indicate regions of interest (ROIs) where calcium activities are given in C. C: calcium activity of 11 neurons outlined
by color-coded circles in B. Different types of responses are grouped as labeled. D: simultaneous motor nerve (m.n.) and suction recordings with inset
showing initial m.n. bursts. E: summary of locations of neurons showing increased calcium activity time-locked with suction stimulation. F: examples of
neurons in the lateral line (LL) nucleus region, rostral hindbrain, and midbrain to show differences in their calcium activity latencies and peak time.
Summary of fluorescence peak value (G), number of frames to reach 20% peak fluorescence (H), and number of frames to reach peak fluorescence (I, all
independent-samples Kruskal–Wallis test inG–I) in ROIs in the three brain areas following suction that has evoked swimming. J: comparing fluorescence
increase at the beginning of swimming evoked by suction and at the beginning of spontaneous swimming (related-samples Wilcoxon signed rank test).
Numbers of neurons used in statistics are given in brackets below the charts and significance levels in G–J: �P < 0.05; ��P < 0.01. The same color-cod-
ing applies to E–J.
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from stage 37 to stage 39. This turning behavior should
therefore involve other neuronal pathways rather than M-
neurons. Accordingly, our recordings from immobilized
tadpoles show that the initial motor response to suction
has a latency of around 140 ms, or �60 ms after stimulat-
ing the aLLN electrically. These values are much longer
than the latency for M-cell-mediated escape responses in
both fish and amphibians (69, 70), even considering that
tadpoles neurons at our early stage are not myelinated (71). In
addition, the first motor nerve burst was recorded reliably on
the stimulated side in behavioral testing and on either right
or left side in immobilized tadpoles. This is not compatible
withmediation by theM-cell neuronal circuit.

Apart from the role in initiating swimming and turning
responses, we have revealed that activating the LL system
could stop on-going fictive swimming. This opposing effect
on motor output depending on whether the tadpole is active
or not is similar to the response reversal observed in other
preparations (72, 73). Such reversed response was also seen
when the head skin was stimulated, evoking swimming at
rest but terminating on-going swimming (47, 49). It will be
interesting to see if the LL system and the touch sense in the
head skin share the same neuronal pathways in terminating
swimming.

Our experiments have revealed that the newly hatched
tadpole aLLN has both afferent and efferent activities. The
multiunit afferent activities show decrease with time, which
could result from adaptation or some units firing transiently
at the onset of suction stimulation. Although some studies
revealed little or no adaptation in the lateral line afferent ac-
tivity [e.g., in New Zealand longfin eel (74), toadfish (75)], ad-
aptation has been reported in more recent studies in larval
zebrafish (76, 77). Similar to what happens for other sensory
systems (78, 79), adaptation might have the meaning of pre-
venting signal saturation and retaining sensitivity to stimuli
of different strength. In larval zebrafish, adaptation seems to
be linked to the depletion of synaptic vesicles in hair cells
leading to synaptic depression (76), similar to what happens
in the auditory and vestibular systems (80, 81). Further stud-
ies are necessary to verify if the same mechanism is present
in tadpoles.

The majority of LL afferents enter the caudal and medial
octavolateralis nucleus in the hindbrain, called either nu-
cleus intermedius or lateral line nucleus in amphibians (82).
Some LL afferents in fish also project to the cerebellum (25,
29) and Mauthner cells (65). From the MON, the LL informa-
tion is further sent to the torus semicircularis, the optic tec-
tum, and contralateral MON via commissural connections
(27, 83–87). In Anuran tadpoles, the anterior lateral line
nerve projects ventromedially and the posterior lateral line
nerve dorsolaterally within the ipsilateral LL nucleus (88).
Using calcium imaging, we have located a number of poten-
tial sensory interneurons responding to suction stimulation
with short latencies. Most of these neurons are packed
within the region likely corresponding to the lateral line nu-
cleus. While some of these neurons only showed activity in
response to suction, others appeared to be also involved in
the initiation of spontaneous swimming activity. When sub-
threshold suction was applied, neurons in this region
showed activity without any motor activity. Once the stimu-
lation was above swimming initiation threshold, their

response latency was shorter than that for neurons in the
rostral hindbrain and midbrain. The fluorescence increase
started within the first sampling frame of 100 ms in calcium
imaging after suction was applied, in line with the latency
range for swimming/turning in behavioral test and initial
motor nerve activity in immobilized tadpoles. The neurons
in the lateral line nucleus region also demonstrated higher
fluorescence increases following suction stimulus than neu-
rons in other areas. A subgroup of them showed calcium ac-
tivity in spontaneous swimming but such activity was
weaker than their responses to suction. Assuming that the
random loading of fluo-4 AM has not missed out any signifi-
cant group of neurons responsive to suction, these data sup-
port that these neurons at the entry point of aLLN in the
hindbrain are most likely the sensory interneurons. Further
studies are necessary to disclose the neurochemical identity
of these neurons and where they project to in the central
nervous system.

In terms of LL efferents, it has been shown that both cho-
linergic and dopaminergic efferent neurons modulate the
hair-cell output (89, 90). The cholinergic efferent system is
able to reduce both spontaneous and evoked afferent activ-
ities after mechanical (57) and visual stimulation (91) or dur-
ing gilling (92) and movement (93). However, in toadfish it
has been recently demonstrated that efferent activities do
not increase during swimming suggesting a lack of feedfor-
ward modulation of the lateral line sensory system during
locomotion (75). These neurons are located in a conserved
nucleus in the brainstem, the octavolateralis efferent nu-
cleus (OEN), which projects to innervate both lateral line and
inner ear hair cells in fish and amphibians (94–98). In stages
48–55 tadpoles, the efferent activity was shown to be corol-
lary to the locomotor/swimming rhythms, synchronous with
the ipsilateral spinal central pattern generator activity and
suppressing afferent sensory signaling (56). Consistent with
this, our analyses of the efferent activity timing in stage 37–
39 tadpoles showed a small in-phase peak with the ipsilateral
m.n. bursts. With further development, it is likely that the
modulation of LL efferent activity by the ipsilateral swim-
ming circuit will strengthen and their activities become
more synchronous. There are some unidentified cholinergic
neurons in the tadpole brainstem, which are involved in ter-
mination of swimming in the concussion-like events (47).
We do not know if these cholinergic neurons are also candi-
dates for giving rise to the efferents in the tadpole LL nerves,
equivalent to the cholinergic OEN neurons (93, 99).
Although cholinergic modulation is inhibitory, the role of
dopaminergic modulation is not understood (89). In stage
37/38 tadpoles, the monoaminergic systems including the
dopaminergic modulation are still not endogenously func-
tional (100). The efferent activity therefore unlikely repre-
sents dopaminergic modulation.

In summary, we have found in Xenopus tadpoles that the
aLLN activation may play a role in their turning behavior
to suction, which is followed by swimming. However,
suction applied during on-going fictive swimming termi-
nates the swimming activity. Future studies need to trace
where the lateral line sensory interneurons project to in
the central nervous system and how the LL sensory infor-
mation is further processed to lead to these motor
outputs.
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