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Abstract

Information processing in the vertebrate brain is thought to be mediated through distributed neural networks, but it is still unclear
how sensory stimuli are encoded and detected by these networks, and what role synaptic inhibition plays in this process. Here
we used a collision avoidance behavior in Xenopus tadpoles as a model for stimulus discrimination and recognition. We showed
that the visual system of the tadpole is selective for behaviorally relevant looming stimuli, and that the detection of these stimuli
first occurs in the optic tectum. By comparing visually guided behavior, optic nerve recordings, excitatory and inhibitory synaptic
currents, and the spike output of tectal neurons, we showed that collision detection in the tadpole relies on the emergent proper-
ties of distributed recurrent networks within the tectum. We found that synaptic inhibition was temporally correlated with excitation,
and did not actively sculpt stimulus selectivity, but rather it regulated the amount of integration between direct inputs from the ret-
ina and recurrent inputs from the tectum. Both pharmacological suppression and enhancement of synaptic inhibition disrupted
emergent selectivity for looming stimuli. Taken together these findings suggested that, by regulating the amount of network activ-
ity, inhibition plays a critical role in maintaining selective sensitivity to behaviorally-relevant visual stimuli.

Introduction

A central question in neuroscience is how the activity of individual
neurons can serve as a substrate for such emergent phenomena as
perception, cognition, or executive function. It is presumed that sen-
sory stimuli and behavioral programs are encoded by distributed
neural networks (Reid, 2012), but in most cases the logic of this
encoding is still unknown. In particular, it is unclear whether the
main role of inhibitory circuits in the brain is to dynamically modu-
late and balance the activity of excitatory circuits, or whether they
also maintain information transfer, and actively sculpt the output of
microcircuitry modules (Isaacson & Scanziani, 2011), such as corti-
cal and collicular columns.
Visually guided collision avoidance in Xenopus tadpoles (Dong

et al., 2009) is a robust experimental model, in which both sensory
inputs and motor outputs can be easily accessed and manipulated.
From a computational point of view, this behavior can be consid-
ered a case of stimulus classification (Gabbiani et al., 2004) or deci-
sion making (Brembs, 2011), as animals need to categorise objects
around them into two broad categories: those that approach them at
an interception trajectory, and need to be avoided, and those that
should be ignored (Fotowat & Gabbiani, 2011). Collision detection
is universal among animals that rely on vision, from arthropods
(Card, 2012; Herberholz & Marquart, 2012) to fish (Colwill &

Creton, 2011), birds (Frost & Sun, 2004), and mammals (Liu et al.,
2011), including humans (Komban et al., 2011).
In tadpoles, avoidance behavior is thought to be maintained by a

mostly feed-forward network (Fig. 1), with the shortest path connect-
ing primary afferents (rods and cones) to the effectors (muscles) being
only five neural cells or six synapses long (Holt & Harris, 1983; Dong
et al., 2009). In both fish and amphibians the motor command is likely
to be finalised at the level of reticulospinal neurons in the hindbrain
(Perrins et al., 2002; Preuss et al., 2006; Orger et al., 2008), suggest-
ing that stimulus categorisation has to happen upstream of the hind-
brain neurons, in the retina, in the optic tectum (OT), or during
synaptic transmission from the OT to the hindbrain (Fig. 1). Similar to
the cerebral cortex, the tadpole OT has a layered structure (Lazar,
1973) with a network of recurrently interconnected glutamatergic
excitatory cells (Pratt et al., 2008), and a smaller sub-network of
c-aminobutyric acid (GABA)ergic cells (Akerman & Cline, 2007; Mir-
aucourt et al., 2012). Synapses in the OT are plastic (Vislay-Meltzer
et al., 2006; Shen et al., 2014), and resemble cortical synapses from
both the molecular (Pratt & Khakhalin, 2013), and developmental (Wu
et al., 1996) points of view, making the OT a promising model for
studying general aspects of vertebrate neural system organisation.
In this study we combine behavioral analyses with in vivo electro-

physiological recordings, first, to identify the circuitry underlying
looming stimuli detection in the tadpole brain, and, second, to probe
the role of synaptic inhibition in collision detection. Answering
these questions would provide perspective on the relationship
between the elementary computational processes performed at the
microcircuit level, and the emergent phenomena in the brain.
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Materials and methods

Data presentation and abbreviations

In the text, average values are given with SD (mean � SD), whereas
the figures show median values with 25–75% interquartile ranges,
unless explicitly indicated otherwise. Sample sizes are reported as
n = X, N = Y, where n is the number of cells, and N is the number
of animals. When results of statistical tests are reported, PMW stands
for a Mann–Whitney test, PW for a Wilcoxon signed-rank test,
PANOVA for an ANOVA test, and PCorr for a Student’s test on the
Pearson correlation coefficient (r).

Behavioral experiments in freely-swimming animals

All animal experiments were performed in accordance to IACUC
standards (the Brown University Institutional Animal Care and Use
Committee). Wild-type Xenopus laevis tadpoles were raised in 10%
Steinberg’s solution at 18–21 °C, on a 12 h/12 h light/dark cycle.
All experiments (both behavioral and electrophysiological) were per-
formed on tadpoles at developmental stages 48–49 (Nieuwkoop &
Faber, 1994) (11–17 days post-fertilisation, depending on the tem-
perature). Animals were tested in a clear plastic Petri dish (4.25 cm
in diameter) filled to a depth of 1 cm with rearing medium at
18 °C. The dish was put on top of a CRT monitor screen (maxi-
mum luminance 57 cd/m2, minimum luminance 0.3 cd/m2; Ultra-
scan 1600 SH Series; Dell), and the monitor was screened from all
sides with an opaque cloth. Stimuli were generated by a custom-
written MATLAB program (MathWorks, Natick, MA, USA), which
used the Psychophysics Toolbox (Brainard, 1997). A black circle
(radius ranging from 0.13 to 0.56 cm) was projected in the center of
the dish; every 30 s this circle was manually targeted and sent
towards the tadpole at a speed ranging from 1.5 to 6 cm/s. Only
approach trials in which the animal was swimming within 1 s before
the encounter with the circle were included in the data set. In a sep-

arate set of experiments the circles were triggered to appear near the
tadpole instantaneously, without an approach. All experiments were
performed in the morning, as the animals were less responsive in
the afternoon. Each testing session lasted for 5 min, and each animal
was tested in no more than three sessions. Sessions were recorded
with a color camera (SCB 2001; Samsung, Seoul, Korea) at
30 frames/s, and the positions of both the tadpole and the circle
were tracked in Noldus EthoVision XT (Noldus Information Tech-
nology, Leesburg, VA, USA). Tracks were corrected manually, and
exported for further analysis.
The geometry of collisions and escape trajectories was analysed

in Matlab (see Fig. 2A for an example of a trajectory from a single
experiment). For all collisions that triggered an escape we manually
found the last frame before a rapid acceleration (‘startle point’), and
the last frame at which the original swimming direction could be
estimated unambiguously (‘turn point’). As Noldus EthoVision did
not report the tadpole orientation in space, we estimated the pre-col-
lision orientation of the animal by linearly fitting its position across
five consecutive frames before the ‘turn point’. The ‘turn point’ was
chosen a few frames before the ‘startle point’ (average of five
frames), as animals stopped swimming immediately before perform-
ing the C-turn maneuver (Hale et al., 2002). To compare collision
events that triggered an escape (‘successes’) with those that did not
(‘failures’) we had to mark-up ‘failures’ similarly to ‘successes’,
choosing a point corresponding to a ‘startle point’ in trajectories that
did not in fact have startles in them. To do this we first extrapolated
the tadpole and circle trajectories beyond the ‘startle point’ for ‘suc-
cesses’, and estimated that most tadpoles would have passed at the
shortest distance from the circle center eight frames after the ‘startle
point’ (median time from the ‘startle point’ to the estimated closest
approach, 234 ms; interquartile range, 33–300 ms). Accordingly, for
‘failures’ we measured the key collision parameters at the point that
preceded the point of closest approach by eight frames. We used
this ‘startle point’ (either actual or estimated) to measure (see
Fig. 2B): swimming speed and direction immediately before (�422
to �155 ms) and after (167–267 ms) this point (these were used to
estimate turning angles b and c); angle between the tadpole swim-
ming direction and the direction to the center of the circle (a); dis-
tance to the circle center; and angular size of the circle (h). We also
measured the rostrocaudal position along the tadpole’s body axis at
which the circle was targeting in the tadpole’s local coordinates (ro-
strocaudal ‘offset’). We attempted to estimate the solid angle cov-
ered by the circle, but analysis results based on these estimations
were not qualitatively different from those based on the planar
angle, and are not reported here.

Experiments in partially immobilised animals

A 2% solution of low-melt agarose was heated on the stove until
boiling, and cooled down to about 40 °C. Tadpoles were anesthe-
tised in 0.02% MS-222 for 10 min, rinsed in Steinberg’s solution,
and transferred to a Sylgard block (Dow Corning, Midland, MI,
USA) glued inside a Petri dish. Excess solution was removed with a
plastic pipette, and agarose was applied, in two layers, completely
covering the tadpole. After leaving the gel to solidify for 5 min, one
eye, the mouth, and the tail were cleared from the gel (Fig. 3A),
and the dish was filled with rearing solution. The Petri dish was
placed in a light-sealed box, containing an array of infrared LEDs
(JG-830; Shenzhen Shuangjinge Technology Co., Ltd, China), a set
of green LEDs that provided ambient illumination (tadpoles were
less responsive when placed in complete darkness), and a custom-
built optical stimulation device (see below). The tadpoles were
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Fig. 1. Simplified diagram of the feed-forward network mediating visually-
guided escape behaviors. Excitatory synapses are shown as small circles and
inhibitory synapses as t-shaped lines; most feed-back and recurrent connec-
tions are not shown. Photoreceptors in the retina (A) connect to bipolar cells
(1) that synapse onto RGCs (2). In premetamorphic tadpoles RGCs send ax-
ons predominantly to the contralateral OT (B) (Steedman et al., 1979), a
midbrain structure that is homologous to the mammalian superior colliculus
(Hiramoto & Cline, 2009), and that is required for collision avoidance behav-
ior (Dong et al., 2009). In the tectum, RGC axons form direct retinotopic
connections onto tectal cells (3) (Bollmann & Engert, 2009). Tectal cells pro-
ject to the hindbrain (C) and synapse onto reticulospinal neurons (4), such as
the Mauthner cell (Will, 1991) and its homologs (Straka et al., 2001). Retic-
ulospinal neurons control swimming by projecting to motor neurons (5) and
central pattern generators (CPGs) in the spinal cord (D) (Roberts et al.,
2000).
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filmed with a Motion Pro X3 high-speed infrared camera (Redlake
MASD LLC, San Diego, CA, USA) at 100 frames/s for 2 s after
the stimulus onset, with videos acquired in Motion Studio (IDT
Inc., Tallahasse, FL, USA). Stimulation and data acquisition were
triggered every 45 s by a Master-8 pulse generator (API Instru-
ments, Jerusalem, Israel). Only videos in which tadpoles attempted
‘background swimming’ (tail oscillations at a frequency of 7–9 Hz)
before the stimulus delivery were included in the data set. Up to 10
stimuli of each type (see below) were delivered to each tadpole,
unless the animal escaped from the gel prematurely (average of
6.3 stimuli per animal per stimulus type). Videos were analysed
offline, and the tail tip position was tracked manually in IMAGEJ

(National Institute of Health, USA).
The angle a between the tip and the base of the tail was mea-

sured for each frame. As the tail kept oscillating at a base frequency
of m0 = 7–9 Hz before the stimulus onset, the responses could not
be thresholded directly, as they were manifested as changes in oscil-
latory motion. To detect the response onset we used a variable
R2 = (a0)2/(2�pm0)2 + a2, which was near constant before the
response, but changed when either the average tail orientation or the
frequency of oscillations changed (the value corresponded to a
squared radius of a circle describing the trajectory of a harmonic
oscillator in its phase space, and is therefore constant for a stable
sinusoidal motion at a frequency m0). Here a0 is a finite difference
approximation of the angular speed. Using R2 thresholding we clas-
sified all responses into ‘successes’ and ‘failures’, and estimated
response latencies. To verify the detection, we also performed man-
ual detection of response latencies in a blinded fashion; manual and
automated estimations of both escape probabilities (per animal per
stimulus), and average response latencies were highly correlated
(r = 0.90, PCorr = 5e�21 for probabilities; r = 0.74, PCorr = 3e�43
for latencies, n = 57). For spectral analysis, a power spectrum of a
(t) was averaged across the 0–5 Hz range (low-frequency compo-
nent, corresponding to tail deflections, or ‘tail-flicks’), and 12–
40 Hz range (high-frequency component, corresponding to increases
in tail oscillation frequency, or ‘acceleration’).
To reconstruct the trajectory that tadpoles tried to follow during the

constrained escape response we assumed that slow tail deflections nor-
mally make swimming tadpoles turn, whereas changes in oscillation
frequency change the swimming speed. We iteratively calculated the
‘virtual position’ of the tadpole, assuming that at each time point i it
had a speed of s = a0 (where a0 is a finite difference approximation of
the angular speed), and moved at a distance s�dt along its current ori-
entation b. We also assumed that this orientation changed proportion-
ally to the tail deflection angle: bi+1 = bi + ka�dt. Here k is an
arbitrary constant, chosen at k = 3e�4, as at this value the trajectories
looked visually similar to real trajectories, and the analysis results did
not change qualitatively for all values of k in the range from 5e�5 to
1e�3. This relative insensitivity to the exact value of k justifies the
use of a simplified approach to trajectory reconstruction. To quantify
the escape trajectories we compared the tadpole’s virtual position at
1 s after the escape onset (linearly extrapolated if necessary) with the
‘expected virtual position’ that the tadpole would occupy in the
absence of an escape response (which was estimated by linear extrapo-
lation of the initial segment of the trajectory from t = 0 until the point
of escape onset). The same calculation algorithm was applied to trials
lacking an escape response, except that the median response onset
latency was used. We did not attempt to calibrate or compare recon-
structed ‘virtual trajectories’ with actual trajectories recorded in
freely-swimming animals, as tail movements were often restricted in
partially immobilised animals; visual stimulation only approximately
replicated stimuli from swimming experiments (see below); and our

data (tail tip movements) were insufficient to build an accurate kine-
matic model of swimming.

Electrophysiology

Animals were anesthetised in 0.02% MS-222 for 10 min, and then
paralysed by pre-treatment with 20 mM tubocurarine, 0.1 mM bunga-
rotoxin, or 2 mM pancuronium for 4 min (Dunfield & Haas, 2009),
or, in early experiments, with 0.1 mM tubocurarine or 1 lM bunga-
rotoxin introduced into the artificial cerebrospinal fluid (ACSF) in
the recording chamber for the entire length of the experiment (Xu
et al., 2011; Dong & Aizenman, 2012). The external medium
(ACSF) in the chamber contained (in mM): 115 NaCl, 4 KCl, 3
CaCl2, 3 MgCl2, 5 HEPES, 10 mM glucose (pH 7.2, osmolarity
255 mOsm) (Aizenman et al., 2003). The animals were stabilised
on a Sylgard block, carved to better hold the animal, with three dis-
secting pins and an overarching staple (Xu et al., 2011). For record-
ings from the optic nerve, the nerve was surgically severed, and
sucked into a broken glass micropipette filled with extracellular
solution; recordings were then performed in current-clamp mode.
For recordings from the OT, the tectal lobes were exposed by
removing the overlying skin over the right tectum, and cutting both
the caudal and frontal dorsal commissures between the tecta. The
OT cells were visualised using a 609 water-immersion objective.
Loose-cell-attached, and whole-cell voltage-clamp recordings were
performed at room temperature (22–25 °C) using glass micropipettes
(9–12 MΩ) filled with ACSF or intracellular solution, respectively
[the latter containing (in mM): 90 Cs-methanesulfonate, 5 MgCl2,
20 Tetraethylammonium, 10 EGTA, 20 HEPES, 2 ATP, 0.3 GTP
(pH 7.2, osmolarity 255 mOsm)]. Cells were randomly sampled
from the middle half of the tectum. Cells that looked larger than the
main population of OT cells were not approached, to avoid record-
ing from mesencephalic trigeminal neurons (Pratt & Aizenman,
2009). For loose-cell-attached recordings cells were approached in
current-clamp mode, and negative suction was carefully applied until
clear spikes became visible above the background noise. Cells that
did not produce spikes in response to changes in illumination were
not recorded (about 10–40% of approached cells did not spike in
response to changes in illumination). Visual stimuli (see below)
were cycled, and for the majority of cells every stimulus type was
presented eight times in total (8.4 on average). Whole-cell patch-
clamp recordings were performed at either �45 or +5 mV holding
potentials (not adjusted for junction potential), to isolate excitatory
and inhibitory currents, respectively. Signals were measured with a
Multiclamp 700B amplifier (Molecular Devices, Union City, CA,
USA), digitised at 10 kHz using a Digidata 1440A board (Axon
Instruments), and recorded in PCLAMP 10 software. Data were later
processed offline, in a set of custom MATLAB functions.
We found that all methods of inducing paralysis worked reason-

ably well, although about 20% of animals were not completely para-
lysed after 1 h exposure to 0.1 mM tubocurarine in the recording
chamber. We also found that OT neurons chronically exposed to
0.1 mM tubocurarine were on average more spiky than those
exposed to 1 lM bungatoroxin in loose-cell-attached experiments
(7.5 � 5.5 spikes/stimulus for tubocurarine, 2.6 � 3.1 spikes/stimu-
lus for bungarotoxin, n = 37 and 23, N = 8 and 6, respectively,
PMW = 8e�6). The proportion of collision-selective cells (as esti-
mated by comparing spiking in response to ‘flash’ and ‘crash’ stim-
uli, Mann–Whitney test with a 0.05 threshold) was not different
between experiments with bungarotoxin and tubocurarine (78 and
73%, respectively, PMW = 0.7). The average levels of selectivity for
each cell (see ‘Statistical methods’ below) were also not different
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(n = 37 and 23, N = 8 and 6, respectively, PMW = 0.08). This sug-
gests that the data obtained in experiments performed with bungaro-
toxin and tubocurarine can be combined together. We also found
that different batches of tubocurarine (two batches from Sigma-
Aldrich and one batch from Tocris) had markedly different potency
in inducing paralysis, and thus the nominal concentrations of tubo-
curarine may not be indicative of the actual potency of the drug.
The amplitude of recordings from the optic nerve varied greatly

across preparations, so we employed a unified adaptive approach to
their analysis. The data were first high-pass filtered with a cutoff fre-
quency of fh = 10 Hz, then taken at their absolute value, and hard
thresholded at 3r, where r is the noise level (SD) estimated on a seg-
ment preceding the stimulus. For cumulative amplitude comparison,
the integral of this signal over time was calculated across 2 s after the
stimulus. We assumed that the value of this integral reflected the total
number of spikes sent through the optic nerve during the response. To
estimate the response latency we found the point at which the integral
over time exceeded 10% of its final value.
In experiments with pharmacological modulation of network

activity we used three modified ACSF compositions: (i) with [K+]out
increased from 4 to 6–7 mM (through the addition of KCl); (ii) with
0.1 mM of picrotoxin; and (iii) with 5 lM of diazepam. Bungaro-
toxin and one batch of tubocurarine were obtained from Tocris; all
other chemicals were obtained from Sigma.

Visual stimulation

The visual stimulation device was custom built by H.X., and consisted
of a miniature LCD screen (Kopin Corporation, Taunton, MA, USA),
back-lit with a powerful light emission diode [either red (LXHL-
LD3C), wavelength 645 nm, or blue (LXHL-LB3C), wavelength
490 nm; Lumileds Lighting, USA; both colors are highly visible for
Xenopus tadpoles (Parker et al., 2010; Blackiston & Levin, 2012)],
and projected by a lens onto one end of a high-fidelity image fiber
(600 lm in diameter) (Fujikura Ltd, Tokyo, Japan). The other end of
the fiber was brought to the tadpole’s eye, placed at 400–600 lm from
the lens of the eye, and centered along the eye axis, covering about
60–100° of the visual field. The fiber consisted of 3e+4 image ele-
ments, but the stimulus resolution was limited by that of the LCD
screen, with 120 pixels across the diameter of the projection field.
In a separate set of experiments we assessed tadpole visual acuity

by projecting checkerboard patterns of different tile sizes on the fiber,
and inverting this pattern periodically, while recording the spiking
output in the OT. In these experiments, with the checkerboard tile
angular size fixed at 20–40°, the OT cells responded best (with about
80% probability) when the fiber was placed at 500 lm or further from
the lens [consistent with Richards et al. (2012)]. The response proba-
bility fell below 50% as the fiber was brought closer than 300 lm
from the lens (n = 4 cells, N = 3, total of 893 presentations). As we
desired the fiber surface to cover at least 60° of the visual field, which
was only possible when the fiber was placed at 530 lm from the lens
or closer, we used a trade-off distance of 400–600 lm between the
fiber and the eye. At these distances the threshold of 50% in response
probability was observed for a tile angular size of 8°.
Visual stimuli (see Video S3) were generated in Matlab using the

Psychophysics toolbox, and included (Fig. 3B): (i) instantaneous
change in luminance from light to darkness (‘flash’); (ii) gradual
change in luminance from light to darkness (‘ramp’), with light inten-
sity following the rule of c = 1 � t2; (iii) simultaneous linear expan-
sion of 25 black squares (5 9 5 grid) over the course of 1 s (‘grid’);
(iv) a dark circle linearly expanding from the center of the screen
(‘crash’), with radius changing as r = R�t, where R denotes fiber

radius in pixels; and (v) ‘control’, or no stimulus (only used in behav-
ioral experiments with partially immobilised tadpoles). Stimuli were
delivered every 20 s and each of the stimuli was 1 s long; the screen
was kept dark for 4 s after the end of the stimulus, and then blanked.
We used dark stimuli on a light background, as in a pilot set of experi-
ments we observed that OT cells spiked more in response to dark stim-
uli on a light background (7.1 � 5.4 spikes/stimulus) than to identical
light stimuli on a dark background (2.7 � 3.4 spikes/stimulus,
n = 34, N = 7, PW = 2e�13), confirming earlier observations that the
OT mostly receives inputs from dimming detectors in the retina (Lett-
vin et al., 1959; Ingle & Hoff, 1990; Waldeck & Gruberg, 1995; King
et al., 1999; Ishikane et al., 2005; Nakagawa & Hongjian, 2010; Shen
et al., 2011). Note that our linearly expanding stimulus was slower
than a realistic collision, as for a realistic collision r would be inver-
sely proportional to the time to collision: r = k/(t � t0). It is known
that frogs exhibit avoidance from linearly expanding visual stimuli
(Ishikane et al., 2005), and by using linear expansion we aimed to iso-
late selectivity to stimulus geometry from selectivity to rapidly accel-
erating stimuli, which can be mediated by different mechanisms
(Peron & Gabbiani, 2009a; Nakagawa & Hongjian, 2010).

Statistical methods

As most of the data reported in this study were markedly non-nor-
mal, and had frequent outliers, we preferred non-parametric tests to
parametric tests. For all non-paired comparisons across groups we
used the Mann–Whitney test (PMW), not adjusted for multiple com-
parisons. For paired data we report the results of a Wilcoxon
signed-rank test (PW). When multiple comparisons were involved,
we report whether the difference was significant after either Bonfer-
roni, or false discovery rate correction (Benjamini & Hochberg,
1995), depending on which correction was more suitable for the
context. For multivariate grouped data, results of the ANOVA test
(PANOVA) are reported. For correlations we show P-values of the
Student’s t-test against the hypothesis of no correlation (PCorr), as
well as the Pearson coefficient r. The effect size, when reported,
is defined as E12 ¼ ðm1 � m2Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr21 þ r22Þ=2

p
, where m1,2 are

the mean values, and r1,2 are the trial-to-trial SDs of responses
(Hentschke & Stuttgen, 2011). To quantify the selectivity of individ-
ual cells, we computed F statistics in the same way as defined

for ANOVA calculations: F ¼ variance between stimulus types
variance within stimulus types . The

resulting value depended on both the differences between mean
responses to different stimuli, and individual response variability.
For this subset of data, sample sizes were very consistent across
groups, and for a few cells in which the number of presentations per
stimulus type was higher, we bootstrapped the data by randomly
downsampling it 50 times at a proper n (8), and then averaged the
F-values.

Results

Stimulus selectivity in freely-swimming tadpoles

To provide proper context to the electrophysiological experiments
we first systematically described collision avoidance behavior in
freely-swimming Xenopus tadpoles. Freely-swimming animals were
presented with a computer-generated black circle that was projected
on the floor of a round experimental chamber, and that approached
them at collision, or near-collision trajectories (Fig. 2A; see Video
S1, and Materials and methods for details). We recorded 881 colli-
sions from 76 animals, across 15 different speed and size combina-
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tions of the approaching object. After the trajectories of both the
tadpole and the circle were tracked, we reconstructed the geometry
of each collision and each escape maneuver. A diagrammatic
summary of the variables measured is shown in Fig. 2B.
Overall, escapes were triggered in 60% of collisions. An average

escape maneuver was initiated at a distance of 0.9 � 0.4 cm from
the circle, when the angular size of the circle for the tadpole (h)
reached 45 � 21°. The tadpole performed a turn, changing its
swimming direction at an average angle of b = 84 � 21°, and rap-
idly accelerated from a baseline of 1.3 � 1.0 to 9.9 � 4.2 cm/s,
reaching maximum speed at 133 � 67 ms after the turn (median
and interquartile range). The probability of triggering an escape did
not change as the speed of the circle varied (from vc = 0, for avoid-
ance of stationary circles, to 5.8 cm/s, with circle size fixed at
rc = 0.28 cm; PANOVA = 0.8; N = 32), and neither did it change if
the circle size varied (from rc = 0.15 to 0.56 cm; with circle speed
fixed at vc = 2.9 cm/s; PANOVA = 0.1; N = 39).
Although the escape probability did not depend on the size and

speed of the circle, it did depend on the trajectory at which the cir-
cle approached the tadpole. To classify trajectories by their geome-
try we registered movements of both the tadpole and the circle
during initial approach, and linearly extrapolated them beyond the
moment of escape. We measured the values of predicted minimal
distance between the center of the circle and the tadpole, and
the angular size of the circle (hmax) from the animal’s ‘point of
view’ at the moment of extrapolated closest encounter (Fig. 2B; see

Materials and methods). When all collisions were sorted by the
approaching circle’s angular size h, and binned in bins of equal
sample size (29 collisions per bin) an increase in escape probability
as a function of h became obvious (Fig. 2C). The escape probability
exceeded 50% at the threshold angular size of 34°; in contrast, the
maximal relative angular expansion rate (h0/h)max, also known as the
inverse time-to-collision parameter (Keil & Lopez-Moliner, 2012),
was not a good predictor of escape probability.
To check whether any other parameters of collision events were

important for triggering an escape, we compared different measure-
ments of collisions in which the escape behavior was triggered
(‘successes’) with those that were ignored (‘failures’). The ‘success-
ful’ and ‘failed’ collision trajectories did not differ in the rostrocau-
dal position along the animal axis at which the approaching circle
was targeting (rostrocaudal offset value, PMW = 0.2), absolute tad-
pole speed before the collision (PMW = 0.3), or direction towards
the dot relative to the direction of swimming (a) at the moment
immediately before the expected escape (PMW = 0.9). We concluded
that the angular size of the approaching object h was the main colli-
sion parameter that triggered the escape response.
We then investigated whether the geometry of avoidance maneu-

vers was influenced by the geometry of the collisions that triggered
them. We found that, when all maneuvers were considered, there
was no correlation (PCorr > 0.05, n = 533) between the resulting
turn angle (b) and the circle speed, circle size, circle angular size h,
direction to the circle (a), angle between the trajectories (d), or ro-

Fig. 2. Behavioral experiments in freely-swimming tadpoles. (A) Trajectories of the tadpole and the visual stimulus over the course of one experiment; small
dots represent points of avoidance maneuver initiation. Scaled images of a circle and a tadpole are superimposed on their respective trajectories. (B) A summary
of the parameters measured for every collision (see Materials and methods for a detailed description; R.-C. offset stands for rostro-caudal offset). (C) Escape
probability as a function of visual stimulus maximal angular size during the collision event; each square represents an average of 29 events and the red line is a
fourth degree polynomial fit. (D) One of the pair-wise comparisons between escapes in response to stimuli of different size. Gray circles represent data from
individual collision events, boxes and whiskers show medians and interquartile ranges, and the asterisk marks statistical significance (P < 0.05). Tadpoles
escaped from smaller circles at a faster speed than from larger ones. (E) Relative efficacy (probability of triggering an avoidance maneuver, normalised over the
individual responsiveness of each animal), as observed in freely-swimming tadpoles, for dark circles either colliding with the animal, or instantaneously appear-
ing near it.
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strocaudal position of the point towards which the circle approached
(rostrocaudal offset). An absence of correlation between the offset
value and turn angle (b) means, in particular, that, although tadpoles
escaped in a broad range of directions (b = 84 � 21°), they did not
preferentially escape forward (accelerating) when the circle chased
them from behind, or targeted the tail. Similarly, tadpoles did not
have a tendency for reversing swimming direction when circles
approached them frontally, or targeted their head. Avoidance maneu-
vers seemed to be performed in a random direction regardless of the
collision geometry. Note, however, that we did not assess the later-
ality of escapes (Wassersug et al., 1999; Wassersug & Yamashita,
2002), as tadpoles tended to swim along the sides of the container
(Blackiston & Levin, 2013), and therefore the majority of avoidance
responses also happened near the container side, which obviously
constrained escape trajectories to one-half of all possible directions
(Fig. 2A). The temporal and spatial resolution of our recordings was
not fine enough to assess the dynamics of interaction with the bar-
rier during avoidance initiation.
The escape speed also did not vary across the majority of circle

speed/size combinations tested (with rc fixed at 0.28 cm and vc chan-
ged: rcorr = 0.12, PCorr = 0.1, n = 217, N = 32; with vc fixed at
2.9 cm/s and rc changed: rcorr = 0.08, PCorr = 0.2, n = 223,
N = 34). When we looked at pair-wise comparisons between escapes
from circles of different size and speed, however, we found two dis-
tinct threshold-like transitions in escape velocity on the very edges of
the sampled range of collision parameters (these differences in escape
velocity were significant after Bonferroni correction for multiple
comparisons, total of 105 pair-wise comparisons, Mann–Whitney
test). For fast-moving circles (speed fixed at vc = 2.9 cm/s), tadpoles
escaped from the medium-sized circles (rc = 0.28 cm; n = 91,
N = 11) faster than from the smallest circles (rc = 0.13–0.19 cm;
n = 34, N = 8 animals; escape speed = 11.6 � 3.9 and
8.3 � 3.0 cm/s, respectively, PMW = 3e�5). For slow-moving cir-
cles (vc = 1.4 cm/s), the effect had an opposite sign, i.e. tadpoles
escaped faster from smaller circles (rc = 0.28 cm; escape
speed = 10.4 � 3.5 cm/s) than from larger circles (Fig. 2D;
rc = 0.56 cm; escape speed = 7.4 � 4.2 cm/s; PMW = 1.8e�0.06,
n = 59 and 94, N = 8 and 10, respectively). We found that the turn
angle correlated with the escape velocity (r = 0.26; PCorr = 7e�10),
with faster escapes preceded by sharper turns [as in classic fast
C-starts (Korn & Faber, 2005; Preuss et al., 2006; Burgess &
Granato, 2007)], and slower escapes accompanied by just a slight
correction of the swimming direction [as in S-starts in fish (Domenici
& Blake, 1997)]. We can therefore hypothesise that tadpoles not only
either escaped from the stimulus, or ignored it, but also implemented
at least two different motor programs, depending on the dynamics of
the collision. (See Video S2 for an example of a ‘slow’ escape
maneuver, as opposed to a ‘fast’ escape maneuver in Video S1).
As the escape maneuver probability appeared to depend only on

the final angular size of the object, we decided to check whether the
very fact of a dynamic collision with a circle was important for trig-
gering an escape, or whether it was only necessary for an object
large enough to appear in the tadpole’s visual field to trigger a
response. To test this, we performed a series of experiments in
which a circle (rc = 0.28 cm) either approached a tadpole as
described above (at a speed of vc = 2.9 cm/s), or instantaneously
appeared near a tadpole. In these experiments ‘collisions’ triggered
escapes in 60% of cases (64 out of 107; 19 animals), whereas
instant ‘flashes’ triggered escapes in only 34% of cases (33 out of
97, N = 19; PW = 6e�5). We therefore concluded that the tadpole
brain is selective for ‘collision’, or ‘looming’ stimuli, and that these
stimuli are more salient in triggering escape behaviors than the

instantaneous ‘dark flashes’ (so-called because they consist of a
black circle on a white background, Fig. 2E).

Partially immobilised behavior preserves looming selectivity

As electrophysiological recordings in freely-swimming tadpoles are
problematic, we aimed to design a reduced preparation in which the
animal would be able to behave, yet remain immobilised. We used
a miniature projecting device, equipped with an optical fiber bundle,
to bring a computer-generated image to the eye of an intact tadpole.
To confirm that visual stimuli delivered in this way can trigger
escape behaviors, in the first set of experiments we partially immo-
bilised tadpoles by embedding them in a low-melt agarose gel, leav-
ing one eye and the tail free (Fig. 3A, also see Materials and
methods). We then recorded movements of the tail as visual stimuli
were delivered (see Video S3), tracked the position of the tail tip
over time, and reconstructed swimming trajectories that the animal
supposedly tried to implement.
As our goal was to understand the mechanisms underlying the

detection of looming stimuli, we designed a set of stimuli aimed at
dissecting the information-processing steps in the brain by gradually
stripping a typical looming stimulus of its characteristic features
(Fig. 3B; Video S4). The first stimulus in the set, which was dubbed
‘crash’, mimicked a collision, and presented a black circle expanding
from the center of the screen over the course of 1 s, to eventually
cover the whole surface of the fiber. A stimulus (dubbed ‘grid’) pre-
sented a grid of squares that were planted across the receptive field,
and expanded synchronously; this stimulus did not have the global
geometry of an actual collision, but preserved the local ‘expansion’
feature at every part of the retina. A whole-field brightness ramp
(dubbed ‘ramp’) did not have any spatial features of a looming
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Fig. 3. Experiments in partially immobilised animals. (A) General view of
the preparation, with the animal partially immersed in agarose gel, and an
optic fiber placed near the eye. (B) Simplified representation of stimuli pre-
sented to the animal. Here ‘flash’ or ‘f’ represents an abrupt change in light-
ness, ‘ramp’ or ‘r’ represents a gradual change, ‘grid’ or ‘g’ stands for an
array of linearly expanding squares, ‘crash’ or ‘c’ stands for a linearly
expanding circle, and ‘control’ stands for the absence of a visual stimulus.
(C) Typical responses (tail deflections) to these stimuli. (D) Sample swim-
ming trajectory reconstructions for different stimuli; black circles mark the
response onset. (E) Average ‘distances virtually traveled’ for every animal,
in response to different stimuli (see Materials and methods); boxes represent
medians, black whiskers show the interquartile range, and gray lines and
asterisks indicate comparisons with ‘flash’ with PW < 0.05.
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stimulus, but preserved the temporal pattern of average luminance
change. Finally, the simplest stimulus had neither a spatial nor tempo-
ral pattern to it, and presented an instantaneous change in brightness
(dark flash, dubbed ‘flash’). All stimuli except ‘flash’ followed the
same temporal evolution of brightness. We also introduced a ‘control’
condition in which no visual stimulus was presented at all.
We recorded 415 responses from 11 tadpoles (a set of typical motor

responses to visual stimuli is shown in Fig. 3C). We found that all
stimuli successfully triggered escape responses compared with control
(PW < 9e�3, N = 11), with probabilities ranging from 60% (for
‘ramp’) to 87% (for ‘grid’). Differences in response probabilities were
not significant across stimuli (PW > 0.5 after Bonferroni correction),
but the latencies were different (PANOVA = 1e�6), and ranged from
518 � 226 ms for ‘flash’ to 982 � 103 ms for ‘grid’. We then per-
formed spectral analysis of the responses, looking separately at the
low-frequency band (0–5 Hz, corresponding to slow deflections of the
tail, which were probably equivalent to ‘turns’ in a freely-swimming
animal), and high-frequency band (12–40 Hz, corresponding to
increases in tail oscillation frequency, or intended swimming accelera-
tion). When all responses across all animals were compared, the low-
frequency component (tail deflections, or ‘virtual turns’) was different
from control for all stimuli (PMW < 6e�7; N = 11, n = 66, 75, 67, 67,
and 75; relative low-frequency contribution = 23 � 24%, 37 � 23%,
34 � 22%, 37 � 22%, and 39 � 23% for control, ‘flash’, ‘ramp’,
‘grid’ and ‘crash’, respectively), whereas the high-frequency compo-
nent (or ‘virtual acceleration’) was different from control for all stimuli
except ‘flash’ (PMW < 0.02; N = 11, n = 66, 75, 67, 67, and 75; rela-
tive high-frequency contribution = 2.8 � 3.0%, 2.6 � 4.2%,
3.1 � 5.8%, 6.9 � 11.0%, and 5.7 � 9.7% for control, ‘flash’,
‘ramp’, ‘grid’ and ‘crash’, respectively). The responses to ‘grid’ and
‘crash’ had a higher spectral power in the high-frequency band than
the responses to ‘flash’ (PMW < 0.02), suggesting that, compared with
a simpler ‘dark flash’, more realistic collision stimuli triggered faster
‘virtual avoidance maneuvers’, with sharper ‘virtual turns’, similar to
how different stimuli evoked different types of avoidance maneuvers
in freely-swimming animals. All differences reported here were
significant after a false discovery rate correction for multiple
comparisons.
To better compare responses to different stimuli, taking into

account not only the presence of a response, but also its dynamics
and spectral content at both frequency bands, we aimed to approxi-
mately reconstruct the swimming trajectories that tadpoles attempted
to implement when reacting to the stimuli (Fig. 3D). Having only
one point of the tail tracked, we could not build a realistic kinematic
model of the animal, and followed a simplified approach. We
assumed that an increase in the tail oscillation frequency would nor-
mally make the tadpole move faster, whereas slow lateral tail deflec-
tions would make it turn, and in a simple model estimated the
distance that the tadpole would have traveled during the escape
response, compared with ‘baseline swimming’ (see Materials and
methods). These uncalibrated ‘average distances virtually traveled’
were longer than control for all stimuli (PW < 0.012; Fig. 3E), and
the ‘virtual distances traveled’ in response to ‘crash’ and ‘grid’ stim-
uli were longer than for ‘flash’ (‘crash’: 10 tadpoles out of 11,
PW = 0.01; ‘grid’: 9 tadpoles out of 10, PW = 0.02). We concluded
that, first, visual stimuli provided by our projecting device were
effective in simulating collisions and eliciting escape behaviors, and,
second, the difference in saliency between the looming stimulus
(‘crash’) and the full-field ‘flash’ was preserved in this preparation.
This made it possible for us to move to the next step of the study,
and to perform electrophysiological recordings of neural activity
underlying the avoidance response.

Electrophysiological responses to behaviorally-salient stimuli

As described in the Introduction, the shortest feed-forward circuit
connecting primary afferents in the tadpole retina to the muscles in
the tail consists of only five neurons. Moreover, the motor com-
mand is likely to be finalised at the level of the fourth neuron in
this chain (reticulospinal neurons of the hindbrain) (Perrins et al.,
2002; Korn & Faber, 2005; Fetcho & McLean, 2010; Huang
et al., 2013). This means that the stimulus selectivity, defined as a
preference for the ‘crash’ stimulus over the ‘flash’, is likely to
arise in the retina (Ishikane et al., 2005; Baranauskas et al., 2012),
tectum (Nakagawa & Hongjian, 2010), or hindbrain (Ingle & Hoff,
1990; Preuss et al., 2006). To pinpoint the region in which the
looming stimulus selectivity can first be observed as a difference
in electrophysiological responses, we recorded four types of signals
in the brain: (i) bulk spiking in the optic nerve, (ii) inhibitory and
(iii) excitatory synaptic inputs to the OT cells, and (iv) spiking
output of OT cells (Fig. 4, see Materials and methods). We then
compared the amplitudes of the total cumulative responses across
the same set of stimuli that were used in the partially immobilised
preparation (Fig. 3).
As the absolute amplitudes of recorded signals were highly vari-

able, and as our data were paired (responses to stimuli of every type
were recorded in every cell and animal), in Fig. 4 we present the
relative amplitudes, normalised to the average amplitude across all
four stimuli for each cell (for synaptic and spiking data) or animal
(for optic nerve data). In the optic nerve (Fig. 4A) responses to
‘flash’ were stronger than to any other stimulus (PW < 1e�3,
N = 22), whereas responses to either ‘crash’ or ‘grid’ were relatively
weak. Similarly, inhibitory synaptic currents recorded in OT neurons
(Fig. 4B) were not selective for looming stimuli, with responses to
‘ramp’ being marginally lower than those to ‘flash’ and ‘crash’
(PW < 0.03, n = 28, N = 5). In contrast, excitatory synaptic currents
in OT neurons (Fig. 4C) exhibited weak selectivity for ‘crash’ com-
pared with ‘flash’ (PW = 0.02, n = 28, N = 5), whereas at the level
of OT spiking (Fig. 4D) this selectivity became significant for both
‘crash’ and ‘grid’ stimuli (PW = 2e�6, n = 56, N = 14 for both
comparisons), such that both stimuli evoked twice as many spikes
per stimulus (6.18 � 5.73 and 6.19 � 5.72, respectively) than
‘flash’ (2.99 � 3.00). ‘Crash’ produced stronger spiking than ‘flash’
in 71% of cells, and in 88% of these cells selectivity was statisti-
cally significant at the individual cell level (PANOVA < 0.05). In
contrast, glutamatergic synaptic inputs were stronger for ‘crash’ than
for ‘flash’ in only 64% of cells, and in only 44% of these cells was
the difference significant (PANOVA < 0.05). This suggests that selec-
tivity for looming stimulus may not fully arise until the level of tec-
tal cell output. The absolute amplitudes for ‘flash’, ‘ramp’, ‘grid’
and ‘crash’, respectively, were found to be: for inhibitory currents
(total charge, in pC): 10.5 � 11.0, 7.6 � 9.5, 9.3 � 8.5, and
10.6 � 9.1; for excitatory spiking (in pC): �6.4 � 5.5,
�6.2 � 3.9, �7.5 � 6.1, and �8.5 � 4.8; and for OT spiking (n
spikes): 3.0 � 3.0, 4.9 � 4.9, 6.2 � 5.7, and 6.2 � 5.7.
It is important to note that one key difference between the optic

nerve recordings and the single tectal cell recordings was that in one
case we were looking at the bulk activity of several retinal ganglion
cells (RGCs), whereas in the other we were looking at selectivity in
individual neurons, potentially making them difficult to compare.
However, sampling the responses of individual tectal cells from
multiple animals is conceptually equivalent to detecting the
responses of a large ensemble of cells from one animal, as long as
synchrony and variability of responses are not concerned, and
sampling is random.

© 2014 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 40, 2948–2962

2954 A. S. Khakhalin et al.



Although multiple cell types are described in the OT of adult
Xenopus frogs (Lazar & Szekely, 1967; Lazar, 1973) and other spe-
cies (Gr€usser & Gr€usser-Cornehls, 1976; Wang & Frost, 1992; Ew-
ert, 1997; Frost & Sun, 2004; Kang & Li, 2010; Nakagawa &
Hongjian, 2010; Liu et al., 2011), and in both mammals and birds
different cell types in the OT are known to have different dynamics
of responses to looming stimuli (Frost & Sun, 2004; Liu et al.,
2011), we failed to identify any distinct cell types through our data,
despite the high variability of response dynamics in OT cells. This

further supported the evidence that, at the developmental stages that
we worked with, cell types in the tadpole OT are not yet fully
developed.
To compare looming stimulus selectivity across different stages of

signal processing we calculated the mean effect size of this selectiv-
ity, defined as the difference between average responses to ‘crash’
and ‘flash’ divided by the trial-to-trial SD of response amplitudes
(Hentschke & Stuttgen, 2011). We found that the effect size gradu-
ally increased as the signal progressed through the circuit (Fig. 5A;
PANOVA = 1e�4): from �0.5 � 0.8 in the optic nerve (the value
was negative due to reversed ‘flash/crash’ selectivity), through
0.1 � 1.5 for GABA and 0.9 � 1.8 for glutamatergic synaptic
inputs, to 1.3 � 2.0 for spiking. We therefore concluded that the
OT was the first brain region in which the behavioral saliency of
looming stimuli is encoded by population response amplitudes.
Our data, however, did not provide enough evidence about the

exact mechanisms of collision detection. We considered two broad
models that could explain the looming stimulus selectivity in the
OT. One model assumes that looming stimuli are detected at the
level of excitatory synaptic inputs to OT cells, and this selectivity is
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‘grid; c, ‘crash’.
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further amplified and thresholded by OT cell spiking. Notably, this
model implies higher involvement of retinal processing and targeted
feed-forward retinotectal projections in the detection of looming
stimuli. For example, retinal circuits could implement temporally
localised surround inhibition (Lettvin et al., 1959), and report the
results of this computation to the OT by some kind of temporal
code (Ishikane et al., 1999, 2005; Baranauskas et al., 2012). Alter-
natively, RGCs from different regions of the retina could use a pop-
ulation code, with a small subset of influential selective ‘labeled
lines’ establishing targeted convergent connections onto a subtype
of OT cells (Gr€usser & Gr€usser-Cornehls, 1976; Ewert, 1997), turn-
ing them into ‘expansion detectors’ (Frost & Sun, 2004). In contrast,
another model assumes that looming stimuli are detected through
the emergent dynamic activity of the OT network as a whole (Xu
et al., 2011), and that stronger synaptic drive during looming stim-
uli, as was observed in our experiments, is due to recurrent connec-
tivity in the OT (Pratt & Aizenman, 2007; Pratt et al., 2008), and
comes as a consequence, rather than a cause of stronger spiking in
the tectum. In this model, collision detection relies on distributed
computations (Lamme & Roelfsema, 2000), and dynamic activation
patterns (Das et al., 1996; Meredith & Ramoa, 1998; Zhu & Lo,
2000; Lee & Hall, 2006) that are dependent on the interplay
between direct and recurrent inputs in this network (Tao & Poo,
2005; Richards et al., 2010; House et al., 2011; Shen et al., 2011;
Shao et al., 2013).
To differentiate between these ‘mostly feed-forward’ and ‘mostly

recurrent’ models we first tested whether the total synaptic drive
received by each OT cell can serve as a good predictor of its spike
output. As the synaptic data (Fig. 4B and C) and spiking data
(Fig. 4D) were recorded from different sets of cells, we could not
compare the synaptic inputs with the spiking output directly.
Instead, we used the synaptic amplitudes of excitatory and inhibitory
inputs recorded in a subset of OT cells to ‘predict’ the probable
spiking output of these cells (n = 28), and then compared the distri-
bution of ‘predicted output amplitudes’ with recordings of spiking
in another set of OT cells (n = 56). We assumed that inhibitory
inputs hyperpolarised the membrane, and also decreased the mem-
brane resistance through shunting inhibition (Isaacson & Scanziani,
2011); therefore the predicted spike output of each cell was modeled
as s ¼ c e�ai

1þbi þ d, where e is the relative excitation strength, normal-
ised across stimuli (Fig. 4B), i is the relative strength of inhibition
(Fig. 4C), and a, b, c and d are unknown parameters. We optimised
these parameters, looking for the best fit between median spiking
amplitudes predicted for cells from the first group, and actual spik-
ing recorded from cells from the second group (Fig. 5B). Optimal
fit was achieved for a = 0.04 and b = �0.02, and as synaptic drive
strengths were normalised, small values of fit parameters indicated
that inhibition had a weaker effect on spiking selectivity than excita-
tion. Overall, in this model excitatory synaptic inputs explained
52% of the difference in spiking responses across stimuli, the intro-
duction of inhibitory inputs accounted for another 34%, whereas
15% of the difference remained unexplained. These results showed
that synaptic inhibition was likely to directly contribute to the emer-
gence of selectivity in the OT, with differences in the excitation/
inhibition balance during responses to different stimuli being, poten-
tially, one of the important sources of this selectivity.
We then investigated the temporal interactions between the inhibi-

tory and excitatory inputs at each cell (Fig. 5C), and tested whether
these interactions could contribute to differences in spiking response
to different stimuli (Wehr & Zador, 2003; Wilent & Contreras,
2005; Pecka et al., 2008; Zhou et al., 2010; Shen et al., 2011; Per-
son & Raman, 2012; Royer et al., 2012). We calculated cross-corre-

lations between the average time profiles of excitatory and
inhibitory inputs for each stimulus type in each cell, and compared
peak cross-correlation values, as well as their positions on the corre-
logram (Okun & Lampl, 2008) (Fig. 5D). Inhibition lagged behind
excitation for all stimuli, and this lag did not differ between
responses to ‘flash’ (16 � 70 ms) and ‘crash’ (14 � 103 ms;
PW = 0.7; n = 28, N = 5). The peak cross-correlation for responses
to ‘flash’ and ‘crash’ also did not differ (0.74 � 0.21 for ‘flash’;
0.76 � 0.20 for ‘crash’, PW = 0.26, n = 28, N = 5). We con-
cluded that the difference in the temporal profiles of excitation and
inhibition did not play an active sculpting role in the emergence of
stimulus selectivity in individual OT cells, despite the fact that, in
the optic nerve, responses to ‘flash’ were somewhat shorter than
responses to any other stimulus (20–80% rise time of the cumulative
response, 476 � 160, 656 � 201, 647 � 157, and 681 � 173 ms
for ‘flash’, ‘ramp’, ‘grid’, and ‘crash’, respectively, PMW < 0.002
for all comparisons with ‘flash’, N = 22).

Pharmacological modulation of stimulus selectivity

To investigate the importance of network activation dynamics for
stimulus selectivity we recorded the spike output of OT cells
in vivo, while pharmacologically modulating either their intrinsic
properties (Pratt & Aizenman, 2007), or the balance of excitatory
and inhibitory synaptic transmission in the OT (Shen et al., 2011).
In one series of experiments we used ACSF with elevated potassium
concentrations ([K+]out = 7 mM, compared with 4 mM in control) to
increase the resting membrane potential of cells in the brain. The
subthreshold depolarisation of neurons promotes spontaneous spik-
ing (Shin et al., 2010) and the spontaneous release of neurotransmit-
ters from presynaptic terminals (Jensen et al., 1994; Shin et al.,
2011), but also facilitates the inactivation of voltage-gated Na chan-
nels, suppressing burst generation (Pratt & Aizenman, 2007; Remy
et al., 2010; Tsuruyama et al., 2013). We found that, in ACSF with
elevated [K+]out, bursting was suppressed, and OT cells fired fewer
spikes in response to visual stimulation (Fig. 6A; 1.8 � 1.9 spikes/
stimulus averaged across all stimuli types for high [K+]out, compared
with 5.2 � 4.6 spikes/stimulus in control; n = 26 and 60, N = 3
and 14, respectively, PMW = 4e�5). Selectivity for looming stimuli
was lost, and even reversed, with 81% of recorded cells (21 out of
26; PW = 2e�3) having a higher response to ‘flash’ than to ‘crash’.
The median selectivity effect size in high [K+]out ACSF was lower
than in control (Fig. 6B; PMW = 2e�4), and negative, reflecting the
reversal of stimulus preference.
To differentiate between the emergent stimulus selectivity of the

OT network as a whole, and the amount of tuning that each OT cell
exhibited individually (Podgorski et al., 2012), we introduced an
index of ‘individual cell selectivity’, defined as a ratio of between-
stimuli to within-stimuli variability of responses, and computed in the
same way as F statistics are computed for the ANOVA test (see Materials
and methods). Note that for any given cell its selectivity index quanti-
fied the presence of tuning across stimuli types in our assay, but not
necessarily a preference for the looming stimulus. A high selectivity
index corresponded to cells that spiked differently across stimuli, and
consistently within each stimulus type, whereas low values corre-
sponded to noisy, non-selective cells. In experiments with high
[K+]out, the individual selectivity of OT cells was lower than in control
(Fig. 6C; PMW = 3e�3), reflecting higher background noise levels,
and lower dynamic range of spiking output.
To check whether the balance of synaptic excitation and inhibi-

tion is important for the emergence of stimulus selectivity we phar-
macologically manipulated inhibition, by either blocking GABAA
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receptors with 100 lM of picrotoxin in the external solution, or mak-
ing inhibition stronger by adding 5 lM of diazepam, a positive mod-
ulator of GABAA receptors (Karayannis et al., 2010; Shen et al.,
2011). Unlike many classical preparations, the Xenopus OT does not
generate rapid epileptiform discharges when inhibition is pharmaco-
logically blocked (Aizenman & Cline, 2007; Pratt & Aizenman,
2007; Pratt et al., 2008; Deeg et al., 2009; Deeg & Aizenman,
2011; Khakhalin & Aizenman, 2012) due to strong inactivation
of Na+ channels in tectal neurons (Pratt & Aizenman, 2007). In
solution containing picrotoxin, OT cells became more responsive
compared with control (Fig. 6A; 7.1 � 5.4 spikes/stimulus in picro-
toxin vs. 5.2 � 4.6 in control, PMW = 0.04; n = 25 and 60, N = 5
and 7, respectively). Stimulus selectivity in the OT was, however,
completely lost, at both the network level (PW = 0.3; only 40% of
cells responded more strongly to ‘crash’ than to ‘flash’), and for
every cell individually (only 25% of cells exhibited any individual
tuning, based on PANOVA < 0.05 criterion, compared with 70% of
cells in control). Respectively, both the OT selectivity effect size
(Fig. 6B; PMW = 6e�4), and the individual cell selectivity index
(Fig. 6C; PMW = 1e�5) were lower in picrotoxin-containing ACSF
than in control.
In experiments with GABAergic transmission enhanced by diaze-

pam, global selectivity for looming stimuli was also lost, with the
effect size being lower than in control (Fig. 6B; PMW = 0.047), as
across all cells ‘crash’ produced a stronger response than ‘flash’
only at a chance level (in 55% of cells; PW = 0.6, n = 38, N = 5).
At the same time, unlike in experiments with inhibition blocked,
most cells remained highly selective individually, and the cell selec-
tivity index was not different from control (Fig. 6C, P > 0.05). With
diazepam in the ACSF, 79% of cells exhibited statistically signifi-
cant individual tuning across stimuli (based on the PANOVA < 0.05
criterion; median PANOVA = 6e�5), but unlike in the control series
of experiments, this individual selectivity was not consistent across
the OT, meaning that cells were not necessarily selective for ‘crash’
stimuli. The average spiking output was lower in experiments with
diazepam than in control (Fig. 6A; 2.2 � 3.0 spikes/stimulus,
PMW = 4e�5).

Could retinal processing account for stimulus selectivity?

Although our data indicated that collision detection can be per-
formed by recurrent networks in the OT, there is still a possibility
that detection happened in the retina, and was communicated to the

OT via the optic nerve. Although the cumulative amplitudes of optic
nerve responses were not selective for looming stimuli, RGCs could
detect collisions (Munch et al., 2009; Zhang et al., 2012) and com-
municate them to the OT by either population code, using a small
subset of ‘labeled lines’ (Frost & Sun, 2004), or by a rate code, with
some spiking patterns providing stronger synaptic activation of OT
cells than the others (Kuras et al., 2006). In adult ranid frogs, inter-
connected dimming detectors in the retina (Lettvin et al., 1959;
Waldeck & Gruberg, 1995; King et al., 1999) can detect looming
stimuli and communicate this information to the OT by switching
from desynchronised spiking to globally synchronised oscillations in
the 10–30 Hz frequency range (Ishikane et al., 2005; Baranauskas
et al., 2012). Oscillations in the 40–60 Hz range were also reported
in retinorecipient layers of the superior colliculus in mammals
(Brecht et al., 2001; Stitt et al., 2013) and the OT in birds (Goddard
et al., 2012). To check whether this effect was present in our prepa-
ration we looked at the spectral content of responses in the optic
nerve. We found that oscillations in the 10–50 Hz frequency band
were prominent in responses to ‘flash’ (Fig. 7A), with 10 animals
out of 22 having an isolated frequency peak within the 10–50 Hz
band. This peak was, however, absent from individual spectra of
responses to both ‘grid’ (one animal out of 22 with an isolated fre-
quency peak) and ‘crash’ (no animals with a peak out of a total of
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22). The relative spectral power of this high-frequency band was
more prominent in responses to ‘flash’, than in responses to all other
stimuli (Fig. 7B; PW < 2e�5; N = 22). We concluded that the syn-
chronised oscillatory spiking of dimming receptors does indeed
occur in Xenopus tadpoles, but it cannot serve as a mechanism for
collision detection at the developmental stages that we studied, as in
our assay it was only present in the least salient stimulus, but not in
more salient looming stimuli.

Conceptual model

Our data suggested that stimulus selectivity may arise as a result of
recurrent connections within the tectum, but is a distributed network
of recurrently interconnected cells sufficient to act as a collision
detector? To investigate this, we created a simple conceptual model
that performed exactly this type of computation. Consider a one-
dimensional ‘retina’ comprised of OFF elements that project to a
one-dimensional ‘tectum’ in a retinotopic fashion. A simple way to
visualise the dynamic behavior of a one-dimensional system like
that is to plot the evolution of its activation states in consecutive
horizontal lines, as is done for cellular automata (Mitchell, 1996;
Vladimirov et al., 2012) (Fig. 8). Let us assume that the model fol-
lows three simple rules. (i) Every tectal cell receives excitatory
inputs from a corresponding cell in the retina, and also recurrent
inputs from four cells surrounding it (two at each side), reflecting
activation from the previous time step. (ii) Tectal cells spike when
the total activation they receive at some time step exceeds a thresh-
old. (iii) After spiking, each tectal cell enters a refractory period for
two time steps before it can spike again.
It is straightforward to see that this simple model is tuned to be

selective, among other things, to one-dimensional ‘looming stimuli’
(Fig. 8C), as they produce a higher cumulative output in this system
compared with an instantaneous ‘flash’ (Fig. 8A), receding (Fig. 8B)
or translational (not shown) stimuli. The mechanism behind this
selectivity is that an expanding stimulus creates a secondary delayed
wave of activation in the middle of the ‘tectum’; as cells in the mid-
dle emerge from the refractory period, they are recurrently excited
for the second time by expanding waves of activity around them.
Due to simple spatial logic, this ‘focus’ of secondary excitation does
not occur for synchronous or translational stimuli, whereas for
receding stimuli recurrent excitation overlaps temporally and spa-
tially with direct excitation from the retina, and so does not produce
additional spiking. This model is not the only way to build a distrib-
uted looming detector, but it shows that the requirements for such a

system are quite low. The ultimate way to check whether distributed
processing of this kind happens in the real OT is to perform Ca2+

imaging experiments, registering the dynamics of network activity,
which will be our next goal.

Discussion

In this study we present two models for the emergence of selectivity
in the OT: one relying on retinal processing (Ishikane et al., 2005;
Munch et al., 2009; Zhang et al., 2012) and targeted feed-forward
retinotectal connections (Frost & Sun, 2004; Baranauskas et al.,
2012), and the other, relying on the recurrent network dynamics in
the OT. We suggest that the recurrent model seems to better explain
the phenomena described in this study. Because of the fact that, dur-
ing the developmental stages that we studied, the vast majority of
RGC axons in Xenopus project to the OT (Steedman et al., 1979;
Deeg et al., 2009; Hiramoto & Cline, 2009), and not to other brain
regions, we were able to conclude from our optic nerve recordings
(Fig. 4A) that the majority of RGCs in the retina did not transmit
the results of collision detection by a simple rate code (via the total
number of spikes sent). In addition, the absence of synchronised
oscillations in response to ‘crash’ (Fig. 7) makes the use of temporal
coding unlikely. It is well established that most, if not all, cells in
deep layers of the Xenopus OT receive strong direct inputs from the
retina (Deeg et al., 2009; Xu et al., 2011), and in this light the fact
that in our study the majority (~70%) of OT cells responded to
‘crash’ more strongly than to ‘flash’ tentatively argues against the
theory of ‘dedicated labeled lines’ from the retina converging on
few specialised collision detectors in the OT in a sparse ‘mosaic’
manner (Frost & Sun, 2004). We also did not observe any distinct
subtypes of OT cells, based on the dynamics of their responses to
looming stimuli, as described previously (Frost & Sun, 2004; Liu
et al., 2011). We therefore conclude that although an alternative,
‘mostly-feed-forward’ explanation of our data is possible, and some
‘labeled lines’ reporting collision events from the retina to the OT
may still have been missed by our methods, this alternative explana-
tion may require more elaborate assumptions about the architecture
of targeted connections between the retina and the OT, as well as
within the OT, and in the absence of decisive evidence in its favor
we support a simpler explanation.
The analysis of the excitation and inhibition dynamics shows that

the average profiles of excitatory and inhibitory synaptic inputs to
OT cells were highly and similarly correlated during responses to
both salient and non-salient sensory stimuli. This finding adds to
previously described cases of high temporal correlation between
synaptic excitation and inhibition in local networks (Wehr & Zador,
2003; Isaacson & Scanziani, 2011), and shows that temporal lags
between excitatory and inhibitory inputs to OT neurons were not
likely to actively ‘sculpt’ their spike output (Okun & Lampl, 2008),
as happens in some systems (Wilent & Contreras, 2005; Zhou et al.,
2010). At the same time, inhibition sharpened selectivity for sensory
stimuli in individual OT cells, similarly to known models of nar-
rowly tuned excitation combined with broadly tuned inhibition (Fo-
eller et al., 2005; Wu et al., 2008; Sun et al., 2010; Zhang et al.,
2011). Most importantly, however, our pharmacological experiments
suggest that local inhibition may maintain optimal levels of recurrent
activity in the OT (Shao et al., 2013), regulating the relative
strengths of direct and recurrent inputs to OT cells, and allowing for
comparison between newly arriving sensory information and traces
from the past (Lamme & Roelfsema, 2000). Inhibitory blockade ren-
dered the OT non-selective, and unlike many mammalian prepara-
tions, this was not due to spontaneous epileptiform discharges

Fig. 8. Conceptual model of a reverberation network acting as a collision
detector (see Discussion for details). In every panel the left grid represents a
one-dimensional ‘retina’, and the right grid represents a one-dimensional ‘tec-
tum’; rows correspond to discrete time steps (time running from top to bot-
tom), and columns correspond to ‘RGCs’, or retinotopically arranged ‘tectal
cells’, accordingly. Cells that spike during the current time frame are shown
as dark and silent cells are pale. (A) Response to instantaneous ‘flash’. (B)
Response to reversed looming, or receding stimulus. (C) Response to loom-
ing stimulus, or ‘crash’. Total cumulative spiking output in the ‘tectum’ is
stronger for ‘crash’ (10 spikes) than for either ‘flash’ or receding stimulus
(seven spikes each).
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disrupting normal functioning (Isaacson & Scanziani, 2011), but
rather due to existing recurrent activity in the OT circuits over-
whelming direct inputs from the RGCs (Richards et al., 2010). The
importance of optimal integration between direct and recurrent
inputs was further confirmed in experiments with enhanced inhibi-
tion, in which OT cells were prevented from communicating with
each other effectively. This disruption of network dynamics rendered
the OT non-selective, despite individual cells exhibiting high, but
uncoordinated tuning to sensory stimuli.
Similarly, when the intrinsic excitability of OT neurons, and their

ability to spike repeatedly, were decreased by K+-induced membrane
depolarisation and related Na+ channel inactivation, the recurrent
network activation in the OT was abolished, and the network was
rendered non-selective. These results also provide a perspective on a
previous finding that persistent visual stimulation, which makes neu-
rons in the tadpole OT more excitable (Aizenman et al., 2003), par-
tially disrupts visually evoked behaviors (Dong et al., 2009).
Our comparison of the tectal responses to different visual stimuli

suggests that the slower a stimulus developed, the higher the total
number of spikes that it evoked in the OT. This observation is in
seeming contradiction to the fact that quasi-stationary stimuli do not
typically produce robust behavioral responses in animals. In the
locust, for example, the main function of the collision-detecting neu-
ron appears to be in selecting stimuli that unroll fast enough to over-
come the spike-frequency adaptation that the neuron exhibits (Peron
& Gabbiani, 2009a,b; Simmons et al., 2013). In the tadpole, how-
ever, OT cells do not feed directly to motor neurons, but are con-
nected to reticulospinal neurons in the hindbrain (Szepsenwol,
1935), which are known to perform active temporal thresholding of
inputs converging on them (Fetcho, 1991; Preuss et al., 2006).
Although the exact electrophysiology of the major reticulospinal
neurons in Xenopus tadpoles is not yet known, in fish this temporal
thresholding is mediated by a competition between excitation and
feed-forward shunting inhibition (Fetcho, 1991; Korn & Faber,
2005; Medan & Preuss, 2011). We can therefore assume that, in the
tadpole, stimuli that are ‘too fast’ and ‘too slow’ may be rejected by
two different networks, in the OT and hindbrain, respectively. More-
over, in behavioral experiments we observed two distinct behavioral
programs for visually evoked escapes: one with a drastic change in
swimming direction and rapid acceleration, and another with a mod-
est increase in the swimming speed, and a slight correction of
course. These programs seem to correspond, respectively, to C-starts
(Fetcho, 1991; Korn & Faber, 2005), and slow starts (Burgess &
Granato, 2007; Portugues & Engert, 2009), or S-starts (Domenici &
Blake, 1997), as described in fish (Budick & O’Malley, 2000). The
fact that collision events with different dynamics can trigger differ-
ent motor programs may mean that individual command neurons
may be tuned to different dynamics of inputs from the OT, as was
suggested previously for hindbrain neurons in fish (Gahtan et al.,
2002; Preuss & Faber, 2003; Korn & Faber, 2005; Kohashi & Oda,
2008; Orger et al., 2008; Portugues & Engert, 2009; Whitaker
et al., 2011), ranid tadpoles (Ingle & Hoff, 1990), and giant neurons
in insects (Card, 2012).
To sum up, here we show that recurrent excitatory and inhibitory

connections in the OT, as well as signal integration in individual
tectal cells, play a crucial role in the detection of looming stimuli in
the brain of Xenopus tadpoles. We suggest that the dynamic activa-
tion of distributed neural networks in the tectum can mediate stimu-
lus categorisation in the early phases of sensorimotor transformation
in this animal. We demonstrate that synaptic inhibition, although
highly correlated with excitation, improves tuning for behaviorally
relevant stimuli in individual neurons, and also hypothesise that the

ultimate role of inhibition in the tectum may be in maintaining the
proper ratio of direct and recurrent activation in this structure.

Supporting Information

Additional supporting information can be found in the online
version of this article:
Video S1. Fast avoidance maneuvers. A set of ‘fast’ avoidance
maneuvers performed by a freely-swimming tadpole in response to a
computer-generated black circle sent by an operator towards the ani-
mal (circle radius r = 0.28 cm; speed v = 2.9 cm/s). In this video
intervals of waiting time between the trials were cut out. Note the
rapid accelerations and sharp turns that the animal performs.
Video S2. Slow avoidance maneuvers. A set of ‘slow’ avoidance
maneuvers performed by an animal in response to approaches by a
larger and slower circle (circle radius r = 0.56 cm; speed
v = 1.4 cm/s). Waiting time between the trials is cut out from this
video. Note that accelerations of the animal are more subtle than for
‘fast’ avoidance, whereas turn angles are smaller.
Video S3. Partially immobilised preparation. An original video from
a partially immobilised behavior experiment, slowed down from 100
to 30 frames/s. A periodical tail movement is interrupted by a ‘tail-
flick’, which is followed by a transient increase in oscillation fre-
quency, and then a gradual recovery of normal background swim-
ming. Note that the gel, in which the animal is partially embedded,
has the same optical density as water, and is invisible in the video.
The optic fiber that was used for visual stimulation can be seen in
the lower left part of the video.
Video S4. Visual stimulation. A sequence of four visual stimuli used
in this study (‘flash’, ‘ramp’, ‘grid’, and ‘crash’) shown one after
another without delays. The video shows the surface of the microfi-
ber bundle that was normally brought against the lens of the tadpole
eye.
Fig. S1. The dynamics of spiking responses in individual tectal cells
in Xenopus tadpoles was highly variable, yet we did not observe
distinct compact clusters, corresponding to functional cell types, as
they are described in adult birds and mammals (Frost & Sun, 2004;
Liu et al., 2011). On this plot, every circle corresponds to one cell.
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