






sharks showed a decrease in lateral line activity with tail movement,
but efforts to correlate the efferent modulation with this reduction
were complicated by the large amplitude of the movements (Roberts
and Russell, 1972; Russell and Roberts, 1974). Experiments in
the scorpionfish Scorpoena papiliosuscorrelated a reduction in
lateral line response to ventilation movements with increased
activity in ascending efferent neurons, suggesting an adaptive filter
of self-generated movement (Montgomery and Bodznick, 1994).
Additionally, previous work in the oyster toadfish showed efferent
modulation of the lateral line in response to visual cues (Tricas and

Highstein, 1991). During fictive sound production in the plainfin
midshipman, Porichthys notatus, a member of the toadfish family
(Batrachoididae), efferent modulation was noted to both the hearing
organs and the lateral line (Weeg et al., 2005).

Though the initial goal of this study was to examine the lateral
line activity in free-swimming toadfish and their detection of an
external stimulus (i.e. vibrating sphere), coercing the toadfish to
swim past the sphere at consistent speeds and distances proved
challenging. Additionally, the toadfish lateral line had a limited
detection range to the vibrating sphere (approximately 10 cm for
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Fig. 3. Anterior lateral line recording
during fish movement. Each panel (top
to bottom) shows the instantaneous firing
rate (frequency, f ), the mean firing rate
(spikes s−1), vertical lines corresponding
to action potentials, and neural activity
from the anterior lateral line nerve during
fish movement on a sled past a vibrating
sphere at 50 Hz operated at the following
amplitudes: (A) 0 dB (high), (B) −20 dB
(medium) and (C) −40 dB (low). The
shaded red rectangle indicates when the
fish was within 5 cm of the sphere.
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fish in this study) and even during nearby passes, free-swimming
fish were only in range of the sphere for 1 or 2 s; thus, each pass was
unique and it was difficult to statistically analyze the swims by the
vibrating sphere because of the large variation in speed and
direction. However, afferent activity significantly increased during
free swimming and rates increased further during passes in the
vicinity of the sphere (±5 cm), indicating that the free-swimming
fish detected the sphere. In contrast, efferent fibers did not increase
firing rate during swimming.
To correlate lateral line neural activity with movement and

stimulus detection, a tethered sled was developed to allow
controlled and quantified approaches to the vibrating sphere. The
toadfish is a relatively sedentary fish with sustained swimming
rarely seen in captivity and their murky estuarine habitats make field
observations difficult. Most toadfish movements observed in tanks
consist of short-distance (<1 m), slow ‘hops’ interspersed with
stationary periods. They are also capable of short (one body length),
rapid bursts during predatory strikes (Palmer et al., 2005).
The sled speeds were within the range of natural toadfish

movements; the fast sled speeds overlapped with the lower range of
toadfish swim speeds recorded in this study and the slow sled speeds

were consistent with the hops observed in captivity. Forward sled
movement increased neural activity, consistent with that observed
during free swimming. Phase locking to the sinusoidal movements of
the vibrating sphere indicated that the lateral line was detecting the
stimuli. Although firing rates increased duringmovement, therewas no
indication that phase locking occurred when the sphere was off or
operated at low amplitude. At higher sphere amplitudes, strong and
statistically significant phase lockingwas observed ±5 cm to the sphere

Decreases in afferent activity were not observed with movement,
suggesting that efferent fibers did not modulate firing activity. While
it remains possible that efferent modulation requires voluntary
movement andwas not detected because of the artificial movement of
the sled, free-swimming fish also displayed increased afferent firing
rates without apparent efferent input, and afferent firing rates also
increased during prey strikes (Palmer et al., 2005). Additionally,
numerous efferent fibers, which are characterized by a relatively low
(<1 Hz) firing rate, were recorded during this and previous studies
(Maruska and Mensinger, 2015; Radford and Mensinger, 2014), and
were not modulated by external stimuli or movement.

Several alternative hypotheses exist for the failure to record
efferent modulation. It is possible that efferent modulation occurred
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fibers during sled movement past a vibrating
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Fish distance relative to the sphere was as follows:
−30 cm (before movement), −25 to −15 cm (initial
movement), −5 to +5 cm (passing sphere), +15 cm
(stopped). The 50 Hz vibrating sphere was operated
at −40 dB (left) and 0 dB (right). R is the coefficient of
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and depressed the firing rate of the afferent fiber, preventing the
lateral line from being saturated. However, for efferent modulation to
occur and not be detected, it would have to be instantaneous with
movement. If it was delayed, then firing rates during movement
should have declined, which was not observed. Additionally, the
implanted efferent fibers did not showmodulation during swimming.
It remains possible that the implanted lateral line afferents were not
subjected to efferent modulation; however, these afferents innervated
neuromasts found along the lateral and anterior margin of the toadfish
head, which would be logical locations for the fish to monitor self-
generated movement. Additionally, while numerous efferent fibers
were identified, only three were retained for implantation and
although none showed increased firing rate during movement, it is

possible that there is another population of efferent fibers in the nerve
that does react to movement. Although this study cannot completely
rule out efferent modulation of the lateral line, it does demonstrate
that fish can detect stimuli while moving without detectable efferent
modulation at the speeds and stimuli tested.

The need for fish to be able to filter out self-generated movement
was thought to be necessary for schooling. The robotic fish was used
to recreate a quasi schooling situation as the mechanical fish
constantly moved its caudal fin during toadfish movement. While
there is no evidence that toadfish school, the experiment served as a
proxy for two fish swimming side by side in a school. The toadfish
responded to all three different tailbeat frequencies of the robotic
fish, indicating that moving fish can detect motions of nearby fish.
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Fig. 5. Free-swimming fish. Each panel (top to bottom) shows the instantaneous firing rate, the mean firing rate (spikes s−1) and vertical lines corresponding
to action potentials during spontaneous swimming. The black solid rectangle above each panel indicates the duration of the swim. (A,B) A free-swimming
toadfish moving past a vibrating sphere at 50 Hz (A, ∼2 s swim duration, 10 s total time; B, ∼2 s swim duration, 5 s total time). (C) A recording from an efferent fiber
during a free swim (∼15 s swim duration, 115 s total time) in the experimental tank.
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The lateral line fibers encoded forward fish movement yet still
remained sensitive to other stimuli. Presumably, self-generated
movement displaces neuromast stereocilia to send impulses to the
brain to indicate that the fish is moving; however, the hair cells
remain pliable to react to other stimuli. For example, at low sphere
displacement amplitudes, forward movement stimulated the
neuromasts, but when the fish passed the sphere, the firing rate
did not increase and phase locking was not observed. Only at high
amplitudes (0 dB) did afferent firing rates increase and strong phase
locking occur, showing the hair cells have the plasticity to respond
to the presumably stronger stimulus.
Much of the previous work on lateral line efferents involved

decerebrate, immobilized, anesthetized or stationary fish (Bodznick
et al., 1999; Roberts and Russell, 1972; Tricas and Highstein, 1991).
While important information was certainly obtained from these
studies, the implantable electrodes used in the present study
provided fish with sufficient time to recover from anesthesia
(90 min), metabolize the muscle relaxant (pancuronium bromide)

and resume normal behaviors such as active feeding and swimming
(Palmer and Mensinger, 2004). This experiment has shown the
effect of forward movement on the lateral line in free-moving or
swimming fish for the first time. Efferent modulation was not
detected and appeared unnecessary for the fish to detect outside
stimuli during movement. Whether this phenomenon is consistent
across other fish or amphibians will require further study.
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