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Recording central nervous system responses of freely-swimming marine 
and freshwater fishes with a customizable, implantable AC 
differential amplifier 
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A B S T R A C T   

Background: Fish have adapted to a diversity of environments but the neural mechanisms underlying natural 
aquatic behaviors are not well known. 
New method: We have developed a small, customizable AC differential amplifier and surgical procedures for 
recording multi-unit extracellular signals in the CNS of marine and freshwater fishes. 
Results: Our minimally invasive amplifier allowed fish to orient to flow and respond to hydrodynamic and visual 
stimuli. We recorded activity in the cerebellum and optic tectum during these behaviors. 
Comparison with existing methods: Our system is very low-cost, hydrodynamically streamlined, and capable of 
high-gain in order to allow for recordings from freely behaving, fast fishes in complex fluid environments. 
Conclusions: Our tethered approach allows access to record neural activity in a diversity of adult fishes in the lab, 
but can also be modified for data logging in the field.   

1. Introduction 

Any mechanistic understanding of animal behavior requires insight 
into the neural activity of the brain. Neural recordings in the brain have 
traditionally involved rigid mounting of the head to remove motion 
artifacts that can obscure small neuronal signals. While this approach 
has provided insights into fundamental mechanisms of neural process-
ing (Evarts, 1968; Turner and DeLong, 2000), some of the most recent 
exciting discoveries have been in freely moving animals (Yartsev and 
Ulanovsky, 2013; Musall et al., 2019; Rynes et al., 2021). These studies 
have taught us that neurons behave in profoundly different ways when 
an animal moves and interacts with its environment compared to when 
it is immobilized. These changes are particularly pronounced in sensory 
processing regions, as sensory input must be integrated with an animal’s 
own movement to provide an accurate representation of a complex and 
unpredictable external environment. (Crapse and Sommer, 2008; 
Skandalis et al., 2021; Philip et al., 2020). Revealing the neural basis of 
movement behaviors, which have evolved in nature, therefore depends 
on recording from freely moving animals free from experimental stress 
(Girotti et al., 2006; Juczewski et al., 2020; Rynes et al., 2021). 

With over 34,000 species, fishes are the most speciose group of 
vertebrates and have evolved behaviors that have allowed them to 

radiate into a tremendous diversity of ecological habitats. As a model 
system, fishes have also played a key role in understanding critical 
neural processes ranging from the mechanisms of the voltage gated Na+
channel (Agnew et al., 1978; Noda et al., 1984; Catterall, 1988) to the 
color-coding abilities of retinal neurons (Daw, 1968). More recently, the 
larval zebrafish system has opened up powerful optogenetic approaches 
to examine whole-brain activity in fixed and even freely moving in-
dividuals (Ahrens et al., 2013; Kim et al., 2017). Still, optogenetic 
methods requires tissue transparency and is thus limited to the larval 
stage, during which many behaviors are still developing. The brain ac-
tivity of adult fishes is currently much more challenging to investigate. 
Even though the neural architecture of fishes suggests a level of 
behavioral sophistication approaching mammals (Broglio et al., 2003; 
Brown et al., 2006), only a few studies have recorded neural activity 
from freely swimming fishes (Palmer et al., 2003; Canfield and Miz-
umori, 2004; Weiss et al., 2006; Vinepinksy et al., 2017; Takahashi et al., 
2021). Wireless recordings of brain activity from a freely swimming 
goldfish (Carassius auratus) showed that neural activity in the telen-
cephalon was correlated with swimming speed and a specific heading 
vector (Vinepinksy et al., 2020). This pioneering approach is not trivial 
to develop, as a small, waterproof housing is needed to prevent water 
from leaking into sensitive electronics (Vinepinksy et al., 2017; 
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Takahashi et al., 2021). While electrophysiology systems can be 
waterproofed and adapted from terrestrial animals like rats, the high 
cost can be prohibitive. Additionally, the housings used in previous fish 
studies are not streamlined in shape, which limits a wide range of nat-
ural movements, especially for species that are fast-swimming or live in 
current-swept environments. Our initial efforts to measure potentials 
from freely-swimming fishes using a traditional desktop amplifier yiel-
ded noisy recordings, likely due to the long wires picking up environ-
mental electromagnetic noise. Subsequent efforts using a commercially 
available headstage were also unsuccessful, as the amplifier was difficult 
to waterproof, and appeared to be easily destroyed by electrostatic 
discharge (ESD), and was costly to replace when damaged (>$1500). 
Here, we set out to design and implement a neural recording amplifier 
that is both hydrodynamically streamlined and cost effective to 
encourage comparative neural recordings in adult fishes. 

2. Methods 

2.1. Overview 

We designed a tethered, experimental setup to record real-time 
neural activity from the brains of fresh and saltwater fishes as they 
freely behave. We chose the freshwater rainbow trout (Oncorhynchus 
mykiss) and saltwater oyster toadfish (Opsanus tau) to demonstrate our 
results. At the core of our system is a small, modular AC differential 
amplifier custom-designed for electrophysiological recordings in water 
(Fig. 1). The amplifier provides multiple independent channels, which 
allows electrode arrays to be implanted into the brain. A small 
(length=163 cm; diameter=3 mm) output cable was connected to a 
differential AC amplifier (Fig. 2). Our system can also be configured with 
a data logger to permit wireless recordings. 

2.2. AC differential amplifier 

We constructed an amplifier which is a high-input impedance two- 
stage amplifier (Prutchi and Norris, 2005). The first stage consists of a 
low-noise JFET-input (junction-gate field-effect transistor) operational 
amplifier (op-amp) configured for non-inverting gain. The JFET input 
provides low input bias currents (<1 pA) and is far more resistant to ESD 
(electrostatic discharge) damage than a MOSFET (metal-
–oxide–semiconductor field-effect transistor) input (Schreier, 1978). 
The output from the first stage is passed through a simple RC filter that 
removes DC signals produced by electrode polarization and the input 
offset voltage of the op-amp, which would saturate subsequent stages if 
not removed. This signal is further amplified in a second stage CMOS 
(complementary metal-oxide-semiconductor) op-amp operating in a 
non-inverting configuration. This second stage also functions as the 
output cable driver, and parasitic oscillations that may be induced by 
cable capacitance are suppressed by the low loop gain of the 
non-inverting configuration and selecting op-amps that are intrinsically 
robust to output capacitance (C-Load™). In order to reject stray com-
mon potentials, all input signals are differentially amplified by sub-
tracting off a reference input. This reference input is buffered using a 
unity-gain amplifier, which provides a low-impedance signal for sub-
sequent stages and provides a common mode rejection ratio (CMRR) 
limited only by the CMRR of the op-amp, which is usually exceptional 
(here, 90 dB typical). Unity-gain configurations can be less stable, and 
parasitic oscillations are suppressed using a resistor-capacitor feedback 
network and selection of a nominally unity-gain stable op-amp. Low 
power components were used for all integrated circuits (IC) to enable 
this amplifier to be readily adapted for battery-powered applications. 

The head stage amplifier was implemented with 8-channels using 
surface mount components on a 4-layer printed circuit board 
(40.3 mm × 28.6 mm). The board was designed with an interconnect 
through the midline, such that the board can be cut in half to produce a 
smaller 4-channel amplifier, or the board can be folded along this 

Fig. 1. (A) Schematic diagram of the custom-developed amplifier used in this 
study. (B) Layout of the printed circuit for the amplifier (represented by top 
copper plane). (C) Recording of a sine wave 150 µV p-p test signal (10,000x 
total gain, 300–5000 Hz filter, 40 ksps), showing that noise is modest and the 
signal is well-resolved. (D) Spectral density of input voltage noise (10,000x 
total gain, 1–20,000 Hz filter, 40 ksps). 
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midline to produce a smaller 8-channel amplifier (20.1 × 28.6 mm) by 
using a flex board cutting and rejoining a rigid board. 

A major advantage of using a custom circuit is the ability to readily 
modify the design for different applications. The gain of the first stage is 
given by 

G1 = 1+R5/R1  

where G1 is the gain of the amplifier, and R1 and R5 are resistor values. In 
our implementation, these resistors were selected to produce a gain of 
50x (R1 = 10.2 kΩ, R5 = 499 kΩ), which was sufficient to reduce the 
effects of noise of subsequent stages while avoiding input saturation. 
The cutoff frequency of the RC filter is 

fc =
1

2πR11C5  

where fc is the cut-off frequency, and R11 and C5 are resistor and 
capacitor values. We selected values to produce a cutoff frequency of 
2 Hz (R11 = 1.18 MΩ, C5 = 68nF). Lastly, the gain of the second stage is 

G2 = 1+R9/R10  

where G2 is the gain of the amplifier, and R9 and R10 are resistor values. 
For our experiments, our amplifier was configured with a gain of 2x (R9 
= 4.7 kΩ, R10 = 4.7 kΩ). When used in conjunction with a desktop 
amplifier, this amounted to a total gain of 100x. However, the amplifier 
can be easily configured for other gain or filter values simply by 
selecting different resistor and capacitor values, which allows this 
amplifier to be used in a broad range of applications, including wireless 

configurations. 
Although the amplifier may be configured to interface directly with a 

data acquisition system, in this case it was convenient to condition the 
output using a desktop extracellular differential amplifier (Model 1700, 
AM Systems, Sequim, WA, USA). Signals were then recorded using an 
analog to digital converter (Powerlab 16/35, AD Instruments Ltd, 
Dunedin, NZ). 

The performance of the system was subsequently verified. Microvolt 
test signals were generated by scaling a signal from a function generator 
using a resistive voltage divider (1/1000x), and then amplified outputs 
were recorded and compared to the input (Fig. 1C). Similarly, the input 
voltage noise was determined by grounding the inputs and recording the 
amplified output (Fig. 1D). The measured noise spectrum showed low 
noise levels, with a typical combination of 1/f and white noise. 

It was not uncommon for minor technical issues to arise during 
experimental trials, such as loose connections or broken wires. Often 
these issues were not obvious and only apparent after a trial failed to 
produce robust responses. To eliminate such problems, a small test 
board was produced that directly connected to the inputs of our 
amplifier, and which allowed the verification tests described above to be 
performed prior to each trial. 

Note that detailed schematics of the circuit board files are found in 
the supplementary information. This includes industry-standard gerber 
files which can be supplied to any printed circuit board manufacturer to 
produce the amplifier and test board in this study. 

Fig. 2. (A) Surgical setup with perfusion system and fish holder. (B) Exposed trout brain after skin and bone removal. (C) Insertion of recording electrodes (position 
indicated by drawn red line) into the cerebellum and the reference electrode (position indicated by yellow line) into the cerebral spinal fluid. (D) After electrode 
implantation, the cranial cavity was sealed with dental cement to lock electrodes in place. 
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2.3. Electrode and output cable fabrication 

Homemade polyimide insulated tungsten electrodes (35 µm, Cali-
fornia Fine Wire Company, CA, USA) were used to record multi-unit 
extracellular signals from the brain. Electrodes were cut to length 
(~2.5 cm) and the ends of each wire were burned with a lighter to 
remove the polyimide insulation. Electrode tips were soaked overnight 
in propanol to remove any residue from the burning process. Once clean, 
one end of the electrode wire was soldered to a 10-channel ribbon 
jumper (FFC flex cable jumper, Molex, Ill, USA) under a dissecting mi-
croscope (Stemi 2000-C, Zeiss, Germany). Electrode connectivity with 
the ribbon jumper was checked using a multimeter (2708B, B&K Pre-
cision, CA, USA). 

The output cable was fabricated in similar fashion to the electrodes. 
Polyurethane enameled copper wires (30 AWG, Bntechgo, CA, USA) 
were cut to length (163 cm) and the enamel was removed with a scalpel 
from the wire ends. The end of each wire was soldered to its corre-
sponding pad on a 12-channel ribbon jumper (FFC flex cable jumper, 
Molex, Ill, USA) under a dissecting microscope. The other end of the wire 
was then soldered to wires of a DB 25-pin female connector (Uxcell, 
Hong Kong, China). The female connector interfaced with a 25-pin male 
connector (Uxcell, Hong Kong, China) wired to the external power 
source (AA battery holder, OSEPP electronics, AZ, USA) and a differ-
ential AC amplifier (Model 1700, AM Systems, Sequim, WA, USA). 
Output cable wires were braided together to form a single wire. 

2.4. Waterproofing 

After our amplifier was checked with the test board, the entire circuit 
board, excluding the two connectors (FFC connector, Hirose Electric Co 
Ltd, Japan), was covered in slow curing epoxy (DP 270 Black, 3 M, MN, 
USA). Ribbon jumper pads interfacing with the electrodes and output 
cable were covered in 5-minute curing epoxy (The Gorilla Glue Com-
pany, OH, USA). The ribbon jumpers for the electrodes and output cable 
were then attached to their corresponding connector on the amplifier. 
The area was covered with all-purpose silicone (General Electric, MA, 
USA) and allowed to dry overnight. After experimentation concluded, 
the silicone was removed from the connectors with a scalpel. This 
allowed the amplifier and output cable to be reused so that only the 
electrodes would have to be refabricated for each experiment. 

2.5. Surgery and implantation 

Adult rainbow trout were obtained from a commercial hatchery 
(Wolf Creek National Fish Hatchery, Jamestown, KY, USA). Fish were 
held in a 500 L freshwater tank (maintained at 15 ± 1 ◦C) with a con-
stant flow and were fed commercial trout pellets daily. Five trout 
(BL=29.1 ± 0.44 cm) were used in our experiments. 

Wild oyster toadfish were collected by hook and line in the St. Au-
gustine Inlet. Toadfish were held in a 750 L flow-through saltwater tank 
and were fed live shrimp daily. Seven toadfish (BL=29.4 ± 3.1 cm) were 
used in our experiments. 

Fig. 3. Experimental Overview (A) Brain activity was observed as fish swam in a flow tank. A projector mounted over the working section of the tank provided visual 
stimuli and a high-speed camera recorded swimming kinematics. (B) Our low-profile amplifier allows for naturalistic swimming in different flows. (C) A stereotypical 
swimming sequence in flow with our tethered recording configuration. 
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Trout were anesthetized in 2.6 L tank (15 ± 1 ◦C) containing a so-
lution of 0.0409 g l-1 tricaine methanesulfonate (MS-222; Finquel Inc., 
Argent Chemical Laboratories Inc., Redmond, WA, USA) which was 
buffered with sodium bicarbonate. Once a fish was unresponsive, it was 
transferred to a fish holder in a 10 L surgery tray (Fig. 2A). Throughout 
surgery, fresh oxygenated water containing a dilute amount of MS-222 
(0.082 g l− 1 of MS-222 at 15 ± 1 ◦C) was recirculated over the fish 
gills through a small tube inserted in the fish’s mouth (Fig. 2B). A scalpel 
was used to remove the skin over the cranium and a Dremel (Dremel, WI, 
USA) slowly removed bone until the cranial cavity was exposed (Vine-
pinksy et al., 2017) (Fig. 2B). The amplifier and ribbon jumpers were 
then anchored to the body with a series of sutures anterior to the dorsal 
fin (4–0⋅gauge braided silk thread; Ethicon Inc., Somerville, NJ, USA) 
(Fig. 2D). The reference electrode was placed in the cerebrospinal fluid 
of the brain and recording electrodes were then inserted into target re-
gions of the brain (e.g. the cerebellum and optic tectum) with 
micro-forceps (Fine Scientific Tools, CA, USA) (Fig. 2C). To confirm 
electrode placement in the brain, cerebellar activity was monitored 
during light swimming bouts in the surgery tray under a lower dosage of 
MS-222. If no neural activity was then observed, electrodes were repo-
sitioned. Once electrode placement was finalized, dental cement (3 M, 
MN, USA) was applied dental to form a small, hollow dome over the 
cranial cavity so that brain was not in contact with the dental cement 
itself. This locked the electrodes in place and sealed the brain from the 
external environment (Fig. 2D). After surgery (~40 min), fish were 
transferred to a 10 L tank with fresh oxygenated water and allowed to 
recover until a righting response was observed. Fish were then trans-
ferred to the working area of the flow tank and acclimated for 25 min 
before experimentation started. After experimentation, fish were 

euthanized with MS-222 and electrodes were surgically removed to 
confirm placement. 

A similar setup was used for toadfish. Fish were anesthetized in 10 L 
tank (20 ± 1 ◦C) containing our MS-222 solution (0.164 g l− 1). Since 
toadfish have a compressed, flattened body, fish rested on submerged 
foam mat (20 ×15 cm) during surgery. 

2.6. Experimentation 

Trout and toadfish were placed in a variable speed flow tank (850 L, 
Loligo systems, Denmark) and were subjected to uni-directional, uni-
form flow (Taguchi and Liao, 2011; Akanyeti et al., 2017). After accli-
mating for 25 min, a low flow speed (11 cm/s) was introduced to induce 
rheotactic behaviors to orient fish against the current. Once a fish was 
oriented upstream, the flow speed was increased to encompass a range 
of swimming speeds (28 cm/s to 70 cm/s). 

In addition to flow stimuli, we exposed fish to various visual stimuli 
consisting of 1) single or multiple bursts of visible light from an LED 
source located laterally, 2) a looming stimulus and 3) the silhouette of a 
prey particle. In the case of the looming and prey stimuli, a short throw 
projector (Brightlink 696Ui, Epson, Japan) was used to project images 
dorsally to the fish. A custom MATLAB script generated looming stimuli 
at various expansion rates and prey trajectories at constant velocities. 
All experiments were conducted with the room lights turned off. 

Amplifier outputs were filtered (60 Hz notch filter, 300 Hz low, 
5000 Hz high cutoff) and recorded with the software LabChart (20 kSPS; 
AD Instruments Ltd, Dunedin, NZ). High-speed video (150 fps, Phantom 
Miro 340 high speed, Vision Research, Wayne, NJ, USA) aimed at a front 
surface mirror below the flow tank captured swimming kinematics 

Fig. 4. Multi-unit extracellular recording from the cere-
bellum of a rainbow trout swimming in flow (0.94 Ls− 1). 
(A) Illustrated whole-body kinematics from a swimming 
sequence are shown above cerebellar recording (images 
correspond to Fig. 3C). (B) Expanded region of cerebellar 
activity in A, along with corresponding body kinematics. 
(C) Tailbeat displacement and the angle of the tail (θ) 
relative to the center of mass during this swimming 
sequence, corresponding to time sequence 0–200 ms in A.   
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(Fig. 3A). Neural and video recordings were synchronized using an 
external trigger that directly interfaced to the data acquisition system 
and high-speed cameras. 

3. Results 

3.1. Behavior of fish swimming in flow 

Rainbow trout with the attached amplifier exhibited exploratory 
swimming behaviors at low flow speeds and bursts of acceleration at 
higher flow speeds (1.0–2.4 L s− 1), similar to control trout with no 
tether. All fish with the amplifier also exhibited stereotypical, C-start 
escape responses to expanding loom stimuli (Peek and Card, 2016; Hein 
et al., 2018) (Supplemental Figure 1A). In addition to responding to 
negative stimuli that elicited escapes, we also presented positive prey 
stimuli that elicited attacks, even with the amplifier attached. Feeding 
attacks would sometimes occur as quickly as 5 min from the initial 
stimuli presentation(Supplemental Figure 1B). 

To demonstrate the applicability of our system to marine habitats, 
we implanted electrodes into a saltwater toadfish. Toadfish were also 
subjected to a range of swimming speeds (0.4–2.0 L s− 1). Because 
toadfish are demersal, sedentary fishes, they did not respond readily to 
loom or prey stimuli. Instead, they responded best to computer- 
controlled flow accelerations. The ability of fish to demonstrate natu-
ral aversive and attractive behaviors give us confidence that our 
recording approach can be applied to a diversity of natural behaviors. 

3.2. Recordings from freely behaving rainbow trout and toadfish 

We obtained extracellular recordings from the cerebellum of trout 
swimming at various speeds. Simultaneous high-speed video of the 
swimming kinematics revealed the motor activity of the cerebellum. We 
observed that the cerebellum was active only during specific times 
during the tailbeat cycle. For example, a cerebellar recording from an 

individual (BL=29.8 cm) swimming at 28 cm/s (0.94 L s− 1) showed that 
the neurons in the close proximity of our electrodes were active during 
the lateral-most excursion of the tail beat cycle (Fig. 4). Experiments 
could last several hours, and thus recordings have the potential to be 
continuously monitored for longer durations. 

Extracellular recordings from the cerebellum in toadfish were ob-
tained when fish burst forward in response to flow velocity fluctuations 
(Fig. 5). Recordings from toadfish were much shorter overall (~30 min) 
because of the innate behavior of the species. Toadfish would commonly 
spin about their long axis which created excessive tension on the elec-
trodes. In addition, prolonged spinning tangled and kinked the output 
cable, causing damage that necessitated fabricating another 
replacement. 

To validate the consistency of our system across different regions of 
the CNS, we recorded activity in the optic tectum (OT) of trout. We 
observed multi-unit activity in the OT following exposure to single and 
multiple bursts of light from an LED flashlight (Fig. 6). 

4. Discussion 

4.1. Brain activity in freely swimming adult fishes 

Here we developed an approach to record real-time neural activity in 
freely moving adult fishes. Brain activity in adult fishes is often inves-
tigated through immediate early gene (IEGs) expression. These genes, 
such as c-fos and erg-1, express proteins in response to neuronal activity 
or external stressors. IEG expression, revealed through immunohisto-
chemical techniques, has been critical to our understanding of social 
behaviors (Maruska and Fernald, 2011; Fernald and Maruska, 2012) 
such as when erg-1 is expressed in male cichlids ascending in social 
status (Burmeister et al., 2005). These studies have revolutionized our 
ability to understand the activity of specific brain regions in naturally 
behaving animals, but also require post-mortem dissection and cannot 
resolve the neural activity of behaviors in real-time. Complex behaviors 

Fig. 5. Electrode implantation (A) and example recording (B,C) from the tethered amplifier in a marine toadfish (Opsanus tau) cerebellum in uniform flow (D, 
1.29 Ls− 1). 
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are typically composed of discrete, sequential steps culminating in a 
final behavioral outcome. Since each discrete step likely requires a 
specific subset of neurons, only by observing the neural activity of these 
behaviors as they occur can we elucidate the temporal patterns of 
dedicated neuronal populations. This is best exemplified by the powerful 
optical and genetic advances in larval zebrafish (Kim et al., 2017), where 
real time, brain-wide activity with cellular resolution in moving animals 
can be achieved. These approaches require species with well-classified 
genomes to genetically encode fluorescence, which, while becoming 
more accessible (Gratacap et al., 2020), is currently challenging for 
comparing neural activity across species. Functional fluorescent imag-
ing approaches rely on larval fish due to their body transparency, but 
this approach has also been applied to transparent adult species such as 
Danionella translucida (Schulze et al., 2018). Functional fluorescent im-
aging in adult fishes promises to further our understanding of more 
complex behaviors but these studies are limited to small fields of view as 
imaging can only resolve surface regions of the brain. Our approach 
encourages comparative studies in adult fishes, as our amplifier can be 
potentially used to monitor neural signals in any region of the brain in a 
diversity of wild species. 

4.2. Neural recordings in flowing water 

Our motivation to build a streamlined neural recording system was 
to access the neural basis of natural swimming behaviors. A previous 
study developed wireless recordings for freely swimming goldfish 
(Carassius auratus) and found that the neurons of the lateral pallium may 
constitute the building blocks of the fish navigation system (Vinepinksy 
et al., 2020). Vinepinksy’s pioneering study was designed to investigate 
place cells in the fish brain, with less emphasis on the natural ecology of 
fish behaviors. Our amplifier has the unique hydrodynamic advantage of 

permitting recordings from a larger selection of species and behaviors. 
Fish live in complex hydrodynamic environments where they must 

continually sense and adapt to ever-changing environmental flows. 
Stability in turbulence undoubtedly requires neural feedback mecha-
nisms, and yet despite this fact, no neural recordings exist of freely 
swimming fish in turbulent flow regimes. Because zebrafish are small, 
swimming studies are restricted to flow regimes at low Reynolds 
numbers, where the ratio of inertial to viscous forces are low (Vanwal-
leghem et al., 2020). However, at higher Reynolds numbers flow be-
comes turbulent and is dominated by eddies of multiple scales. These 
turbulent conditions have been shown to influence both fish behavior 
(Liao et al., 2003; Liao, 2007; Tritico and Cotel, 2010; Cotel and Webb, 
2015) and energetics (Enders et al., 2003; Enders et al., 2005; Taguchi 
and Liao, 2011). Our streamlined electrophysiology amplifier is poised 
to reveal the neural circuitry underlying movement and navigation 
through unsteady flows. For example, recordings of the VIII nerve and 
the medial octavolateral nucleus could advance our understanding of 
how lateral line hair cells can distinguish prey from background noise 
while the body is moving (Pohlmann et al., 2004; Chagnaud et al., 2006; 
Chagnaud et al., 2007). In fishes, locomotion generates fluid-structure 
interactions that require the animal to both sense and respond to fluid 
forces acting upon the body. Our approach can be used to help under-
stand how the neuromuscular system integrates sensory information in 
real-time to produce adaptive motor outputs. 

4.3. Applications for a low-cost neural recording setup 

While recordings from freely moving animals in the laboratory can 
generate novel insights into the neural circuitry of sensory processes, 
higher-order social interactions require large spaces for uninhibited 
behaviors. Our setup can also be adapted with a data logger to permit 
wireless recordings in large mesocosms and even the field. Social be-
haviors from bats to macaques have been shown to drastically influence 
brain activity (Báez-Mendoza et al., 2013; Báez-Mendoza et al., 2021; 
Rose et al., 2021) such as how hippocampal neurons in bats encode the 
presence of conspecifics during social flying behaviors (Omer et al., 
2018). Like collectively flying bats, schooling fish must also coordinate 
movement to navigate as acohesive group. Our recording system can be 
applied to uncover the neural activity of these and other complex social 
behaviors in large mesocosms. For example, a 16-channel recording 
from across the fish cerebellum could reveal how premotor neurons are 
distributed, reminiscent of the spatial organization of neurons respon-
sible for reaching and grasping in the primate brain (Carmena et al., 
2003). Additionally, brain recordings of multiple individuals during 
schooling could help elucidate which brain regions are responsible for 
encoding the presence of conspecifics. Since social behaviors are not 
limited to conspecifics, our setup can also be utilized to record the brain 
activity of predators and prey as they interact with one another. 

Some behaviors cannot be observed in manmade mesocosms due to 
large species size or environments that are difficult to replicate (e.g. 
deeper oceanic zones). Our understanding of how wild animals move 
and behave has expanded greatly with the advent of electronic tags, 
which have provided unprecedented insights into natural behaviors 
from lobsters to whales (Jury et al., 2018; Czapanskiy et al., 2022). For 
example, Atlantic bluefin tuna have been shown to maintain warm body 
temperatures even when diving to depths >1000 m (Block et al., 2001). 
Tagged white sharks have revealed energy-efficient gliding behavior 
during foraging that leads to increased net energy gains (Watanabe 
et al., 2019). Coupling the ability to record from brain regions dedicated 
to sensory modalities or physiological states would amplify our under-
standing of pelagic animal behaviors. Converting our low-cost amplifier 
(~ $70) into a data logger and coupling it with existing technologies 
opens up exciting opportunities for monitoring neural activity in the 
wild. For example, neural recordings of the optic tectum paired with a 
depth sensor could help us understand how the visual system is used by 
swordfish in deep sea, low-light conditions. In combination with satellite 

Fig. 6. Multi-unit extracellular recording from the optic tectum of a rainbow 
trout swimming in flow (1.3 Ls− 1). (A) Electrodes were surgically implanted 
into the optic tectum. (B) Once fish recovered and were freely swimming in the 
flow tank, they were presented with visual stimuli from an LED light source. 
Typical optic tectum responses from single (C) and multiple bursts of light (D). 
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telemetry, one could also monitor stress levels through the preoptic 
hypothalamic nucleus (Wendelaar Bonga, 1997; Flik et al., 2006) as 
coastal fish move through anthropogenic zones or waters effected by 
climate change. 

By providing a low-cost underwater electrophysiology setup, we 
hope that our results will encourage future investigations of neural ac-
tivity across a range of aquatic animals (e. g., cephalopods, mammals 
and reptiles) in both the lab and the field. 
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