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Abstract

Background: Salmonids return to the river where they were born in a phenomenon known as mother-river migra-
tion. The underpinning of migration has been extensively examined, particularly regarding the behavioral correlations
of external environmental cues such as the scent of the mother-river and geomagnetic compass. However, neuronal
underpinning remains elusive, as there have been no biologging techniques suited to monitor neuronal activity in
the brain of large free-swimming fish. In this study, we developed a wireless biologging system to record extracellular
neuronal activity in the brains of free-swimming salmonids.

Results: Using this system, we recorded multiple neuronal activities from the telencephalon of trout swimming in

a rectangular water tank. As proof of principle, we examined the activity statistics for extracellular spike waveforms
and timing. We found cells firing maximally in response to a specific head direction, similar to the head direction cells
found in the rodent brain. The results of our study suggest that the recorded signals originate from neurons.

Conclusions: We anticipate that our biologging system will facilitate a more detailed investigation into the neural
underpinning of fish movement using internally generated information, including responses to external cues.

Keywords: Fish biotelemetry, Extracellular neuronal recording, Salmonids

Background

Some fish, birds, and mammals exhibit outstanding navi-
gational abilities, such as mother-river homing, seem-
ingly possessing cognitive maps. Current self-location
and compass bearings are required for such spatial navi-
gation. In mammals, extracellular electrophysiology for
freely navigating animals has led to the discovery of a
variety of space-responsive cells, including place cells
[1] and grid cells [2], which fire maximally at specific
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locations, and cells that fire maximally in response to
specific heading directions [3]. These internally gener-
ated maps and compasses are thought to contribute to
spatial navigation [4].

Until recently, there have been few reports of space-
responsive cells in fish brains. This lack of information
is mainly due to the difficulties of underwater neuronal
recording. Zebrafish, a small, laboratory-bred, and non-
migrant fish widely used as an animal model in neuro-
science, can be genetically modified to record neuronal
activity through optical imaging of intracellular calcium
dynamics. However, head clamping and genetic engi-
neering are prerequisites for such neuronal recordings.
While state-of-the-art technology has enabled us to
image neuronal activity in the brains of free-swimming
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zebrafish, they must be kept in a small restricted area
under a microscope [5].

Therefore, the neural underpinning of fish movement
cannot be examined in the field using the aforemen-
tioned methods. For medium-sized fish, tethering cables
are a prerequisite for recording extracellular neuronal
activity from the brain; however, the apparatus generates
significant torque in the water, severely inhibiting vol-
untary movement. Despite such restrictive limitations,
there have been reports of the presence of space-respon-
sive cells in the brains of non-migrant fish [6].

Recent remarkable advances in microelectromechani-
cal systems have led to the rapid evolution of biologging
techniques. For instance, a lightweight logger for extra-
cellular neuronal activity, called a neurologger, helped to
discover place cells and head direction cells in the brains
of flying bats [7]. Furthermore, a neurologger stored in
a waterproof case [8] led to the discovery of neurons in
the telencephalon of goldfish (Carassius auratus), whose
activity was found to be correlated with swimming speed
and a specific heading vector as they swam along a wall
[9].

Theoretically, this method, pioneered on goldfish, could
be applied to larger fish weighing several kilograms.
However, the electrode implantation procedure devel-
oped for medium-sized goldfish is not suitable for larger
fish, as their brains are located deeper beneath the head
surface. For example, the trout brain is located 3—4 cm
from the head surface, whereas the goldfish brain lies
only a few millimeters underneath [9]. In addition, pow-
erful (weight: approximately 2 kg trout vs. 100 g gold-
fish) and fast (average speed of approximately 20 cm/s)
swimming may affect logger protection and electrode
stabilization.

In the present study, combining the pioneering wireless
logging study developed in goldfish [8] with our extracel-
lular recording techniques for rodents [10, 11], we devel-
oped a system for recording space-responsive cells in the
brains of large migrant fish. To verify the system validity,
we recorded multiple neuronal activities from the brains
of trout swimming freely in a rectangular tank. Then, we
examined the correlations between swimming behaviors
and single neuron firing rates.

Methods

Biotelemetry system experimental setup

We developed a wireless biologging system that enables
the monitoring of extracellular neuronal signals from
the brains of free-swimming trout. Figure la shows the
experimental setup for the simultaneous monitoring
of neuronal activity and swimming trajectory. We used
an array of extracellular tetrodes to record extracellular
neural activities. This device is an electrode consisting
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Fig. 1 Experimental setup for the wireless neurologging system. a
Head-mounted neurologger in a waterproof case records multiple
neuronal activities from the telencephalon of a free-swimming
trout in a water tank. The recording parameters, including start

and stop times, and the neuronal signal frequency bands were
wirelessly controlled from a personal computer via a radio transceiver.
Two-dimensional swimming trajectories were captured using a USB
3.0 camera mounted 1.5 m above the tank. The frame timings were
also transmitted to the logger via the radio link (left, blue box) to
synchronize the spike timing. Two pipes for water supply (top) and
drainage (bottom) are illustrated. b Free-swimming trout with and
without loggers. The logger was placed in a case with the base fixed
to the skull, while for waterproofing, a rubber seal inserted between
the lid and base was screwed into place. The logger recorded
neuronal activity from four tetrodes implanted in the brains of the
test fish

of four twisted microwires; it has become a standard
electrode widely used to simultaneously record multiple
single-neuronal activities in rodent brains [12]. Extracel-
lular neuronal signals were stored on an SD card using
a commercially available neurologger (Mouselog-16B,
Deuteron Technologies, Jerusalem, Israel) placed in a
custom-made, 3D-printed, waterproof case (Fig. 1b).
Using dedicated control software for MouseLog-16, we
controlled the neurologger via a transceiver that trans-
mitted radio signals on the 915-MHz frequency band.
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The neurologger also recorded external trigger signals
to identify where the fish was located in the water tank
when the action potential occurred from the neuron.
These signals were recorded for each frame captured by
a USB 3.0 video camera (ace acA3088-57uc, Basler AG,
Ahrensburg, Germany) mounted 1.5 m above the water
tank and transmitted from a personal computer via
a radio link. As was the case in the previous study, the
radio link was available within a few tens of centimeters
below the water surface. The details are described in the
following subsections.

Animals
The three fish (rainbow trout [Oncorhynchus mykiss];
body weights: 1,548-2,230 g) used in the experiment
were purchased from the Fuji Trout farm in Fujinomiya
City, Shizuoka Prefecture, Japan, where they were fed
commercial pellets once a day. To facilitate the neu-
rologger attachment, we conducted our experiments at
the Fuji Nature Education Center of Nihon University.
We chose our experimental fish without discriminat-
ing for sex. After purchase, they were transported by
car to the Education Center, where they were acclimated
in spring water at approximately 9 °C until required for
experimentation.

The fish were not fed during the experiment, and all
procedures were approved by the University of Tokyo
Institutional Animal Care and Use Committee.

Surgery

The experimental fish were immersed in an anesthetic
solution, prepared by adjusting FA 100 (eugenol; Tan-
abe Seiyaku Co. Ltd, Osaka, Japan) to a concentration of
0.5 mL/L, for 5-10 min, until their gill lids ceased mov-
ing. When the experimental fish were immobilized, they
were fixed to an acrylic apparatus on a specific mount-
ing table to facilitate the electrode implantation and
neurologger attachment (Fig. 2a). The anesthesia, pre-
pared with FA 100 at a concentration of 0.25 mL/L, was
refluxed from the mouth to the gills by tube, using a peri-
staltic pump for circulation. The fish back was covered
with a towel, kept wet during the experiment by pump-
ing water onto it to prevent the body from drying. During
the experiment, a bag of ice was added to the water tank
every 30 min to prevent sudden increases in water tem-
perature, maintaining it at approximately 9 °C.

With the help of an imaginary line connecting the
back of the eyes as a starting point, a rectangular por-
tion of the epidermis was removed with a scalpel for a
length of 3—4 cm toward the caudal fin. A micro-drill
was then used to prepare an oval hole in the exposed
skull, followed by a meticulous procedure intended to
avoid damage to the brain. After removing the excised
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skull, fat and tissue fluid were gently extracted with a
Kimwipe (Kimtech® Science™ Kimwipes™) to expose
the olfactory bulb, telencephalon, and optic tectum.

For the anchor screw, a maximum of 12 holes equally
spaced were drilled along the edge of the oval hole.
The number of holes was determined on a subject-by-
subject basis to avoid scattered cartilaginous tissues
that mainly reside in the rostral area. After the anchor
was screwed into the holes, the sites were covered with
dental acrylic resin (Unifast III, GC Inc., Japan). The
ground wire was implanted into the medial optic tec-
tum. The tetrode array described below was implanted
into the targeted recording locations of the telencepha-
lon with micromanipulators (SM-15L or SMM-200,
Narishige Inc., Japan, respectively) (Fig. 2b). Since the
brain depth was approximately 3—4 cm below the skin,
the precise coordination of electrode locations was per-
formed on a case-by-case basis.

The space above the brain was filled with Vaseline,
while the space between the head and guide tubes
was filled with small, 3D-printed pieces and then cov-
ered with dental acrylic resin. Finally, the neurologger
case was attached to the electrodes, fixed, and cov-
ered with dental acrylic resin (Fig. 2c). All operations
were completed within 90 min. After surgery, the fish
were immediately moved to an outdoor experimental
tank (145cm x 105cm) and acclimated until they were
observed to swim normally.

Electrode fabrication

Based on the experience acquired in rodent studies
[10, 11], we used tetrodes containing four tungsten
microwires (12.5 pum, HML-coated, California Fine
Wire, CA, USA), twisted and bundled with a heat gun,
to record extracellular neuronal activity. Each tetrode
was inserted into a polyimide tube (inner diameter:
0.04 mm, outer diameter: 0.20 mm). The tube array was
constructed by gluing the tubes in a concentric circle
arrangement, with a distance of approximately 0.2 mm
between them (Fig. 3a). To stabilize the electrode drift,
a flexible electrode tip (approximately 0.5 cm) was
exposed from the tubes to absorb the torque caused by
the trout’s powerful and fast swimming. Each microw-
ire within a tetrode was crimped to the corresponding
hole in the electrode interface board (EIB) using a gold
pin (Fig. 3b, c¢). Immediately before surgery, the tip of
the tetrode was cut at a right angle. The impedance
was approximately 600 kQ at a frequency of 1 kHz.
A ground electrode, an insulated stainless-steel wire
(diameter: 0.2 mm) implanted into the medial optic
tectum, also served as a reference point for neuronal
recordings (Fig. 3c, green wire).
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Fig. 2 Surgery for tetrode implantation and case fixation. a To implant the tetrodes into the brain, each anesthetized fish was fixed to an acrylic
fixture on a custom-made mounting table (arrow). The anesthetic solution was circulated using a peristaltic pump. The fish back was covered with
a wet towel (pink) to prevent the body from drying, and water was poured onto it with a small pump during the experiments. A bag of ice was
added to the water tank every 30 min during the experiments to prevent sudden water temperature increases. b Oval hole drilled into the exposed
fish skull (white arrow). A scalpel was used to excise a rectangle of epidermis in the direction of the caudal fin, starting from an imaginary guideline
between each fish's eyes. To expose the olfactory bulb, the telencephalon, optic tectum, fat, and tissue fluid were carefully removed. Anchors were
screwed into holes equally spaced along the edge of the oval hole and covered with dental acrylic resin. ¢ A ground wire and tetrode array were
implanted into the medial optic tectum and target recording locations of the telencephalon using micromanipulators. The space above the brain
was then filled with Vaseline, while the space between the head and electrode interface board (EIB) was filled with small, 3D-printed pieces and
then covered with a dental acrylic resin. The neurologger case was attached to the EIB and covered with dental acrylic resin

(See figure on next page.)

Fig. 3 Electrode array and waterproof case for neurologger. a An array of tetrodes; each tetrode was inserted into a polyimide tube, and the

tubes were glued together to construct an array with constant internal spacing. b Housing for connecting the tetrode array to the custom-made
electrode interface board (EIB). ¢ Each tetrode microwire was crimped into a corresponding contact hole using a gold pin. d Cover to attach the EIB
to the tetrode array. e Tetrode array assembly. f-g Tetrode array with an undercover to connect to the logger case (f). h—j Base (h), support (i), and
lid (j) for the custom-made, 3D-printed, waterproof case. k Lid with rubber seal. I The base was attached to the housing and covered with dental
acrylic resin (scale bar=1cm)
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four screws

Fig. 4 Attaching alogger. a To prevent water ingress, the slight gap between the base and the socket of the neurologger (white arrow) was
filled with an ultraviolet-curable adhesive immediately after the electrode was implanted. b—c Each day, before the initial recording session, the
neurologger, including its SD card (b) and battery (c), was placed in the waterproof case, while the anesthetized fish was fixed to the mounting
table. d After the neurologger and the battery were attached to the base, the lid, complete with its rubber seal, was screwed into the base using

Waterproof case

We manufactured a waterproof neurologger case using
a pioneering study on goldfish as a reference [8]. The
base, lid, and tetrode array housing were fabricated
using a 3D printer (Fig. 3h, j) (Form 2 or 3, Formlabs,
MA, USA). The base and tetrode array housing were
designed to mesh with each other, and the tetrode
array was connected to the neurologger through a hole
in the base. The slight gap between the base and the
socket was filled with an ultraviolet-curable adhesive
(Bondic®, Bondic Co., NY, USA) (Fig. 4a, arrow). After
the base and housing were covered with dental acrylic
resin, the lid with a rubber seal (chloroprene, thickness:
2 mm) (Fig. 3k) was placed on the base and tightened
using four screws (Figs. 31, 4d). For logger protection
against high torque, we added a lid, in addition to the
base and supports, to close the case. The outer dimen-
sions of the waterproof case were 5 cm x5 cm x 3 cm.
The total weight of the case was approximately 17 g.
Before the initial recording session, the neurologger
and battery were placed in the waterproof case, and
the anesthetized fish was fixed to the mounting table
(Fig. 4b, c).

Neurologger

Before the extracellular neuronal signals were stored in
an SD card, they were unity-gain buffered, digitized, and
continuously sampled at 31.25 kHz with an RHA2000
chip (Intan Technologies, CA, USA) in the MouseLog-
16B, operating in either wide- (1-7000 Hz) or narrow-
band (300-7000 Hz) mode. We simultaneously recorded
up to four tetrodes (16 channels) for over one hour with a
battery (3.7 V, 170 mAh). The weight of the neurologger,
including the battery, was approximately 6 g. We used
a magnetic switch to turn on the neurologger imme-
diately before each recording session to reduce battery
consumption.

Offline preprocessing

After the neuronal signals were downloaded from the SD
card, action potential (spike) data were digitally filtered
at 800-7500 Hz. The tetrode recording contained mul-
tiple single-neuronal activities. The spikes were isolated
using spike-sorting software (KlustaKwik, open-source
software by Harris Lab, UCL, London, UK, and avail-
able from https://sourceforge.net/projects/klustakwik)
and manually verified [13] to extract individual neuronal
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were estimated for the three trout shown in ¢

Fig. 5 Histological identification of recording locations in the brain. a lllustrations showing the positions of the brains of trout (top) and goldfish
(bottom). Unlike goldfish, the trout brain is located far below the head surface. b Sample coronal section stained to show NissI material from a trout
telencephalon (Trout B). The arrowheads depict the estimated recording locations. For reference, a mirror image outline of the brain section was
drawn on the left. ¢ All estimated locations for the three trout (color-coded dots) are depicted on the brain section outlines (Dm = pars medialis;
Dl =pars lateralis, in the dorsal pallium). d Color-coded planes indicate the locations of the coronal brain sections where the recording locations

activity. Cells with <99 spikes were excluded from the
analysis. Cell type classification using the extracellular
spike waveform feature was not performed, as the neces-
sary criteria have not been established for fish neurobiol-
ogy. The unit isolation quality was quantified for each cell
based on the isolation distance index [14]. An example of
the spike-sorting performance quality is shown in Fig. 5.

Video tracking

We used DeepLabCut™ (Mathis Lab, Cambridge, MA,
USA) [15] to track the leading edge and fixed base of
the 3D-printed neurologger case mounted on the skull

through imagery captured at 30 frames per second. We
used a USB 3.0 digital video camera with a non-distorting
lens (C-Mount, Manual Iris, Wide Angle Lens, # 89-524,
Edmund Optics, Japan) mounted 1.5 m above the water
tank (Fig. 1a); then, by concatenating the tracked fixed
base of the case, we were able to reconstruct swimming
trajectories (Fig. 7a). The image definition was set to
800 x 800 pixels. We computed the head direction from
the tracked leading edge and fixed base using the inverse
of the tangent function.
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Fig. 6 Neuronal activities extracellularly recorded from free-swimming trout telencephalons with the wireless neurologging system. a Examples
of well-isolated neuronal activities. Spikes recorded from a tetrode were plotted as dots in four selected 2D feature spaces (1st to 3rd principal
components [PCs], or energies). Spikes were color-coded to indicate two different neurons. b-d Corresponding superimposed spike waveforms
with averaged spike waveforms (solid black line) and spike-timing auto-correlograms [bin widths =1 ms (c) and 0.1 ms (d)]. The superimposed
spike waveform exhibits a signal-to-noise ratio. The spike auto-correlograms, especially those shown in d, indicate that the spike-timing intervals
had a 1-2 ms refractory period. e Mean firing rate distributions for the entire suite of neurons observed in the test trout dorsal palliums
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Head direction cell analysis
The directional tuning function for each cell was obtained
by plotting its firing rate as a function of the fish head
direction, divided into bins of 0.5°, and smoothed using a
14.5° mean window filter.

The directional tuning strength was estimated by com-
puting the mean vector length for the circular distribu-
tion of the firing rate. Head direction-modulated cells
were defined as cells in the recorded data with mean vec-
tor lengths > 95th percentile of the shuffled data. For each
permutation trial, the entire sequence of spikes fired by a

Fig. 7 Trout head direction cells. a Representative trajectory (gray
line) with positions showing neuron-generated spikes (red dots)

as recorded from the telencephalon of trout swimming in a water
tank (scale bar=10 cm). Remarkable visible objects (pipe for water
supply [black filled rectanglel, hole for water sink [black filled circle],
and radio transceiver [blue filled rectangle]), and compass bearing
(bottom, left) are illustrated. b Polar plots of firing rate as a function of
head direction, using examples from two representative neurons. The
mean vector length (Mv) and peak firing rate (P) are indicated in the
images. Visible objects are illustrated as in a. c-d Distribution of mean
vector length for randomly shuffled data (c) and for the entire suite
of neurons observed in our test trout dorsal palliums (d). The red line
and the number indicate the 95th percentile for the shuffled data. e
Circular distribution of the number of cells on the head orientation
for seven individual head direction cells identified from trout G and
#2. Head direction cells exist in the brains of trout G (red) and #2
(blue). In contrast, trout B had no head direction cells. Visible objects
are illustrated asin a

Table 1 Identified cells from the telencephalon of trout

Trout G #2 B

# of isolated cells 3 6 14
# of head direction cells

cell was time-shifted along the fish swimming path with a
random interval between 20 s and 20 s less than the trial
length, with the end of the trial wrapped to the begin-
ning. A head-direction-tuning function was then con-
structed, and the mean vector length was calculated. This
procedure was repeated 100 times for each cell, the mean
vector length distribution was computed for the entire
set of permutations from all examined cells, and the 95th
percentile was determined.

Analysis software

All analyses were performed using custom-made pro-
grams based on MATLAB functions (v9.6; MathWorks,
Natick, MA, USA).

Histology

The fish were deeply anesthetized with 0.5 mL/L FA 100
and then transcardially perfused with 10% phosphate-
buffered formalin fixative (3.5-3.8% formaldehyde). The
extracted brains were post-fixed overnight with David-
son’s fixative (also known as Hartmann’s fixative) solution
(22.2 mL 10% buffered formalin, 32.0 mL 99% ethanol,
11.1 mL acetic acid, and 100 mL distilled water) at 4 C.
The brains were incubated in gelatin solution (10% gela-
tin in phosphate-buffered saline [PBS]) at 37 °C for 4 h
and solidified at 4 °C. The brain embedded in the gela-
tin block was fixed in 10% phosphate-buffered forma-
lin fixative (3.5-3.8% formaldehyde) at 4 °C and sank in
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30% sucrose in PBS at 4 °C. The brains were cut coro-
nally with a microtome (Ritratome REM-710, Yamato
Koki Co., Saitama, Japan) set at 40 pm. The resulting
brain slices were then stained with cresyl violet (Sigma-
Aldrich, C5042-10G) to facilitate the examination of their
cytoarchitecture.

Results

As a proof of principle, we recorded the activity of 23
cells from the telencephalons of three trout using a wire-
less biologging system with a lightweight neurologger
enclosed in a 3D-printed, waterproof case. All recordings
were made while the trout were voluntarily swimming
in a rectangular water tank, and the fish did not exhibit
reward-seeking behaviors during the recording periods.
Nissl staining showed that the electrode tracks were dis-
tributed around the dorsal pallium of the telencepha-
lon (Fig. 5). Previous fish studies have reported that the
dorsal pallium is deeply involved in spatial learning and
memory [9, 16-19].

Neuronal activity recorded by the wireless logging system
To confirm whether the signals recorded from the test
trout brains originated from neurons, we examined spike
statistics, including spike shape, firing rate, and spike-
timing intervals. The recorded neurons typically exhib-
ited a narrow spike shape [mean peak-to-trough spike
width: 0.18 £0.11 ms (mean = SD)]. However, cells show-
ing a wider spike shape were also observed (widest spike
width: 0.44 ms). In the telencephalons of rodents, cells
exhibiting a narrow spike shape and high firing rates are
categorized as fast-spiking cells [20]. Although the neces-
sary criteria have not been established for fish neurobiol-
ogy, these results appeared to show that our biologging
system could record different neuron types.

The mean firing rate distributions were skewed
(median: 1.45 Hz, Fig. 6e). The typical spike-timing auto-
correlogram for identified single neurons demonstrated
that the spike-timing intervals had a clear refractory
period (1-2 ms) (Fig. 6d), suggesting that the identified
neurons belonged physiologically to a single type. These
results suggest that our system was capable of simultane-
ously recording multiple neuronal activities in the brains
of free-swimming trout.

Trout head direction cells

Finally, to demonstrate our logging system capacity to
examine neuronal correlation with fish movement, we
examined the neuron firing rates as a function of fish
swimming trajectory and heading (Fig. 7a). In some brain
regions of rodents, including the anterior thalamus, sub-
iculum, retrosplenial cortex, and entorhinal cortex, cells
that maximally fire at a specific heading direction were
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found and called head direction cells [3]. Recently, a pio-
neering study also reported the presence of head direc-
tion cells in the telencephalon of goldfish [9]. Similarly,
the neuronal activity of some cells in the trout telenceph-
alons exhibited head direction preferences, becoming
more active when their heads were oriented in a specific
direction (Fig. 7b). Seven (30.4%) of the 23 cells recorded
passed the criterion to be classified as head direction cells
(the mean vector length exceeded the 95th percentile of
the mean vector lengths distribution in shuffled data).
This number was significantly larger than expected for a
random selection from the distribution (P<0.001, bino-
mial test with an expected P, of 0.05). Whereas cells in
one trout did not exhibit head direction preferences, the
head direction cells were found in the telencephalon of
two of the three trout (Table 1). The heading orientations
covered a wide span (Rayleigh’s test for nonuniform-
ity, P>0.05, z= —4.68; Fig. 7c), suggesting that the head
direction preference was not due to artifacts. Overall, the
head direction cells were tuned to neither a specific com-
pass bearing nor visible objects, including pipes for water
sink and source, and radio transceiver (Fig. 7e). However,
at least one cell from trout G or #2 mainly fired whenever
the head pointed south or to the water supply. Further-
more, neighboring head direction cells recorded from the
same electrode exhibited a similar heading trigger (trout
G: two of three neighboring head direction cells; trout #2:
two of two neighboring head direction cells).

Discussion

We demonstrated the capacity of our novel wireless log-
ging system to record neuronal activity in the brains of
large salmonids. A previous pioneering study devel-
oped a wireless logging system for goldfish [8]; however,
unlike goldfish, salmonids exhibit remarkable mother-
river homing on a global scale. While swimming tra-
jectories and accompanying external cues have been
researched previously [21], neuronal activity in the
brains of free-swimming salmonids has not been stud-
ied before because of the difficult access to the salmonid
brain, located deep in the head, and the trout weight of
several kilograms generating high torque. Thus, our sys-
tem extends the wireless logging in goldfish, providing
the possibility to examine the neuronal underpinning of
underwater behavior in large salmonids.

In a previous study on the telencephalon of goldfish
[9], we also found head direction cells in large salmo-
nids. However, we could not investigate whether the head
direction preference was tuned to specific cues, including
geomagnetic compass bearing and landmarks, because of
the lack of environmental manipulation. Further studies
will be required to elucidate the neuronal underpinning
of spatial information processing in large salmonids.



Takahashi et al. Anim Biotelemetry (2021) 9:9

Despite its exceptional potential in the field of ani-
mal biotelemetry, we could not test the ability to record
neuronal activity in natural rivers where unpredictable
events occur, such as higher water pressure, unexpected
rocks, and animal recapture. Therefore, the question
of whether our method can be used for mother-river
homing remains unanswered. Technical improvements
are required to address this question. For instance, the
waterproof case square box shape must be formed with
a streamlined shape against hydraulic resistance in riv-
ers. Furthermore, since our system cannot synchronize
external event signals in deeper water and only record
neuronal activity for a few hours, neuronal recordings
need to be operated automatically and locally above the
fish’s head. A state-of-the-art Al-assisted biologger [22]
can accomplish such tasks, detect interest behaviors in
real time, and activate sensors such as gyroscopes, accel-
eration, and water depth. In a natural environment, it is
desirable to run this system with an Al-assisted biologger
to start recording neuronal activity at the time of interest.

Conclusions

In the present study, we developed a wireless logging
system capable of recording multiple neuronal activities
from the brains of free-swimming trout, a large salmo-
nid. The spike-timing intervals of the recorded neurons
with a specific refractory period suggested that the sys-
tem could precisely record multiple neuronal activities.
Using the system on trout swimming in a water tank, we
found head direction cells in their telencephalons, firing
maximally in specific head directions, suggesting that the
system has the potential to examine the space-responsive
properties of neurons in fish brains. We anticipate that
our system will stimulate the process of examining spatial
cognition mechanisms in salmonid brains.
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