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Abstract

The plainfin midshipman, Porichthys notatus, is a seasonally breeding vocal fish that relies on acoustic communication to medi-
ate nocturnal reproductive behaviors. Reproductive females use their auditory senses to detect and localize “singing” males that
produce multiharmonic advertisement (mate) calls during the breeding season. Previous work showed that the midshipman sac-
cule, which is considered the primary end organ used for hearing in midshipman and most other fishes, exhibits reproductive
state and hormone-dependent changes that enhance saccular auditory sensitivity. In contrast, the utricle was previously posited
to serve primarily a vestibular function, but recent evidence in midshipman and related toadfish suggests that it may also serve
an auditory function and aid in the detection of behaviorally relevant acoustic stimuli. Here, we characterized the auditory-
evoked potentials recorded from utricular hair cells in reproductive and nonreproductive female midshipman in response to
underwater sound to test the hypothesis that variation in reproductive state affects utricular auditory sensitivity. We show that
utricular hair cells in reproductive females exhibit up to a sixfold increase in the utricular potential magnitude and have thresh-
olds based on measures of particle acceleration (re: 1 ms’z) that are 7-10 dB lower than nonreproductive females across a
broad range of frequencies, which include the dominant harmonics of male advertisement calls. This enhanced auditory sensitiv-
ity of the utricle likely plays an essential role in facilitating midshipman social and reproductive acoustic communication.

NEW & NOTEWORTHY In many animals, vocal-acoustic communication is fundamental for facilitating social behaviors. For the
vocal plainfin midshipman fish, the detection and localization of social acoustic signals are critical to the species’ reproductive
success. Here, we show that the utricle, an inner ear end organ often thought to primarily serve a vestibular function, serves an
auditory function that is seasonally plastic and modulated by the animal’s reproductive state effectively enhancing auditory sensi-
tivity to courting male advertisement calls.

auditory; hair cells; seasonal plasticity; utricle

INTRODUCTION hearing organs of the peripheral auditory system (4, 13, 14).

Here, we consider reproductive state-dependent changes in

Seasonal changes in sensory processing related to an ani-
mal’s reproductive cycle occur in many nonmammalian ver-
tebrates including songbirds, amphibians, and fishes (for
review see Refs. 1-3). Furthermore, reproductive-related
changes in sensory processing of auditory information occur
in a number of seasonally breeding species that rely on
acoustic communication to mediate social interactions in a
reproductive context [e.g., birds: (4-9); amphibians: (10-12);
and fishes: (13, 14)]. However, previous work has primarily
focused on reproductive state-dependent changes in sensi-
tivity of the central auditory system (5, 6, 10-12) or primary
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the frequency sensitivity and auditory gain of the utricle, an
end organ not often associated with an auditory function, in
a seasonally breeding vertebrate for which the detection and
localization of conspecific acoustic signals are critical to its
reproductive success.

The plainfin midshipman fish (Porichthys notatus) is a sea-
sonally breeding vocal fish that produces social acoustic sig-
nals for intraspecific communication during the reproductive
season. The social behaviors of this nocturnally active species
are highly dependent upon the production and reception of
acoustic signals, which makes the midshipman an excellent
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model for investigating the neural mechanisms of acoustic
communication, especially those related to seasonal changes
in vocal-acoustic behavior and auditory reception (15-17).
During the late spring and summer, midshipman migrate
into the shallow intertidal zone to reproduce and care for their
offspring. Courting (type I) males establish nest sites in the
rocky substrate where they produce long-duration multihar-
monic advertisement calls to attract gravid females for repro-
duction (18). Previous work has shown that females exhibit
reproductive state- and hormone-dependent changes in the
auditory sensitivity of the saccule, such that reproductive
females are better suited than nonreproductive females to
detect conspecific vocalizations (13, 19, 20). This steroid-,
reproductive state-dependent modulation of auditory saccu-
lar sensitivity is thought to enhance the coupling of sender
and receiver in the midshipman acoustic communication
system.

In most fishes, the inner ear saccule is often the largest
otolithic end organ and most associated with hearing (21,
22), whereas the smaller utricle has been posited to serve pri-
marily a vestibular function as a gravistatic organ (23-27).
However, recent evidence in toadfish and midshipman
(Family Batrachoididae) suggests that the utricle is capable
of detecting and encoding behaviorally relevant acoustic
stimuli including conspecific vocalizations (28-30). Yet, the
extent to which the utricle may exhibit reproductive-related
changes in auditory sensitivity to social acoustic signals
remains unknown.

Here, we test the hypothesis that seasonal variation in
reproductive state modulates the auditory sensitivity of the
utricle in female plainfin midshipman. We compare the audi-
tory-evoked utricular potentials of reproductive and nonrep-
roductive females to determine whether there are differences
related to reproductive state in the frequency response and
auditory threshold of utricular hair cells to behaviorally rele-
vant auditory stimuli. We show that the utricle serves an au-
ditory function that is seasonally plastic and highly adapted
in reproductive females to detect the dominant frequencies
of conspecific vocalizations.

MATERIALS AND METHODS
Animal Collection and Husbandry

Nonreproductive adult female plainfin midshipman fish,
Porichthys notatus Girard 1854, were collected via otter trawls
(R/V Kittiwake, Friday Harbor Laboratories) in January 2021
from the Puget Sound near Edmonds, WA, at depths ranging
from 85 to 100 m. Reproductive adult female plainfin mid-
shipman were collected during their breeding season
(May-June 2021) by hand at low tide from exposed nest
sites in the rocky intertidal area at Seal Rock near Brinnon,
WA. Following collection, fish were transported to the
University of Washington and housed in a 350 L recirculat-
ing artificial saltwater tank maintained at 15+2°C and kept
on either a winter (9/15-h) or summer (12/12-h) light/dark
photoperiod, which corresponds with the nonreproductive and
reproductive ambient photoperiods, respectively. Before each
physiology experiment, standard length (SL; cm) and body
mass (BM; g) were recorded and sex was determined by visual
inspection of the gonads. The gonadosomatic index {GSL;
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defined here as 100 * [gonad mass/(BM — gonad mass)]} for
each fish was recorded following each experiment. Utricular
hair cell potential recordings were performed within 17 days af-
ter trawl collection in the winter and 14 days after hand collec-
tion during the summer to minimize any effects of prolonged
captivity on midshipman auditory sensitivity while still allow-
ing the animals to recover from capture-related stress.

Acoustic Stimulus and Calibration

The methodology used for acoustic stimulus presentation
and calibration was similar to that of previously published
work (13, 29, 31-35). Acoustic stimuli were generated by
a lock-in amplifier (SR830, Stanford Research Systems,
Sunnyvale, CA), which sent pure tone signals to an audio am-
plifier (BG-1120, TOA Corporation, Hyogo, Japan) and then to
an underwater speaker (UW-30, Telex Communications,
Burnsville, MN). The midshipman utricle is likely highly sen-
sitive to particle motion along the horizontal plane as both
the otolith (i.e., lapillus) and hair cells are oriented in
the horizontal plane (Fig. 1B, Supplemental Fig. S1; all
Supplemental material is available at https://doi.org/
10.6084/m9.figshare.20363625; but also see Fig. 6 in Ref.
36). Therefore, the underwater speaker was positioned
such that the speaker’s face resided along the horizontal
plane and was fully submerged 2 cm below the water’s
surface (Fig. 1A1). Acoustic stimuli consisted of single 500
ms pure tones repeated 8 times at a rate of one every 1.5 s.
Acoustic stimuli were randomly presented at the follow-
ing frequencies 105, 125, 145, 165, 185, 205, 245, 285, 305,
405, 505, 605, 705, 805, 905, and 1,005 Hz, which encom-
passes the dominant bandwidth frequencies contained
within the male midshipman advertisement call and avoids
frequencies that could potentially cause interference associ-
ated with resonance frequencies of the experimental tank [see
Rogers and Sisneros (29) for tank acoustic properties].

All acoustic stimuli were calibrated relative to the stimuli’s
sound pressure (dB re: 1 pPa) via a mini-hydrophone (model
8103, Bruel and Kjaer, Naerum, Denmark) connected to a
conditioning amplifier (gain = 100 mV/Pa, Nexis 2692-0S1,
Bruel and Kjaer, Naerum, Denmark). However, only certain
groups of fishes can detect sound pressure via secondary
structures that are close in proximity or connect to the inner
ear, and function to convert the received sound pressure
wave into local particle motion that stimulates the inner ear.
Previous midshipman studies showed that both the saccule
and lagena are sound pressure sensitive based on their prox-
imity to the swim bladder (35, 37). However, it remains to be
determined if the utricle is sensitive to sound pressure;
therefore, we also report the equivalent particle acceleration
levels (dB re: 1 ms~2) that corresponded to the sound pres-
sure levels (dB re: 1 pPa) used in this study, based on our cali-
bration procedures (detailed below).

Particle acceleration levels (dB re: 1 ms—2) were deter-
mined by suspending a neutrally buoyant waterproofed tri-
axial accelerometer [Model VW3567A12; Sensitivity at 100
Hz: 10.42 mV/ms? (x-axis), 10.03 mV/ms? (y-axis), 10.37 mV/
ms? (z-axis); PCB Piezotronics, Depew, NY] that connected to
a signal conditioner (gain = x100/axis; Model: 482A16; PCB
Piezotronics, Depew, NY). For both sound pressure (dB re:
1 pPa) and particle acceleration (dB re: 1 ms %) measurements,
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Figure 1. Experimental design. A: schematic of experimental physiology tank. For all physiology experiments, fish were suspended 4 cm below the
water’s surface and positioned such that the face of the underwater speaker was 10 cm rostral of the otic capsule. Labels are as follows: 7) underwater
speaker, 2) hydrophobic water dam, 3) parafiim suspension, 4) head holder, 5) respiration tube, 6) glass microelectrode, and 7) rocky sediment.
Physiology tank dimensions: 40 cm diameter and 20 cm water depth. B: dorsal view of midshipman cranial cavity. The dashed circles indicate the posi-
tion of the left (UL) and right (UR) inner ear utricle. C, cerebellum; M, midbrain; SL and SR, left and right saccule, respectively; T, telencephalon. C: for all
experiments, pure tone acoustic stimuli (right; 500 ms duration; 8 repetitions) were delivered via an underwater speaker and evoked hair cell responses
were recorded to each acoustic stimulus presentation. Consecutive (n = 8) utricular hair cell-evoked responses (middle) were averaged (mean) across
stimulus frequency, and frequency-dependent averaged output signals (right) were used to construct iso-intensity level response curves (D).

the mini-hydrophone and particle accelerometer, respec-
tively, were suspended 10 cm perpendicular to the face of the
underwater speaker and 4 cm below the water’s surface to
coincide with the position of the midshipman inner ear dur-
ing auditory-evoked hair cell potential measurements. Sound
pressure level (dB re: 1 pPa) measurements were calibrated by
measuring the peak-to-peak (pk-pk) voltage (Vpk-pr) amplitude
on an oscilloscope (Tektronix, Beaverton, OR) and then equal-
ized in sound pressure level (dB re: 1 pPa) using a custom
MATLAB (MathWorks Inc., Natick, MA) script, which meas-
ured the power spectral density for all tested frequencies. The
signal (Vprpi) sent to the speaker was scaled until a reference
peak-to-peak sound pressure level (SPLpk.px) output from the
speaker of 130 + 0.5 dB re: 1 uPa was achieved. Particle acceler-
ation level (dB re: 1 ms 2) measurements were acquired by
measuring the particle motion amplitude (Vpxpk) of each
tested frequency across the entire range of sound levels using
a National Instruments data acquisition system (Model: NI
USB-6009, National Instruments, Austin, TX) and visualized
using LabVIEW software (National Instruments, Austin, TX).
Using a custom LabVIEW (National Instruments, Austin, TX)
script, particle motion amplitude measurements (Vpy.pk) for
each axis (x-, y-, and z-axis) were corrected for the gain
(sensitivity) of the accelerometer. Particle motion values
(dB re: 1 ms~2) for each test frequency at three representa-
tive sound levels (130, 142, and 154 dB re: 1 pPa) are dis-
played in Supplemental Fig. S2.
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Utricular Potential Measurements

The methodology for recording utricular hair cell poten-
tials follows the techniques used in our previous study,
which measured the auditory-evoked potentials from the
utricular hair cells of adult male plainfin midshipman (29).
Midshipman were anesthetized by immersion in a 0.025%
ethyl p-aminobenzoate (benzocaine)-buffered saltwater bath
and then given an intramuscular injection of bupivacaine
HCL (~1 mg/kg of BM) and cisatracurium besylate (~3 mg/
kg of BM) for analgesia and immobilization, respectively. A
craniotomy was then performed lateral to the sagittal crest
of the skull to expose the inner ear saccule and utricle and
the brain (Fig. 1B), and a hydrophobic barrier (~2.5 cm dia. x
5 cm height) made of denture adhesive cream (Fixodent,
Proctor and Gamble Company, Cincinnati, OH) was con-
structed around the craniotomy to prevent saltwater con-
tamination during experimental testing (Fig. 1A2). Fish were
then transferred to the experimental tank (40 cm diameter,
20 cm water depth), which was maintained on a vibration-
isolation table (TMC Vibration Control, Peabody, MA)
inside a sound attenuation chamber (Industrial Acoustics,
New York, NY), suspended in the center of the experimental
tank using acoustically transparent film (Fig. 1A3), head-
fixed 4 cm below the water’s surface via a custom-built
acrylic head holder (Fig. 1A4), and perfused with chilled salt-
water (13-15°C) throughout experimental testing (Fig. 1A5).
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Auditory-evoked utricular hair cell potentials were
recorded using borosilicate glass microelectrodes (2 mm
outer diameter; 1.16 mm inner diameter; A-M Systems,
Sequim, WA) that were pulled using a Narishige puller
(Model: PE-21) and filled with 3 M KCI (impedance: 4.0-8.0
MQ). Electrodes were positioned in close proximity (< 2 mm)
to the medial region of the utricle near the sensory epithelia
(Fig. 1A6). The analog-evoked potential signals were pream-
plified (10x; Model 5 A, Getting Instruments, San Diego, CA),
bandpass filtered (0.07 to 3 kHz), and then amplified (10x)
again via a digital filter (model SR650, Stanford Research
Systems, Sunnyvale, CA). Using a lock-in amplifier (SR830,
Stanford Research Systems, Sunnyvale, CA), the output sig-
nal, which was proportional to the utricular hair cell-evoked
response to the stimulus fundamental frequency, was locked
to a reference frequency set to the second harmonic of the
pure tone stimulus frequency (i.e., 2 * fundamental fre-
quency), which due to populations of oppositely oriented
hair cells in the teleost inner ear corresponds to the greatest
evoked potential amplitudes (31, 38-40) (Fig. 1C). At the start
of each experimental recording session, control trials (i.e., no
sound stimulus) were conducted to measure background
utricular potential levels (n = 8 measurements) under ambi-
ent sound levels (—71=1 dB re: 1 ms™% 76+1 dB re: 1 uPa).
After determining background levels, stimulus trials across
the experimental frequency bandwidth were carried out to
construct iso-intensity level responses at various sound lev-
els (Fig. 1D). All experimental trials were carried out using a
custom MATLAB script, which controlled stimulus timing
and acquired data, and all data were stored on a desktop
computer.

Analyses

Utricular hair cell auditory threshold tuning curves rela-
tive to particle acceleration (dB re: 1 ms~2) and sound pres-
sure (dB re: 1 pPa) were determined via input-output
measurements of the evoked receptor potentials over the
range of tested frequencies (105-1,005 Hz) and sound lev-
els (—-46.1t0 1.8 dB re: 1 ms % 103-154 dB re: 1 uPa). The au-
ditory threshold level was defined as the lowest stimulus
level that yielded the lowest mean utricular-evoked poten-
tial that was at least two standard deviations above the
background electrical noise measurement. The frequency
that evoked the lowest utricular threshold was defined
as the characteristic frequency (CF), whereas the frequency
that elicited the highest evoked utricular hair cell potential
response for a given sound was defined as the best fre-
quency (BF). Particle acceleration level (dB re: 1 ms2)
thresholds were calculated as the combined magnitude
vector of particle acceleration in dB scale (Eq. 1) (33, 35,
41-44) as follows:

dBre: 1ms 2 = 20 Logio(v/ 132 + 7 0

For all statistical tests, the significance level was defined at
0.05. To determine if reproductive state plays a role in modu-
lating utricular hair cell auditory thresholds, the effects of
reproductive state and stimulus frequency were analyzed via
a repeated-measures analysis of variance (ANOVA, between-
subject factor: reproductive state, within-subject factor: fre-
quency * reproductive state). As we were only interested in
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how reproductive state modulates frequency sensitivity,
a priori pairwise ¢ tests compared the frequency-dependent
auditory sensitivity of females from different reproductive
states at the same frequency across the stimulus frequency
bandwidth (105-1,005 Hz). In addition, separate two-sample ¢
tests were performed to determine significant differences
between the SL, BM, and GSI of reproductive and nonrepro-
ductive fish. All statistical analyses were performed using
MATLAB software (MathWorks Inc., Natick, MA).

RESULTS

Auditory-evoked potentials were recorded from the utricle
of 33 adult female plainfin midshipman fish: 16 nonrepro-
ductive females with standard lengths (SL) that ranged from
12.4 t019.2 cm (15.0 £2.2 cm; means * SD), body masses (BM)
that ranged from 27.3 to 55.9 g (36.1+9.0 g), and gonadoso-
matic indices (GSI) that ranged from 0.4 to 4.0 (1.8 +1.1), and
17 reproductive females with SL that ranged from 11.6 to 20.2
cm (16.2+2.4 cm), BM that ranged from 35.5 to 111.0 g
(78.3+16.4 g), and GSI that ranged from 15.2 to 40.6
(31.8+5.9). When comparing the morphometrics of nonrep-
roductive and reproductive female plainfin midshipman,
there was no difference in SL (two-sample ¢ test, t;3 =
—1.499, P = 0.144); however, both BM (two-sample ¢ test,
131 = —9.069, P < 0.001), and GSI (two-sample ¢ test, ;3 =
—19.916, P < 0.001) were larger in the reproductive females,
which is reflective of their reproductive status [i.e., gravid
(full of eggs) vs. nongravid females].

Auditory-evoked potentials were recorded from utricular
hair cells in response to particle acceleration and sound pres-
sure levels that ranged from —46.1 to 1.8 dB re: 1 ms 2 and
103 to 154 dB re: 1 pPa, respectively. Iso-level response pro-
files of the utricular-evoked potentials were generated from
the presentation of single-tone stimuli that ranged from 105
Hz to 1,005 Hz for three sound levels: 154 dB re: 1 pPa (-0.8
t010.8 dB re: 1 ms 2), 142 dB re: 1 pPa (—12.9 to —0.9 dB re: 1
ms2), and 130 dB re: 1 pPa (—25.9 to —12.5 dB re: 1 ms™?),
which corresponded to a broad range of sound levels that
have been recorded in the nest of calling type I males (i.e.,
154-161 dB re: 1 pPa) (29, 34) and recorded at or within 1 m of
a calling type I males nest (i.e., 130-142 dB re: 1 uPa) (34, 45,
46) [see Supplemental Fig. S2 for details regarding the fre-
quency-specific particle acceleration levels (dB re: 1 ms™2)
for the three sound pressure levels: 154, 142, and 130 dB re: 1
pPal. Figure 2 displays representative utricular-evoked iso-
level response curves of nonreproductive and reproductive
females in response to the bandwidth of tested frequencies
(105-1,005 Hz) at 154, 142, and 130 dB re: 1 pPa. Iso-level
response curves consisted of profiles that had best frequen-
cies (BFs, defined as the frequency that evoked the greatest
utricular-evoked potential magnitude at a given iso-level)
ranging from 105 to 205 Hz in nonreproductive and repro-
ductive females. Both nonreproductive and reproductive
females had median BFs of 145 Hz at each of the sound levels
tested, with no difference in the median BFs observed between
nonreproductive and reproductive females at 154 dB re: 1 uPa
(0.4 dB re: 1 ms—?) (Friedman test, x> = 0, df =1, P = 1), 142 dB
re: 1 pPa (—11.6 dB re: 1 ms™2) (Friedman test, x> = 0.2, df = 1,
P = 0.6547), and 130 dB re: 1 pPa (—23.6 dB re: 1 ms™2)
(Friedman test, x> =0, df =1, P=1).
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Figure 2. Representative examples of iso-intensity level curves recorded from utricular hair cells of nonreproductive (A) and reproductive (B) female plain-
fin midshipman. Iso-intensity responses were recorded in response to single tone playbacks (n = 8) at sound pressure levels of 154 (black), 142 (gray), and
130 (white) dB re: 1 uPa. Data are represented as means + 1SD; note that some error bars are minimal, and the symbols may obscure the bars.

The magnitude of the auditory-evoked potentials recorded
from utricular hair cells in response to pure tone stimuli was
greater in reproductive females than in nonreproductive
females. Figure 3 illustrates the mean iso-level response pro-
files of the evoked utricular potentials from nonreproductive
and reproductive females in response to pure tones (105-
1,005 Hz) at 154, 142, and 130 dB re: 1 pPa. Reproductive
females had significantly higher evoked utricular potentials
than nonreproductive females within sound levels encom-
passing a range of biologically relevant sound levels [one-
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way repeated-measures ANOVA, between-subject factor:
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0.001), 142 dB re: 1 pPa (Fy91,=247.0, P < 0.001), and 130
dB re: 1 pPa (Fy912=166.5, P < 0.001)] and exhibited a sig-
nificant interaction of frequency and reproductive state at
154 dB re: 1 pPa (F;15=12.0, P < 0.001), 142 dB re: 1 pPa
(F115=16.7, P < 0.001), and 130 dB re: 1 pPa (F; ;5=19.5, P <
0.001). In addition, frequency-specific differences in the
evoked magnitude response of the utricular hair cells were
also observed between nonreproductive and reproductive
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Figure 3. Iso-level response curves recorded from utricular hair cells of nonreproductive (black) and reproductive (gray) female plainfin midshipman in
response to single tone playbacks at sound pressure levels of 154 (4), 142 (B), and 130 (C) dB re: 1 uPa. Data are represented as means * 1 SE; note that
some error bars are minimal, and the symbols may obscure the bars. The number of animals and records for each group is indicated in parentheses.
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females within each sound level tested (a priori t tests for
pair comparisons were used to determine frequency-spe-
cific differences in utricular potentials). The magnitudes
of evoked utricular potentials were greater in reproductive
females than in nonreproductive females at frequencies <
505 Hz at 154 dB re: 1 pPa (P < 0.05; see Supplemental
Table S1), < 805 Hz at 142 dB re: 1 pPa (P < 0.05; see
Supplemental Table S2), and < 305 Hz at 130 dB re: 1 uPa
(P < 0.05; see Supplemental Table S3). The greatest evoked
utricular potential magnitude change with respect to dif-
ferences in reproductive state occurred at 105 Hz and 125
Hz at a sound pressure level of 130 dB re: 1 pPa (particle
acceleration level at 105 Hz = —20.9 dB re: 1 ms~2 and 125
Hz = —23.2 dB re: 1 ms2); at this sound pressure level,
reproductive females had evoked potentials that were 6.3
and 6.2 times greater than in nonreproductive females,
respectively (see Supplemental Table S3). In sum, repro-
ductive females exhibited greater evoked utricular potentials
than nonreproductive females across the frequency band-
width tested here, with mean magnitudes that were 2.2, 2.7,
and 4.1 times greater at sound pressure levels of 154 dB re: 1
pPa (for frequencies < 505 Hz), 142 dB re: 1 pPa (frequencies
< 805 Hz) and 130 dB re: 1 pPa (frequencies < 305 Hz), respec-
tively (see Supplemental Tables S1, S2, and S3).

Auditory threshold curves based on particle acceleration
(dB re: 1 ms—2) and sound pressure (dB re: 1 pPa) were con-
structed from the evoked utricular potential recordings.
Figure 4 illustrates representative nonreproductive and
reproductive female auditory threshold curves based on par-
ticle acceleration (dB re: 1 ms—2) and sound pressure (dB re: 1
pPa). In general, the utricular auditory threshold tuning
curves of both nonreproductive and reproductive females
exhibited the lowest thresholds at frequencies < 205 Hz and
steadily increased to the highest thresholds at frequencies >
705 Hz. Characteristic frequencies (CFs, defined as the fre-
quency that evoked the lowest utricular threshold) for non-
reproductive females ranged from 105 to 205 Hz (median
CF = 105 Hz and 145 Hz based on particle acceleration and
sound pressure level tuning profiles, respectively), whereas
for reproductive females, CFs ranged from 105 to 185 Hz (me-
dian CF = 105 Hz based on both particle acceleration and
sound pressure level tuning profiles). The CFs based on par-
ticle acceleration did not differ with respect to reproductive
state (Friedman test, y? = 0.2, df = 1, P = 0.6547); however, the
CFs based on sound pressure were lower in reproductive
females than in nonreproductive females (Friedman test,
y>=6,df =1, P=0.01431).

The threshold tuning curves of nonreproductive and
reproductive females relative to particle acceleration (dB re:
1 ms2) and sound pressure (dB re: 1 uPa) levels are summar-
ized in Fig. 5. In general, for females of both reproductive
states, the lowest utricular thresholds occurred at the lowest
frequency tested (i.e., 105 Hz) (nonreproductive females:
mean particle acceleration level threshold = —28.9 1.7 dB re:
1 ms 2, mean sound pressure level threshold = 121.5+1.7 dB
re: 1 pPa; reproductive females: mean particle acceleration
level threshold = —36.5+1.9 dB re: 1 ms~% mean sound pres-
sure level threshold = 113.4+1.9 dB re: 1 uPa), whereas the
highest auditory threshold levels occurred between 705 Hz
and 1,005 Hz (nonreproductive females: mean particle accel-
eration level threshold range = —4 to —1 dB re: 1 ms 2, mean
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sound pressure level threshold range = 150-153 dB re: 1
pPa; reproductive females: mean particle acceleration
level threshold range = —8 to —3 dB re: 1 ms~%; mean sound
pressure level threshold range = 148-151 dB re: 1 pPa). The
auditory thresholds were lower (i.e., more sensitive) in
reproductive females than in nonreproductive females
(one-way repeated-measures ANOVA, between-subject
factor: reproductive state, particle acceleration level:
F 803 =472.6, P < 0.001, sound pressure level: Fj go3 =473.6,
P < 0.001) and a significant interaction was observed
between reproductive state and frequency (one-way repeated-
measures ANOVA, within-subject factor: frequency * repro-
ductive state, particle acceleration level: F;5=3.5, P < 0.001,
sound pressure level: F; 5=3.7, P < 0.001). Furthermore, fre-
quency-specific differences in auditory thresholds were
observed between nonreproductive and reproductive females
with reproductive females being more sensitive than nonrep-
roductive females at frequencies from 105 to 805 Hz (a priori ¢
tests for pairwise comparisons of nonreproductive and repro-
ductive females across frequency, P < 0.001).

DISCUSSION

The goal of this study was to determine whether seasonal
changes in reproductive state modulate the auditory sensi-
tivity of the utricle in female plainfin midshipman. We show
that the utricular hair cells of reproductive females exhibit
up to a sixfold magnitude increase in their evoked response
to auditory stimuli and have particle acceleration thresholds
that are 7-10 dB re: 1 ms 2 lower (i.e., more sensitive) than
nonreproductive females across a frequency bandwidth that
includes the dominant frequencies contained within type I
male vocalizations. To our knowledge, this is the first study
to demonstrate reproductive state-dependent plasticity of
the frequency sensitivity and auditory gain in the teleost
utricle, an inner ear end organ not often associated with au-
ditory function. In this discussion, we consider how changes
in midshipman utricular auditory sensitivity may facilitate
acoustic communication during social and reproductive
behaviors.

Auditory Sensitivity of the Midshipman Utricle

In mammals, the utricle primarily serves a vestibular
function as it detects linear acceleration, senses horizontal
translational movements, and plays an important role in
static balance. However, in teleost fishes, the utricle is one of
three inner ear otolithic end organs (along with the saccule
and lagena) that acts as an inertial accelerometer and
responds to direct displacement by acoustic particle motion
and linear accelerations primarily in the horizontal plane
(21, 47, 48). Although the saccule and lagena are most often
implicated in sound detection and directional hearing (49—
51), the utricle is posited to serve primarily a vestibular role
functioning to detect head/body position relative to gravity
(i.e., acts as a gravistatic organ) (25-27).

In our current study, we show that the female midship-
man utricle, especially in the reproductive state, is sensitive
to a broad range of acoustic frequencies with a relatively
high gain in particle acceleration sensitivity (dB re: 1 ms—2)
from 105 to 1,005 Hz (Fig. 5). Our results confirm previous
studies, which showed that the utricle in batrachoid fishes
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Figure 4. Representative (top) particle acceleration (dB re: 1 ms~2) and (bottom) sound pressure (dB re: 1 pPa) level auditory threshold tuning curves
recorded from nonreproductive (4; black) and reproductive (B; gray) female plainfin midshipman. Tuning curves were constructed using utricular hair
cell-evoked responses, with thresholds defined as the lowest sound pressure level (dB re: 1 pPa) needed to evoke a utricular potential at least 2 SD

above the background electrical noise level.

(toadfishes and midshipman) serves an auditory function
and is capable of detecting behaviorally relevant acoustic
stimuli (28, 29). Further support for the utricle of batrachoids
serving an auditory function is the neuroanatomical evi-
dence provided by Highstein et al. (52) and Sisneros et al.
(53). Highstein et al. (52) showed that utricular afferents in
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toadfish project to the rostral “finger” and dorsolateral aspect
of the hindbrain descending octaval nucleus (DON), whereas
Sisneros et al. (53) showed that the midshipman utricle has
extensive projections to the intermediate and rostral inter-
mediate auditory zones of the hindbrain DON; note that the
rostral “fingerlike” extension described by Highstein et al.
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(52) is similar in position and extent to the rostral intermedi-
ate zone of the midshipman DON, as described by Bass et al.
(54). Furthermore, Sisneros et al. (53) showed via transneuro-
nal labeling that the principal cells in the midshipman DON
that receive input from utricular afferents subsequently pro-
ject centrally to terminals in the auditory region of the mid-
brain torus semicircularis similar to the saccule. Taken
together, these physiological and neuroanatomical studies
in batrachoid fishes strongly suggest that the utricle serves
an auditory function and can detect biologically relevant
acoustic stimuli.

Seasonal Auditory Plasticity of the Utricle

We show that female utricular hair cells exhibit seasonal,
reproductive state-dependent changes in evoked responses
to auditory stimuli (Fig. 3), such that reproductive females
exhibit greater evoked utricular potentials than nonrepro-
ductive females (Supplemental Tables S1, S2, and S3). The
greatest difference in evoked potential magnitude relative to
reproductive state occurred at 105 Hz and a sound pressure
level of 130 dB re: 1 pPa (—20.9 dB re: 1 ms—2) such that repro-
ductive females displayed average utricular potentials that
were ~6.3 times greater than in nonreproductive females.
Reproductive state-dependent changes in saccular-evoked
potential magnitude have previously been examined in
reproductive females, which have average evoked potentials
~7.4 times greater than in nonreproductive females at 105
Hz and a sound pressure level of 130 dB re: 1 pPa (13). One hy-
pothesis for these changes in the magnitude of the hair cell-
evoked potentials may, in part, be related to seasonal
increases in hair cell density. Coffin et al. (36) showed that
reproductive female midshipman exhibit a 13% increase in
saccular hair cell density, which was paralleled by a dramatic
increase in the magnitude of evoked saccular potentials.
However, reproductive females and type I males do not ex-
hibit reproductive state-dependent changes in the hair cell
density of the utricle (36, 40), yet, reproductive females ex-
hibit seasonal changes in the magnitude of evoked utricular
potentials. Indeed, seasonal changes in saccular potential
magnitude in reproductive females may still be related to
the saccular-specific hair cell addition and may explain, in
part, some of the evoked potential differences between the
saccule and utricle (i.e., the utricle having ~6.3-fold increase
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versus the saccule having a ~7.4-fold increase). An alterna-
tive, but not mutually exclusive, hypothesis for the change
in the magnitude of hair cell potentials may be due to repro-
ductive state-dependent changes in ion channel expression
and the current kinetics of hair cells in the utricle and sac-
cule (see Ref. 55). Future studies that characterize the ion
channel current kinetics of hair cells in nonreproductive and
reproductive females may provide insight into the mecha-
nism responsible for the reproductive state-dependent
changes in the magnitude of evoked potentials in the mid-
shipman utricle and saccule.

Concurrent with the dramatic increase in utricular poten-
tial magnitude, we also observed a remarkable increase in
the utricular auditory sensitivity of reproductive females
when compared with nonreproductive females. The greatest
change in utricular auditory sensitivity occurred from 105 to
505 Hz (Fig. 5), with reproductive females exhibiting particle
acceleration thresholds that were 7-10 dB (re: 1 ms2) lower
than nonreproductive females (an increase in sensitivity
equal to ~2-3 times) (Fig. 6A). This reproductive state-de-
pendent increase in female auditory sensitivity corresponds
with the dominant frequencies contained within type I male
vocalizations, which include grunts, growls, and advertise-
ment calls or “hums” (Fig. 6B). Grunts are short-duration
(50-200 ms) broadband acoustic signals that are produced
either individually or in a series of “trains” (Fig.6B, bottom),
whereas growls are longer-duration (> 1s) broadband signals
(Fig. 6B, middle). In general, these vocalizations are pro-
duced in an agonistic context to fend off potential rivals/
intruders during nest defense (56). In contrast, hums are
long-duration (up 2 h in captive conditions) multiharmonic
acoustic courtship signals that have fundamental frequen-
cies ranging from 80 to 102 Hz (15, 45, 46). Compared with
broadband grunts and growls, which have much of their
spectral energy at frequencies <600 Hz, hums have promi-
nent harmonics ranging up to ~500 Hz, with additional
lower amplitude harmonics ranging up to 1,000 Hz (see Fig.
6B, top). Together, our results suggest the utricle of repro-
ductive females is better adapted than in nonreproductive
females to detect the dominant spectral energy contained
within midshipman social acoustic signals (hums, growls,
and grunts), which correspond to frequencies <600 Hz (Fig.
6B). Thus, reproductive state-dependent changes in utricular
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Figure 6. Comparison of female midshipman particle motion (dB re: 1
ms~2) sensitivity and male midshipman vocalizations. A: utricular hair cell
particle acceleration threshold difference (A dB re: 1 ms~2) between repro-
ductive and nonreproductive female midshipman. B: power spectral den-
sity (dB re: 1 pPa®/Hz) curves of a male midshipman hum (top), growl
(middle), and grunt (bottom). Inset: waveform of male midshipman hum,
growl, and grunt, respectively. Scale bars represent 5, 1,000, and 50 ms,
respectively. All vocalizations were recorded from a reproductive type |
male midshipman housed in a large, indoor concrete tank (3 m diameter;
14.1°C) at the University of Washington Friday Harbor Laboratories. Source
level recordings were made using a minihydrophone placed directly in
front of the entrance of an artificial nest.

auditory sensitivity may represent an adaptive auditory plas-
ticity that complements the saccular auditory sensitivity of
reproductive female midshipman (Supplemental Fig. S3)
and help facilitate midshipman social and reproductive
acoustic communication.

Potential Mechanisms for Utricular Auditory Plasticity

The observed changes in utricular auditory sensitivity are
likely due to seasonal changes in circulating gonadal steroids
(androgens and estrogens), which are related to seasonal
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changes in midshipman reproductive state (57). Saccular
afferents in nonreproductive females treated with either tes-
tosterone or 17p-estradiol exhibit enhanced frequency sensi-
tivity and phase-locking accuracy to higher frequencies
within the midshipman hearing range, which effectively
enhances acoustic communication (20). Concurrent with
reproductive state-dependent changes in gonadal steroid
levels are parallel changes in the large-conductance, cal-
cium-activated potassium (BK) channels, which are re-
sponsible for the rapid outward currents that contribute to
the electrical resonance and low-frequency (<1 kHz) tun-
ing of hair cells in nonmammalian vertebrates (58-60).
Rohmann et al. (55) demonstrated that saccular hair cells
of reproductive midshipman exhibit increased expression
of calcium-activated BK channels, which is correlated with
enhanced higher frequency sensitivity (>145 Hz) and that
pharmacological inhibition of BK channels results in
decreased saccular sensitivity similar to nonreproductive
fish. Together, these studies suggest that gonadal steroids
may modulate seasonal changes in frequency sensitivity
via the regulation of hair cell BK channel expression to
effectively enhance auditory sensitivity for social acoustic
communication.

In addition, reproductive state-dependent changes in do-
paminergic efferent projections to the inner ear may also be
responsible for the observed seasonal, reproductive state-de-
pendent changes in utricular sensitivity. Previous work by
Forlano et al. (17) showed that dopaminergic innervation of
the saccule varied with reproductive state such that repro-
ductive females have a seasonal reduction in dopaminergic
input. Furthermore, Perelmuter et al. (61) showed that dopa-
mine decreases saccular auditory sensitivity via a D2-like re-
ceptor and that D2a receptor expression is reduced in the
saccule during the midshipman breeding season. Perelmuter
et al. (61) also found that saccular auditory sensitivity is
modulated by the dopaminergic efferent system, whereby a
release in inhibition effectively mimics the reproductive au-
ditory phenotype and enhances peripheral encoding of
social acoustic signals. Furthermore, Perelmuter et al. (62)
recently showed that testosterone treatment mimics the sea-
sonal downregulation of dopamine in the midshipman sac-
cule, which provides evidence that steroid regulation of
peripheral auditory sensitivity is mediated, at least in part,
by dopamine. Future studies that examine similar reproduc-
tive state-dependent, gonadal steroid regulatory mecha-
nisms of hair cell ion channel expression and dopaminergic
innervation to the utricle will be instrumental in under-
standing the neuroendocrine basis of peripheral auditory
sensitivity modulation in midshipman fish and other verte-
brates, including mammals.

Conclusions

The utricle in mammals primarily serves as a vestibular
organ for detecting linear acceleration and sensing transla-
tional movements in the horizontal plane. However, in
fishes, the utricle is one of three inner ear otolithic end
organs (saccule, utricle, and lagena) that act as biological
accelerometers and respond to acoustic particle motion and
horizontal linear accelerations. Although, to some degree, all
three otolithic end organs in teleost fishes are posited to
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serve both an auditory and vestibular function, the teleost
utricle is often thought to primarily serve a vestibular func-
tion. Here, we show that the utricle in the vocal plainfin mid-
shipman serves an auditory function that is seasonally
plastic and modulated by the animal’s reproductive state,
effectively enhancing the utricle’s auditory sensitivity to
conspecific acoustic signals. Whether these seasonal-de-
pendent changes extend beyond the auditory system to the
vestibular system has yet to be assessed and should be con-
sidered in future vestibular research, given the multimodal
function of the inner ear end organs.

SUPPLEMENTAL DATA

Supplemental Figs. S1-S3 and Supplemental Tables S1-S3:
https://doi.org/10.6084/m9.figshare.20363625.

ACKNOWLEDGMENTS

The authors thank the captain and crew of the R/V Kittiwake for
assistance with winter fish collection, and Sujay Balebail and Lorin
Gardner for assistance with summer fish collection and fish
husbandry.

GRANTS

This work was supported by a National Science Foundation
grant to J.A.S. (I0S 1933166) and A.B.C. (I0S 1932898). L.S.R. was
supported by a National Science Foundation Graduate Research
Fellowship (DGE 1762114), National Institutes of Health auditory
neuroscience training grant (T32DC005361), and a Howard
Hughes Medical Institute Gilliam Fellowship (GT15044).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

L.S.R., AB.C., and J.A.S. conceived and designed research;
L.S.R. performed experiments; L.S.R. analyzed data; L.S.R. and
J.A.S. interpreted results of experiments; L.S.R. prepared fig-
ures; L.S.R. and J.A.S. drafted manuscript; L.S.R., AB.C.,, and J.AS.
edited and revised manuscript; L.S.R., AB.C,, and J.A.S. approved
final version of manuscript.

REFERENCES

1 Ball GF, Castelino CB, Maney DL, Appeltants D, Balthazart J. The
activation of birdsong by testosterone: multiple sites of action and
role of ascending catecholamine projections. Ann N Y Acad Sci
1007: 211-231, 2003. doi:10.1196/annals.1286.021.

2. Bass AH, Zakon HH. Sonic and electric fish: at the crossroads of
neuroethology and behavioral neuroendocrinology. Horm Behav
48:360-372, 2005. doi:10.1016/j.yhbeh.2005.05.022.

3. Wilczynski W, Lynch KS, O'Bryant EL. Current research in amphib-
ians: studies integrating endocrinology, behavior, and neurobiology.
Horm Behav 48: 440-450, 2005. doi:10.1016/j.yhbeh.2005.06.001.

4. Caras ML, Brenowitz E, Rubel EW. Peripheral auditory processing
changes seasonally in Gambel’s white-crowned sparrow. J Comp
Physiol A Neuroethol Sens Neural Behav Physiol 196: 581-599,
2010. doi:10.1007/s00359-010-0545-1.

5. Caras ML, O'Brien M, Brenowitz EA, Rubel EW. Estradiol selectively
enhances auditory function in avian forebrain neurons. J Neurosci
32:17597-17611, 2012. doi:10.1523/JNEUROSCI.3938-12.2012.

J Neurophysiol « doi:10.1152/jn.00315.2022 - www.jn.org

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Caras ML, Sen K, Rubel EW, Brenowitz EA. Seasonal plasticity of
precise spike timing in the avian auditory system. J Neurosci 35:
3431-3445, 2015. doi:10.1523/JNEUROSCI.3407-14.2015.

Gall MD, Salameh TS, Lucas JR. Songbird frequency selectivity and
temporal resolution vary with sex and season. Proc Biol Sci 280:
20122296, 2013. doi:10.1098/rspb.2012.2296.

Henry KS, Lucas JR. Vocally correlated seasonal auditory variation
in the house sparrow (Passer domesticus). J Exp Biol 212: 3817—
3822, 2009. doi:10.1242/jeb.033035.

Vélez A, Gall MD, Lucas JR. Seasonal plasticity in auditory proc-
essing of the envelope and temporal fine structure of sounds in
three songbirds. Animal Behaviour 103: 53—-63, 2015. doi:10.1016/
j.anbehav.2015.01.036.

Goense JBM, Feng AS. Seasonal changes in frequency tuning and
temporal processing in single neurons in the frog auditory midbrain.
J Neurobiol 65: 22-36, 2005. doi:10.1002/neu.20172.

Miranda JA, Wilczynski W. Female reproductive state influences
the auditory midbrain response. J Comp Physiol A Neuroethol Sens
Neural Behav Physiol 195: 341-349, 2009. doi:10.1007/s00359-008-
0410-7.

Penna M, Capranica RR, Somers J. Hormone-induced vocal
behavior and midbrain auditory sensitivity in the green treefrog,
Hyla cinerea. J Comp Physiol A 170: 73-82, 1992. doi:10.1007/
BF00190402.

Sisneros JA. Seasonal plasticity of auditory saccular sensitivity in the
vocal plainfin midshipman fish, Porichthys notatus. J Neurophysiol
102: 1121-1131, 2009. doi:10.1152/jn.00236.2009.

Sisneros JA, Bass AH. Seasonal plasticity of peripheral auditory fre-
quency sensitivity. J Neurosci 23: 1049-1058, 2003. doi:10.1523/
jneurosci.23-03-01049.2003.

Bass AH, Bodnar DH, Marchaterre MA. Complementary explana-
tions for existing phenotypes in an acoustic communication system.
In: The Design of Animal Communication, edited by Hauser MD,
Konishi M. Cambridge, MA: MIT Press, 1999, p. 493-514.

Bass AH, McKibben JR. Neural mechanisms and behaviors for
acoustic communication in teleost fish. Prog Neurobiol 69: 1-26,
2003. doi:10.1016/S0301-0082(03)00004-2.

Forlano PM, Ghahramani ZN, Monestime CM, Kurochkin P,
Chernenko A, Milkis D. Catecholaminergic innervation of central
and peripheral auditory circuitry varies with reproductive state in
female midshipman fish, Porichthys notatus. PLoS One 10: 0121914,
2015. doi:10.1371/journal.pone.0121914.

Sisneros JA. Adaptive hearing in the vocal plainfin midshipman
fish: getting in tune for the breeding season and implications for
acoustic communication. Integr Zool 4: 33—42, 2009. doi:10.1111/
j.1749-4877.2008.00133.x.

Forlano PM, Maruska KP, Sisneros JA, Bass AH. Hormone-depend-
ent plasticity of auditory systems in fishes. In: Hearing and
Hormones, edited by Bass AH, Sisneros JA, Popper AN, Fay RR.
Cham, Switzerland: Springer International Publishing, 2016, p. 15-51.
Sisneros JA, Forlano PM, Deitcher DL, Bass AH. Steroid-dependent
auditory plasticity leads to adaptive coupling of sender and receiver.
Science 305: 404-407, 2004. doi:10.1126/science.1097218.

Popper AN, Fay RR. Sound detection and processing by fish: critical
review and major research questions. Brain Behav Evol 41: 14-38,
1993. doi:10.1159/000113821.

Popper AN, Fay RR. Rethinking sound detection by fishes. Hear Res
273:25-36, 2011. doi:10.1016/j.heares.2009.12.023.

Bianco IH, Ma L-H, Schoppik D, Robson DN, Orger MB, Beck JC, Li
JM, Schier AF, Engert F, Baker R. The tangential nucleus controls a
gravito-inertial vestibulo-ocular reflex. Curr Biol 22: 1285-1295,
2012. doi:10.1016/j.cub.2012.05.026.

Boyle R, Mensinger AF, Yoshida K, Usui S, Intravaia A, Tricas T,
Highstein SM. Neural readaptation to Earth’s gravity following return
from space. J Neurophysiol 86: 2118-2122, 2001. doi:10.1152/
jn.2001.86.4.2118.

Boyle R, Popova Y, Varelas J. Influence of magnitude and duration
of altered gravity and readaptation to 1 g on the structure and func-
tion of the utricle in toadfish, Opsanus tau. Front Physiol 9: 1469,
2018. doi:10.3389/fphys.2018.01469.

Inoue M, Tanimoto M, Oda Y. The role of ear stone size in hair cell
acoustic sensory transduction. Sci Rep 3: 2114, 2013. doi:10.1038/
srep02114.

1353

Downloaded from journals.physiology.org/journal/jn at Univ of Washington (205.175.106.185) on November 14, 2022.


https://doi.org/10.6084/m9.figshare.20363625
https://doi.org/10.1196/annals.1286.021
https://doi.org/10.1016/j.yhbeh.2005.05.022
https://doi.org/10.1016/j.yhbeh.2005.06.001
https://doi.org/10.1007/s00359-010-0545-1
https://doi.org/10.1523/JNEUROSCI.3938-12.2012
https://doi.org/10.1523/JNEUROSCI.3407-14.2015
https://doi.org/10.1098/rspb.2012.2296
https://doi.org/10.1242/jeb.033035
https://doi.org/10.1016/j.anbehav.2015.01.036
https://doi.org/10.1016/j.anbehav.2015.01.036
https://doi.org/10.1002/neu.20172
https://doi.org/10.1007/s00359-008-0410-7
https://doi.org/10.1007/s00359-008-0410-7
https://doi.org/10.1007/BF00190402
https://doi.org/10.1007/BF00190402
https://doi.org/10.1152/jn.00236.2009
https://doi.org/10.1523/jneurosci.23-03-01049.2003
https://doi.org/10.1523/jneurosci.23-03-01049.2003
https://doi.org/10.1016/S0301-0082(03)00004-2
https://doi.org/10.1371/journal.pone.0121914
https://doi.org/10.1111/j.1749-4877.2008.00133.x
https://doi.org/10.1111/j.1749-4877.2008.00133.x
https://doi.org/10.1126/science.1097218
https://doi.org/10.1159/000113821
https://doi.org/10.1016/j.heares.2009.12.023
https://doi.org/10.1016/j.cub.2012.05.026
https://doi.org/10.1152/jn.2001.86.4.2118
https://doi.org/10.1152/jn.2001.86.4.2118
https://doi.org/10.3389/fphys.2018.01469
https://doi.org/10.1038/srep02114
https://doi.org/10.1038/srep02114
http://www.jn.org

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

1354

()) REPRODUCTIVE STATE MODULATES UTRICULAR SENSITIVITY

Riley BB, Moorman SJ. Development of utricular otoliths, but not
saccular otoliths, is necessary for vestibular function and survival in
zebrafish. J Neurobiol 43: 329-337, 2000. doi:10.1002/1097-4695
(20000615)43:4%3C329::aid-neu2%3E3.0.co;2-h.

Maruska KP, Mensinger AF. Directional sound sensitivity in utricular
afferents in the toadfish Opsanus tau. J Exp Biol 218: 1759-1766,
2015. doi:10.1242/jeb.115345.

Rogers LS, Sisneros JA. Auditory evoked potentials of utricular hair
cells in the plainfin midshipman, Porichthys notatus. J Exp Biol 223:
jeb226464,2020. doi:10.1242/jeb.226464.

Rogers LS, Van Wert JC, Mensinger AF. Response of toadfish
(Opsanus tau) utricular afferents to multimodal inputs. J Neurophysiol
128:364-377, 2022. doi:10.1152/jn.00483.2021.

Sisneros JA. Saccular potentials of the vocal plainfin midshipman
fish, Porichthys notatus. J Comp Physiol A Neuroethol Sens Neural
Behav Physiol 193: 413—424, 2007. doi:10.1007/s00359-006-0195-5.
Alderks PW, Sisneros JA. Ontogeny of auditory saccular sensitivity
in the plainfin midshipman fish, Porichthys notatus. J Comp Physiol
A Neuroethol Sens Neural Behav Physiol 197: 387-398, 2011.
doi:10.1007/s00359-010-0623-4.

Bhandiwad AA, Whitchurch EA, Colleye O, Zeddies DG, Sisneros
JA. Seasonal plasticity of auditory saccular sensitivity in “sneaker”
type Il male plainfin midshipman fish, Porichthys notatus. J Comp
Physiol A Neuroethol Sens Neural Behav Physiol 203: 211-222,
2017. doi:10.1007/s00359-017-1157-9.

Vetter BJ, Seeley LH, Sisneros JA. Lagenar potentials of the vocal
plainfin midshipman fish, Porichthys notatus. J Comp Physiol A
Neuroethol Sens Neural Behav Physiol 205: 163-175, 2019.
doi:10.1007/s00359-018-01314-0.

Colleye O, Vetter BJ, Mohr RA, Seeley LH, Sisneros JA. Sexually
dimorphic swim bladder extensions enhance the auditory sensitivity
of female plainfin midshipman fish, Porichthys notatus. J Exp Biol
222:jeb204552, 2019. doi:10.1242/jeb.204552.

Coffin AB, Mohr RA, Sisneros JA. Saccular-specific hair cell addition
correlates with reproductive state-dependent changes in the audi-
tory saccular sensitivity of a vocal fish. J Neurosci 32: 1366-1376,
2012. doi:10.1523/JNEUROSCI.4928-11.2012.

Vetter BJ, Sisneros JA. Swim bladder enhances lagenar sensitivity
to sound pressure and higher frequencies in female plainfin mid-
shipman (Porichthys notatus). J Exp Biol 223: jeb225177, 2020.
doi:10.1242/jeb.225177.

Cohen MJ, Winn HE. Electrophysiological observations on hearing
and sound production in the fish, Porichthys notatus. J Exp Zool 165:
355-369, 1967. doi:10.1002/jez.1401650305.

Furukawa T, Ishii Y. Neurophysiological studies on hearing in
goldfish. J Neurophysiol 30: 1377-1403, 1967. doi:10.1152/jn.
1967.30.6.1377.

Lozier NR, Sisneros JA. Reproductive-state dependent changes in
saccular hair cell density of the vocal male plainfin midshipman fish.
Hear Res 383:107805, 2019. doi:10.1016/j.heares.2019.107805.
Rogers LS, Putland RL, Mensinger AF. The effect of biological and
anthropogenic sound on the auditory sensitivity of oyster toadfish,
Opsanus tau. J Comp Physiol A Neuroethol Sens Neural Behav
Physiol 206: 1-14, 2020. doi:10.1007/s00359-019-01381-x.
Vasconcelos RO, Fonseca PJ, Amorim MCP, Ladich F. Represen-
tation of complex vocalizations in the Lusitanian toadfish auditory
system: evidence of fine temporal, frequency and amplitude dis-
crimination. Proc Biol Sci 278: 826-834, 2011. doi:10.1098/
rspb.2010.1376.

Vetter BJ. Role of the Lagena in fish hearing and its susceptibility
to anthropogenic noise. Proc Mtgs Acoust 37: 010001, 2019.
doi:10.1121/2.0001031.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wysocki LE, Codarin A, Ladich F, Picciulin M. Sound pressure
and particle acceleration audiograms in three marine fish species
from the Adriatic Sea. J Acoust Soc Am 126: 2100-2107, 2009.
doi:10.1121/1.3203562.

Balebail S, Sisneros JA. Long duration advertisement calls of
nesting male plainfin midshipman fish are honest indicators of
size and condition. J Exp Biol 225: jeb243889, 2022. doi:10.1242/
jeb.243889.

Feng NY, Bass AH. “Singing” fish rely on circadian rhythm and mela-
tonin for the timing of nocturnal courtship vocalization. Curr Biol 26:
2681-2689, 2016. doi:10.1016/j.cub.2016.07.079.

De Vries H. The mechanics of the labyrinth otoliths. Acta Otolaryngol
38:262-273,1951. doi:10.3109/00016485009118384.

Fay RR. The goldfish ear codes the axis of acoustic particle motion
in three dimensions. Science 225: 951-954, 1984. doi:10.1126/
science.6474161.

Hawkins AD, Popper AN. Directional hearing and sound source
localization by fishes. J Acoust Soc Am 144: 3329, 2018. doi:10.1121/
1.5082306.

Sand O. Directional sensitivity of microphonic potentials form the
perch ear. J Exp Biol 60: 881-899, 1974. doi:10.1242/jeb.60.3.881.
Sisneros JA, Rogers PH. Directional hearing and sound source local-
ization in fishes. In: Fish Hearing and Bioacoustics: An Anthology in
Honor of Arthur N. Popper and Richard R. Fay, edited by Sisneros JA.
Cham, Switzerland: Springer International Publishing, 2016, p. 121-155.
Highstein SM, Kitch R, Carey J, Baker R. Anatomical organization of
the brainstem octavolateralis area of the oyster toadfish, Opsanus
tau. J Comp Neurol 319: 501-518, 1992. doi:10.1002/cne.903190404.
Sisneros JA, Marchaterre MA, Bass AH. Otolithic endorgan projec-
tions of the inner ear in a vocal fish. Bioacoustics 12: 137-139, 2012.
doi:10.1080/09524622.2002.9753674.

Bass AH, Bodnar DA, Marchaterre MA. Midbrain acoustic circuitry
in a vocalizing fish. J Comp Neurol 419: 505-531, 2000. doi:10.1002/
(sici)1096-9861(20000417)419:4%3C505::aid-cne7%3E3.0.c0;2-3.
Rohmann KN, Fergus DJ, Bass AH. Plasticity in ion channel expres-
sion underlies variation in hearing during reproductive cycles. Curr
Biol 23: 678-683, 2013. d0i:10.1016/j.cub.2013.03.014.

Sisneros JA. Steroid-dependent auditory plasticity for the enhance-
ment of acoustic communication: recent insights from a vocal teleost
fish. Hear Res 252: 9-14, 2009. doi:10.1016/j.heares.2008.12.007.
Sisneros JA, Forlano PM, Knapp R, Bass AH. Seasonal variation of
steroid hormone levels in an intertidal-nesting fish, the vocal plainfin
midshipman. Gen Comp Endocrinol 136: 101-116, 2004. doi:10.1016/.
ygcen.2003.12.007.

Fettiplace R, Fuchs PA. Mechanisms of hair cell tuning. Annu Rev
Physiol 61: 809-834, 1999. doi:10.1146/annurev.physiol.61.1.809.
Lewis RS, Hudspeth AJ. Voltage- and ion-dependent conductan-
ces in solitary vertebrate hair cells. Nature 304: 538-541, 1983.
doi:10.1038/304538a0.

Roberts WM, Howard J, Hudspeth AJ. Hair cells: transduction, tun-
ing, and transmission in the inner ear. Annu Rev Cell Biol 4: 63-92,
1988. doi:10.1146/annurev.cb.04.110188.000431.

Perelmuter JT, Wilson AB, Sisneros JA, Forlano PM. Forebrain dopa-
mine system regulates inner ear auditory sensitivity to socially rele-
vant acoustic signals. Curr Biol 29: 2190-2198.e3, 2019. doi:10.1016/j.
cub.2019.05.055.

Perelmuter JT, Hom KN, Mohr RA, Demis L, Kim S, Chernenko A,
Timothy M, Middleton MA, Sisneros JA, Forlano PM. Testosterone
treatment mimics seasonal downregulation of dopamine innervation
in the auditory system of female midshipman fish. Integr Comp Biol
61: 269-282, 2021. doi:10.1093/icb/icab070.

J Neurophysiol « doi:10.1152/jn.00315.2022 - www.jn.org
Downloaded from journals.physiology.org/journal/jn at Univ of Washington (205.175.106.185) on November 14, 2022.


https://doi.org/10.1002/1097-4695(20000615)43:4%3C329::aid-neu2%3E3.0.co;2-h
https://doi.org/10.1002/1097-4695(20000615)43:4%3C329::aid-neu2%3E3.0.co;2-h
https://doi.org/10.1242/jeb.115345
https://doi.org/10.1242/jeb.226464
https://doi.org/10.1152/jn.00483.2021
https://doi.org/10.1007/s00359-006-0195-5
https://doi.org/10.1007/s00359-010-0623-4
https://doi.org/10.1007/s00359-017-1157-9
https://doi.org/10.1007/s00359-018-01314-0
https://doi.org/10.1242/jeb.204552
https://doi.org/10.1523/JNEUROSCI.4928-11.2012
https://doi.org/10.1242/jeb.225177
https://doi.org/10.1002/jez.1401650305
https://doi.org/10.1152/jn.1967.30.6.1377
https://doi.org/10.1152/jn.1967.30.6.1377
https://doi.org/10.1016/j.heares.2019.107805
https://doi.org/10.1007/s00359-019-01381-x
https://doi.org/10.1098/rspb.2010.1376
https://doi.org/10.1098/rspb.2010.1376
https://doi.org/10.1121/2.0001031
https://doi.org/10.1121/1.3203562
https://doi.org/10.1242/jeb.243889
https://doi.org/10.1242/jeb.243889
https://doi.org/10.1016/j.cub.2016.07.079
https://doi.org/10.3109/00016485009118384
https://doi.org/10.1126/science.6474161
https://doi.org/10.1126/science.6474161
https://doi.org/10.1121/1.5082306
https://doi.org/10.1121/1.5082306
https://doi.org/10.1242/jeb.60.3.881
https://doi.org/10.1002/cne.903190404
https://doi.org/10.1080/09524622.2002.9753674
https://doi.org/10.1002/(sici)1096-9861(20000417)419:4%3C505::aid-cne7%3E3.0.co;2-3
https://doi.org/10.1002/(sici)1096-9861(20000417)419:4%3C505::aid-cne7%3E3.0.co;2-3
https://doi.org/10.1016/j.cub.2013.03.014
https://doi.org/10.1016/j.heares.2008.12.007
https://doi.org/10.1016/j.ygcen.2003.12.007
https://doi.org/10.1016/j.ygcen.2003.12.007
https://doi.org/10.1146/annurev.physiol.61.1.809
https://doi.org/10.1038/304538a0
https://doi.org/10.1146/annurev.cb.04.110188.000431
https://doi.org/10.1016/j.cub.2019.05.055
https://doi.org/10.1016/j.cub.2019.05.055
https://doi.org/10.1093/icb/icab070
http://www.jn.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7

	bkmk_bookmark_8
	bkmk_bookmark_9
	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13

	bkmk_bookmark_14
	bkmk_bookmark_AC
	bkmk_bookmark_15
	bkmk_bookmark_16
	bkmk_bookmark_17
	bkmk_bookmark_18


