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Life underground often leads to animals having specialized auditory
systems to accommodate the constraints of acoustic transmission in tunnels.
Despite living underground, naked mole-rats use a highly vocal communi-
cation system, implying that they rely on central auditory processing.
However, little is known about these animals’ central auditory system, and
whether it follows a similar developmental time course as other rodents.
Naked mole-rats show slowed development in the hippocampus suggesting
they have altered brain development compared to other rodents. Here,
we measured morphological characteristics and voltage-gated potassium
channel Kv3.3 expression and protein levels at different key developmental
time points (postnatal days 9, 14, 21 and adulthood) to determine whether
the auditory brainstem (lateral superior olive and medial nucleus of the
trapezoid body) develops similarly to two common auditory rodent
model species: gerbils and mice. Additionally, we measured the hearing
onset of naked mole-rats using auditory brainstem response recordings at
the same developmental timepoints. In contrast with other work in naked
mole-rats showing that they are highly divergent in many aspects of their
physiology, we show that naked mole-rats have a similar hearing onset,
between postnatal day (P) 9 and P14, to many other rodents. On the other
hand, we show some developmental differences, such as a unique
morphology and Kv3.3 protein levels in the brainstem.
1. Background
The naked mole-rat (Heterocephalus glaber) is the longest lived rodent, with
lifespans reaching 30 years or longer [1–3]. One possible hypothesis for
their longevity and other unique features is the retention of neonatal character-
istics, such as adaptation for low oxygen tolerance [4–6] and protracted
development in the hippocampus [7]. Whether this immaturity in adulthood
is owing to altered development has not been well studied. Sensory systems,
which have well-characterized developmental timing, provide the opportunity
to assess developmental milestones.

One ideal model system to study developmental patterns is the sound
localization circuit of the auditory brainstem, owing to its well-documentedmile-
stones [8]. This circuit is responsible for encoding sound localization information
through timing and level differences between the two ears based on the frequency
of the incoming auditory signal [9]. There is a significant body of literature on this
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neural pathway, and the biological significance, physiology
and anatomy are all relatively well understood. For example,
one key feature of auditory brainstem neurons is their ability
to fire very rapidly (up to approximately 800 Hz) with high
temporal precision. This is made possible by neuronal Kv3
family voltage-dependent K+ channels, which promote high-
frequency firing [10], and the Kv3.3 channel is the most
highly represented member of this family in auditory brain-
stem neurons [11]. Thus, any potential differences or
similarities observed in naked mole-rats, such as anatomical
markers for Kv3.3, can be interpreted with relative ease. It is
well established in several species and taxa that impaired or
disordered peripheral development has effects on the neurons
in the central nervous system which are downstream of the
periphery [12,13] Therefore, as naked mole-rats may have pro-
longed or disordered peripheral auditory development [14],
the question becomes whether central organization could
also be impaired or changed in these animals. The study of
the auditory brainstem’s development might therefore give
insight into altered development in the species.

Subterranean animals have very different hearing and
sound localization needs, such as limited air-borne sound local-
ization cues, as compared to animals living in above-ground
environments. The hearing systems of many subterranean
species are also altered in particular ways, including the
absence of pinnae [15] or as in golden moles, the use of
seismic communication [16]. Naked mole-rats lack pinnae,
but they have developed a social lifestyle as well as a variety
of social communication calls, which travel well in their
burrows [17,18].

Naked mole-rats have high hearing thresholds and appear
to be mostly sensitive to low-frequency sounds [17,19]. It was
thought that this species had degenerate sound localization
capabilities, particularly for high-frequency sounds, based on
a diminished lateral superior olive (LSO) and poor perform-
ance in behavioural sound localization tasks [19]. The LSO
plays a critical role in the neural encoding of interaural level
difference cues to sound location of high frequencies. However,
more recent studies demonstrated that mole-rats demonstrate
an LSO with different, but perhaps not diminished mor-
phology, as well as other auditory brainstem structures
needed for proper sound localization ability [20]. Interestingly,
while nakedmole-rat anatomical auditory brainstem structures
are present, they are lacking hyperpolarization-activated and
nucleotide-gated channel 1 (HCN1) channels, perhaps contri-
buting to their overall poor sound localization ability and
increased auditory thresholds [20].

Hearing onset for most altricial rodent species is usually
anywhere from postnatal day (P) 10–14 [21]. This is a critical
time during auditory development where the brainstem and
other areas undergo significant changes to become mature,
and it has been shown that increased auditory stimulation
or other manipulation during this time period can have last-
ing impacts on the auditory system [22,23]. It is unknown
whether the naked mole-rat undergoes similar central organ-
ization during this time period, or if prolonged peripheral
auditory development is also associated with prolonged
central development [14].

This study aims to determine whether the naked mole-rat
has similar auditory development to other commonly used
rodent species (mouse and gerbil). These two other species
were chosen because both are standard animal models for
auditory research and thus a large body of background
literature is available for comparison. Owing to their delayed
peripheral auditory maturation [10] and long lifespan, we
predicted changes in the maturation of both the anatomical
and molecular organization of central auditory structures in
naked mole-rats compared to other rodents. We aimed to
investigate the (i) morphology of LSO and medial nucleus
of the trapezoid body (MNTB) across development; (ii)
Kv3.3 expression during MNTB and LSO development; and
(iii) hearing onset in naked mole-rats.
2. Methods
All experiments complied with all applicable laws, NIH guide-
lines, and were approved by the institutional animal care and
use committees (IACUC) of University of Illinois at Chicago
(no. 21-024), Oklahoma State University (no. 20-07), Yale Univer-
sity (no. 2022-07842) and University of Colorado Anschutz
Medical Campus (no. 00617).

(a) Animals
Naked mole-rats (H. glaber) of several ages, P9, P14, P21 and
P335-390 (1 year), were obtained from a colony maintained at
the University of Illinois Chicago. Mongolian gerbils (Meriones
unguiculatus) and some mice (Mus musculus) at P9, P14, P21
and adulthood (P60–P90) used in anatomical experiments were
maintained in a colony at the University of Colorado Anschutz
Medical Campus. Additional mice of the same background
(C57BL/6 J) were used for anatomy from a colony maintained
at Oklahoma State University and Yale University. Anatomical
measures (immunofluorescence and Western blotting) and
auditory brainstem responses (ABRs) were performed in naked
mole-rats while gerbils and mice were used only for anatomical
measures (volume, Kv3.3 expression, Nissl stain and Westerns).

(b) Auditory brainstem response measurements
ABR measurements and analysis methods are described in pre-
vious publications [24–27]. Naked mole-rats were anaesthetized
with a mixture of ketamine-xylazine (100 mg kg−1, 10 mg kg−1,
respectively) administered via intraperitoneal injections. Once
the animals did not respond to toe-pinch, indicating adequate
anaesthesia, platinum subdermal needle electrodes were placed
under the skin. The active electrode was placed between the
ears (vertex) with the reference at the nape. A ground electrode
was inserted in the foot of the animal.

Animals were presented with monaural click stimuli through
custom-built ear bars. Stimuli were generated and evoked
potentials recorded (sampled at 44.1 kHz and immediately down-
sampled by half) via an RME Fireface UCX sound card (RME
Audio, Haimhausen, DE), controlled with custom-built
MATLAB software. Sound was generated with TDT MF1 multi-
field magnetic speakers (Tucker-Davis Technologies, FL, USA)
with the sound being calibrated prior to presentation using
Etymotic ER-7C probe microphones (Etymotic Research Inc, IL,
USA). Signals from the electrodes were amplified (10 000×) and
digitized using an ISO-80 preamplifer and headstage (World
Precision Instruments Sarasota, FL USA).

Clicks were presented to both ears at a sound pressure level of
100 dB sound pressure level (SPL; peak, re: 1000 Hz tone) attenu-
ated in steps of 10 dB for threshold measurements. Data were
averaged over 1000–2600 repetitions per stimuli and filtered with
a second-order Butterworth filter (cut-offs at 100 Hz and
2000 Hz). Peaks in the ABR waveform were examined offline
within a latency range of 1–10 ms. The lowest SPL at which an
ABR peak was detected was taken as the threshold SPL. For each
animal tested, the threshold was determined from the ear with



Table 1. Primary antibodies are used in immunofluorescence/Western blotting.

antibody immunogen
manufacturer, species, mono or polycolonal, cat. or
lot no., RRID concentration

anti-KCNC3

(Kv3.3)

KSPITPGSRGRYSRDRAC (aas 701–718 of rat

KCNC3)

Alomone (Jerusalem, Israel), rabbit polyclonal, APC-102,

RRID: AB_2040170

1 : 1000 (immuno),

1 : 400 (Western)

GAPDH genetic locus: GAPDH (human) mapping

to 12p13.31

Santa Cruz (0411), mouse, monoclonal,

cat. no. sc-32233, lot no. G3020

1 : 1000
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the lower threshold. Several animals, particularly in the youngest
age groups, did not have a recognizable ABR waveform for any
stimulus SPL and are included as ‘no signal (N.S.)’ datapoints.

(c) Tissue preparation
Naked mole-rats, mice and gerbils were euthanized with an over-
dose of pentobarbital (120 mg kg−1) and transcardially perfused
with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 1.76 mM KH2PO4 and 10 mM Na2HPO4 Sigma-Aldrich,
St Louis,MO) followed by 4%paraformaldehyde (PFA). Following
perfusion, animals were decapitated, and brains dissected out and
placed in 4% PFA overnight followed by continued submersion in
PBS until slicing. Prior to slicing, brains were washed three times
for 10 min each in PBS to remove any residual PFA. Brains were
then submerged in 4% agarose (in PBS) for stability during cutting
of the tissue. Brain tissue was sliced in 70 or 100 µm thick coronal
sections containing the auditory brainstem nuclei using a Vibra-
tome (Leica VT1000 s, Nussloch, Germany). For Western
blotting, a separate group of animals (naked mole-rats, mice and
gerbils) were used; animals were euthanized followed by immedi-
ate decapitation and removal of brain regions. For Western
blotting, brains were placed immediately at −80°C before being
shipped on dry ice for analysis.

(d) Immunofluorescence
Ten–20 free-floating sections per animal were blocked in antibody
media (AB media: 0.1 M phosphate buffer (PB: 50 mM KH2PO4,
150 mM Na2HPO4), 150 mM NaCL, 3 mM Triton-X, 1% bovine
serum albumin) and 5% normal goat serum (NGS) for 1 h at
room temperature on a laboratory shaker. Sections were stained
with a primary antibody for Kv3.3 (table 1) diluted in AB media
and 1% NGS overnight at 4°C. Slices were then washed three
times (10 min each wash) in PBS. Following washes, a secondary
antibody (1 : 1000, goat anti-rabbit IgG (H + L) Thermo-Fisher, A-
21429, RRID:AB_2535850 Alexa 555 or 1 : 1000 donkey anti-rabbit
IgG (H + L) Thermo-Fisher, A32795, RRID: AB_2762835 Alexa
647) diluted in AB media and 1% NGS were applied for 1 h at
room temperature. The secondary antibody was washed off simi-
larly to primary antibodies (three washes, 10 min each wash)
followed by the application of Nissl (Neurotrace 640/660 Deep-
Red Fluorescent or Neurotrace 500/525 Green Fluorescent Nissl
Stain, Invitrogen, Carlsbad, CA) diluted to a concentration of 1 :
100 in AB media for half an hour at room temperature. Lastly, sec-
tions were washed in PB, mounted on glass slides, fixed with
Fluoromount-G (Southern Biotech, Cat. no.: 0100-01, Birming-
ham, AL) and coverslipped. Slides were stored in a 4°C fridge in
a light-tight slide box until imaging.

(e) Western blot
Brainstem tissues for mouse, gerbil and naked mole-rat were hom-
ogenized using a tissue grinder and 200 µl T-PER Tissue Protein
Extraction Reagent (Thermo-Fisher, cat. no. 78510) that included a
Roche complete Mini Protease inhibitor tablet (Roche, cat. no.
11836170001) and PhosSTOP Easypack (Roche, cat. no.
04906837001). Homogenized samples were shaken at 4°C for
30 min and centrifuged at 13 000g for 15 min (at 4°C) to remove
large-cell debris. The supernatants were then aliquoted, quickly
frozen in liquid nitrogen and stored at −80°C until use. Protein esti-
mation was done using Bradford’s reagent (Bio-Rad). Samples
were suspended in 4× sample buffer for electrophoresis and incu-
bated at room temperature for 30 min before loading on an SDS-
PAGE gel. After electrophoresis, the protein was transferred onto
polyvinylidenedifluoride membranes (Bio-Rad). Blots were then
blocked inTBST (amixture of tris-buffered saline andTween-20) con-
taining 5% non-fat milk for 1 h at room temperature with shaking.
Blots were then incubated with the respective primary antibodies
overnight at 4°C.After threewasheswith TBST, blotswere incubated
for 1 h with horseradish peroxidase-conjugated secondary anti-
bodies, followed by extensive washes in TBST. Labelled proteins
were detected by enhanced chemiluminescence. Polyclonal rabbit
anti-Kv3.3 antibody (APC-102, Alomone Labs) was used at 1 : 400;
monoclonal mouse anti-GAPDH antibody (sc-32233, Santa Cruz)
was used at 1 : 1000.

( f ) Antibody characterization
A primary antibody was used for the detection of Kv3.3 (listed in
table 1) coupled with a fluorescent-conjugated secondary anti-
body. Kv3.3 (APC-102, Alomone, Jerusalem, Israel; RRID:
AB_2040170) is a rabbit polyclonal antibody specific to amino
acids 701–718 of the rat KCNC3 (Kv3.3) protein. Kv3.3 channels
are known to be highly expressed on the calyx of Held and
LSO, which in adult animals, is consistent with what we see in
the present study. Additionally, testing with Kv3.3 knockout ani-
mals showed no immunoblot reactivity using this antibody [28].

(g) Imaging
Brainstem sections were imaged using an Olympus FV1000 confo-
cal microscope (Olympus, Tokyo, Japan) with lasers for 405, 543
and 635 nm imaging. High-resolution (1024 × 1024 pixel), 20×
(UPLSAPO20X,NA 0.75) imageswere taken for sections displayed
in the results at different developmental timepoints. Additional
images were taken using a Zeiss (Jena, Germany) LSM 980 with
Airyscan2 (1024 × 1024 pixel) at 20× (NA 0.8). The MNTB and
LSO were characterized by their morphology, location and pos-
ition in the trapezoid body and superior olive, and by the shape
and size of neurons within these nuclei. Specifically, sections
were cut from posterior–anterior and the seventh nerve and
cochlear nuclei used as a reference for location of the MNTB and
LSO. Amontage, covering an extended field of view, was captured
by imaging multiple 20× tiles and stitching them together using
the Olympus FV10-ASW acquisition software.

(h) Quantification of volume and plotting of data
Volumes of LSO and MNTB in naked mole-rats, gerbils and mice
were quantified similar to previous work [29]. Briefly, two brain-
stems per species were stained for Nissl (as above) and imaged at
20× using the FV1000 or Airyscan2. Images were taken at a
lower resolution (512 × 512 pixels) since only the extent of the
LSO and MNTB were needed. The entire extent of the LSO and
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MNTB were imaged in the 70 or 100 µm thick sections and later
outlined using FIJI [30]. The outline was then used to calculate the
area of MNTB and LSO using the measure feature in FIJI. The
volume of each nucleus was then estimated by multiplying
each area measurement by 70 mms or 100 mms (the thickness
of the slice) and summed to get the total volume for the nucleus.
Both left and right MNTB and LSO were analysed for each
animal resulting in four measurements per section (two
MNTBs and two LSOs) of volume which were then used to cal-
culate the values of mean and standard error reported here.
Graphs were generated using R [31] ggplot2 [32]. Representative
images were adjusted for brightness and contrast using FIJI
purely for the purposes of illustration. All analyses were
completed on unadjusted images only.

(i) Statistical analysis
Statistical analyses were performed in R for the volume, ratio and
Western blotting data comparing developmental timepoints
within one species (one-way ANOVA) and between species
(two-way ANOVA). Tukey’s honest significant difference (HSD)
tests were performed as post hoc analyses to make comparisons
between species and timepoints. Tukey HSD includes a corrected
p-value for multiple comparisons. Data are presented as mean
+/− standard error. Where values are indicated as statistically
significant: * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

Raw data for ABRs and volume measurements are available
on Dryad [33].
ad
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t

(d ) (h)

Figure 1. Nissl staining of MNTB and LSO in naked mole-rat at P9, P14, P21
and adult stages. Each panel represents a 20x image (scale bar is 100
microns) of the MNTB (a–d) and LSO (e–h) at different developmental time-
points. D represents the dorsal direction and L the lateral orientation of the
brain slice. Outlined in white is the overall shape and boundaries of the MNTB
or LSO. (Online version in colour.)
3. Results
This study presents data from anatomical measures and
auditory brainstem recordings at different developmental time-
points to establish whether the auditory brainstem of the naked
mole-rat develops similarly to other commonly used rodent
species in auditory neuroscience, specifically gerbils and mice.

(a) Morphology of lateral superior olive and medial
nucleus of the trapezoid body across development

We compared the morphology and developmental matu-
ration of the MNTB and LSO in naked mole-rats to mouse
and gerbil. Similar to [20], when stained for Nissl, our results
show that the LSO of naked mole-rats does appear to have a
different shape (more oblong) compared to other rodents
(which are typically more U- or S-shaped), and this shape
is established early in development (P9) (figure 1a–d ). Com-
parative data presented for gerbil and mouse show the
distinct shape of the LSO across developmental timepoints
(electronic supplementary material, figure S1a–l).

MNTB can be seen in P9 with a consistent trapezoid-like
shape at all developmental stagesmeasured (figure 1e–h). Com-
parative data presented for gerbil and mouse show MNTB
shapes across developmental timepoints (electronic supplemen-
tary material, figure S2a–l). These data suggest that MNTB is
present and clearly distinguishable in all three species and at
all ages imaged, despite the different lifestyles and different
audiograms of the three species. To determine whether there
are size differences in the volume of brainstem nuclei of naked
mole-rats compared to mouse and gerbil, we measured the
total volume of LSO and MNTB in the naked mole-rat. We
found that despite physically being between a mouse and
gerbil in termsof adult size, nakedmole-rats showed a relatively
small MNTB (closer in size to a mouse and significantly smaller
than a gerbil (p < 0.001), figure 2a). By contrast, the volume of
the LSO in naked mole-rats was in between the volume of
mouse and gerbil and significantly different in volume from
either (table 2, p < 0.01 mouse to naked mole-rat and p < 0.001
gerbil to naked mole-rat). To account for differences in size
between these animals, and to measure the relative size of
MNTB to LSO, we calculated the ratio of the LSO/MNTB
volumes [34]. A value of 1 would indicate an equal size LSO
to MNTB, whereas values greater than 1 indicate a larger LSO
than MNTB. This ratio shows that the LSO of naked mole-rats
is significantly larger than the MNTB, in comparison to gerbil
(130% greater) and mouse (350% greater) (figure 2b).
(b) Kv3.3 expression during medial nucleus of the
trapezoid body and lateral superior olive
development

We compared the expression pattern of the voltage-gated pot-
assium channel Kv3.3 through development in the MNTB
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image of the naked mole-rat auditory brainstem (scale bar 100 microns,
MNTB and LSO outlined in white). (Online version in colour.)
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and LSO of naked mole-rats with that in gerbils and mice
(figure 3a–d MNTB, figure 3e–h LSO; figure 4; electronic sup-
plementary material, figures S3 and S4). In gerbils and mice,
there was relatively little or no immunostaining for Kv3.3 at
P9. Cellular expression increased at subsequent developmen-
tal stages (P14, P21 and adult) (electronic supplementary
material, figures S3 and S4). Cellular expression consists of
the expression of the antibody marker as puncta outside
cells with some internalization of antibody in the cytoplasm,
similar to that seen in other studies and denoted here
with arrowheads [35,36]. The same pattern of increases
during development was also observed on Western blots of
total brainstem of gerbils and mice (figure 4b,c) and was
quantified by densitometry (figure 4e–g).

The pattern of expression of Kv3.3 in naked mole-rats
appeared different from that in gerbils and mice. While the
expression of Kv3.3 was low at P9 and higher at the later
developmental timepoints, there was no clear difference in
cellular expression levels in either nucleus between P14, P21
and adult animals on immunostained sections of MNTB
and LSO, whereas in gerbils and mice there is an increase
in cellular expression of Kv3.3 (figure 3). On Western blots
of brainstem of naked mole-rats, there was also no significant
difference between Kv3.3 levels at P14, P21 and adult
(figure 4a,c and table 3). When directly comparing protein
levels between species, naked mole-rat Kv3.3 protein was sig-
nificantly lower than gerbil or mouse at all ages past P9 ( p <
0.001, N = 3). In contrast with the immunostaining, however,
higher levels of Kv3.3 were detected at P9, compared to P14
and P21 on the immunoblots of naked mole-rats ( p < 0.05,
N = 3). These may potentially reflect the presence of Kv3.3
channels in non-auditory regions of the brainstem of the
naked mole-rat.
(c) Hearing onset in naked mole-rats
Hearing onset is an important developmental milestone
for rodents. We measured the ABR threshold at different
developmental timepoints in naked mole-rats to determine
ABR hearing onset. At P9, there was no ABR waveform dis-
tinguishable from the background of the ABR recording
(figure 5 and table 4). However, at P14, in some animals (2
of 3), we were able to detect a signal, suggesting that hearing
onset for these animals is probably between P9 and P14. As
expected, naked mole-rats’ ABR threshold decreased with
age, with adult animals having the lowest thresholds at
around 60 dB SPL.
4. Discussion
There are four main conclusions from this comparative study:
(i) as shown previously, naked mole-rats have both a promi-
nent MNTB and LSO, comparable to other rodents [20], LSO
in naked mole-rats is largely elongated rather than U- or
S-shaped; (ii) the ratio of LSO to MNTB is highest in naked
mole-rats, indicating a relatively large LSO and a relatively
small MNTB compared to the other rodent species; (iii)
Kv3.3 expression is low at P9 and there is no clear difference
at other developmental timepoints whereas mice and gerbils
have a progressive increase in expression patterns into matur-
ity; and (iv) hearing onset in naked mole-rats is similar to
hearing onset in other rodents. ABR auditory hearing onset
for mouse [37] (P9–P12) and gerbil [38] (P10–P14) is compar-
able with our data showing a similar ABR hearing onset in
naked mole-rats.

(a) Morphology of lateral superior olive and medial
nucleus of the trapezoid body across development

The LSO is important for processing of binaural sounds,
particularly level differences between the two ears [9]. His-
torically, it was thought that owing to their underground
environment and low-frequency hearing sensitivity, naked
mole-rats had relatively fewer neurons in the LSO compared
to other species [19]. Our study and more recent evidence
indicate that the naked mole-rat LSO shows a slightly differ-
ent oblong shape than other commonly studied rodent
species [20]. The morphology and size of the LSO has been
shown to depend in large part on the frequency range of
hearing in mammals [39]. The prototypical ‘textbook’ LSO
shape is the reverse ‘S’ shape, such as in the cat [40]. Cats
have excellent low (less than approximately 100 Hz) and
high (up to 60 kHz) frequency hearing, and each limb of
the ‘S’-shaped LSO represents a different frequency range—
low frequency on one limb of the ‘S’, mid frequencies in the
middle limb and high frequencies in the opposite limb. The
LSO is larger and more complex shaped in species with a
large audiometric range, and smaller and simpler in species
with a more restricted audiometric range [41]. For example,
mice, rats and bats have even higher frequency hearing
than cats but eliminated low-frequency hearing. As such,
the LSO morphology is different from the prototypical cat
‘S’-shaped LSO by adding an additional high-frequency
limb and losing the low-frequency portion of the limb of
the ‘S’ shape. Mammals with more moderate ranges of
hearing such as gerbils and guinea pigs have less sensitive
high-frequency hearing and thus the LSO loses the high-
frequency limb of the prototypical ‘S’ shape and becomes
‘U’ shaped. Finally, mammals with predominantly low-
frequency hearing, such as human and elephant, retain



Table 2. Descriptive statistics of volume measurements (mm3) for the three species. (N is number of animals, n = number of sections per nucleus, age of
animals indicated next to each species.)

nucleus

naked mole-rat (P335–390) mouse (P71) gerbil (P60–72)

mean ± s.e.m. N (n) mean ± s.e.m. N (n) mean ± s.e.m. N (n)

LSO 0.14 ± 0.006 2 (12–15) 0.076 ± 0.01 2 (7–11) 0.41 ± 0.02 2 (7–14)

MNTB 0.03 ± 0.003 2 (6–8) 0.06 ± 0.002 2 (11–13) 0.14 ± 0.009 2 (9–11)
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Figure 3. Kv3.3 staining of MNTB and LSO in naked mole-rat at P9, P14, P21
and adult stages. Each panel represents a 20× image (scale bar is 100
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only the low-frequency limb of the LSO thus exhibiting an
oblong shape. Naked mole-rats have hearing restricted only
to low frequencies [19]. Moreover, it has been shown pre-
viously that the cochlea of the naked mole-rat is fairly
distinct, even in comparison to other mole-rats, in its low
number of cochlear turns [42]. Therefore, the lack of a distinct
shape in the LSO of naked mole-rats is consistent with this
theory. Indeed, the LSO shape of naked mole-rats also closely
resembles the ovoid shape found in many primates that also
have predominantly low-frequency hearing similar to
humans [21].

As expected, based on visual inspection, the MNTB of
the naked mole-rat is relatively small, while the LSO, though
lacking the familiar S-shape observed in many species, is rela-
tively large. Based on their burrowing habitat, and previous
work showing burrowers having large MNTBs [43], the pre-
diction would be for naked mole-rats to have large MNTBs
as well. However, as we and others have noted, naked mole-
rats have a relatively small MNTB as compared to mouse
and gerbil [20], though see [44], which might be associated
with the limited hearing range of this species. To control for
size variability between species in the volume measurements,
and to specifically address auditory regions [34], we took a
ratio of the LSO/MNTB volumes. This measurement clearly
shows that in proportion to the size of the MNTB, the LSO
of naked mole-rats is much larger in comparison to mouse
and gerbil. Overall, our results for volume measurements
across species are consistent with the published literature
[45]. However, there may be strain differences in genetically
inbred mice. For example, [29] reported an MNTB volume of
0.42 mm3 for CBA/CaJ mice while [46] and [45] reported
LSO and MNTB of comparable volumes to our work (on
C3HeB/FeJ and C57BL/6N backgrounds, respectively).
While there is only one supplier of Mongolian gerbils (Charles
River), there is probably substantial genetic divergence
between various laboratory populations, including mouse
strains, leading to some variation in LSO and MNTB volume
measurements in these animals as well [47]. There are also
fewer studies that cite LSO and MNTB volume measurements
in gerbils for comparison of volumes reported, though our
data are consistent with [48] and [49].
(b) Kv3.3 expression during medial nucleus of the
trapezoid body and lateral superior olive
development

The volume of the MNTB of naked mole-rats is small
compared to gerbil or mouse. While the function of Kv3.3
in this nucleus is likely to be conserved [35], we found differ-
ences in expression patterns during development from that in
mice or gerbils. Overall, Kv3.3 expression was relatively lower
in naked mole-rats than in these other species. We saw clear
Kv3.3 expression in the naked mole-rat LSO that was consist-
ent and relatively unchanging across development. Previous
work has shown that the LSO weakly stains for Kv3.3 gene
expression, especially as compared to MNTB [44]. Kv3.3, as
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Table 3. Descriptive statistics of Kv3.3 immunoblots. (Adult age for each species varied, naked mole-rats (P335–395), mouse (P90) and gerbil (P64).)

age (P)

naked mole-rat mouse gerbil

mean ± s.e.m. N mean ± s.e.m. N mean ± s.e.m. N

9 98 ± 24.3 3 101.2 ± 14.0 3 99.7 ± 54.7 3

14 29 ± 11.6 3 957.7 ± 85.9 3 421.7 ± 48.5 3

21 30.7 ± 6.3 3 982.3 ± 23.4 3 456.3 ± 57.1 3

adult 35.3 ± 9.4 3 1152 ± 101.0 3 685 ± 8.1 3
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Table 4. Descriptive statistics of ABR thresholds, responses averaged across
animals (N ).

age (P)

naked mole-rat

N (no signal)mean ± s.e.m. N (signal)

9 no signal 0 3

14 90 ± 5 2 1

21 83.3 ± 4.4 3 0

335–395 56.9 ± 2.7 8 0
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well as other Kv3 proteins, produce fast repolarization of cells
following action potentials and this allows for accurate
coding of high-frequency incoming stimuli [28]. In addition,
Kv3.3 channels are absolutely required for normal endocyto-
sis of synaptic vesicles at presynaptic terminals on MNTB
neurons, a result of the fact that they trigger the nucleation
of the actin cytoskeleton at active zones [50]. Previous work
has shown that the expression of Kv3.1b (a related voltage-
gated potassium channel to Kv3.3) begins around P8–14
(mice), with mature expression observed at around P21
[48], but that another splice isoform of the channel, Kv3.1a
is expressed at much earlier developmental timepoints [51],
if a similar alteration occurs with Kv3.3, perhaps it occurs
later in the naked mole-rat.

(c) Hearing onset in naked mole-rats
Naked mole-rats have long lifespans [1] and have prolonged
cochlear organization [14]; therefore, we expected that they
would have a prolonged or delayed hearing onset as com-
pared to gerbil and mouse [52]. However, our data suggest
that naked mole-rats have similar hearing onset to gerbils
(P10–P14) and mice (P9–P12) [37,38]. However, note that
naked mole-rats do appear to have prolonged hearing devel-
opment as evidenced by high ABR thresholds that persist to
at least P21, limiting our results to suggesting that hearing
onset occurs somewhere between P9 and P21. Thresholds
reached their lowest values by P270+, suggesting mature
adult-like hearing thresholds occur beyond P21, whereas in
mice and gerbils, by P21 thresholds are already at adult
values [37,38]. When during development, adult-like
thresholds arise in naked mole-rats is an open question.

5. Conclusion
We have shown that hearing onset of the naked mole-rat is
similar to that of mice and gerbils, while showing distinct mor-
phology in brainstem regions. Specifically, the morphology of
brain regions, as well as hearing onset as measured by ABR,
occur at similar timepoints in all three species. By contrast,
ABR measures indicate prolonged immature hearing
thresholds in naked mole-rats and Kv3.3 protein abundance
and cellular localization are different compared to mice and
gerbils. Further studies that show naked mole-rat LSO and
MNTB neuronal response properties would help to determine
the physiological relevance of both the ABR responses seen
here (in terms of high thresholds) and functional significance
of Kv3.3 channel expression.

Ethics. All experiments complied with all applicable laws, NIH guide-
lines, and were approved by the institutional animal care and use
committees (IACUC) of University of Illinois at Chicago (no. 21-
024), Oklahoma State University (no. 20-07), Yale University



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

28

9
(no. 2022-07842) and University of Colorado Anschutz Medical
Campus (no. 00617).

Data accessibility. Data are accessible through Dryad: https://doi.org/
10.5061/dryad.tqjq2bw22 [33]. Electronic supplementary material,
figures: https://figshare.com/s/df4805f194a36859f04c [53].
Authors’ contributions. E.A.M.: conceptualization, data curation, formal
analysis, investigation, methodology, project administration, supervi-
sion, validation, visualization, writing—original draft, writing—
review and editing; J.P.: conceptualization, data curation, formal
analysis, investigation, methodology, project administration, soft-
ware, supervision, validation, writing—review and editing; A.L.:
data curation, formal analysis, methodology, writing—review and
editing; S.P.: data curation, formal analysis, methodology, writing—
review and editing; N.T.G.: formal analysis, methodology, software,
validation, writing—review and editing; A.G.: data curation, investi-
gation, methodology, writing—review and editing; S.L.: data
curation, investigation, methodology, writing—review and editing;
Y.Z.: data curation, formal analysis, methodology, writing—review
and editing; L.K.K.: data curation, methodology, resources, writ-
ing—review and editing; T.J.P.: conceptualization, data curation,
investigation, methodology, project administration, resources, super-
vision, writing—review and editing; D.J.T.: conceptualization, data
curation, formal analysis, funding acquisition, investigation, method-
ology, project administration, resources, software, supervision,
writing—review and editing; A.K.: conceptualization, data curation,
funding acquisition, investigation, methodology, project adminis-
tration, resources, supervision, writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. The authors declare no competing interests.

Funding. This work was supported by NIH (grant nos. NIDCD
3T32DC012280-05S1, NIDCD R01 17924, NIDCD R01 18401,
NIDCD R01 01919 and NICHD 1R15HD105231-01) and National
Science Foundation (grant no. 1655494). Imaging experiments were
performed in the University of Colorado Anschutz Medical
Campus Advanced Light Microscopy Core supported in part by
Rocky Mountain Neurological Disorders Core grant no.
P30NS048154 and parts of this work were carried out in the
Microscopy Laboratory, Oklahoma State University, which received
funds for purchasing the equipment from the NSF MRI award no.
1919805.

Acknowledgements. We would like to thank Dominik Stich and Radu
Moldovan of the CU Anschutz ALMC for their help during imaging.
9:20220878
References
1. Ruby JG, Smith M, Buffenstein R. 2018 Naked mole-
rat mortality rates defy Gompertzian laws by not
increasing with age. eLife 7, e31157. (doi:10.7554/
eLife.31157)

2. Sherman PW, Jarvis JUM. 2002 Extraordinary life
spans of naked mole-rats (Heterocephalus glaber).
J. Zool. 258, 307–311. (doi:10.1017/
S0952836902001437)

3. Gorbunova V, Bozzella MJ, Seluanov A. 2008
Rodents for comparative aging studies: from mice to
beavers. AGE 30, 111. (doi:10.1007/s11357-008-
9053-4)

4. Larson J, Park TJ. 2009 Extreme hypoxia tolerance of
naked mole-rat brain. Neuroreport 20, 1634–1637.
(doi:10.1097/WNR.0b013e32833370cf )

5. Park TJ et al. 2017 Fructose-driven glycolysis
supports anoxia resistance in the naked mole-rat.
Science 356, 307–311. (doi:10.1126/science.
aab3896)

6. Buffenstein R, Lewis KN, Gibney PA, Narayan V,
Grimes KM, Smith M, Lin TD, Brown-Borg HM. 2020
Probing pedomorphy and prolonged lifespan in
naked mole-rats and dwarf mice. Physiology 35,
96–111. (doi:10.1152/physiol.00032.2019)

7. Penz OK, Fuzik J, Kurek AB, Romanov R, Larson J,
Park TJ, Harkany T, Keimpema E. 2015 Protracted
brain development in a rodent model of extreme
longevity. Sci. Rep. 5, 11592. (doi:10.1038/
srep11592)

8. Friauf E, Lohmann C. 1999 Development of auditory
brainstem circuitry. Cell Tissue Res. 297, 187–195.
(doi:10.1007/s004410051346)

9. Grothe B, Pecka M, McAlpine D. 2010 Mechanisms
of sound localization in mammals. Physiol. Rev. 90,
983–1012. (doi:10.1152/physrev.00026.2009)

10. Kaczmarek LK, Zhang Y. 2017 Kv3 Channels:
enablers of rapid firing, neurotransmitter release,
and neuronal endurance. Physiol. Rev. 97,
1431–1468. (doi:10.1152/physrev.00002.2017)
11. Li W, Kaczmarek LK, Perney TM. 2001 Localization
of two high-threshold potassium channel subunits
in the rat central auditory system. J. Comp. Neurol.
437, 196–218. (doi:10.1002/cne.1279)

12. Pasic TR, Moore DR, Rubel EW. 1994 Effect of
altered neuronal activity on cell size in the medial
nucleus of the trapezoid body and ventral cochlear
nucleus of the gerbil. J. Comp. Neurol. 348,
111–120. (doi:10.1002/cne.903480106)

13. Lurie DI, Rubel EW. 1994 Astrocyte proliferation in
the chick auditory brainstem following cochlea
removal. J. Comp. Neurol. 346, 276–288. (doi:10.
1002/cne.903460207)

14. Barone CM, Douma S, Reijntjes DOJ, Browe BM,
Köppl C, Klump G, Park TJ, Pyott SJ. 2019 Altered
cochlear innervation in developing and mature
naked and Damaraland mole rats. J. Comp. Neurol.
527, 2302–2316. (doi:10.1002/cne.24682)

15. Lacey EA, Patton JL. 2000 Life underground: the
biology of subterranean rodents, p. 470. Chicago, IL:
University of Chicago Press.

16. Mason MJ, Narins PM. 2001 Seismic signal use by
fossorial mammals. Am. Zool. 41, 1171–1184.
(doi:10.1093/icb/41.5.1171)

17. Okanoya K, Yosida S, Barone CM, Applegate DT,
Brittan-Powell EF, Dooling RJ, Park TJ. 2018
Auditory-vocal coupling in the naked mole-rat, a
mammal with poor auditory thresholds. J. Comp.
Physiol. A 204, 905–914. (doi:10.1007/s00359-018-
1287-8)

18. Barker AJ, Veviurko G, Bennett NC, Hart DW,
Mograby L, Lewin GR. 2021 Cultural transmission of
vocal dialect in the naked mole-rat. Science 371,
503–507. (doi:10.1126/science.abc6588)

19. Heffner RS, Heffner HE. 1993 Degenerate hearing
and sound localization in naked mole rats
(Heterocephalus glaber), with an overview of central
auditory structures. J. Comp. Neurol. 331, 418–433.
(doi:10.1002/cne.903310311)
20. Gessele N, Garcia-Pino E, Omerbašić D, Park TJ, Koch
U. 2016 Structural changes and lack of HCN1
channels in the binaural auditory brainstem of
the naked mole-rat (Heterocephalus glaber).
PLoS ONE 11, e0146428. (doi:10.1371/journal.
pone.0146428)

21. Kandler K. 2019 The Oxford handbook of the
auditory brainstem, p. 825. Oxford, UK: Oxford
University Press.

22. Sanes DH, Bao S. 2009 Tuning up the developing
auditory CNS. Curr. Opin. Neurobiol. 19, 188–199.
(doi:10.1016/j.conb.2009.05.014)

23. Sanes DH, Woolley SMN. 2011 A behavioral
framework to guide research on central auditory
development and plasticity. Neuron 72, 912–929.
(doi:10.1016/j.neuron.2011.12.005)

24. Ferber AT, Benichoux V, Tollin DJ. 2016 Test-retest
reliability of the binaural interaction component of
the auditory brainstem response. Ear Hear.
37, e291–e301. (doi:10.1097/AUD.000000000
0000315)

25. Laumen G, Ferber AT, Klump GM, Tollin DJ. 2016
The physiological basis and clinical use of the
binaural interaction component of the auditory
brainstem response. Ear Hear. 37, e276–e290.
(doi:10.1097/AUD.0000000000000301)

26. Benichoux V, Ferber A, Hunt S, Hughes E, Tollin D.
2018 Across species ‘Natural Ablation’ reveals the
brainstem source of a noninvasive biomarker of
binaural hearing. J. Neurosci. 38, 8563–8573.
(doi:10.1523/JNEUROSCI.1211-18.2018)

27. Chawla A, McCullagh EA. 2022 Auditory brain stem
responses in the C57BL/6J Fragile X Syndrome-
Knockout Mouse Model. Front. Integr. Neurosci. 15,
803483. (doi:10.3389/fnint.2021.803483)

28. Chang SY, Zagha E, Kwon ES, Ozaita A, Bobik M,
Martone ME, Ellisman MH, Heintz N, Rudy B. 2007
Distribution of Kv3.3 potassium channel subunits in
distinct neuronal populations of mouse brain.

https://doi.org/10.5061/dryad.tqjq2bw22
https://doi.org/10.5061/dryad.tqjq2bw22
https://doi.org/10.5061/dryad.tqjq2bw22
https://figshare.com/s/df4805f194a36859f04c
https://figshare.com/s/df4805f194a36859f04c
http://dx.doi.org/10.7554/eLife.31157
http://dx.doi.org/10.7554/eLife.31157
https://doi.org/10.1017/S0952836902001437
https://doi.org/10.1017/S0952836902001437
http://dx.doi.org/10.1007/s11357-008-9053-4
http://dx.doi.org/10.1007/s11357-008-9053-4
http://dx.doi.org/10.1097/WNR.0b013e32833370cf
http://dx.doi.org/10.1126/science.aab3896
http://dx.doi.org/10.1126/science.aab3896
http://dx.doi.org/10.1152/physiol.00032.2019
http://dx.doi.org/10.1038/srep11592
http://dx.doi.org/10.1038/srep11592
http://dx.doi.org/10.1007/s004410051346
http://dx.doi.org/10.1152/physrev.00026.2009
http://dx.doi.org/10.1152/physrev.00002.2017
http://dx.doi.org/10.1002/cne.1279
http://dx.doi.org/10.1002/cne.903480106
http://dx.doi.org/10.1002/cne.903460207
http://dx.doi.org/10.1002/cne.903460207
http://dx.doi.org/10.1002/cne.24682
http://dx.doi.org/10.1093/icb/41.5.1171
http://dx.doi.org/10.1007/s00359-018-1287-8
http://dx.doi.org/10.1007/s00359-018-1287-8
http://dx.doi.org/10.1126/science.abc6588
https://doi.org/10.1002/cne.903310311
https://doi.org/10.1371/journal.pone.0146428
https://doi.org/10.1371/journal.pone.0146428
http://dx.doi.org/10.1016/j.conb.2009.05.014
http://dx.doi.org/10.1016/j.neuron.2011.12.005
http://dx.doi.org/10.1097/AUD.0000000000000315
http://dx.doi.org/10.1097/AUD.0000000000000315
http://dx.doi.org/10.1097/AUD.0000000000000301
http://dx.doi.org/10.1523/JNEUROSCI.1211-18.2018
http://dx.doi.org/10.3389/fnint.2021.803483


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20220878

10
J. Comp. Neurol. 502, 953–972. (doi:10.1002/cne.
21353)

29. Weatherstone JH, Kopp-Scheinpflug C, Pilati N,
Wang Y, Forsythe ID, Rubel EW, Tempel BL. 2016
Maintenance of neuronal size gradient in MNTB
requires sound-evoked activity. J. Neurophysiol. 117,
756–766. (doi:10.1152/jn.00528.2016)

30. Schindelin J et al. 2012 Fiji: an open-source
platform for biological-image analysis. Nat. Methods
9, 676–682. (doi:10.1038/nmeth.2019)

31. R Core Team. 2013 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See http://
www.R-project.org/.

32. Wickham H. 2016 Ggplot2: elegant graphics for data
analysis. New York, NY: Springer-Verlag. See http://
ggplot2.org.

33. McCullagh EA et al. 2022 Data from: Auditory
brainstem development of naked mole-rats
(Heterocephalus glaber). Dryad Digital Repository.
(https://doi.org/10.5061/dryad.tqjq2bw22)

34. Hilbig H, Beil B, Hilbig H, Call J, Bidmon HJ. 2009
Superior olivary complex organization and
cytoarchitecture may be correlated with function and
catarrhine primate phylogeny. Brain Struct. Funct.
213, 489–497. (doi:10.1007/s00429-008-0201-5)

35. Choudhury N et al. 2020 Kv3.1 and Kv3.3 subunits
differentially contribute to Kv3 channels and action
potential repolarization in principal neurons of the
auditory brainstem. J. Physiol. 598, 2199–2222.
(doi:10.1113/JP279668) (Cited 14 May 2020).

36. Song P, Yang Y, Barnes-Davies M, Bhattacharjee A,
Hamann M, Forsythe ID, Oliver DL, Kaczmarek LK.
2005 Acoustic environment determines
phosphorylation state of the Kv3.1 potassium
channel in auditory neurons. Nat. Neurosci. 8,
1335–1342. (doi:10.1038/nn1533)

37. Dazert S et al. 2007 Hearing development and spiral
ganglion neurite growth in VASP deficient mice.
Brain Res. 1178, 73–82. (doi:10.1016/j.brainres.
2007.06.041)

38. McFadden SL, Walsh EJ, McGee J. 1996 Onset and
development of auditory brainstem responses in the
Mongolian gerbil (Meriones unguiculatus). Hear.
Res. 100, 68–79. (doi:10.1016/0378-
5955(96)00108-6)

39. Grothe B, Pecka M. 2014 The natural history of
sound localization in mammals – a story of
neuronal inhibition. Front. Neural Circuits 8, 116.
(doi:10.3389/fncir.2014.00116) (Cited 4 May 2022).

40. Tollin DJ. 2003 The lateral superior olive: a
functional role in sound source localization.
Neuroscientist 9, 127–143. (doi:10.1177/
1073858403252228)

41. Heffner RS, Masterton RB. 1990 Sound localization
in mammals: brain-stem mechanisms. Comp.
Percept. 1, 285–314.

42. Mason MJ, Cornwall HL, Smith E. 2016 Ear
structures of the naked mole-rat, Heterocephalus
glaber, and its relatives (Rodentia: Bathyergidae).
PLoS ONE 11, e0167079. [cited 2020 Mar 27].
(doi:10.1371/journal.pone.0167079)

43. Glendenning KK, Masterton RB. 1998 Comparative
morphometry of mammalian central auditory systems:
variation in nuclei and form of the ascending system.
Brain Behav. Evol. 51, 59–89. (doi:10.1159/000006530)

44. Grigg JJ, Brew HM, Tempel BL. 2000 Differential
expression of voltage-gated potassium channel genes
in auditory nuclei of the mouse brainstem. Hear. Res.
140, 77–90. (doi:10.1016/S0378-5955(99)00187-2)
45. Hirtz JJ et al. 2011 Cav1.3 calcium channels are
required for normal development of the auditory
brainstem. J. Neurosci. 31, 8280–8294. (doi:10.
1523/JNEUROSCI.5098-10.2011)

46. Schlüter T et al. 2018 miR-96 is required for normal
development of the auditory hindbrain. Hum. Mol.
Genet. 27, 860–874. (doi:10.1093/hmg/ddy007)

47. Brekke TD, Steele KA, Mulley JF. 2018 Inbred or
outbred? Genetic diversity in laboratory rodent
colonies. G3 (Bethesda) 8, 679–686. (doi:10.1534/
g3.117.300495)

48. Gleich O, Strutz J. 2002 Age dependent changes in
the medial nucleus of the trapezoid body in gerbils.
Hear. Res. 164, 166–178. (doi:10.1016/S0378-
5955(01)00430-0)

49. Sanes DH, Wooten GF. 1987 Development of glycine
receptor distribution in the lateral superior olive of
the gerbil. J. Neurosci. 7, 3803–3811. (doi:10.1523/
JNEUROSCI.07-11-03803.1987)

50. Wu XS et al. 2021 Presynaptic Kv3 channels are
required for fast and slow endocytosis of synaptic
vesicles. Neuron 109, 938–946.e5. (doi:10.1016/j.
neuron.2021.01.006)

51. Si-qiong JL, Kaczmarek LK. 1998 The Expression of
two splice variants of the Kv3.1 potassium channel
gene is regulated by different signaling pathways.
J. Neurosci. 18, 2881–2890. (doi:10.1523/
JNEUROSCI.18-08-02881.1998)

52. Browe BM, Vice EN, Park TJ. 2020 Naked mole-rats:
blind, naked, and feeling no pain. Anatomical Rec.
303, 77–88. (doi:10.1002/ar.23996)

53. McCullagh EA et al. 2022 Auditory brainstem
development of naked mole-rats (Heterocephalus
glaber). Figshare. (https://figshare.com/s/
df4805f194a36859f04c)

http://dx.doi.org/10.1002/cne.21353
http://dx.doi.org/10.1002/cne.21353
http://dx.doi.org/10.1152/jn.00528.2016
http://dx.doi.org/10.1038/nmeth.2019
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://ggplot2.org
http://ggplot2.org
http://ggplot2.org
https://doi.org/10.5061/dryad.tqjq2bw22
http://dx.doi.org/10.1007/s00429-008-0201-5
https://doi.org/10.1113/JP279668
http://dx.doi.org/10.1038/nn1533
http://dx.doi.org/10.1016/j.brainres.2007.06.041
http://dx.doi.org/10.1016/j.brainres.2007.06.041
https://doi.org/10.1016/0378-5955(96)00108-6
https://doi.org/10.1016/0378-5955(96)00108-6
https://doi.org/10.3389/fncir.2014.00116
http://dx.doi.org/10.1177/1073858403252228
http://dx.doi.org/10.1177/1073858403252228
https://doi.org/10.1371/journal.pone.0167079
https://doi.org/10.1159/000006530
http://dx.doi.org/10.1016/S0378-5955(99)00187-2
http://dx.doi.org/10.1523/JNEUROSCI.5098-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.5098-10.2011
http://dx.doi.org/10.1093/hmg/ddy007
http://dx.doi.org/10.1534/g3.117.300495
http://dx.doi.org/10.1534/g3.117.300495
http://dx.doi.org/10.1016/S0378-5955(01)00430-0
http://dx.doi.org/10.1016/S0378-5955(01)00430-0
http://dx.doi.org/10.1523/JNEUROSCI.07-11-03803.1987
http://dx.doi.org/10.1523/JNEUROSCI.07-11-03803.1987
http://dx.doi.org/10.1016/j.neuron.2021.01.006
http://dx.doi.org/10.1016/j.neuron.2021.01.006
http://dx.doi.org/10.1523/JNEUROSCI.18-08-02881.1998
http://dx.doi.org/10.1523/JNEUROSCI.18-08-02881.1998
http://dx.doi.org/10.1002/ar.23996
https://figshare.com/s/df4805f194a36859f04c
https://figshare.com/s/df4805f194a36859f04c

	Auditory brainstem development of naked mole-rats (Heterocephalus glaber)
	Background
	Methods
	Animals
	Auditory brainstem response measurements
	Tissue preparation
	Immunofluorescence
	Western blot
	Antibody characterization
	Imaging
	Quantification of volume and plotting of data
	Statistical analysis

	Results
	Morphology of lateral superior olive and medial nucleus of the trapezoid body across development
	Kv3.3 expression during medial nucleus of the trapezoid body and lateral superior olive development
	Hearing onset in naked mole-rats

	Discussion
	Morphology of lateral superior olive and medial nucleus of the trapezoid body across development
	Kv3.3 expression during medial nucleus of the trapezoid body and lateral superior olive development
	Hearing onset in naked mole-rats

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


