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Abstract

Naked mole-rats (Heterocephalus glaber) live in large eu-social, underground colonies in
narrow burrows and are exposed to a large repertoire of communication signals but negligi-
ble binaural sound localization cues, such as interaural time and intensity differences. We
therefore asked whether monaural and binaural auditory brainstem nuclei in the naked
mole-rat are differentially adjusted to this acoustic environment. Using antibody stainings
against excitatory and inhibitory presynaptic structures, namely the vesicular glutamate
transporter VGIuT1 and the glycine transporter Gly T2 we identified all major auditory brain-
stem nuclei except the superior paraolivary nucleus in these animals. Naked mole-rats pos-
sess a well structured medial superior olive, with a similar synaptic arrangement to
interaural-time-difference encoding animals. The neighboring lateral superior olive, which
analyzes interaural intensity differences, is large and elongated, whereas the medial
nucleus of the trapezoid body, which provides the contralateral inhibitory input to these bin-
aural nuclei, is reduced in size. In contrast, the cochlear nucleus, the nuclei of the lateral
lemniscus and the inferior colliculus are not considerably different when compared to other
rodent species. Most interestingly, binaural auditory brainstem nuclei lack the membrane-
bound hyperpolarization-activated channel HCN1, a voltage-gated ion channel that greatly
contributes to the fast integration times in binaural nuclei of the superior olivary complex in
other species. This suggests substantially lengthened membrane time constants and thus
prolonged temporal integration of inputs in binaural auditory brainstem neurons and might
be linked to the severely degenerated sound localization abilities in these animals.
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Introduction

Naked mole-rats (Heterocephalus glaber) live in large eu-social colonies in narrow burrows
underground and are exposed to low oxygen levels, almost complete darkness and an acousti-
cally restricted environment during their entire life. In response to this distinct environment
naked mole-rats have evolved physiological specializations of their peripheral and central ner-
vous system leading to fundamental changes in the processing of sensory stimuli [1-5].

The extensive networks of narrow burrows have particular acoustic features. Low frequency
sounds around 400 Hz propagate best and are at these frequencies even slightly amplified [6].
This is also reflected in the audiogram of the naked mole-rat, which is most sensitive between
500 and 1000 Hz and hearing of the naked mole-rat and is restricted to frequencies below 12
kHz [1]. A similar hearing range is found in other subterranean species such as the blind mole
rat [7,8]. Acoustic signals propagated in burrows basically lack the typical binaural sound local-
ization cues, such as interaural time and intensity differences. As an adaptation to this naked
mole-rats display poor sound localization acuity and require long signal integration times to
process binaural stimulus information [1,7]. However, naked and other mole rats are highly
vocal and use a large repertoire of communication calls to exchange information in their colo-
nies [9,10]. Moreover these communication signals are complex in terms of their temporal pat-
tern and frequency fluctuations. Although naked mole-rats are exposed to such specialized
acoustic surroundings very little is known whether their central auditory processing pathways
show specific adaptations to this environment.

We therefore were interested whether binaural nuclei in the auditory brainstem, that ana-
lyze sound location, differ structurally and functionally in the naked mole-rat compared to
other over-ground living rodents and whether monaural auditory brainstem nuclei, that ana-
lyze the temporal structure of sounds, e.g. communication sounds, are more similar in their
features to other species. Since monaural and binaural sound analysis is largely dependent on
the characteristics of excitatory and inhibitory inputs and the subsequent integrative properties
of the neurons, we based our characterization of the auditory brainstem nuclei on the distribu-
tion of excitatory and inhibitory synaptic endings and the hyperpolarization-activated and
nucleotide gated channel 1 (HCN1) channel. This voltage-gated ion channel greatly shapes the
integrative properties of neurons and is highly enriched in binaural auditory brainstem neu-
rons which integrate excitatory and inhibitory inputs on a very fast time scale [11,12]. Using a
combination of antibody stainings against excitatory and inhibitory presynaptic markers we
tried to unambiguously identify the major functional sub-regions of the auditory brainstem,
based on the knowledge available from other mammalian species. Given the lack of localization
cues and the large vocal repertoire of these animals one would expect degenerated auditory
brainstem nuclei that process binaural localization cues, but normal to extended structures that
analyze communication signals.

Material and Methods
Animals

Results for this study are from five 2-4 year old naked mole-rats (Heterocephalus glaber). Two
animals came from our colony at the University of Illinois at Chicago and three animals were
kindly provided from G.R. Lewin’s colony at the Max-Delbriick Center for Molecular Medicine
(Berlin, Germany). All Animals were housed in cages connected by tunnels, which were con-
tained within a humidified incubator (40% humidity, 28-30°C), and heated cables ran under at
least one cage per colony to allow for behavioral thermoregulation. Unlimited access to fresh
fruits and vegetables was provided. For comparison of HCN1 staining four adult mice (C57/
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B6) (~8 weeks) were used. These mice were housed in the animal department of the institute of
Biology at 21+2°C, with a 12 hour light/dark cycle and food and water ad libitum. Animal pro-
tocols were approved by the German federal authorities (Landesamt fiir Gesundheit und
Soziales, State of Berlin) or the Institutional Animal Care and Use Committee at the University
of Illinois at Chicago.

Primary Antibody Characterization

Antibodies were used for both western blot and immunohistochemistry. Immunogen, host spe-
cies, clone type, manufacturer’s information, as well as dilution used for each antibody are
listed in Table 1.

VGIuT1 (vesicular glutamate transporter 1) was detected using a rabbit polyclonal antibody
raised against Strep-Tag fusion protein of rat VGIuT1. Its specificity was fully verified by the
resulting negative immunolabelling in KO brain sections [13]. The staining pattern obtained
with this antibody corresponds to what has been described in mouse sections including audi-
tory brainstem [14-16]. This antibody is included in the Journal of Comparative Neurology
primary antibody database (ID No. AB-887877).

HCNI1 (Potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 1)
was located using a mouse monoclonal antibody raised against a fusion protein of rat HCN1.
No cross-reactivity against HCN2 was found. Western blotting of HCN1 KO mouse brain
membrane extracts revealed no bands in the immunoblots (manufacturer’s data sheet). The
staining pattern obtained with this antibody corresponds to what has previously been described
in rat auditory brainstem nuclei (Koch et al., 2004). This antibody is also included in the Jour-
nal of Comparative Neurology primary antibody database (ID No. AB- 2115179).

GlyT?2 (Glycine transporter 2) was examined using a guinea pig polyclonal antibody raised
against synthetic peptide of rat GlyT2. Preabsorption of the antiserum with the immunogen
peptide completely abolishes the immunostaining (manufacturer’s data sheet). The staining
pattern obtained with this antibody corresponds to what has been described for glycinergic
neurons [18,19]. This antibody is also included in the Journal of Comparative Neurology pri-
mary antibody database (ID No. AB-90953).

MAP?2 (microtubule-associated protein 2) was evaluated using a chicken polyclonal anti-
body raised against bovine MAP2. The antibody detects bands of the expected size of about
250kDa on western blots of mammalian brain tissue (data sheet and personal communication
with Neuromics). This antibody stains neuronal cells in tissue, with the staining being limited
to dendrites and perikarya. The antibody does not stain axons or any kind of glial cells, or
hek293, HeLa, 3T3 cells. It has extensively been used as a neuronal marker in auditory brain-
stem neurons [19-21]. This antibody is also included in the Journal of Comparative Neurology
primary antibody database (ID No. not available).

Additionally, we performed western blotting on brain samples collected from mouse and
naked mole-rat in order to further test the specificity of the antibodies used in these uncom-
mon research animals. Western blot analysis revealed a comparable band pattern of all the
antibodies tested between both species (Fig 1), indicating that the antibodies also label the tar-
geted proteins in the naked mole-rat brain.

Perfusion and tissue preparation. Animals were deeply anesthetized with an intraperito-
neal injection of Ketavet (Pfizer; 100 mg/kg) and Rompun (Bayer Healthcare; 4 mg/kg), then
perfused transcardially with 0.1 M phosphate-buffered saline (PBS; pH 7.4; 10 min) followed
by 4% paraformaldehyde in 0.1 M PBS (30 min). After perfusion, brains were immediately dis-
sected out of the skulls, post-fixed for an additional hour and washed in 0.1 M PBS.
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Table 1. Primary antibodies used for the study.

Antibody Immunogen Manufacturer Code Host clonality Dilution

VGIuT1 Strep-Tag fusion protein containing amino acid residues 456—560 of rat Synaptic 135303 Rabbit, polyclonal 1:1000
VGlut1 Systems

GlyT2 synthetic peptide from the carboxy-terminus of rat GlyT2 Merck Millipore AB1773  Guinea pig, 1:1000

polyclonal

HCN1 fusion protein containing amino acids 778-910 (cytoplasmic C-terminus) of NeuroMab 75-110 Mouse, monoclonal  1:1000
rat HCN1

MAP2 bovine MAP2 Neuromics CH22103 Chicken, polyclonal ~ 1:1000

doi:10.1371/journal.pone.0146428.1001

Immunohistochemistry

Coronal brain sections were cut in PBS at a thickness of 50 um using a vibratome (VT1200,
Leica Microsystems, Vienna, Austria). Sections including the auditory brainstem and the mid-
brain were collected and immunofluorescence labeling was performed. Free-floating sections
were washed in 0.1 M PBS and blocked for 1 hour at RT in a solution containing 10% normal

GlyT2
VGIuT1

Fig 1. Western blots of hippocampus extracts of mouse and naked mole-rat. Identical band size for
VGIuT1 (~ 50 kDa) and GlyT2 (~90 kDa) in mouse and naked mole-rat. However, blots for HCN1 detected
only the lighter band in naked mole-rat. GAPDH: loading control.

doi:10.1371/journal.pone.0146428.g001
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donkey serum diluted in 0.1 M PBS with 0.2% Triton X-100 (PBST). They were incubated for
48 h at 4°C in the primary antisera containing 3% normal donkey serum, 0.2% PBST, rabbit
anti-VGIuT1 (1:1000), guinea pig anti-GlyT2 (1:1000) and chicken anti-MAP2 (1:1000),
diluted in 0.1 M PBS. For HCN1 labeling primary antibodies mouse anti-HCN1 (1:1000) and
chicken anti-MAP2 (1:1000) were used. Subsequently, sections were washed several times and
incubated for 2 h at RT in secondary fluorescent antibodies Alexa Fluor 555 donkey anti-rabbit
(1:500), Cy3 donkey anti-guinea pig (1:250), Alexa Flour 647 donkey anti-chicken (1:150) and
Alexa Flour 488 donkey anti-mouse (1:250), respectively. Negative controls for all antibodies
were performed by omitting the primary antibody, followed by the protocol as described
above. In addition tests for cross-reactivity of primary and secondary antibodies were con-
ducted for each pair of used antibodies. Sections were mounted and cover slipped using a
homemade anti-fading mounting media (refractive index in oil: 1.56) [22]

Image Acquisition, Processing and Quantification

Fluorescent micrographs were acquired using a confocal laser scanning microscope (TCS SP8,
Leica Microsystems) equipped with a 5x HCX PL FLUOTAR objective (NA 0.15), 20x HC PL
APO Imm. Corr. objective (0.75 NA) and a 63x HCX PL APO immersion oil objective
(1.4NA). The pinhole was set to 1 Airy unit for each channel. Illumination and detection path-
ways were separated for each fluorophore and individual color channels were sequentially
acquired to avoid bleed-through artifacts. The acquisition settings were adjusted to cover the
entire dynamic range of the detectors and remained unchanged during the course of the imag-
ing process. Z-stacks of confocal images were obtained and maximal projections of 4-10 single
optical sections were used for high magnification figures. Low magnification photomicro-
graphs (5x and 20x) are always single optical sections. Fiji (http://fiji.sc; Schindelin et al., 2012)
and Adobe Photoshop CS6 (Adobe Systems, San Jose, CA) were used to adjust brightness and
contrast.

Quantification of HCN1 immunostaining was conducted by densitometry in two naked-
mole rats and two mice. Experiments were performed as described above. High magnification
images (63x,1.4NA, voxel size 180 nm) of regions containing LSO, MSO and VNLL were quan-
tified using Fiji. At least, the study included five sections spanning the rostrocuadal extent of
each nucleus. Mean grey values of each optical section were obtained and subsequently aver-
aged for the entire Z-stack. To compare among cases, the averaged mean gray value was cor-
rected by the subtraction of overall pixel intensity of the unspecific background staining in
HCNI1-negative areas within the same section. The medial nucleus of the trapezoid body
(MNTB) was selected as negative control for LSO and MSO quantification, and the pontine
nuclei (PN) for VNLL quantification.

Western Blotting

Two naked mole-rats and two C57Bl/6 mice were used to test antibody specificity in naked
mole-rat brains. Animals were decapitated under isoflurane anesthesia. Immediately after,
brains were dissected out and samples containing brainstem, cerebellum, hippocampus and
inferior colliculus were collected, frozen and stored at -80°C. Brain protein extracts and west-
ern blotting were performed as described elsewhere [23]. Brain samples were homogenized in
RIPA buffer (10mM TrisHCI pH7.5, 100mM NaCl, 2mM EDTA, 1% NP-40, with proteinase
inhibitors). The homogenate was centrifuged at 13,500 rmp for 15 minutes at 4°C and the
supernatant was collected. Protein concentration was determined using Bradford method.
Brain samples were boiled for 5 min at 95°C in loading buffer. One hundred micrograms of
total protein extracts were electrophoresed on 8% sodium dodecyl sulfate (SDS) polyacryl-
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amide gels (Laemmli, 1970) by using the mini-PROTEAN III system (Bio-Rad, Hercules, CA)
for an hour at 130 V. Gels were subsequently transferred onto PVFD membranes for 1 hour
and a half at 75 mA/gel using a semidry blotter (Bio-Rad). The Blots were blocked in TBST-
milk (50 mM Tris, pH 7.5, 200 mM NaCl, 0.1% Tween 20, and 5% nonfat dry milk) for 1 hour
at RT and further incubated with their corresponding primary anti-serum (1:2000 o.-HCN1,1:
4000 o -GlyT2, 1:10000, o -VGIuT1). Blots were next incubated with the appropriate second-
ary antiserum (horseradish peroxidase-conjugated IgG, 1:1000, Pierce) for 2 hours at RT.
Bound secondary antibodies were detected using an enhanced chemiluminescence assay (west
dura substrate, Pierce) and the chemo-luminescent signal was developed by X-ray films and
further scanned. Additionally, blots showing antibody-bound signal was removed with a strip-
ping buffer (Pierce) at 37°C for 30 minutes and further exposed to GAPDH (1:2000, Applied
Biosystems) for loading control test.

Results

Naked Mole-Rat Auditory Brainstem Anatomy Based on the Distribution
of Excitatory and Inhibitory Inputs

We identified the auditory brainstem nuclei in the naked mole-rat using antibody staining
against two presynaptic proteins, namely the o-VGIuT1, which is present in a large subset of
glutamatergic synaptic endings, and the o-GlyT2, the main transporter in glycinergic presyn-
aptic structures. These transporters are present in the majority of excitatory and inhibitory pre-
synaptic endings in monaural and binaural auditory brainstem nuclei and are therefore well
suited to characterize the homology of auditory brainstem nuclei across different species [24-
27]. Moreover, the distinct expression pattern of VGIuT1 and VGIuT2 in auditory brainstem
nuclei allows further classifications of auditory input specificity [16,26,28]. The physiological
characteristics and the spatial distribution of the excitatory and inhibitory inputs are well char-
acterized in most auditory brainstem nuclei of several different species. We used this additional
knowledge to unambiguously identify the auditory brainstem nuclei in the naked mole-rat and
correlate them with their function.

Similar to a previous study of naked mole-rat auditory brainstem anatomy [1] we show that
despite their relatively poor hearing abilities the major auditory brainstem nuclei are well pre-
served. On the basis of labelling against glutamatergic and glycinergic inputs, the major subdi-
visions of the cochlear nucleus (CN) could be clearly identified (Fig 2), and distinct boundaries
between the dorsal (DCN) and the ventral (VCN) parts of the CN could be drawn. Fig 2A dis-
plays a more caudal coronal section of the CN including the dorsal cochlear nucleus (DCN),
where the most superficial layer is highly enriched with VGIuT1 and more ventrally the poste-
rior ventral cochlear nucleus (PVCN). Both of these nuclei are similar in structure and size
when compared to mice and rats [29,30]. However, unlike in rats a GlyT2-negative area in the
dorsal part of the PVCN is missing. This area is generally highly enriched with octopus cells,
which lack GlyT2 immunoreactivity [24]. This missing GlyT2 negative area indicates that octo-
pus cells might be functionally changed or even missing in the PVCN of the naked mole-rat.
Further magnification reveals of a more ventral part of the PVCN reveals abundant excitatory
and inhibitory inputs on a presumed stellate cell, similar to other rodent species (Fig 2A inset).
Fig 2B displays an overview of a more rostral part of the CN including the anterior ventral
cochlear nucleus (AVCN) and a small part of the DCN. Again, this overall distribution of excit-
atory and inhibitory inputs in the AVCN resembles the one observed in other rodent species.
Higher magnification reveals large VGIuT1 positive endings around the somata of presumed
bushy cells that represent the synaptic inputs from the auditory nerve fibers (Endbulbs of
Held) [16,31-33] (Fig 2B inset). However, this VGluT1 immunoreactivity around the somata
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Fig 2. Confocal images illustrating inhibitory (GlyT2, green) and excitatory (VGIuT1, magenta)
synaptic inputs counterstained with MAP2 (blue) at two interaural levels through the cochlear
nucleus (CN) of naked mole-rat. (A) Coronal section showing prominent dorsal (DCN) and posteroventral
(PVCN) subdivisions of the CN. Note in the inset the distribution of the inputs apposing a neuron located in
the region of the octopus cells. (B) Rostral section of the CN including the anteroventral subdivision (AVCN).
Note in the inset a detail of synaptic contacting a bushy cell. Scale bars: 200 ym, insets: 10 pm.

doi:10.1371/journal.pone.0146428.9002
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and especially in the neuropil seems to be more scattered and scarce compared to the other
rodents including guinea pig, rat and mouse [16,34,35], which might indicate less elaborated
arborization of the endbulbs of Held. The glycinergic GlyT2 positive endings were virtually dis-
tributed around the soma of these neurons, similar to other species [18,36,37].

The superior olivary complex (SOC) is the first site of binaural integration where interaural
time and intensity differences (ITDs and IIDs) are analyzed for sound localization in the hori-
zontal plane [38]. Animals with good low frequency hearing (below 1 kHz) use ITDs for sound
localization. These ITDs are mainly analyzed by neurons in the medial superior olive (MSO).
Animals that lack low-frequency hearing (< 2 kHz) usually rely on IID analysis for localizing
sounds. These binaural intensity differences are initially analyzed by neurons in the lateral
superior olive (LSO). In the naked mole-rat, the three main SOC nuclei, namely the MSO, the
LSO and the medial nucleus of the trapezoid body (MNTB), can be easily identified upon their
characteristic shape and their excitatory and inhibitory input pattern as outlined below (Fig
3A). The oval shaped LSO appears to be large and elongated in the medial-lateral axis and
GlyT2 and VGIuT1 positive endings are uniformly distributed along the medio-lateral axis of
the nucleus (Fig 3B). Directly medial to the LSO lies the MSO (Fig 3A). Similar to their
arrangement in other low frequency hearing and ITD coding animals [39], these neurons are
horizontally layered with their dendrites protruding medially and laterally. They receive pro-
nounced somatic glycinergic inputs and dendritic glutamatergic inputs as depicted by the
striped arrangement of GlyT2 and VGluT1 immunoreactivity (Fig 3A and 3C). Taking into
account that naked mole-rats are predominantly low frequency hearing animals, the dorso-
ventral extent of the MSO is relatively small compared to the LSO. Medial to the MSO, scat-
tered neurons with a diameter of around 10 um surrounded by large presynaptic VGIuT1 posi-
tive endings represent the medial nucleus of the trapezoid body (MNTB) (Fig 3A). The
VGIuT1 positive ring around the somata indicates the existence of a Calyx of Held synapse.
These MNTB neurons are only sparsely intermingled within the fiber tract of the trapezoid
body (Fig 3C). It is important to note that the superior periolivary nucleus (SPN), which is gen-
erally located medial-dorsal from the LSO and typically lacks VGIuT1 positive inputs [14] but
receives numerous glycinergic inputs, could not be identified (Fig 3A). Since, VGIuT1 and
GlyT?2 positive endings are distributed equally across the LSO it is also unlikely that the SPN
and the LSO are fused together. This indicates that SPN neurons are either degenerated in the
naked mole-rat brain or lack the typical VGluT2-only positive excitatory inputs as observed in
other species. The periolivary nuclei such as the ventral and lateral nucleus of the trapezoid
body (VNTB and LNTB) are small (VNTB) or could not be identified (LNTB) with this label-
ing approach. Both nuclei show prominent VGIuT1 and GlyT2 staining in the rat.

Fig 4 depicts the subcellular distribution of VGIuT1 and GlyT2 positive endings in the LSO,
MSO and MNTB. As typically, MNTB somata are surrounded by large VGIuT1 positive termi-
nals, that resemble the Calyx of Held synaptic terminals in other species (Fig 4A). In the LSO
the inhibitory GlyT2 positive endings surround the somata whereas the excitatory VGIuT1
positive endings are spread throughout the neuropil contacting the small round dendrites that
are also positive for MAP2 (Fig 4B). A similar somato-dendritic segregation of glutamatergic
and glycinergic inputs can be observed in the MSO (Fig 4C). There GlyT2 positive endings are
exclusively found on the somatic membranes, whereas all VGIuT1 positive endings contact the
medial and lateral dendrites of these neurons.

In mammals the nuclei of the lateral lemniscus receive inputs from the ventral cochlear
nucleus and the SOC and provide strong inhibitory glycinergic and GABAergic projections to
the inferior colliculus [40-42]. In the naked mole-rat two nuclei of the lateral lemniscus could
be clearly distinguished according to their distinct staining pattern of excitatory and inhibitory
inputs (Fig 5A). The ventral nucleus of the lateral lemniscus (VNLL) appears as a banana-
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GlyT2
VGIuT1

Fig 3. Confocal images showing GlyT2 (green), VGIuT1 (magenta), MAP2 (blue) immunostaining in
the superior olivary complex (SOC) of the naked mole-rat. (A) overview of the three major SOC nuclei:
lateral superior olive (LSO), medial superior olive (MSO), medial nucleus of the trapezoid body (MNTB); (B)
large and elongated LSO (C) small MSO (D) MNTB with sparsely distributed neurons. Scale bars: A: 200 um;
B-D: 50 pm.

doi:10.1371/journal.pone.0146428.9003

shaped shaped structure where neurons are intermingled throughout the lemniscal fiber tract.
Higher magnification of VNLL neurons depict numerous VGIuT1 positive endings around the
somata (Fig 5D). Moreover GlyT2 positive endings are located on the somata and the dendrites
in the VNLL. In contrast, neurons in the dorsal nucleus of the lateral lemniscus (DNLL) mostly
lack VGIuT1-positive synaptic terminals (Fig 5A and 5C). This is consistent with the vGluT2
positive projections to the DNLL that mainly originate in the LSO and MSO [26,43,44]. There-
fore, mainly GlyT2 positive endings could be observed in the DNLL with our staining protocol.

The inferior colliculus (IC) is a major auditory integration center which receives excitatory
and inhibitory inputs from all lower auditory brainstem areas. In the naked mole-rat the IC is
well developed with no apparent differences in size and excitatory and inhibitory input pattern
to other species (Fig 5A). VGIuT1 positive inputs are abundant and mostly localized within the
neuropil, whereas GlyT2 positive endings are arranged around the somata of many neurons
(Fig 5B). This is in contrast to findings in the rat, where GlyT2 positive endings were mostly
found in the neuropil of the IC [24].
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Fig 4. Confocal images depicting GlyT2 (green) and VGIuT1 (magenta) positive synaptic inputs
contacting with MNTB (A), LSO (B) and MSO (C) neurons (MAP2: blue). (A) Large vGIuT1 perisomatic
profiles around MNTB neurons suggest calyx-like synaptic structures. (B) strong GlyT2 positive endings
surround the somata of LSO neurons. while excitatory vGIuT1 endings are located in the neuropil. (C) MSO
neurons with GlyT2 positive terminals mainly around the somata and vGIuT1 positive endings on the
dendrites of the neurons. Scale bars: 10 ym.

doi:10.1371/journal.pone.0146428.9g004

Distribution of HCN1 Channels in the Auditory Brainstem of NRMs

To find out whether neurons in the monaural and binaural auditory brainstem regions also
exhibit the fast integrative membrane properties essential for processing of temporal informa-
tion of sounds, we immunolabelled naked mole-rat auditory brainstem sections against the
voltage-gated HCN1 channel. HCN1 channels are already open at the resting membrane
potential, thereby contributing to the low membrane time constants required for the precise
temporal integration of excitatory and inhibitory inputs [12,21]. VGluT1-immunolabeling was
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Fig 5. Confocal images showing GlyT2 (green), vGluT1 (magenta), MAP2 (blue) immunostaining in
coronal sections containing the nuclei of the lateral lemniscus (LL) and the inferior colliculus (IC) of
the naked mole-rat. (A) overview showing a conspicuous central nucleus of the IC (CIC), dorsal nucleus of
the LL (DNLL) and ventral nucleus of the LL (VNLL). (B) GlyT2 positive endings around the somata and
vGLUT1 positive endings in the neuropil are observed in the CIC. (C) Abundant GlyT2 positive endings and
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only few vGluT1 positive endings in the DNLL. (D) VNLL neurons show strong vGIuT1 perisomatic profiles.
Scale bars: A: 200 um; B-D: 20 ym.

doi:10.1371/journal.pone.0146428.9g005

used as a counterstain to identify the regions of interest. Distribution and intensity of HCN1
immunolabelling in the naked mole-rat was directly compared to mouse brain sections, where
also physiological measurements of the hyperpolarization-activated current (Ih) have been
obtained [45]. This allows us to also make assumptions of Ih density in naked mole-rat
neurons.

In general HCN1 immunostaining was faint and fuzzy in almost the entire brainstem and
midbrain of the naked mole-rat when compared to mouse tissue, with only one exception the
VNLL.

Overviews of HCN1 and VGIuT1 immunostainings show that HCN1 immunoreactivity
was faint in the naked mole-rat PVCN, but prominent in the mouse (Fig 6A and 6B). As previ-
ously shown, intense HCN1 immunoreactivity was observed in the LSO and MSO of the
mouse, but not in the MNTB (Fig 6D) [45]. In stark contrast, naked mole-rat HCN1 immuno-
reactivity was again considerably fainter in the entire SOC including the LSO and the MSO
(Fig 6C). To our surprise, this was different in the VNLL. There, HCN1-immunoreactivity was
intense in the naked mole-rat and comparable to the HCN1 intensity observed in the mouse
VNLL (Fig 6E and 6F). In the inferior colliculus HCN1 immunoreactivity was again much
lower in the naked mole-rat, when compared to the mouse.

High magnification of HCNI immunoreactivity in the respective regions illustrate that in
the LSO (Fig 7A) and the MSO (Fig 7C) HCN1 immunopositive punctae are scarce and mostly
located in the cytosol and not on the membranes of the respective neurons. In contrast, HCN1
positive punctae densely label the somatic and dendritic membranes of LSO and MSO neurons
in mice (Fig 7B and 7D). In contrast to this, naked mole-rat VNLL neurons display intense and
punctate HCN1 immunolabelling on the somatic and dendritic membranes very similar to the
mouse VNLL neurons (Fig 7E and 7F). Quantification of overall —membrane bound and cyto-
solic—HCN1 immunoreactivity in the respective nuclei shows that overall mean grey value
(mgv) was approximately twice as large in the mouse LSO compared to the naked mole-rat
LSO (NMR mgv 58% of mouse mgv). This difference in HCN1 immunoreactivity was even
larger between in the naked mole-rat and mouse MSO (NMR mgv 34% of mouse mgv). On the
contrary, overall immunoreactivity as measured was very similar in the VNLL in both species
(NMR mgv 88% of mouse mgv) (Fig 7G). This suggests that in the naked mole-rat auditory
brainstem only VNLL neurons have a large density of functional HCN1 channels and might
therefore exhibit membrane properties suited for analyzing rapidly changing inputs.

To investigate whether the HCNI1 expression profile differs between the naked mole-rat and
the mouse we performed a western-blot on samples from several brain areas including hippo-
campus, brainstem and inferior colliculus. In all analyzed mouse samples, the western blots
gave rise to two distinct bands (Fig 1). We observed a prominent band of ~125 kD as well as a
fainter one of ~110 kD. In murine brain tissue HCN1 is found predominantly in its glycosy-
lated isoform, which is important for the insertion of these channels into the membrane [46].
However, naked mole-rat western blots showed only the lighter band, indicating lack of the gly-
cosylated isoform of HCN1 channels in naked mole-rats, which might prevent a proper inser-
tion of the channel into the membrane.

Discussion

The present study aimed to identify and characterize the different nuclei of the naked mole-rat
auditory brainstem and relate these finding to the specialized auditory environment naked
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Fig 6. Confocal images depicting HCN1 (green) and vGluT1 (magenta) immunostaining in the PVCN
(A,B), the SOC (C,D), the VNLL (E,F) and the inferior colliculus (G,H) of naked mole-rat (NMR) (left
column) and mouse (right column). HCN1 immunolabelling is diffuse and faint in the PVCN, SOC and CIC
nuclei of the naked mole-rat (A, C, G), but more intense in the VNLL (E); in contrast, strong HCN1
immunolabelling is present in the PVCN, the MSO and LSO, the VNLL and the IC of mouse (B, D, F, H).
Scale bars: 200 pm.

doi:10.1371/journal.pone.0146428.9g006

mole-rats live in. We used three different anatomical marker, namely the vesicular glutamate
transporter VGIuT1, the glycine transporter GlyT2 and the hyperpolarization activated chan-
nel HCNI1. The distribution for each of these markers is well described in the rodent auditory
brainstem and can be tightly correlated to their underlying physiology. Based on the
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Fig 7. Confocal images illustrating HCN1 immunostaining in the LSO (A,B), MSO (C,D) and VNLL (E,F)
of NMR (left column) and mouse (right column). In the naked mole-rat, diffuse and somatic staining
against HCN1 was observed in LSO (A) and MSO (C) neurons. In contrast, intense membrane bound HCN1
immunolabeling was found in the equivalent auditory brainstem nuclei of the mouse: LSO neurons (B) and
MSO neurons (D). Comparably strong and membrane bound HCN1 immunostaining in VNLL neurons of the
naked mole-rat (E) and mouse (F). Ratio of averaged and background-subtracted mean grey value (mgv) of
HCN1 immunolabelling for the LSO, MSO and VNLL of naked mole rats (n = 2) and mice (n = 2). Error bars
are standard error of mean (G) Scale bar: 20 pm.

doi:10.1371/journal.pone.0146428.9g007

distribution of VGIuT1 and GlyT2 in naked mole-rats we identified all the major nuclei in the
auditory brainstem with one exception, the SPN. The divisions of the cochlear nucleus, the lat-
eral lemniscus and the inferior colliculus were similar in size and input distribution to other
rodents such as rats, gerbils and mice [26,30,47]. In contrast, the binaural nuclei of the SOC
were notably altered in structure and size. Neurons in the MNTB were reduced, the MSO was
well defined but relatively small, whereas the LSO appeared strikingly enlarged. Most interest-
ingly, the SPN could not be identified with our methods. A second striking results of our exper-
iments was that the HCN1 channel, which is robustly expressed in rodent auditory brainstem
neurons that integrate excitatory and inhibitory inputs on a rapid time scale, is faint and cyto-
solic in the naked mole-rat. This was true for neurons in the PVCN and principal neurons in
the LSO and MSO. Only monaural VNLL neurons showed intense and membrane bound
HCNI1 immunoreactivity in the naked mole-rat, comparable to the mouse.

The Superior Olivary Complex of the Naked Mole-Rat: An Adaptation to
Underground Living

As an adaptation to their specialized acoustic environment naked mole-rats seem to have poor
sound localization abilities with minimal audible angels that are almost 10-fold larger com-
pared to other rodent species [1]. Given this, it is even more surprising that in the naked mole-
rat the two major nuclei analyzing ITDs and IIDs, namely the LSO and the MSO, are large,
well defined and receive spatially defined excitatory and inhibitory inputs. Naked mole-rats
hear best between 125 to 8000 Hz [1] indicating that these animals could employ ITDs for
sound localization. This is corroborated by our finding that the MSO neurons, that analyze
ITDs based on the coincidence of the respective inputs from the two ears, display input segre-
gation with excitatory inputs contacting the lateral and medial dendrites and the inhibitory
inputs contacting the somatic membrane. A similar segregation of excitatory and inhibitory
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synapses was observed in gerbils, that use ITDs of pure tone for sound localization. In high fre-
quency-hearing animals, such as bats and rats, which do not rely on pure tone ITD-analysis,
excitatory and inhibitory synapses on MSO neurons are more intermingled [48].

The MNTB is the main inhibitory input to the MSO and LSO [38,49]. We found that the
MNTB neurons seem to be reduced and more loosely distributed in the naked mole-rat when
compared to gerbils and rats [50,51]. Nevertheless, both MSO and LSO neurons receive
numerous and well defined glycinergic endings. This is similar in a mouse model (Egr2;
En1CKO), where MNTB neurons are genetically deleted. In this mouse LSO neurons still
receive glycinergic inputs, however, with an altered subunit composition and significantly pro-
longed synaptic time constants [52,53]. Also LNTB neurons, that provide an additional ipsilat-
eral glycinergic input to LSO and MSO neurons [54,55] are preserved and might compensate
for the lack of MNTB neurons. This is not possible in the naked mole-rat, where LNTB neu-
rons are scarce or even absent. One possibility is that the pronounced glycinergic inputs in the
LSO and MSO originate from few MNTB neurons with highly ramified axons. But also glyci-
nergic inputs from additional sources could project to the MSO and LSO neurons.

In our naked mole-rat sections the LSO is strikingly large and elongated. In a previous
study, in which auditory brainstem nuclei were classified on the basis of Nissl staining, the LSO
was only approximately about half the diameter compared to our study [1]. One possible expla-
nation is a different rostro-caudal plane of the section. Alternatively, variances in brain anat-
omy between various naked mole-rat colonies cannot be excluded. Since the SPN could not be
detected in our sections we also speculate that the large and elongated LSO in our naked mole-
rat sections could actually derive from a merged LSO and SPN. However, the uniform distribu-
tion of VGIuT1, which is not expressed in the SPN of mice [14], along the entire medio-lateral
extent of this nucleus speaks against this hypothesis. Why do naked mole-rats possess such a
large LSO when their sound localization abilities are underdeveloped? Naked mole-rats use a
large repertoire of communication signals neurons which emphasizes the importance of sound
pattern analysis. Thus, it is possible that both the LSO and MSO circuits not only process bin-
aural acoustic cues, but are also involved in monaural sound pattern analysis as previously sug-
gested [56-58]. The lack of a classical SPN nucleus, which is also considered to process sound
patterns [59,60], supports this hypothesis.

Lack of HCN1 Channels in Binaural Auditory Brainstem Neurons:
Consequences for Sound Localization

Surprisingly, HCN1- immunolabelling was faint in all naked mole-rat auditory brainstem
nuclei except for the VNLL. Moreover, HCN1-immunoreactive punctae were mostly located in
the cytosol and not, as expected, localized to the membranes of neurons. This was especially
apparent when naked mole-rat HCN1 immunostaining was compared to mice, where the same
staining procedure produced strong membrane bound HCN1 immunolabelling in the octopus
area of the PVCN, the LSO and the VNLL, as previously described [17,45]. The strong labeling
for HCNI in the naked mole-rat VNLL indicates that the relative lack of labeling in other
nuclei in this species is not due to a problem with antibody binding.

HCN channels are homomeric or heteromeric, pentameric structures formed by the HCN
channel isoforms HCN1-4 [61]. HCN1 subtype channels have the fastest activation time con-
stants and the most depolarized half-activation voltage. Therefore a large proportion of the
HCNI subtype channels are open around the resting membrane potential of neurons contrib-
uting to fast membrane time constants. High levels of HCN1 channels are found in the binaural
nuclei of the auditory brainstem of rodents and birds [12,17,62]. In these neurons blocking of
Ih hyperpolarizes the neurons, increases membrane time constants, precludes temporal
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summation of inputs and widens the window for coincidence detection of inputs [12,21].
Together with Kv1 channels, a low-voltage activated potassium channels, these ion channels
enable the neurons to precisely integrate excitatory and inhibitory synaptic currents [12,63,64].

What might a lack of HCN1 channels mean for the functional integration of synaptic inputs
and the detection of coincident inputs? Pharmacological blockade of Th in gerbil and bird ITD
detection circuit, namely the MSO and the nucleus laminaris, widens the time window for the
coincidence detection of binaural inputs [62,65]. Moreover, a selective knockout of HCN1
channels increases temporal summation of inputs and reduces the faithful transmission of
inputs with short intervals in the LSO [66]. We therefore speculate that a lack of HCN1 chan-
nels in the naked mole-rat binaural auditory brainstem neurons profoundly decreases the tem-
poral resolution of binaural input integration and deteriorates the analysis of ITDs to localize
sounds. Indeed naked mole-rats need sound pulses up to several hundred milliseconds to ade-
quately localize a sound [1], still their minimal audible angle remaining several-fold larger
compared to other rodent species. Ultimately only physiological experiments can unravel the
functional set-up of these auditory brainstem nuclei.

It is possible that in the naked mole-rat HCN1 channels are functionally replaced by other
HCN channel subtypes. In the rodent auditory brainstem mainly HCN4 and some HCN2 sub-
units are present apart from HCNI1 [12]. However, in the auditory brainstem these subunits form
functional heteromers with HCN1 channels [12]. Homomeric channels of these subtypes would
have much slower activation time constants and a more hyperpolarized voltage dependence, and
are thus less suitable to lower membrane time constants at the resting membrane potential.

Our western-blot suggests that HCN1 channels in the naked mole-rats are weakly
expressed, but mainly in the non-glycosylated form, thus preventing the insertion of functional
channels in the membrane [46]. This is corroborated by the cytosolic location of HCN1 immu-
noreactivity observed in LSO and MSO neurons in our sections. Why this is different in the
VNLL of the naked mole-rat, where membrane bound HCNI channels are abundant, is
unclear. Functionally, we know that VNLL neurons receive excitatory inputs from octopus
cells of the PVCN and inhibitory inputs from the MNTB [40,67]. Integration of these excit-
atory and inhibitory inputs leads to the temporally highly precise responses of these neurons to
structured sounds which is considered to be important for the processing of temporal sounds
patterns [68,69]. Thus, membrane bound and functional HCN1 channels might contribute to
the analysis of the complex and rapidly fluctuating temporal patterns of naked mole-rats com-
munication sounds.

As mentioned above HCN1 together with Kv1 channels renders neuronal membranes leaky
and very permeable for ions already around the resting membrane potential. As a consequence,
ATP-consuming ionic pumps need to be continuously active to maintain the ionic gradients
across the membrane [70]. Since the operation of ionic pumps uses a large fraction of the total
energy consumption of the body, functional HCN1 channels might have been lost in the
majority of neurons in the brain to reduce energy consumption in the naked mole-rat. This
evolutionary adaptation could be especially important due to the oxygen deprived environment
naked mole-rats live in.

Conclusions and Functional Implications for Hearing in Naked Mole Rats

Taken together naked mole-rats possess a highly distinct auditory brainstem with a large LSO
but few MNTB neurons, a circuit, whose function remains to be shown. . . Remarkably, the
VNLL is the only nucleus in the entire brainstem, where labelling against the HCN1 channel is
observed in the membrane, suggesting a particular role of this nucleus for the processing of
temporal sound information, as for example communication signals.

PLOS ONE | DOI:10.1371/journal.pone.0146428 January 13,2016 16/20



@’PLOS ‘ ONE

Auditory Brainstem Anatomy of the Naked Mole-Rat

Our anatomical data support a previous finding that naked mole-rats have poor sound
localization ability [1]. That study also showed that naked mole-rats have generally elevated
auditory thresholds compared to surface dwelling mammals. However, elevated thresholds
might be less of a hindrance for audio-vocal communication in the NMR’s subterranean niche
compared to many surface environments. This is because in naked mole-rat burrows is rela-
tively low and naked-mole rat vocalize at frequencies that propagate well [71]. Our anatomical
data suggest that despite elevated hearing thresholds, naked mole rat auditory brainstem struc-
tures may be well suited for processing the complex vocal repertoire of this highly social [72]
and highly vocal species [9,73].
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