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Abstract The energy-yielding pathways that provide the
large amounts of metabolic energy required by inner ear sen-
sorineural cells are poorly understood. Neuroglobin (Ngb) is a
neuron-specific hemoprotein of the globin family, which is
suggested to be involved in oxidative energy metabolism.
Here, we present quantitative real-time reverse transcription
PCR, in situ hybridization, immunohistochemical, and West-
e blot evidence that neuroglobin is highly expressed in the
mouse and rat cochlea. For primary cochlea neurons, Ngb
expression is limited to the subpopulation of type I spiral
ganglion cells, those which innervate inner hair cells, while
the subpopulation of type Il spiral ganglion cells which inner-
vate the outer hair cells do not express Ngb. We further inves-
tigated Ngb distribution in rat, mouse, and human auditory
brainstem centers, and found that the cochlear nuclei and su-
perior olivary complex (SOC) also express considerable
amounts of Ngb. Notably, the majority of olivocochlear neu-
rons, those which provide efferent innervation of outer hair
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cells as identified by neuronal tract tracing, were Ngb-immu-
noreactive. We also observed that neuroglobin in the SOC
frequently co-localized with neuronal nitric oxide synthase,
the enzyme responsible for nitric oxide production. Our find-
ings suggest that neuroglobin is well positioned to play an
important physiologic role in the oxygen homeostasis of the
peripheral and central auditory nervous system, and provides
the first evidence that Ngb signal differentiates the central
projections of the inner and outer hair cells.
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IHC Inner hair cells

ISH In situ hybridization

LOC/ Lateral/medial olivocochlear neurons
MOC

LSO Lateral superior olive

MNTB Medial nucleus of the trapezoid body
MSO Medial superior olive

Ngb Neuroglobin

nNOS Neuronal nitric oxide synthase

NO Nitric oxide

OHC Outer hair cells

OCN Olivocochlear neurons

PBS Phosphate-buffered 0.9 % saline
RPO Rostral paraolivary nucleus

rt-RT- Real-time reverse transcription polymerase chain-
PCR reaction

RT Room temperature

Sgn Spiral ganglion neurons

SOC Superior olivary complex

SPO Superior paraolivary nucleus

VNTB Ventral nucleus of the trapezoid body
VPO Ventral paraolivary nucleus
Introduction

The globin family is comprised of small porphyrin-containing
proteins, which can reversibly bind O, by means of an iron
(Fe*") ion of the heme prosthetic group [1, 2]. Besides the
better known examples of hemoglobin (Hb) and myoglobin
(Mb), the vertebrate globin family includes six additional
members: neuroglobin (Ngb) [3], cytoglobin (Cygb) [4-6],
globin E (GbE) [7], globin X (GbX) [8], globin Y (GbY)
[9], and androglobin (Adgb) [10]. The vertebrate globins have
a complex evolutionary history and may serve different func-
tions which are, however, often only poorly defined [11].
While Hb, Mb, Ngb, Cygb, and Adgb are present in most
jawed vertebrates [10, 12], GbE, GbX, and GbY appear to
have been lost in placental mammals and other vertebrate taxa
[11].

Ngb has been identified in a wide range of vertebrates, and
its structure has been highly conserved (e.g., there is 94 %
amino acid sequence identity between human and murine
Ngb) [13]. Ngb is mainly expressed in neurons of the central
and peripheral nervous systems and in endocrine tissues [3,
14-24]. Ngb has also been found in the retinae of man, mouse,
and guinea pig [25-28]. Within the retina, Ngb is expressed
primarily at sites of high oxygen consumption: the inner seg-
ments of photoreceptor cells, the inner and outer nuclear
layers, and the retinal ganglion cell layer [25, 26]. There is
convincing evidence that in retina and brain Ngb is associated
with mitochondria and thus with oxidative metabolism [25,
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26, 18]. Moreover, across vertebrates total Ngb levels in brain
seem to be positively correlated with species’ tolerance for
hypoxia [29, 24, 20].

Experimental investigations have demonstrated that Ngb
serves to protect cultured cerebral neurons from hypoxia
in vitro [30]. Ngb may also help the brain in vivo to resist
neuronal injury during experimental stroke [31], although
studies with knockout mice rather contradict this conclusion
[32]. In summary, while the exact physiological role of Ngb is
still a matter of debate [33, 34], it is likely that Ngb contributes
to local O, supply or, alternatively, provides protection from
reactive oxygen species (ROS).

The anatomical structure of the mammalian inner ear
makes the neurosensory hair cells and vestibulocochlear nerve
neurons uniquely vulnerable to hypoxia/ischemia [35]. Al-
though the anatomy of the cochlea has been well described
and considerable progress has been made in characterizing the
structural and physiological properties of the inner ear (cf.
[36—40], at present, we still know relatively little about the
specific cellular mechanisms by which the inner ear satisfies
its normal metabolic energy demands and defends itself
against pathologic conditions. Early studies of oxygen con-
sumption in the cochlea have suggested that metabolic rates
were higher in external wall structures (e.g., stria vascularis)
than in sensorineural cells (reviewed in [41]). Subsequent in-
vestigations utilizing the 2-deoxyglucose (2-DG) radiotracer
technique determined that acoustic stimulation alters cochlear
metabolism: in silence the rate of 2-DG incorporation in the
cochlea was highest in external wall structures (i.e., stria
vascularis, spiral ligament, and spiral prominence), and rela-
tively low in neurosensory cells (i.e., inner and outer hair cells,
and vestibulocochlear (VIIIth cranial) nerve ganglia), while
noise exposure significantly increased the rate of 2-DG uptake
in the same cochlear external wall structures and auditory
neurosensory cells [42—44].

The metabolic energy required for neurosensory cell func-
tion in the cochlea is provided primarily by adenosine triphos-
phate (ATP). ATP levels have been measured in cultured co-
chlear hair cells [41] and CNS neurons [45], and these levels
were found to be on the same order of magnitude as freeze-
dried outer hair cell preparations [46]. In addition, it has been
demonstrated that the induction of cochlear pathology (e.g.,
hypoxia/ischemia) significantly reduces the ATP content of
the organ of Corti in vivo [47]. However, questions remain
about the relative contributions of the glycolytic and oxidative
pathways to the synthesis and maintenance of ATP levels in
the inner ear. Glycolysis results in the formation of lactate, but
since attempts to measure lactate in the cochlea have failed
[48], it has long been assumed that low-level aerobic metab-
olism is the primary source of cochlear ATP. On the other
hand, there is evidence that outer hair cells deprived of glucose
ex vivo generate ATP, which suggests that these sensory cells
may also possess unidentified intracellular metabolic
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substrates that can augment oxidative phosphorylation under
hypoxic conditions [41].

Oxygen required for aerobic glucose metabolism is sup-
plied to the inner ear by the Hb of the blood. While the spiral
(auditory) and Scarpa’s (vestibular) ganglia of the
vestibulocochlear nerve are well vascularized by radiating
capillary arcades, the neuroepithelia of the auditory (i.e., organ
of Corti), and vestibular (i.e., maculae of the utricle and sac-
cule, and cristae ampullares of the semicircular canals) sys-
tems do not receive any direct blood supply [49]. Consequent-
ly, oxygen must diffuse relatively large distances to reach the
auditory and vestibular sensory hair cells. Notably, the vascu-
lar anatomy of the inner ear is homologous to that of the eye,
since the retina similarly lacks any direct blood supply to its
sensory cells (i.e., photoreceptors) [50]. Because the inner ear
and eye share similar challenges in providing an adequate
supply of oxygen to their neurosensory cells during periods
of oxidative stress, we hypothesized that the auditory and
vestibular systems may have evolved similar cellular mecha-
nisms to fuel their oxidative metabolic demands as those pres-
ent in the retina.

Besides one report that Ngb is expressed by spiral ganglion
neurons [51], detailed information about the distribution of
Ngb in mammalian peripheral and central auditory system is
lacking. We, therefore, studied the cochlea of rats and mice,
and the auditory brainstem of rats, mice, and man, using Ngb
immunohistochemistry, in situ hybridization, Western blot-
ting, quantitative rt-RT-PCR, and neuronal tract tracing to
characterize Ngb-expressing anatomical regions and neuronal
cell types. We describe here that Ngb is highly expressed in a
subpopulation of primary afferent neurons in the
vestibulocochlear nerve but not in auditory sensory hair cells.
Ngb is also present in the auditory brainstem, in particular in
the superior olivary complex, and in a functionally important
subpopulation, the olivocochlear neurons.

Materials and Methods
Animals

The experiments were conducted on (1) 6-10-week-old-male
C.B-17 mice (Taconic Farms, Germantown, NY, USA)
housed under constant conditions (light:dark 12:12 h, temper-
ature 22+2 °C) with food and water ad libitum at the VA San
Diego Healthcare System (VASDHS) Veterinary Medical
Unit. Experimental protocols were approved by the VASDHS
Institutional Animal Care and Use Committee, and conformed
to the PHS “Guide for the Care and Use of Laboratory Ani-
mals,” (2) male Balb/C-mice, aged 2 months, and (3) 9-12-
week-old-male Sprague-Dawley rats, held under constant
conditions (see group 1) in the animal facility unit of the
Department of Anatomy and Cell Biology, Johannes

Gutenberg-University, Mainz, Germany. Animals of groups
2 and 3 were bred in-house. Experimental protocols (animal
housing and neuronal tracing) were approved by the local
Administration District Official Committee and were in accor-
dance with the published European Health Guidelines. All
efforts were made to minimize the number of animals and
their suffering.

Neuroglobin Immunohistochemistry

Mouse cochleae and brains were dissected from animals of the
C.B-17 strain that were killed by cervical dislocation. The
cochleae were then immersion-fixed in 5 % paraformaldehyde
in phosphate-buffered 0.9 % saline (PBS) for 2 h at 4 °C, and
then decalcified in 10 % EDTA at 4 °C. Decalcified cochleae
were subsequently immersed in 30 % sucrose until they sank,
embedded in OCT, frozen, sectioned at 10 um, collected onto
BioBond-coated (Ted Pella, Redding, CA). Fisher SuperFrost
slides (Fisher Scientific, Tustin, CA), air and vacuum dried,
and then stored until needed at —70 °C. Two different Ngb
antibodies directed against a synthetic peptide which covers
the conserved amino acid positions 55-70 of mammalian Ngb
(H2N-CLSSPEFLDHIRKVML-CONH2) [30, 25] were inde-
pendently raised in rabbits. One was produced by Strategic
Biosolutions Inc. (San Diego, CA), the other was produced
by Eurogentec (Ko6ln, Germany, see [25]). Antibodies were
affinity-purified using a SulfoLink kit (Pierce Biochemicals,
Rockford, IL) as described by the manufacturer.

Mouse sections on glass slides were washed in PBS-0.1 %
Triton X-100, treated with blocking solution (10 % normal
donkey serum+5 % BSA in PBS-0.1 % Triton X-100), incu-
bated overnight at RT with Ngb antibody (1:200; Strategic
Biosolutions) and mouse monoclonal anti-peripherin interme-
diate filament protein antibody (1:25; Chemicon, Temecula,
CA) diluted in blocking solution (Mouse-On-Mouse PK-2200
Kit, Vector Laboratories, Burlingame, CA) overnight at 4 °C.
Slides were washed and incubated with secondary donkey
anti-rabbit antibody conjugated to Alexa 594 (1:300) and don-
key anti-mouse antibody conjugated to Alexa 488 (1:300;
Molecular Probes, Eugene, OR) in PBS for 1 h in the dark.
Slides were washed and stained with bisbenzimide (nuclear
stain, Sigma, St. Louis, MO), washed again, and coverslipped
with Prolong Mounting Media (Molecular Probes, Eugene,
OR). Negative control experiments which substituted normal
rabbit and mouse IgG for the primary antibodies resulted in
the complete absence of staining.

Rats were killed by ether overdose at the middle of the light
period and immediately perfused transcardially with PBS to
which 15,000 IU heparin/L were added, at RT, followed by an
ice-cold paraformaldehyde-lysine-periodate solution (PLP;
[52]. The right atrium was opened to enable venous outflow.
Cochleae were decalcified as described above, sectioned at
30-um thickness and mounted on gelatinized glass slides.
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Sections were then incubated overnight at RT with Ngb anti-
body (1:500; Eurogentec), to which 1 % normal donkey serum
and 0.1 % Triton-X 100 were added. After three rinses in PBS,
the reaction was visualized using Cy3 conjugated to an F(ab),
fragment of a donkey anti-rabbit IgG (1:200 in PBS; Jackson
Immuno-Research, West Grove, PA). Sections were dried,
cleared in xylene, and covered.

For brainstem immunohistochemistry, PLP-perfused rat
and mouse brains were removed, postfixed in PLP for 1 h,
and stored overnight at 4 °C in phosphate-buffered 30 % su-
crose for cryoprotection. They were then sectioned serially at
40-pm thickness on a freezing microtome in the frontal plane.
Sections were collected in PBS and, for immunohistochemis-
try, incubated free-floating overnight at RT in Ngb antibody
(1:500, Eurogentec), and processed further as described above
for the rat cochlea.

RNA Extraction

Total RNA was extracted from frozen C.B-17 mouse whole
brains and cochleae using TRizol reagent (Invitrogen, Carls-
bad, CA), and from Balb/C mouse whole brains using the
RNeasy kit (Qiagen, Hilden, Germany), and subsequently
treated with DNase I Amplification Grade (Invitrogen) ac-
cording to the manufacturer’s protocols.

DNA Synthesis and Cloning of Ngb-cDNA for ISH

Ngb cDNA was generated using the SuperScript One-Step
RT-PCR with Platinum Taq (Invitrogen) according to the man-
ufacturer’s protocol. In brief, 500 ng of DNase I-treated total
RNA was added to 1x reaction mix buffer (containing 0.2 mM
of each dNTP and 1.2 mM MgSO,), 1 ul RT/Platinum Taq
Mix and 0.2 uM of sense and antisense Ngb primers: sense
primer 5'-GTTGACTGCACCCACGCCT-3'; antisense prim-
er 5'-GCACCACAGCTCCGTAGAGT-3' (GenBank acces-
sion number NM-022414), with the total volume being
50 ul. The reaction was then given into a Deltacycler II
(Ericomp Inc., San Diego, CA) and cycled at 50 °C for
30 min then at 94 °C for 2 min, followed by 40 cycles of
94 °C for 30 s, 65 °C for 30 s, and 72 °C for 1 min, with a
final annealing extension at 72 °C for 5 min. A 487 bp Ngb
fragment was generated and then cloned using the TOPO Dual
Vector Cloning System (Invitrogen). The fragment was then
sequenced by the UCSD/VMRF CFAR Genomics Core Fa-
cility for verification.

Neuroglobin In Situ Hybridization
For the detection of Ngb-mRNA in the mouse cochlea, the
487 bp Ngb cDNA was cut with EcoRV and Pstl to generate a

308 bp fragment (290 bp of it being Ngb) which was then
subcloned into the EcoRYV, Pstl sites of the pSP72 vector
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(Promega, Madison, WI). Sense and antisense Ngb probes
were generated by linearizing the subclone with HindIIl or
EcoRYV, respectively, followed by labeling using the DIG
RNA labeling kit (Roche, Indianapolis, IN) according to the
manufacturer’s protocol. Paraffin-embedded sections were
deparaffinized in CitriSolve (Fisher Scientific, Waltham,
MA), hydrated in graded alcohols, and rinsed 2x in 1XPBS
for 5 min prior to prehybridization. For prehybridization, the
sections were placed in 0.2 N HCl at RT for 20 min, dipped in
dH,O, put in 2% standard saline citrate (SSC) at 70 °C for
30 min, dipped in dH,0, digested in 20 mM Tris pH 7.4,
2 mM CaCl,+4 pg/ml proteinase K at 37 °C for 30 min,
and digestion terminated with 0.2 % glycine in 1xPBS for
30 s, followed by 2x 5-min washes in 1xPBS, 3 min in
0.1 M triethanolamine (TEA) pH 8.0, followed by an acetyla-
tion step of 1:400 acetic anhydride in TEA for 10 min. Slides
were then passed 2x in 2x SSC for 2 min, dehydrated in
graded alcohols, and air-dried.

The hybridization buffer contained 50 % deionized form-
amide, 10 % dextran sulfate, 0.3 M NaCl, 10 mM Tris pH 7.6,
5 mM EDTA pH 7.6, 1X Denhardt’s solution, 100 pg/ml yeast
tRNA and 250 pg/ml sheared herring sperm DNA. Hybridi-
zation was conducted overnight at 42 °C with 0.5 pg/ul of
probe per slide. Washes consisted of 2x 15 min in 2xSSC+
0.1 % Triton X-100 at 42 °C, 15 min in 0.2xSSC+0.1 %
Triton X-100 at 42 °C, 15 min in 0.1xXSSC+0.1 % Triton
X-100 at 42 °C, and 2x 15 min in 1x washing buffer
(100 mM Tris+150 mM NaCl pH 7.5)+0.5 % Triton X-100
at RT. Blocking was with 2 % blocking buffer (Blocking Re-
agent, Roche, Indianapolis, IN) in 1x washing buffer+0.5 %
Triton X-100 at RT for 30 min. Slides were then incubated
with a 1:400 dilution of anti-DIG antibody-AP (Roche) in 1 %
blocking buffer (2 % blocking buffer diluted 1:1 with 1x
washing buffer) at RT for 1.5 h. Slides were then washed 3 x
5 min at RT in 1x washing buffer+0.5 % Triton X-100,
followed by an equilibration in 1X detection buffer
(100 mM Tris+100 mM NaCl pH 9.5+10 mM MgCl,+
240 pg/ml Levaminsol) at RT for 2 min. Development was
carried out overnight in the dark at RT using 1X detection
buffer+0.33 mg/ml NBT+0.16 mg/ml BCIP. Development
was stopped by dipping the slides 2x in dH,O for 5 min.
Sections were counterstained for 1 s in hematoxylin, and
slides were coverslipped with crystal mount (Biomedia Corp.,
Foster City, CA).

For the detection of Ngb-mRNA in the rat brainstem, PLP-
perfused brains were postfixed in PLP for 1 h and stored
overnight at 4 °C in phosphate-buffered 30 % sucrose for
cryoprotection. They were then sectioned serially at 40-um
thickness on a freezing microtome in the frontal plane. Sec-
tions were collected in PBS, mounted on silanized glass slides
and processed for in situ hybridization. The hybridization pro-
cedures used on brainstem slices were described before [15]
and resembled those used on cochlea sections (see above). In
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brief, digoxigenin-labeled sense (negative control) and anti-
sense RNA probes were in vitro transcribed by SP6 RNA
polymerase (DIG RNA Labeling Kit, Roche, Mannheim, Ger-
many), using polymerase chain reaction (PCR)-generated
templates covering the 453-bp mouse Ngb coding region (ac-
cession no. AJ245945). For template generation, a SP6 RNA
polymerase promoter sequence was attached to the 5’ end of
the sense or antisense PCR primers. For prehybridization,
slices were incubated for 1 min with proteinase K (10 pg/ml)
in PBS/Tween 20. Digestion was terminated with 0.2 % gly-
cine in phosphate-buffered saline (PBS)/Tween 20 followed
by 3x5 min in PBS/Tween 20 and 1x5 min in PBS. RNA
probes were diluted in 2x SSC/50 % formamide and sections
were incubated with the probe at 42 °C overnight. Slides were
washed first in 2x SSC, followed by 0.1x SSC at 60 °C for
20 min. Preparations were then treated with a mixture of RN-
Ase A (25 pg/ml) for 30 min at 37 °C in a wet chamber, and
thereafter washed in PBS/Tween 20. After blocking for
15 min in 1 % blocking reagent (Roche) in 0.1 M Tris and
0.15 M NaCl at pH 7.5, label was detected by alkaline
phosphatase-coupled anti-digoxigenin antibodies (diluted
1:100 in 1 % blocking reagent in 0.1 M Tris and 0.15 M NaCl,
pH 7.5); 30-min incubation at 37 °C, washing in PBS/Tween
20 and NBT buffer (0.1 M Tris, 0.1 M NaCl, 0.05 M MgCl,-
hexahydrate pH 9.5), and subsequent incubation with nitro-
blue-tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate sub-
strate (1:50 diluted in NBT buffer; 30-45 min 37 °C in the
dark). Substrate reaction was stopped by PBS washing. Sec-
tions were dried, covered by PBS/glycerol (1:1) solution, and
coverslipped.

Quantitative Real-Time Reverse-Transcription Polymerase
Chain-Reaction (1t-RT-PCR)

DNase I-treated total RNA (1 pg; see “RNA Extraction”) was
reverse transcribed using SuperScript II RNase H-Reverse
Transcriptase (Invitrogen), according to the manufacturer’s
protocol. Reactions were primed using oligo(dT);,.;g primers
and the total volume/reaction was 20 pl. Following comple-
tion of the reaction, samples were brought to 10 ng/pl final
volume with 5 ul being used for rt-RT-PCR.

Ngb-mRNA expression in C.B-17 mouse whole brains and
cochleae was measured by quantitative rt-RT-PCR, based on
TagMan method, using the ABI PRISM 7700 Sequence De-
tection System (Applied Biosystems, Foster City, CA).
Primers and probe sequences for Ngb (GenBank accession
number AJ245945) were designed using Primer Express soft-
ware (Applied Biosystems): forward primer 5-TGCTGCCT
CTCTTCCAGTACAA-3'; reverse primer 5-GGAATTCT
GGAGAGGAGAGACAGT-3'; and probe 5-CCGCCAGT
TCTCCAGCCCTGAG-3". Quantitative rt-RT-PCR reactions
were performed by the UCSD/VMRF CFAR Genomics Core.
The total RNA was normalized by the amount of

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) am-
plified in each reaction. A GAPDH standard curve was pre-
pared as the endogenous reference, and an Ngb standard curve
was constructed based on tenfold dilutions of the 487 bp Ngb
cDNA ranging from 1 ng to 10 pg. A total of 50 ng of the RT
product was used for each sample reaction, with all reactions
run in duplicate. Results were obtained by using the relative
standard curve analysis (Applied Biosystems User Bulletin
#2). The amount of sample Ngb and GAPDH target was then
determined from the appropriate standard curve. For each
sample the averaged Ngb target values were divided by the
averaged GAPDH target values to obtain the normalized
amount of Ngb mRNA target. The standard deviation for the
normalized amount of Ngb mRNA target was calculated using
the following formulae:

SD = \/ CVygn? + CVaarpn (1)

where

s standarddeviation
CV = -———
X meanvalue

One of the brain samples (brain #1) was arbitrarily chosen
as the calibrator, and the average normalized Ngb sample val-
ue was divided by the average normalized calibrator Ngb val-
ue. Thus, the calibrator (i.e., brain #1) constituted the 1x sam-
ple, and the relative amount of target Ngb mRNA in the dif-
ferent samples was expressed as an n-fold modulation differ-
ence relative to the calibrator.

For the quantification of Ngb-mRNA from specific brain
regions, including the SOC and cochlear nucleus, we cut fresh
mouse brains in 1-mm thick coronal slices and microdissected
the regions using neuropunch needles with defined inner di-
ameter (Fine Science Tools, Heidelberg, Germany). Samples
were processed as described above, with the following mod-
ifications. For the TagMan assay, we used the QuantiTect
Probe PCR-Kit (Qiagen, Hilden, Germany) and the ABI
PRISM 7000 Sequence Detection System (Applied
Biosystems) with the following primers for Ngb, designed
using IDTSciTools OAnalyzer 3.0 (Integrated DNA Technol-
ogies, San Diego, CA).

Forward primer 5'-GAAGCATCGGGCAGTG-3; reverse
primer 5'-AGGCACCTCTCCAGCATGTAGAG-3; and
probe 6-FAM-5'-CTCAGCTCCTTCTCGACAGT-3-Dark
Quencher. Acidic ribosomal protein (ARP) [forward primer
5'-AGGGCGACCTGGAAGTCC-3; reverse primer 5'-
GCATCTGCTTGGAGCCCA-3] was used for RNA
normalization.
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The SPSS 12.0 program (SPSS, Miinchen, Germany) was
used for statistical analysis and to generate boxplots.

Olivocochlear Neuronal Tracing

These experiments were performed on five rats, which were
anesthetized with tribromoethanol (0.3 g/kg b.w., i.p.) and
received pressure-injections of 200 nl of a 5 % Fluoro-Gold
solution (FG, Fluorochrome, Englewood, CO; dissolved in
distilled water) into the left scala tympani via the round win-
dow. The surgical approach was described previously [53,
54]. After 5 days, rats were killed by ether overdose and per-
fused with PLP as described above.

Double Immunofluorescence of Brainstem Sections

PLP-perfusion-fixed brains from Balb/C-mice were
cryoprotected and sectioned as described above. Sections
were incubated with Ngb-antibody (1:500, Eurogentec), visu-
alized by Cy3 and, simultaneously, with sheep anti-neuronal
nitric oxide synthase (nNOS, 1:500 in PBS; Abcam, Cam-
bridge, England), visualized by anti-sheep IgG coupled to
Cy2 (1:200; Jackson, West Grove, PA), and treated further
as described above. Control incubations showed that blocking
the antisera with the respective antigens as well as omission of
single or both primary and/or secondary antisera resulted in
the absence of respective staining, and that no cross-reactivity
between primary and secondary antibodies was present.

Cell Counting

From each section, FG-labeled cells of the brainstem were
quantified with regard to their location within the SOC. Neu-
rons exhibiting immunoreactivity to the antibodies tested were
counted when immunoreactivity was clearly over the back-
ground level. They were manually counted from the incubated
sections using an Olympus BX 51 research microscope (see
“Image Analysis”). Counts were corrected according to Ab-
ercrombie [55] to prevent double counting of cells. Single-
and double-labeled neurons were quantified separately and
the respective percentages were calculated for each nucleus.

Brainstem regions were identified using the stereotaxic
brain atlases for rat and mouse [56, 57], and the overviews
given by Schwartz [58], Warr [59], Kulesza et al. [60], and
Malmiera and Merchan [61]. According to Warr [59] and Vet-
ter and Mugnaini [62], FG-labeled neurons were divided into
three subgroups: lateral olivocochlear (LOC) neurons in the
lateral superior olive (LSO), shell-neurons (surrounding the
LSO, including periolivary regions), and medial OC (MOC)
neurons in the ventral nucleus of the trapezoid body (VNTB)
and rostral periolivary region (RPO).

@ Springer

Human Brainstem Immunohistochemistry

These studies were performed on sections from the human
brainstem. Material was kindly provided by Dr. Thorsten
Fink, Department of Pathology, HSK Wiesbaden, Germany.
Specimens were derived from a woman who died at the age of
73 from peritonitis and septic shock, and a man died at the age
of 74 ears from pneumonia. Neither one suffered from any
known neurological disease. Brainstems were taken postmor-
tem, immersion-fixed, and stored in formalin at 4 °C.

For analysis, the brainstems were cut in half at the median
anterior fissure, and a section of 15-mm thickness was taken
from the region cranial to the border between medulla
oblongata and pons. This specimen was cryoprotected in
phosphate-buffered sucrose, cut in 40-pum sections, and stored
in 10 mM PBS at 4 °C.

Due to the high levels of autofluorescence found in the
aged human brain specimens, and the unsatisfying results of
quenching procedures, we used a non-fluorescent detection
method. In brief, after incubation in primary Ngb-antibody
(1:500, Eurogentec), sections were washed in PBS, incubated
for 1.5 h at RT in a biotin-conjugated F(ab), fragment of a
donkey anti-rabbit IgG (1:200 in PBS; Jackson Labs, West
Grove, PA), and processed for immunohistochemistry accord-
ing to the avidin-biotin-peroxidase-complex method (ABC
Set, Vector Labs, Burlingame, CA; [63], using alpha-
naphthol as chromogen. Sections were mounted on gelatin-
coated slides, dried, and coverslipped.

Image Analysis

Mouse cochlea immunohistochemistry and in situ hybridiza-
tion slides were examined using a Zeiss Axioplan II micro-
scope equipped with a KX85 CCD camera (Apogee Instru-
ments, Tucson, AZ). Digital images were processed and opti-
mized using either Image Pro (Media Cybernetics, Silver
Springs, MD) or Adobe Photoshop (San Jose, CA). Quantifi-
cation of somatic fluorescence was accomplished using only
the linear range of the digital camera. Deconvolution images
were collected using a DeltaVision Restoration microscope
system (Applied Precision Inc., Issaquah, WA) equipped with
a Sony Photometrics Coolsnap HQ charged-coupled device
(CCD) camera system (10 MHz, 12 bit, 1392x1040; Sony,
Burbank, CA) attached to an inverted, wide-field fluorescent
Nikon TE-200 microscope (Nikon Inc., Kanagawa, Japan).
Optical sections were acquired using Nikon oil immersion
objectives in 0.2-um steps in the z-axis using the attached
Applied Precision Inc. motorized stage. Images were saved,
processed, and analyzed on SGI workstations (Oxygen & Oc-
tane computers; Silicon Graphics, Mountain View, CA) using
the DeltaVision SoftWorx software package (version 2.50).
Sections from rat cochlea, as well as from rat, mouse, and
human brainstem (ISH, neuronal tracing, and double
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immunofluorescence material) were analyzed using an Olym-
pus BXS51 research microscope equipped with an
epifluorescence unit and filter sets for FG (excitation center
wavelength 360 nm, bandwidth 50 nm), Cy2 (480/40 nm) and
Cy3 (540/25 nm) as well as a digital color camera operated
using the AnalySIS (Soft Imaging System, Miinster, Germa-
ny) image processing program. Images were merged, and con-
trast and brightness adjusted using Adobe Photoshop (Adobe
Systems Inc., San Francisco, CA).

Results

Experiments described here were conducted on mouse, rat,
and human material.

Localization of Neuroglobin Protein

Immunohistochemical staining of rat and mouse cochlea
with either rabbit-raised Ngb antibody produced strong im-
munostaining in the primary auditory sensory ganglia (i.e.,
spiral ganglion neurons, Fig. 1). While the great majority
of the spiral ganglion neurons within Rosenthal’s canal in
each turn of the cochlea exhibited intense Ngb immunore-
activity, we consistently noted a small subpopulation of
spiral ganglion neurons which displayed little or no Ngb
immunostaining (Fig. 1b). Those spiral ganglion neurons
which were intensely immunolabeled by the Ngb antise-
rum exhibited somatic characteristics (e.g., large perikarya)
which have previously been associated with type I spiral
ganglion neurons (Sgnl; Supplementary Fig 5A) [64]. In
contrast, those spiral ganglion neurons which showed little,
or no Ngb immunostaining generally appeared to have the
smaller perikarya associated with type II spiral ganglion
neurons (Sgnll; Supplementary Fig 5A) [64]. Notably,
the two spiral ganglion neuronal subpopulations can be
definitively distinguished based on their neurofilament

Fig. 1 Neuroglobin protein distribution in the cochlea. a Ngb P

immunofluorescence (red) in spiral ganglion neurons, stria vascularis
(arrow), and basilar membrane (arrowhead) of the rat cochlea. Mo
modiolus, SV scala vestibuli, SG spiral ganglion cells in Rosenthal’s
canal. Scale bar=100 pm. b Double-label immunostaining of mouse
spiral ganglion cells with anti-Ngb (red) and anti-peripherin (green).
Sgnl cells were immunolabeled with anti-Ngb while SgnllI cells
(arrowheads) were immunostained with anti-peripherin. Nuclei are
stained blue with bisbenzimide. e—g Deconvolution images illustrating
differential Ngb immunostaining in Sgnl and Sgnll cells of the mouse
cochlea. ¢ Double-label immunostaining with anti-Ngb (red:
arrowheads) and anti-peripherin (green: arrow). d Control omitting
primary anti-Ngb and anti-peripherin antibodies. e—g High-power
images of the three cells indicated by arrows and arrowheads in (c), e
Sgnl and Sgnll (combined red and green channels), f Sgnl only (red
without green channel), and g Sgnll only (green without red channel).
Nuclei are stained blue with bisbenzimide

immunostaining properties: anti-peripherin (56 kDa neuro-
filament) antibody strongly immunostains Sgnll, but not
Sgnl neurons [65].

We therefore subjected sections from mouse cochlea for
double-label immunostaining with anti-Ngb and anti-
peripherin antibodies. At the qualitative level,
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immunolabeling revealed two distinct spiral ganglion neu-
ronal subpopulations: Sgnl (peripherin- negative) neurons
that exhibited strong Ngb immunostaining, and Sgnll
(peripherin-positive) neurons which were not immuno-
stained with Ngb (Fig. 1b). This distinct immunostaining
pattern for Sgnl and Sgnll neurons was confirmed at
higher resolution and magnification using DeltaVision Res-
toration Microscopy System deconvolution images
(Fig. lc—g). Because a small number of Sgnll neurons
exhibited Ngb immunofluorescence which appeared to ex-
ceed background levels, a more quantitative analysis was
conducted (see supplemental material). We found that the
average cross-sectional area of Sgnl neurons was 15 %
larger than Sgnll neurons, and Ngb fluorescence more
intense in Sgnl than in Sgnll neurons (Supplementary
Figs. 3 and 4).

Specific Ngb immunofluorescence was also observed in
the stria vascularis (arrow in Fig. 1a) and basilar membrane
(arrowhead in Fig. la) while no Ngb immunostaining was
observed in hair cells, supporting cells, or Schwann cells sur-
rounding Sgnl neurons.

In the auditory brainstem, Ngb immunofluorescence was
observed in neurons in the superior olivary complex
(Fig. 2a—d) and cochlear nucleus (Fig. 2e—g). Throughout
the SOC, a substantial portion of neurons were Ngb-
immunolabeled. Details on neuron numbers in the SOC are
given in Supplementary Table 1. Using the averaged total
numbers of neurons in the subnuclei of the rat SOC [53], we
calculated the percentage of Ngb-immunoreactive neurons in
the respective regions as follows (mean+SD, rounded): lat-
eral superior olive (LSO) 15+6 %, medial superior olive
(MSO) 8+1 %, ventral nucleus of the trapezoid body
(VNTB) 28+4 %, superior paraolivary nucleus (SPO) 10+
2 %, dorsal periolivary nucleus (DPO) 15+2 %, and ventral
periolivary nucleus (VPO) 30+3 %). The main cell types
labeled in the SOC regions were small bipolar, spindle-
shaped neurons oriented dorsoventrally (in the LSO), mid-
dle-sized, horizontally oriented bipolar neurons building a
small vertical columns between LSO and MNTB (in the
MSO), and large, oval to triangular principal neurons (in
the MNTB).

Ngb immunofluorescence was also seen (but not quanti-
fied) in neuronal cell bodies and fibers within the descending
auditory system including auditory cortex, lateral geniculate
body, inferior colliculus, and lemniscal nuclei. It was also
found in the cochlear nucleus (CN). In sections of the
anteroventral CN (AVCN; Fig. 2e, f), Ngb-immunoreactive
neuronal perikarya of approximately 18-25 pm soma diame-
ter with one to three apparent processes were observed. Ac-
cording to Pocsai and co-workers [66], these cells most prob-
ably are bushy, pyramidal, and small cells. In addition, Ngb-
immunoreactive axons were seen within the cochlear nerve

(Fig. 2g).
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Localization of Ngb-mRNA in Cochlea and Superior Olivary
Complex

Ngb-mRNA expression was examined by in situ hybridiza-
tion (ISH) using antisense and sense Ngb ISH probes (Fig. 3).
In mouse cochlea, strong ISH label with the antisense Ngb-
probe was localized in the cytoplasm for most of the cells that
exhibited characteristic spiral ganglion and Scarpa’s
(vestibular) ganglion cell body morphology and locations
(Fig. 3a). Inner ear sections hybridized with the Ngb sense
probe in control ISH experiments were uniformly negative,
confirming the specificity of the antisense Ngb probe. While
the intensity of the Ngb antisense ISH labeling varied among
individual spiral ganglion and Scarpa’s ganglion neurons, the
ISH technique employed did not permit the discrimination of
mRNA transcription levels within specific vestibulocochlear
nerve ganglion cell subpopulations (e.g., type I (Sgnl) and
type II (Sgnll) spiral ganglion neurons).

In the mouse and rat SOC (Fig. 3b), hybridization signals
were observed in neuronal perikarya of the regions under in-
vestigation. The dark-brown ISH reaction-product was also
seen in the LSO (Fig. 3¢), MSO (Fig. 3d), VNTB, medial
nucleus of the trapezoid body (MNTB, Fig. 3e), and in all
periolivary regions. The distribution of the hybridization sig-
nals was congruent with the location of the immunohisto-
chemical signal with regard to regions and cell types.

Quantification of Ngb-mRNA in Rat SOC and Brain

Ngb-mRNA levels were quantified for selected regions of the
rat brain obtained from unfixed material by microdissection
using neuropunch needles. Processing by quantitative rt-RT-
PCR showed that Ngb-mRNA was elevated more than two-
fold in the whole SOC when compared to the level in total
brain. Ngb-mRNA levels in cochlear nuclei, cerebral cortex,
and cerebellum were similar to that for total brain, while Ngb-
mRNA levels in the daytime-sacrificed pineal gland were very
low (Fig. 4).

Ngb Immunoreactivity in Identified Olivocochlear Neurons

Following unilateral Fluoro-Gold (FG) injection into the rat
scala tympani and retrograde neuronal transport, the tracer
was consistently found in cell bodies and processes of the
bilateral SOC. On average, 989+75 neuronal somata per an-
imal were labeled in the SOC. They were seen in three topo-
graphically separated groups as is typical for OC neurons [62].
Lateral OC (LOC) neurons within the borders of the LSO
(Fig. 5a) made up to an average of 53 % of all retrogradely
labeled neurons and were predominantly (to 96 %) located
ipsilateral to the injection site. The second group of LOC
neurons, i.e., shell-neurons, was located around the LSO and
in periolivary regions (Fig. 5e) and amounted to 12 % of
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Fig. 2 Neuroglobin (Ngb)
protein distribution in the rat
superior olivary complex and
cochlear nucleus of the rat. a Ngb
immunofluorescence in different
subnuclei of the SOC in the right
half of the brainstem. Higher
magnifications are given in (b) of
the lateral superior olive (LSO), in
(c) of the medial superior olive
(MSO), and in (d) of the medial
nucleus of the trapezoid body
(MNTB). e Neuroglobin protein
distribution in the anteroventral
cochlear nucleus (AVCN) and
cochlear nerve. Higher
magnifications demonstrating
positive neuronal perikarya are
given in (f) of the AVCN and in g
of the Ngb-immunoractive fibers
in the cochlear root of the
olivocochlear nerve (N8), shown
in extended focal imaging.
Orientation in each section is:
medial left, dorsal up

retrogradely labeled neurons. The majority (90 %) of shell
neurons were located ipsilateral. The third group, i.e., medial
olivocochlear (MOC) neurons (Fig. 5c), were seen predomi-
nantly in the VNTB, as well as in the RPO, with a contralateral
dominance (58 % of labeled MOC neurons). A relatively
small number of weakly labeled MOC neurons were observed
in the ventral aspect of the posterior part of the MNTB. These
data are consistent with previous reports (e.g., [67, 68, 53].
When sections containing retrogradely labeled neurons
were subsequently incubated with the Ngb antibody, we found
that notable portions (approx. 60 %) of OC neurons were Ngb-
positive. Detailed counting (see also Supplementary Table 1)
showed that percentages of FG-labeled neurons that were also
Ngb-immunoreactive were 48 % in the LSO (Fig. 5b), 72 % in
the VNTB (Fig. 5d), 10 % in the SPO, and approximately
75 % in the dorsal and ventral periolivary regions (Fig. 5f).

In contrast, the proportion of FG-labeled neurons within
the population of Ngb-immunolabeled neurons in these re-
gions was smaller (19 % in average). In detail, 14 % of the
Ngb neurons in the LSO were labeled by FG (and thus were
olivocochlear neurons). The respective fractions were 21 % in
the VNTB, 7 % in the SPO, 21 % in the DPO, and 30 % in the
VPO (Supplementary Table 1).

Double Immunolabeling of nNOS and Ngb in the Mouse
Brainstem

In order to further characterize Ngb-positive neurons in the au-
ditory brainstem, we also employed double-immunolabeling for
Ngb and neuronal nitric oxide synthase (nNOS), the enzyme
responsible for nitric oxide (NO) synthesis in neurons. Frontal
sections of the mouse SOC (Fig. 6) exhibited an Ngb-
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Fig.3 Neuroglobin in situ hybridization signal (dark reaction product) in
cochlea and superior olivary complex. a Basal turn section of a mouse
cochlea showing Ngb-mRNA in spiral ganglion cells (arrow) within
Rosenthal’s canal (R) and Scarpa’s ganglion cells (arrowhead). The
majority of spiral ganglion cells expressed high levels of Ngb-mRNA.
No hybridization signals were observed in non-neuronal cells. V'
vestibular branch of the vestibulocochlear (VIIIth) nerve. b—e Ngb-
mRNA in the rat superior olivary complex. Distinct cell groups exhibit
the cytoplasmic signal. b Overview of the left side of the brainstem. ¢
Magnification from the lateral part of the LSO. d Magnification showing
the MSO. e Magnification depicting MNTB neurons

immunostaining pattern similar to that described above for the rat
SOC. Neuronal NOS-immunolabeling in the mouse SOC
(Fig. 6b) was expressed less frequently and at lower levels than
that for Ngb in the same regions. At higher magnification, some
Ngb-immunolabeled neurons in the LSO (Fig. 6¢, d; marked by
“1”) were seen double-labeled for nNOS, while others were not
(“2”). Some clusters of large nNOS-immunolabeled neurons
were seen in the MNTB (Fig. 6f) of which some exhibited clear
Ngb immunoreactivity (Fig. 6e). In the VPO (Fig. 6g, h), Ngb
neurons outnumbered nNOS-neurons. In the MNTB, some Ngb-
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Fig. 4 Quantification by q-RT-PCR of neuroglobin-mRNA in selected
regions dissected from rat brain demonstrating the relative high amount of
Ngb in the superior olivary complex (SOC). Total brain defined as 1. Box
plots indicate median, 25 and 75 % percentiles (horizontal bar within
box, lower, and upper boundary, respectively), 10 and 90 % percentiles
(error bars)
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immunolabeled neurons were double-labeled for nNOS (““17),
but the majority was not co-labeled with nNOS (*2”).

Ngb Immunolabeling in the Human Brainstem

In order to investigate whether Ngb is also present in the
human brainstem, we additionally studied human material
stemming from two postmortem brains. These preparations
identified the LSO and MSO situated between the abducens
and facial nerves in Nissl-stained coronal sections (Supple-
mentary Fig. 6A). Parallel sections, incubated with Ngb-anti-
body, clearly demonstrated Ngb immunoreactivity in MSO
and LSO neurons (Fig. 7). MSO neurons, most of which ap-
peared to be Ngb-immunoreactive, were oriented in a vertical
row with their processes extending horizontally (Fig. 7b).
Scattered neurons in the LSO (Fig. 7c, d) were labeled by
the Ngb antibody, and they were mainly of fusiform shape
and oriented vertically.

The Ngb immunostaining in Supplementary Fig. 6 con-
firms that, in addition to superior olivary structures, the neu-
rons of the nucleus of the facial nerve were Ngb-
immunolabeled, while neurons in nuclei of the pons (ventral
to the MSO) were not (Supplementary Fig. 6B).

Discussion
Neuroglobin May Support Oxygen Supply to the Inner Ear

Preservation of an adequate oxygen environment in the inner
ear is crucial for the maintenance of normal auditory
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Fig. 5 Labeled neurons in the rat
superior olivary complex after
injection of a, ¢, e Fluoro-Gold
(FG) into the cochlea and
retrograde transport and b, d, f
neuroglobin protein distribution
(Ngb). Many double-labeled
neurons were seen in the a, b
LSO, in the ¢, d VNTB, and e, f
dorsal and ventral periolivary
nuclei. The Ngb distribution
pattern was not affected by
cochlear injection

processing, and hypoxia is known to cause rapid and profound
hearing pathology [69, 70, 35]. Given the high oxygen de-
mands of signal transduction in the inner ear [41], it is quite
remarkable that inner ear neurosensory hair cells lack a direct
vascular supply [71]. Instead, the oxidative metabolic require-
ments of cochlear and vestibular hair cells have to be met en-
tirely by the diffusion of O, across relatively large distances.
The quest for molecules that may participate in sensing, signal-
ing, storage, or transport of oxygen prompted us to study the
distribution of Ngb in the cochlea and its related neural struc-
tures. Notably, the distribution of Ngb in the cochlea as ob-
served in this report correlates closely with different neuronal
activity-dependent energy demands: cochlear Sgnl cells, spon-
taneously active neurons with fast response kinetics (cf. [72],
were highly Ngb-immunoreactive, while Sgnll cells, non-
spontaneous neurons with slow response kinetics [73], cf.

[74] were not. Thus, in the cochlea, Ngb may serve to enhance
the O, supply in the Sgnl cells, neurons which are characterized
by their substantial metabolic energy demands and heightened
sensitivity to hypoxic/ischemic injury [35].

In addition to neurons, other cell types that have high levels
of metabolic activity also require large amounts of O,. In
particular, it is noteworthy that Ngb immunoreactivity was
presently observed within the cochlea in the marginal cells
of the stria vascularis. These highly active cells possess Na/
K-ATPase pumps, which secrete potassium into endolymphat-
ic fluid in order to maintain the cochlear endolymphatic po-
tential [75]. Since Ngb is also expressed in endocrine system
secretory cells of anterior pituitary and adrenal glands [15], it
is reasonable to assume that Ngb may also help sustain the
large amounts of O, required by secretory cells of the stria
vascularis.
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Fig. 6 Double
immunofluorescence labeling of
a, ¢, e, g neuroglobin (Ngb) and b,
d, e, h neuronal nitric oxide
synthase (nNOS) in frontal
sections of the mouse superior
olivary complex. a, b Overview.
¢, d Higher magnification of
double-labeled neurons (depicted
by “1”) in the lateral superior
olive (LSO). Neurons showing
only Ngb immunoreactivity were
also found (“2”). Middle is left,
dorsal is up. e, f Higher
magnifications from mouse
medial nucleus of the trapezoid
body (MNTB) where a group of
double-labeled neurons is marked
by arrows, and g, h in the ventral
periolivary region where double-
labeled neurons are depicted by
“1” and those showing only Ngb
immunoreactivity by “2”

To date, the molecular function of Ngb has not been
established [33, 34]. However, since Hb and Mb are known
to play an important role in O, transport and storage, it has
been postulated that Ngb might serve a Mb-like function in
neurons by facilitating the delivery of O, to mitochondria
[3]. This notion is further supported by the fact that the
affinity of Ngb for O, is in same range as that of vertebrate
Mb (i.e., approximately 1-2 Torr) [76] and by evidence that
the distribution of Ngb protein within highly-active cells
correlates closely with sites where mitochondria congregate
[25, 26, 18]. Unfortunately, definitive quantitative data on

@ Springer

Ngb-mRNA expression levels in individual cells are still
lacking, but the available data suggests that any Ngb-
mediated mechanism which serves to increase the O, sup-
ply of Sgnl cells would help compensate for the diffusion-
limited delivery of oxygen within the cochlea during pe-
riods of hypoxia. Notably, while Ngb is found in large
populations of neurons dispersed throughout the brain, the
expression of Ngb-mRNA and protein is sometimes not
coincident, and the specific pattern of Ngb transcription
and translation is dependent upon particular brain regions
and cell types [15-24].
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Fig. 7 Neuroglobin protein
distribution (Ngb) in a frontal
section of the human superior
olivary complex (for localization
of the nuclei, see Supplementary
Fig. 6) at low and higher power
magnification in a, b the medial
superior olive (MSO) and ¢, d the
lateral superior olive (LSO)

Neuroglobin Expression Differentiates Type I from Type 11
Spiral Ganglion Neurons

At a practical level, the distinct nature of the Ngb immuno-
staining patterns provides a novel means for distinguishing
Sgnl cells from Sgnll cells. Because the functional role of
Sgnll cells in the mammalian cochlea is still poorly under-
stood, questions remain about how to interpret the signifi-
cance of the differential expression of Ngb in the two spiral
ganglion cell subpopulations. Although more than four de-
cades have elapsed since Spoendlin discovered that 95 % of
primary auditory neurons (i.e., Sgnl cells) provide exclusive
afferent innervation for the single row of IHCs (and thus play
the major role in transmitting auditory information from the
inner ear into the CNS) and that the remaining 5 % of primary
auditory neurons (i.e., Sgnll cells) provide the only afferent
innervation for the three rows of OHCs [77], at this time, we
still know little about SgnlI cells beyond their anatomic fea-
tures and projection patterns. However, interest in the function
of SgnlI cells increased after it was discovered that the OHCs
they innervate possess unique electromotile responses: OHC
stimulation induces high-speed modulation of their somatic
length, cellular changes which act as a mechanical “cochlear
amplifier” that enhances cochlear sensitivity, specificity, and
signal strength [78]. While our mouse data were in substantial
agreement with earlier reports that rat Sgnl cells have larger
perikarya than Sgnll cells [65], the fact that the size distribu-
tions for the two spiral ganglion cell subpopulations overlap

extensively (Supplementary Fig. 3) suggest that any function-
al differences between Sgnl and Sgnll cells are reflected less
by gross cell anatomy and more by cellular metabolic
mechanisms.

Given that IHC afferents comprised of Sgnl neurons ex-
press Ngb, while OHC afferents are made up of Sgnll neurons
that do not express Ngb, the question arises as to whether
brainstem neurons innervating OHCs express Ngb. Notably,
OHC s receive direct efferent innervation from olivocochlear
neurons in the superior olivary complex, which constitutes the
first binaural hearing center in the ascending auditory path-
way. In the present study, many neurons of the SOC were
shown to express Ngb-mRNA and protein.

Neuroglobin Expression by Olivocochlear Neurons

In order to confirm that identified olivocochlear neurons are
Ngb-immunoreactive, we injected the retrograde neuronal
tracer FG into the scala tympani of rats. After uptake by ter-
minals and retrograde transport of FG, we found labeled neu-
rons in the bilateral SOC, with numbers and distribution con-
sistent with previous reports (e.g., [67, 68, 53]. By combining
FG-tracing and Ngb immunohistochemical staining, we found
that approximately 60 % of the FG-labeled olivocochlear neu-
rons expressed Ngb. Notably, the OCN can be divided into
lateral (LOC) and medial (MOC) olivocochlear neurons. The
cell bodies of the former are located in or around the LSO and
their axons provide efferent synapses onto IHC afferents,
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whereby they modulate the glutamatergic IHC-afferent termi-
nal synapses, and thus serve to regulate Sgnl activity in re-
sponse to sound stimulation (cf. [79].

In contrast to LOCs, the MOC neuron cell bodies are located
in the ventral nucleus of the trapezoid body (VNTB) and rostral
periolivary area (RPO), and their axons provide efferent synap-
ses directly onto the OHCs [80, 62, 81-83], for review see [84].
MOC activity has been shown to elicit outer hair cell mechan-
ical effects, which modulate otoacoustic emissions and can
provide protection against acoustic injury (cf. [85, 86]. In this
study, we found that both LOC and MOC neurons express
Ngb. Given the important role of the SOC in protecting hair
cells from sound-induced damage, it may be assumed that Ngb
expression in LOC and MOC neurons that have high discharge
rates [87] and energy demands would help them physiological-
ly during periods of noise-induced oxidative stress.

Possible Interaction Between Neuroglobin and Nitric Oxide

The specialized anatomy and physiology of the cochlea and its
related neural structures may provide unique insights into the
possible function of Ngb. For instance, it has been suggested
that Ngb might scavenge nitric oxide (NO) [88, 89], which is
produced following the activation of nitric oxide synthase
(NOS) during hypoxia, and other forms of environmental
stress [2].

The possibility of NO scavenging by Ngb is supported by
earlier reports of neuronal NOS (nNOS) in the peripheral and
central auditory system [90, 53, 91], and our evidence for the
co-expression of nNOS [53] and Ngb (this report) in the ma-
jority of spiral ganglion neurons (i.e., Sgnl cells), and in
mouse and rat SOC neurons (this report). In addition, there
is also an evidence of a substantial overlap in the constitutive
expression patterns for Ngb [15] and nNOS [92] in non-
auditory regions of the brain.

Finally, further evidence of possible interactions between
Ngb and NO in the central nervous system has previously
been provided by our group (cf. [34, 93], and by the observed
co-expression of Ngb and nNOS in the rat hypothalamus [94].

Cellular Distribution and Localization of Neuroglobin

The present results demonstrate, by means of various
methods, that neuroglobin is present in neuronal cells of the
cochlea and the auditory brainstem. Notably, Ngb
immunolabeling was not observed in Schwann cells (i.e.,
myelin-producing cells enveloping Sgnl cells) or CNS astro-
cytes. Ngb expression in CNS glial cells has only been ob-
served in species which live in oxygen-challenged environ-
ments such as the subterranean mole rat Spalax, as well as
seals and whales [24, 18, 20].

The comparison between the immunohistochemical and
ISH-results revealed substantial agreement between the Ngb-
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immunostaining and mRNA-expression patterns in the supe-
rior olivary complex of the brainstem (this report) in spiral
ganglion neurons in the present and in an earlier study [51]
as well as in Scarpa’s ganglion neurons (this report). However,
the presence of Ngb protein in the absence of antisense
mRNA-Ngb-hybridization in stria vascularis and the basilar
membrane suggests that Ngb either is transcribed in these
tissues at levels below the sensitivity of our ISH assays or it
is transported to these sites after translation. In addition, the
relatively weak Ngb protein bands from cochlea lysates (see
Supplementary Figs. 1 and 2) are probably due to the fact that
neurons constitute only a relatively small fraction of the total
cellular volume of the cochlea. Thus, it can be assumed that
neurons in the cochlea (and in brain regions with relatively
few neuronal somata) express considerably more Ngb-mRNA
and protein than would be expected from the estimates obtain-
ed using the whole cochlea or brain tissue.

It should be noted that in the SOC 10-30 % of the neurons
are Ngb-positive. Nineteen percent of these Ngb-neurons
were olivocochlear neurons. It is currently unknown whether
Ngb-positive SOC neurons possess a common feature such as
high energy demand and/or whether they are anatomically or
physiologically connected, but it appears that the SOC with its
various functions in the hearing processes has the unspecified
advantage of Ngb-producing neurons. Our quantitative rt-RT-
PCR data determined that Ngb-mRNA levels were signifi-
cantly higher in the SOC than those for total brain, which
further supports the hypothesis that Ngb may play a special
role in the peripheral and central auditory nervous system.

In the cochlear nucleus (CN), Ngb-mRNA levels were in
approximately the same range as in total brain. Immunostain-
ing with Ngb-antibody was confined to small and middle-
sized somata scattered throughout the CN. Fibers of the co-
chlear nerve (i.e., axons of spiral ganglion neurons) terminate
in the CN, which serves as first relay center in the ascending
auditory pathway. From the variety of cell types previously
described in rat CN, the observed cell distribution, soma size,
and processes of Ngb-labeled neurons suggest that most were
bushy cells, pyramidal cells, or small cells [66]. These types of
CN cells project centrally to the SOC, inferior colliculus (IC),
and medial geniculate body (MGB) (cf. [61].

Ngb-immunoreactive neurons were observed in the IC,
MGB, lemniscal nuclei, and auditory cortex as parts of the
descending auditory system, which, judging from cell shape,
size, and distribution, project itself to the LSO, periolivary
regions, lateral lemniscus, and the IC. Although we did not
quantify neuroglobin in these regions yet, it appears that the
expression levels did not exceed those in other brain regions.

Taken together, our cochlea and brainstem data show that
IHCs are contacted by Ngb-expressing Sgnl afferent neurons,
while OHCs are contacted by Ngb-expressing efferent neu-
rons. Although we do not know yet what the local role of Ngb
is, it is significant that both types of hair cell are contacted by
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Ngb-expressing neurons. Thus, it is possible that Ngb may
play an active role in the transport or storage of oxygen in
auditory neurons, and that Ngb may also provide protection
for the auditory nervous system under conditions when energy
demands are high. In addition, Ngb may also act as signal
molecule in oxygen sensing. In any case, if Ngb-expressing
afferent and efferent auditory system neurons do exert a direct
Ngb-involving influence on cochlear hair cells, then the mech-
anism would presumably involve Ngb-transport from neuro-
nal soma to peripheral processes, in particular to the axon
endings. The question as to whether Ngb is present in distal
parts of neurons has not previously been discussed. While
some evidence of Ngb protein within axons can be found in
the figures from prior immunohistochemical studies of the
dorsal root ganglion and in dorsal spinal cord [95] and an
investigation of the central projections of the optic nerve
[96], our present observations that Ngb-immunoreactive
vestibulocochlear nerve axons project from the cochlea into
the brainstem cochlear nucleus (Fig. 2e, g) have confirmed for
the first time that Ngb can be transported within axonal pro-
cesses over relatively long distances.

Finally, to extend our comparative understanding of Ngb ex-
pression in the SOC, we included an investigation of brainstem
slices from human postmortem brains. In frontal sections, the
human SOC was located between abducens and facial nerves
(see Supplementary Fig. 6), in agreement with the literature (cf.
[97, 98]. Notably, within the human SOC, many MSO neurons,
and scattered neurons in the LSO, were Ngb-immunoreactive,
similar to the situation seen in both the mouse and rat. Other
neuronal groups at this brainstem level exhibited differential
Ngb staining insofar as neurons of the facial nucleus were pos-
itive while neurons of the nuclei of the pons were Ngb-negative.

Conclusions

Our study provides the first detailed analysis of Ngb expres-
sion in the cochlea and superior olivary complex of the audi-
tory brainstem. We demonstrate, by a variety of experimental
methods, that Ngb is highly expressed in mouse and rat spiral
ganglion type I neurons, and in the SOC of rats, mice, and
men. Further studies, however, are required to elucidate the
specific role of Ngb within various sensory (e.g., visual, audi-
tory, and vestibular) systems under normal and pathological
conditions. Ngb has been shown to protect neurons from
hypoxic-ischemic injury [30, 31, 33, 34], which suggests that
a better understanding of the role of Ngb in the inner ear and
auditory brainstem may provide the basis for new clinical
approaches to treat, prevent, and diagnose cochlear oxidative
stress, a leading cause of sensorineural hearing loss (SNHL)
for which, at present, no effective therapeutics exist.
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