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The Mouse Cochlea Expresses a Local Hypothalamic-
Pituitary-Adrenal Equivalent Signaling System and Requires
Corticotropin-Releasing Factor Receptor 1 to Establish
Normal Hair Cell Innervation and Cochlear Sensitivity

Christine E. Graham and Douglas E. Vetter
Department Neuroscience, Tufts University School of Medicine, Boston, Massachusetts 02111

Cells of the inner ear face constant metabolic and structural stress. Exposure to intense sound or certain drugs destroys cochlea hair cells,
which in mammals do not regenerate. Thus, an endogenous stress response system may exist within the cochlea to protect it from
everyday stressors. We recently described the existence of corticotropin-releasing factor (CRF) in the mouse cochlea. The CRF receptor
type 1 (CRFR1)is considered the primary and canonical target of CRF signaling, and systemically it plays an essential role in coordinating
the body-wide stress response via activation of the hypothalamic-pituitary-adrenal (HPA) axis. Here, we describe an essential role for
CRFRI in auditory system development and function, and offer the first description of a complete HPA equivalent signaling system
resident within the cochlea. To reveal the role of CRFR1 activation in the cochlea, we have used mice carrying a null ablation of the CRFR1
gene. CRFR1 ~'~ mice exhibited elevated auditory thresholds at all frequencies tested, indicating reduced sensitivity. Furthermore, our
results suggest that CRFR1 has a developmental role affecting inner hair cell morphology and afferent and efferent synapse distribution.
Given the role of HPA signaling in maintaining local homeostasis in other tissues, the presence of a cochlear HPA signaling system
suggests important roles for CRFR1 activity in setting cochlear sensitivity, perhaps both neural and non-neural mechanisms. These data

highlight the complex pleiotropic mechanisms modulated by CRFR1 signaling in the cochlea.

Introduction

The ability of the hypothalamic-pituitary-adrenal (HPA) axis to
modify auditory function has been known for >3 decades. The
HPA axis is activated as a systemic stress response. Corticotropin-
releasing factor (CRF) is released from the hypothalamus and
binds CRF receptor type 1 (CRFR1) in the pituitary, inducing
cleavage of pro-opiomelanocortin (POMC) to generate its end
products, including adrenocorticotropic hormone (ACTH).
ACTH is secreted into the bloodstream and binds the melano-
cortin 2 receptor (MC2R) on the adrenal cortex, stimulating
production and release of several steroid hormones including
glucocorticoids (cortisol in humans, corticosterone in rodents)
into the systemic circulation. Heightened auditory sensitivity was
identified in patients with adrenocorticosteroid insufficiency
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(Henkin et al., 1967; Powers, 1972) and in rats following adrenal-
ectomy (Siaud et al., 2006), suggesting a correlation between
auditory function and circulating levels of stress hormones. Sub-
sequent work revealed glucocorticoid receptor expression in the
cochlea (Rarey and Luttge, 1989), further indicating that circu-
lating glucocorticoids modulate cochlear activity (ten Cate et al.,
1992). Preconditioning experiments confirmed that HPA activa-
tion regulates auditory function. Mice subjected to restraint
stress or low-level sound exposure before an acoustic insult ex-
hibit diminished permanent auditory threshold shifts following
the insult compared with nontreated mice (Wang and Liberman,
2002; Tahera et al., 2007). Moreover, restraint stress only confers
protection if the trauma coincides with elevated levels of circu-
lating corticosterone. Disruption of the HPA axis via adrenalec-
tomy or administration of glucocorticoid antagonists abolishes
the protective effect of sound conditioning (Tahera et al., 2007).

Given this evidence, it has been assumed that classic HPA
signaling is the source of cochlear protection following precon-
ditioning, and molecules underlying this effect are delivered to
the inner ear via blood circulation. However, circulating cortico-
sterone/cortisol levels undergo diurnal variation (Smith et al.,
1998). In addition, the HPA axis is regulated by a number of
internal and external stimuli. Therefore, it seems questionable
that the cochlea would rely on a system controlled by so many
variables for constitutive protection against routine cellular
stress. Consistent with this, unilateral sound conditioning pro-
tects only the exposed ear (Yamasoba et al., 1999). Thus, a
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system-wide phenomenon cannot completely account for the
protective effects of conditioning, and local signaling may be in-
volved in preconditioning-induced protection.

The cochlea may have its own stress response system to adapt
to everyday cellular stressors that can function independent of
systemic HPA signaling. Several studies have described a local
HPA equivalent signaling system in skin. Skin cells express
CRFR1, POMC, ACTH, and MC2R, and are locally innervated by
neurons containing CRF (Slominski et al., 1999). Activation of
this local HPA equivalent system leads to local production and
release of cortisol (Ito et al., 2005). Additionally, cells derived
from adult retinal pigment epithelial cells (ARPE-19 cell line) also
express an HPA equivalent signaling system (Zmijewski et al.,
2007). Given that the cochlea contains both CRF (Graham et al.,
2010) and glucocorticoid receptors (Rarey and Luttge, 1989),
respectively the initiator and effector molecules for HPA-like sig-
naling, we hypothesized that it might express a full HPA-
equivalent system, and that this system may be involved in
homeostatic regulation of the cochlea, perhaps controlling co-
chlear sensitivity or other fundamental properties of the cochlea.
Here, we show that the cochlea expresses POMC, ACTH, and
MC2R in addition to CRF and CRFR1. We further reveal that
elimination of CRFR1, the main target of CRF signaling and the
initiator of HPA-like signaling, leads to impaired auditory func-
tion, abnormal inner hair cell (IHC) development, and innerva-
tion defects to hair cells, none of which are corticosterone
dependent. These data highlight complex pleiotropic mecha-
nisms modulated by CRFR1 and local HPA-equivalent signaling
in the cochlea.

Materials and Methods

Animals, housing, and drug treatment

The generation and characterization of CRERI ~/~ mice have been de-
scribed previously (Smith et al., 1998). Mice were produced either as
progeny of CRFRI™* breeder pairs, or via CRFRI ™/~ female by
CRFRI1 ~’~ male breeders, except for glucocorticoid replacement exper-
iments. The CRFRI ~/~ mice are generally produced by this breeding
scheme because the offspring from CRFRI ~/~ females exhibit develop-
mental defects unless supplemental glucocorticoids are administered
during gestation (Smith et al., 1998). Two glucocorticoid replacement
therapy experiments (details below) were performed on CRFRI /™ and
CRFRI ™% mice: (1) to assess glutamine synthetase (GS) expression lev-
els and their dependency on circulating glucocorticoid levels; and (2)
to assess whether CRFRI /~ auditory physiology defects observed
stemmed from systemic versus local CRFR1 defects. To replace glucocor-
ticoids in CRFRI ~/™ mice, corticosterone (C2505, Sigma) was adminis-
tered via the drinking water at a dosage of 0.25 mg/ml, based on previous
studies showing that this dosage was sufficient to rescue lung defects of
pups born to CRERI ~/~ breeders (Smith et al., 1998). Because cortico-
sterone was dissolved in 100% ethanol, mice were separated into three
groups: no treatment control; vehicle-treated control; and corticosterone
treated. Vehicle-treated mice received the equivalent amount of ethanol
in their drinking water (0.25% ethanol) that corticosterone-treated mice
received. For auditory physiology experiments, mice were administered
corticosterone from embryonic day 12 (E12) onward. For GS Western
blot experiments, mice were administered either corticosterone or vehi-
cle from postnatal day 12 (P12) onward or throughout gestation (dams
received treatments before plug date). The start time of treatment did not
alter the effect on cochlear GS expression levels determined by Western
blot, and therefore data from all mice were grouped together regardless of
time of initiation of corticosterone (or vehicle) treatment. BAC (bacterial
artificial chromosome) transgenic mice expressing green fluorescent
protein (GFP) under the CRFRI promoter (Justice et al., 2008) were used
for CRFRI1 localization experiments (mice provided by Dr. Paul
Sawchenko, The Salk Institute for Biological Studies, La Jolla, CA).
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Immunolabeling

HPA system visualization. For experiments examining expression of HPA
components in the inner ear, cochleae from 10-month-old CRFRI-GFP
mice were perfused with buffered 4% paraformaldehyde, postfixed for
1 h, and then decalcified (8% EDTA buffered in 1X PBS) for 5 d at 4°C.
Decalcified cochleae were cryoprotected in 10% sucrose for 2—4 h at
room temperature and then moved to 30% sucrose overnight at 4°C.
Following cryoprotection, cochleae were gently perfused with octreotide
(OCT), then immediately embedded in OCT and frozen in isopentane
cooled with dry ice. Cryostat sections were cut 8 uwm thick and dried at
50°C for 10-20 min followed by a 10 min wash in 1X PBS before use.
Mid-modiolar sections were incubated in blocking solution (5% normal
donkey serum and 0.5% Triton X-100 in 1X PBS) for 1 h at room tem-
perature and incubated in primary antibody solution containing 1%
normal donkey serum and 0.1% Triton X-100 overnight at room tem-
perature. Primary antibodies included the following: polyclonal goat
anti-GFP (1:500, Rockland); polyclonal rabbit anti-CRF (1:500, Milli-
pore Bioscience Research Reagents); polyclonal rabbit anti-POMC (1:
2000, Phoenix Pharmaceuticals, Inc., gift from Dr. Ron Lechan, Tufts
University School of Medicine, Boston, MA); polyclonal rabbit anti-
ACTH (1:1000, gift from Dr. Ron Lechan, Tufts University School of
Medicine); and polyclonal rabbit anti-MC2R (1:100, Santa Cruz Bio-
technology). “No primary” control sections were incubated in the same
primary solution with 1X PBS volumetrically replacing primary anti-
body. Following primary incubation, sections underwent three 15 min
washes in 1 X PBS. They were then incubated with secondary antibody in
a solution of 1% normal donkey serum and 0.1% Triton X-100 for 1-1.5
h at room temperature. Secondary antibodies included Alexa488-
conjugated donkey anti-goat (1:500, Invitrogen) and Alexa594-
conjugated donkey anti-rabbit (1:500, Invitrogen). Following secondary
incubation, sections were washed three times over 1 h in 1X PBS and
coverslipped using SlowFade Gold mounting media (Invitrogen). It has
been previously demonstrated that the GFP expression pattern induced
in the CRFRI-GFP BAC transgenic mouse fully recapitulates endoge-
nous CRFRI expression, but with higher sensitivity (Justice et al., 2008).
Hence, immunolabeling of GFP in these transgenic mice will be referred
to as “CRFRI-GFP labeling.”

Visualization of cochlear innervation and afferent synaptic elements. To
visualize afferent fiber innervation to inner hair cells, 2- to 3-month-old
CRFRI ™" and CRFRI ~/~ mice were used. CRFRI ~/~ mice were born
to CRFR1 ~/~ males and CRFRI "/~ females. This is significant because
CRFRI ™/~ females produce normal levels of glucocorticoids (Smith et
al., 1998), and thus any defects observed in CRFRI /" offspring are not
the result of loss of glucocorticoid exposure either during in utero devel-
opment or postnatally (until weaning). Cochleae were processed as de-
scribed above. For fiber visualization, cochleae were perfused and
postfixed with 4% paraformaldehyde and then decalcified as described
above. Following decalcification, whole-mount preps of cochlear middle
turns were dissected and incubated in blocking solution as described.
Immunofluorescence labeling was performed using goat anti-sodium-
potassium ATPase a3 subunit (NKA) (1:100, Santa Cruz Biotechnology)
in 1% normal donkey serum and 0.1% Triton X-100 at room tempera-
ture overnight. To visualize efferent fiber innervation, cochleae were
processed as above, and monoclonal antibodies to synaptophysin (Mil-
lipore) were used. All images of whole-mount samples generated for fiber
innervation analyses were taken from middle cochlear regions (the pri-
mary full turn of the mouse cochlea).

For synaptic ribbon and AMPA receptor immunofluorescence, adult
CRFR1*"* and CRFR1 ~/~ cochleae were perfused with 4% paraformal-
dehyde at 4°C for ~30 s to 1 min. The cochleae were then moved to 4°C
1 X PBS, and apical cochlear turns were immediately dissected as whole-
mount samples. The apical pieces were then fixed further in 4% parafor-
maldehyde for 20 min at 4°C in an Eppendorf tube. Following fixation,
and apical sections were rinsed and incubated in blocking solution (5%
normal donkey serum, 0.5% Triton X-100) for 2 h at 4°C and in primary
antibody solution (containing 1% normal donkey serum, 0.1% Triton
X-100) overnight at 4°C. Primaries were monoclonal mouse anti-CTBP2
(C-terminal binding protein 2) (1:200, BD Biosciences) and polyclonal
rabbit anti-GluR4 (glutamate receptor 4) (1:500, Millipore Bioscience
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Research Reagents). After primary incubation, the apical whole-mount
sections were washed three times, 20 min each in 1 X PBS at room tem-
perature, and then incubated in secondary antibody mix of goat anti-
mouse Alexa488 and goat anti-rabbit Alexa594 (each 1:200, Invitrogen)
in 1% normal donkey serum and 0.1% Triton X-100 overnight at 4°C.
Cochlear pieces were then washed in 1 X PBS, and mounted on slides and
coverslipped (Slowfade Gold, Invitrogen).

All images were gathered using a Leica TCS SP2 AOBS confocal mi-
croscope. Amira software (Visage Imaging) was used to produce YZ
projections of confocal z-stacks of the sodium-potassium ATPase a3-
labeled sections and three-dimensional (3D) representations of synaptic
ribbon and GluR4 distributions. The Image]J (v.1.43u) function “Analyze
Particles” was used to count GluR4 puncta and measure the area of each.

Auditory physiology

CRFR1 " and CRFR1 ~/~ mice aged 6—8 weeks and of either sex were
used for all physiological procedures. All mice used in these studies were
born and housed in an IAC acoustic chamber. Auditory brainstem re-
sponse (ABR) and 2f,-f, distortion product otoacoustic emission
(DPOAESs) thresholds were obtained from CRFRI /% and CRFR1 ~/~
mice with and without glucocorticoid replacement. Mice were anesthe-
tized with a combination of xylazine (20 mg kg ', i.p.) and ketamine
(100 mg kg ™', i.p.) Acoustic stimuli were delivered using a custom
acoustic assembly consisting of two electrostatic earphones (EC-1,
Tucker Davis Technologies) to generate primary tones. A Knowles min-
iature microphone (EK-3103) was used to record ear canal sound pres-
sure levels for DPOAE assessments. Stimuli were generated digitally
(digital I-O board 6052E, National Instruments). Ear canal sound pres-
sure and electrode voltage were amplified and digitally sampled at 20 us
for analysis of response amplitudes (digital I-O board 6052E, National
Instruments). For ABRs, needle electrodes were inserted at vertex and
pinna, with a ground near the tail. Stimuli were 5 ms tone pips delivered
at35s . At each test frequency, the sound-pressure level was varied in 5
dB steps. All ABR threshold measures refer specifically to wave 1 only. For
DPOAE;s, two primary tones (f,/f, ratio = 1.2) were presented with f,
level 10 dB less than f;. A fast Fourier transform was computed and sound
pressures extracted at f}, f,, and 2f, -f, after spectral averaging. We inter-
polated the iso-response contours for DPOAEs from the amplitude-
versus-level functions. The criterion response for the DP thresholds was
a 2f,-f, DPOAE of 0 dB sound pressure level.

Western blot analyses

All mice used in these studies were born and housed in an TAC acoustic
chamber. To ensure that any expression level changes observed in glu-
cocorticoid-inducible proteins could be compared between
CRFR1*" and CRFRI ~/~ mice, CRFR1 ~/~ mice were generated from
female CRFR1 /™, male CRFRI ~/~ breeder pairs. It has been shown
that CRFRI ¥/~ females express normal levels of corticosterone (Smith et
al,, 1998), and thus, glucocorticoid replacement administered to this
breeder paradigm ensures that the developing pups experience similar
(potentially increased) circulating corticosterone levels. Whole cochlear
lysates (three biological replicates unless otherwise noted) were prepared
using cochleae from at least three CRFRI */* and CRFRI ~/~ mice aged
6—8 weeks. Lysates were prepared on ice in buffer containing TPER
(Pierce) lysis buffer that was supplemented with protease inhibitor mix-
ture (Pierce). Protein concentrations were estimated using a micro-BCA
kit (Pierce), and 65 ug of protein was loaded onto a 10% SDS polyacryl-
amide gel. Proteins were resolved using SDS-PAGE and transferred to a
polyvinylidene difluoride membrane (Bio-Rad). The membrane was
blocked with 5% nonfat dry milk in TBST (50 mm Tris, 150 mm NaCl, pH
7.6, 0.05% Tween-20) for 1 h at room temperature. Primary antibodies
were diluted into solution containing 5% nonfat dry milk in TBST and
incubated with the membrane overnight at 4°C. Primary antibodies used
were monoclonal mouse anti-glutamine synthetase (1:300, Millipore),
polyclonal guinea pig anti-EAAT1 (excitatory amino-acid transporter 1,
hereafter referred to as “GLAST”) (1:1000, Millipore), and polyclonal
rabbit anti-GluR4 (1:1000, Millipore). Either rabbit anti-actin (1:500,
Sigma) or mouse anti-GAPDH (Millipore Bioscience Research Re-
agents) was used as a lane loading control. Following primary antibody
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incubation, membranes were washed 3X 5 min each with TBST and
incubated with HRP-labeled goat anti-rabbit, goat anti-guinea, or goat
anti-mouse secondary (1:2000, Jackson ImmunoResearch) for 1 h at
room temperature. Secondary antibodies were diluted into solution con-
taining 5% nonfat dry milk in TBST. Following secondary incubation,
blots were washed 2X 10 min each in distilled water and then 1X 5 min
in TBST. Following the TBST wash, blots were rinsed with distilled water
and incubated for 5 min with SuperSignal West Dura Extended Duration
ECL Substrate (Pierce). Bands were visualized using a Kodak ImageSta-
tion 2000 gel doc system, and densitometry values were obtained using
Un-Scanlt software (Silk Scientific). For quantification of GS expression
levels under various glucocorticoid rescue conditions, separate blots
were generated for each condition: no treatment, vehicle treatment, or
corticosterone treatment. Each no treatment and corticosterone treat-
ment blot contained three wild-type biological replicates (lysates from
different pools of mice) and three CRERI /" biological replicates,
thereby minimizing potential variability associated with handling. The
vehicle treatment blots contained two biological replicates for each
group. Densitometry values obtained for each biological replicate were
averaged over three technical replicates (each pool of lysates was evalu-
ated on three separately run gels). Expression levels were then normal-
ized to loading controls. Data were then analyzed using Prism software to
determine statistical significance using a two-tailed, unpaired ¢ test.

Results

CRFR1 is expressed in the cochlea and is well situated for
both juxtacrine and paracrine interactions with
CRF-releasing elements

CRFRI1 mRNA expression has been reported in the cochlea (Vet-
ter et al., 2002). Here, we determined the expression pattern of
CRFRI protein at a cellular resolution by probing for GFP in BAC
transgenic mice expressed under control of the CRFRI promoter
(Justice et al., 2008). Endogenous expression patterns of CRFR1
are fully recapitulated in brains of CRFRI-GFP transgenic mice,
and expression of the transgene can be detected with superior
sensitivity compared with that obtained with standard immuno-
histochemical detection of endogenous CRFRI1 (Justice et al.,
2008). Analysis of CRFRI-driven GFP immunofluorescence re-
vealed abundant expression in support cells of the organ of Corti,
including border cells immediately adjacent to IHCs and Deiters’
cells under outer hair cells (OHCs) (Fig. 1A, C). Immunoreactivity
was also observed in inner sulcus cells lining the endolymphatic sur-
face of the spiral limbus, Hensen cells and other support cells lateral
to the organ of Corti (hereafter termed “lateral support cells”). This
pattern of CRFR1-GFP expression puts CRFR1 in direct apposition
with cells expressing CRF (Graham et al., 2010). Double-labeling
experiments revealed apposition of the CRF-positive IHCs and
OHCs with CRFR1-GFP-positive border cells and Deiters’ cells, re-
spectively, indicating potential juxtacrine signaling (Fig. 1 B, D). Ad-
ditionally, several support cell types expressing CRF also expressed
CRFR1-GFP, including the inner sulcus cells, Deiters’ cells, and lat-
eral support cells, suggesting potential autocrine and paracrine CRF-
based signaling between these cells.

An HPA-equivalent signaling system is expressed in the

inner ear

The presence and localization of glucocorticoid receptors in the
inner ear have been previously characterized (ten Cate et al.,
1992; ten Cate et al., 1993). Given that the cochlea contains both
the initiation signal (CRF) (Graham et al., 2010) and the effector
(glucocorticoid receptors) (Rarey and Luttge, 1989) of the sys-
temic HPA axis, we hypothesized that the cochlea may possess a
local HPA-equivalent signaling system. To investigate this possi-
bility, we used immunolabeling to detect HPA-related molecules,
namely POMC (Fig. 2 A-C), ACTH (Fig. 2 D-F), and MC2R (Fig.
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2G-I), in cochlear cross-sections. Immu-
nolabeling was performed on tissue from
CRFRI-GFP mice to enable colabeling
with CRFR1-driven GFP and comparison
of respective localizations. Low magnifi-
cation revealed that expression of each of
these HPA-related molecules is wide-
spread in the cochlea, including spiral
ganglion cells (Fig. 2A,D,G), which also
express CRF (Graham et al., 2010). Inter-
estingly, CRFR1-GFP immunolabeling
was not found in the spiral ganglion cells
(data not shown). Higher magnification
of the organ of Corti (Fig. 2B,E,H) re-
vealed that, while some cells expressed
two of the HPA-related molecules, in gen-
eral POMC (Fig. 2B), ACTH (Fig. 2E),
and MC2R (Fig. 2H) each had a distinct
expression pattern. Double labeling re-
sults revealed that these molecules were
expressed both in proximity to and colo-
calized with CRFR1-GFP immunoposi-
tive cells (Fig. 2C, F,I). POMC and ACTH
were detected in the CRFR1-GFP-positive
inner sulcus cells and support cells lateral
to the organ of Corti (Fig. 2 A, arrows). In
the organ of Corti, Deiters’ cells most
abundantly expressed POMC (Fig. 2 B, ar-
row), but expressed lower levels of ACTH
(Fig. 2E) and almost no MC2R (Fig. 2 H).
In contrast, the IHCs possessed low-
intensity immunolabeling for POMC, but
intense ACTH and MC2R labeling (Fig.
2E,H). In particular, MC2R immunore-
activity exhibited very intense and specific
expression in IHCs.

Elimination of CRFR1 elevates

auditory thresholds

Given the widespread expression pattern
of CRFRI (inferred by CRFR1-GFP im-
munolabeling) and its potential to regu-
late not only CRFR1-specific signaling but
also the activity of a cochlear HPA equiv-
alent signaling system, it is possible that
CRFR1 expression and activity is impor-
tant for inner ear function. Given its over-
all expression pattern and the known
function of the cells involved, we hypoth-
esized that one function of CRFR1 may be
to regulate cochlear sensitivity. To verify
this hypothesis, we evaluated peripheral
auditory function in CRFR1 ~/~ mice us-
ing two measures. ABR thresholds pro-
vide an assessment of acoustic sensitivity,
and wave 1 provides information specifi-
cally on the summed activity of the co-
chlear nerve in response to sound
stimulation (all ABR data described will
refer to wave 1 only). DPOAE isoresponse
measures (hereafter termed “DP thresh-
olds,” which here are related to a 0 dB re-
sponse amplitude) provide an assessment
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Figure 1. CRFRT expression overlaps and juxtaposes sites of CRF expression suggesting paracrine and juxtacrine signaling. 4,
Immunofluorescent detection of GFP driven by the CRFR1 promoter demonstrates expression in the inner sulcus (IS) and support
cells lateral to the organ of Corti (0C). Intense immunoreactivity is also observed in the organ of Corti (boxed), shown at higher
magpnification in C. B, Double label with CRF reveals regions of overlapping expression (inner sulcus and lateral support cells),
suggesting the possibility of paracrine/autocrine signaling. C, At higher magnification, intense CRFR1-GFP immunofluorescence is
observed in the Deiters’ cells and in the border cell (BC). D, Overlay with CRF reveals that these CRFR1-positive cells juxtapose cells
expressing CRF, including the IHCs and OHCs (arrows). TM, Tectorial membrane; SGN, spiral ganglion neurons; SpLim, spiral limbus;
0S, outer sulcus; SpLig, spiral ligament; RM, Reissner's membrane; ToC, tunnel of Corti. Scale bars: ¢, 60 wm; D, 10 wm.

Figure2. The cochlea expresses an HPA-equivalent signaling system. Immunofluorescent labeling of POMC, ACTH, and MC2R
reveals expression of classic HPA components in the cochlea. 4, D, G, POMCand ACTH are expressed in inner and outer sulcus cells
lining the cochlear duct (IS and 0S, respectively). M2 is expressed in these regions to a lesser extent (C). All components are
expressed in the spiral ganglion cells (SG). The organ of Corti region is boxed in A and is the region from which the higher
magpnification illustrations were produced. B, C, Higher magnification of the organ of Corti region reveals intense POMC labeling in
the Deiters’ cells (DCs) (B), and this expression overlaps with CRFR1-GFP label (C). E, F, ACTH shows lessimmunolabeling in Deiters’
cells compared with POMC, but an intense labeling of the IHC. H, I, Finally, in the organ of Corti region, MC2R shows an intense and
specific labeling for the IHCand a lack of Deiters’ cell labeling. Scale bars: 4 (for 4, D, G), 60 m; B (for B, C, E, F, H,1),10 um. HC,
Hensen'’s cell. CRFR1 designates CRFR1-GFP immunolabeling.
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Figure3.  Elimination of CRFR1 causes auditory impairment. A, ABR thresholds were measured in

wild-type and CRFRT ~/~ mice. Symbols mark the average threshold observed at each frequency
tested (5.66, 8, 16,22.65, 32, 45.25 kHz) = SEM. CRFRT /"~ mice exhibited a 20~30 dB increase in
ABR thresholds. B, The amplitude versus sound level relationship of the 22 kHz wave 1 obtained
during ABR analysis was plotted. The loss of sensitivity of CRFR7 /™ miice is reflected in the pro-
nounced zero amplitude up to 45 dB stimulus intensity. Once the CRFR7 ~/~ wave 1 response began
to grow, however, the slope of the amplitude growth was identical, although the peak current was
35%lessthan that ofthe CRFRT /™ mice (two-way ANOVA, £, ;) = 66.49,p < 0.0001).C, Sound
levels required to generate a 21—f2 DPOAE isoresponse to 0 dB was increased 5-10dBin (RFRT /"~
mice compared with wild-type mice. All error bars are SEM.

of cochlear mechanics, particularly the contribution of the elec-
tromotile outer hair cells that may comprise the cellular basis of
the cochlear amplifier (Liberman et al., 2002). ABR thresholds
were on average 18 dB higher across all tested frequencies in
CRFRI ™/~ mice compared with wild-type mice, indicating re-
duced cochlear sensitivity (Fig. 3A). Reduced sensitivity can oc-
cur due to changes in neural encoding, abnormal cochlear
amplification, and/or changes in the endolymphatic potential
(EP), the driving force for cochlear transduction. To begin dis-
secting the possible mechanisms underlying the elevated ABR
thresholds in CRFRI ~/~ mice, we examined the growth rate of
ABR responses to tone pips above threshold. Whereas the ABR
thresholds provide a measure of cochlear sensitivity, the suprath-
reshold responses provide a more complete analysis of the input—
output characteristics of the cochlea and more detailed information
regarding how the auditory nerve responds to increasing sound in-
tensities. This information can then be used to help distinguish be-
tween different mechanisms underlying cochlear dysfunction. An
examination of suprathreshold characteristics of auditory nerve ac-
tivity (Fig. 3B) revealed that the CRFR1 ~/~ suprathreshold response
grew with a statistically similar amplitude—sound level relationship
to the CRFRI™* suprathreshold response (comparing linear
regression-generated slopes on nonzero amplitudes, CRFRI1 ™"*
1/slope = 54.05, CRFRI '~ 1/slope = 48.25; F( ;5) = 0418, p =
0.520). However, the mean peak response of the CRFRI /"~ mice
was only ~65% of the wild-type amplitude, and was statistically
different between genotypes (two-way ANOVA, F, .,y = 66.49,
p < 0.0001). DP thresholds were also elevated in CRFR1 /" mice by
an average of 9 dB (Fig. 3C), which was statistically significant (two-
way ANOVA, F, ,,, = 41.91, p < 0.0001), suggesting that poten-
tially impaired OHC motility, the cellular basis for the cochlear
amplifier, may contribute to the ABR deficit.

Because the CRERI '~ mice exhibited changes in both DP
isoresponse thresholds and ABR thresholds, data were plotted to
more directly compare the audiometric (ABR) defects with the
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Figure 4.  Threshold—threshold plots reveal dynamics of DP and ABR threshold changes
induced by loss of CRFR1 expression. To better assess the origins of the ABR threshold shifts
observed in CRFRT /" mice, threshold—threshold differences (null threshold values sub-
tracted from wild-type values) were plotted. DP amplitude differences are similar for each
tested frequency, but ABR thresholds vary more widely, suggesting that a simple decline in EP
and any consequent associated change in cochlear amplifier function cannot explain the entire
ABR threshold shift observed. Thus, amixed neural and EP deficitis indicated as cause for altered
ABR thresholds in CRFRT "~ mice. Numbers next to symbols indicate frequency tested. WT,
Wild-type.

cochlear amplifier (DP) defects in an attempt to understand the
origins of the auditory changes induced by loss of CRFRI gene
expression. A differential threshold—threshold plot of the ABR
and DP shifts induced by CRFRI gene ablation (relative to wild-
type results) was generated to more easily assess whether the ABR
threshold elevation coincided with a similar DP threshold change
(Fig. 4). If ABR thresholds varied constantly with DP thresholds,
one would interpret the ABR threshold shift as the consequence of
abnormal cochlear amplification. The threshold—threshold plot re-
vealed that the DP difference was relatively constant (average 9 dB
shift range, 5.5-11.7), while the ABR thresholds were twice as high
(average 18 dB shift) with a slightly greater range (13.8-21.9). Com-
paring these data to those of Mills (2006) suggests that the defects
observed may have mixed (neural and EP) origins.

Elimination of CRFR1 disrupts processes important for
presynaptic signaling

One possible explanation for the greater shift in ABR threshold
compared with DP threshold is that an afferent (neural) dysfunc-
tion contributes to the hearing deficit in CRFRI /" mice. As
described above, CRFR1 expression does not appear in either the
THC or in the spiral ganglion cells where it could directly modu-
late afferent transduction. However, CRFRI1 is expressed in the
border cell adjacent to the IHC. This cell is thought to participate
in the glutamate—glutamine cycle at the afferent synapse (Ot-
tersen et al., 1998). During this cycle, the border cell clears gluta-
mate from the synaptic cleft, breaks it down to glutamine, and
shuttles the glutamine back to the IHC to be resynthesized to
glutamate, thereby replenishing the neurotransmitter supply
while avoiding potential excitotoxicity. Two key molecules in this
process are GLAST, the excitatory amino acid transporter EAAT1
that clears glutamate from the synaptic cleft and transports it into
the border cell, and GS, the enzyme that converts glutamate to
glutamine. Both of these molecules have been previously demon-
strated in cells of the organ of Corti (Eybalin et al., 1996; Furness
and Lehre, 1997). To determine whether elimination of CRFR1
disrupts glutamate—glutamine cycling between the border cell
and THC, expression levels of both proteins were examined via
Western blot. No changes were observed in GLAST expression
levels between wild-type and CRFRI ~/~ mice (Fig. 5A,C) (p =
0.3248). However, CRFR1 ~/~ mice exhibited a baseline 50% reduc-
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tion in GS levels compared with wild-type
mice (Fig. 5B,C) (p = 0.0215). GS expres-
sion is known to be a glucocorticoid-induc-
ible protein, and the GS promoter contains
a glucocorticoid response element (Vardi-
mon et al., 1999). Given the role of CRFR1
in inducing glucocorticoid activity via clas-
sic systemic HPA signaling, and possibly by
the local HPA equivalent signaling system
described above, we investigated whether
the decreased GS levels in CRFRI ~/~ mice
resulted from a systemic glucocorticoid de-
ficiency reported in these mice (Smith et al.,
1998) by providing an exogenous supply of
glucocorticoid. CRFRI ~/~ or CRERI*/*
mice were divided into three groups: mice
receiving no treatment, mice administered
corticosterone (0.25 mg/ml; 10 mg/ml stock
solution was prepared in 100% ethanol), or
mice receiving vehicle alone (1 ml of 100%
ethanol in 400 ml of water) in their drinking
water beginning either at P12 (i.e., before
weaning) or in utero throughout gestation.
Regardless of when treatment began, the re-
duction in GS levels persisted in CRFR1 ~/~
mice that were untreated or treated with ve-
hicle alone (Fig. 5B,C) (p = 0.0289), but
was abolished by corticosterone treatment
(Fig. 5B,C) (p = 0.616).

Corticosterone treatment fails to rescue
auditory impairment in CRFR1 ~/~
mice
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Figure5.  GLAST expression is normal in CRFRT ~/~ mice, while glutamine synthetase levels are reduced in CRFR7 /™ mice
and rescued by corticosterone treatment. A, Western blot analysis of whole cochlear lysates revealed normal levels of GLAST
expression in CRFRT ~/~ miice. B, Decreased expression of glutamine synthetase was observed in CRFRT ~/~ compared with
wild-type mice (no treatment) or vehicle treatment (0.25% ethanol in double distilled H,0). Glucocorticoid replacement therapy
via administration of 0.25 mg/ml corticosterone (dissolved in 0.25% ethanol) in the drinking water beginning either at P12 or in
embryonic development rescued the glutamine synthetase deficiency in CRFRT ~/~ mice. €, To quantify the expression levels and
effects of treatment, Western blot band densities were measured and normalized to lane loading controls. With no treatment,
CRFRT /™ mice expressed ~50% of the glutamine synthetase levels of CRFRT ™/ mice (*p = 0.0215), and vehicle control was
similar to no treatment with respect to decreased glutamine synthetase expression (*p = 0.0289). However, corticosterone
replacement therapy rescued the glutamine synthetase expression defect of CRFRT ~/~ mice, bringing the levelsup to CRFRT */*
values (p = 0.616). Despite a trend toward increased GLAST expression, baseline (no treatment) GLAST expression was not

CRFRI /" mice are deficient in systemic
glucocorticoids due to abnormal develop-
ment of the adrenal cortex (Smith et al., 1998). Moreover, our
data suggest that a local HPA signaling system potentially con-
trolled by CRFRI could be disrupted in the cochlea following
global constitutive ablation of the CRFRI gene. Given that re-
duced GS levels in CRFR1 /™ mice can be rescued by adminis-
tration of exogenous corticosterone (Smith et al., 1998), we
assessed whether corticosterone administration to CRFRI '~
mice could also rescue their impaired auditory function, and
thereby argue for a classic HPA signaling defect as the cause of
auditory impairment. Corticosterone was included in the drink-
ing water of pregnant mice (wild-type breeder pairs to give rise to
wild-type pups, and knock-out breeder pairs to produce
CRFRI /" pups) from E12 onward. The effect of corticosterone
replacement on ABR thresholds was then examined in these two
populations. Although exogenous corticosterone supplement
rescues GS expression levels in CRFRI ~/~ mice, elevation in ABR
thresholds persisted in CRFRI ~/~ mice treated with corticoste-
rone (Fig. 6A). The ABR threshold difference observed between
wild-type and CRFRI '~ mice was reduced from an average of
18 dB to an average of 10—15 dB following corticosterone admin-
istration. Interestingly, the apparent reduction in ABR threshold
differences following glucocorticoid treatment resulted more
from an elevation in wild-type thresholds, rather than a normal-
ization of CRFR1 /™ thresholds. Examination of suprathreshold
responses following glucocorticoid administration (Fig. 6 B) re-
vealed an increase in maximal ABR amplitude in CRFRI ~/~ mice
(compare Figs. 3B, 6B) to a response equal to that of wild-type
mice without treatment. Consistent with the observed CRFR1 */*

significantly different between CRFR7 ~/~ and CRFR7 */* mice ( p = 0.3248). All error bars are SEM.

ABR threshold elevation following corticosterone administration,
suprathreshold amplitudes from wild-type mice treated with corti-
costerone were slightly reduced. Further analysis will be required to
determine the mechanism underlying the effect of corticosterone
treatment on wild-type auditory thresholds.

Elimination of CRFR1 results in afferent and efferent
innervations defects

Apposition of IHC presynaptic and postsynaptic elements

CRFRI /" mice exhibited significantly elevated ABR thresholds
even after exogenous treatment with corticosterone, and when
raised under quiet conditions. This suggests that elimination of
CRFRI gene expression causes a perturbation of auditory processing
that does not result from systemic glucocorticoid deficiency or noise
exposure. We hypothesized that developmentally related structural
defects, especially at the afferent synapse, contribute to the hearing
loss of CRFRI ~/~ mice. CRFRI ~/~ mice possessed normal num-
bers of spiral ganglion neurons (see supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). IHC afferent presyn-
aptic and postsynaptic structure can be visualized with antibodies
to CTBP2 (which caries sequence identical to the C-terminal
B-domain of the ribbon-specific protein RIBEYE) to label pre-
synaptic ribbons (Khimich et al., 2005; Schmitz, 2009) and with
antibodies to GluR4 to label postsynaptic glutamate receptors
(Matsubara et al., 1996). Juxtaposition of presynaptic and
postsynaptic structures appeared normal in CRFRI '~ mice
(Fig. 7A), and there was no difference in synaptic ribbon number
between CRFRI /" and wild-type mice (two-tailed Mann—
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Figure6. Corticosterone treatment does not rescue auditory function deficits in CRFRT ~/~

mice. Timed pregnant CRFRT /" and wild-type mice (n = 6 per group) were administered
corticosterone (0.25 mg/ml) in their drinking water begining at E12. Auditory function of the
pups was analyzed at 8 weeks of age (with continuous corticosterone treatment after weaning).
A, ABR thresholds remained elevated in CRFRT ~/~ mice (red line) compared with wild-type
mice (blue line) by an average of 1015 dB. Interestingly, the decrease in threshold difference
compared with wild types is reflected not in a rescue of the CRFRT ~/~ ABR thresholds (com-
pare with Fig. 3), butrather an elevation in the wild-type ABR thresholds. B, ABR suprathreshold
responses following glucocorticoid administration from the same animals in A reveal that max-
imal amplitude response of CRFR7 /™ miice is increased to normal levels, while that of wild
types decreased to levels similar to that of nontreated CRFR7 /™ miice (compare with Fig. 38).
All error bars are SEM.

Whitney U test, p = 0.482; data not shown). GluR4 and CTBP2
immunolabeling of the IHCs revealed a tighter packing of the
presynaptic and postsynaptic elements in CRFR1 ~/~ mice com-
pared with wild-type mice (Fig. 7A). Three-dimensional recon-
struction of the IHC base (nuclear level and below) revealed both
an increase in the size of GluR4 immunoreactive regions, and
approximately a 60% increase in the occurrence of at least two
ribbons apposed to the same GluR4-labeled profile in the
CRFRI /" mice (Fig. 7A,B). Western blot analysis of GluR4
expression (Fig. 7C) revealed a significant increase in cochlear
expression (two-tailed Mann—Whitney U test, p = 0.0074). Mea-
surement of the GluR4 puncta area in the x—y-plane (flattened
z-plane) (Fig. 7A, orientation illustrated) revealed a bimodal dis-
tribution of areas in both wild-type and CRFRI ~/~ mice (Fig.
7D).Itislikely that the right-hand modal distribution is related to
the larger GluR4 conglomerates observed. While the distribution
of GluR4 puncta area of CRFRI '~ mice mirrored that of the
wild-type mice, small puncta were less often observed in
CRFRI /" mice, while puncta >0.6 um? were more often ob-
served in the CRFRI ~/~ mice than in the wild types. Thus, the
mean size of GluR4 puncta was significantly larger in CRFRI ~/~
mice compared with wild-type (mean, 0.97 * 0.07 um?® in
CRFRI ™'~ mice; 0.72 = 0.05 um? in CRFRI ™" mice; p =
0.0007, Mann—Whitney U test). Furthermore, 3D reconstruction
of the confocal z-stacks of the IHC afferent synaptic region re-
vealed a paucity of the synaptic ribbons present on the pillar side
of the ITHC of CRFR1 /" mice (Fig. 7E), a region known to con-
tain fibers primarily associated with high-spontaneous rate, low-
threshold responses in other species (Liberman, 1982; Kawase
and Liberman, 1992). This is especially interesting given the ABR
threshold elevation observed in the CRER1 ~/~ mice noted above.

Afferent fiber innervation to IHCs

The atypical distribution of synaptic ribbons and GluR puncta
observed with 3D reconstruction of the CRFRI '~ THC region
suggests that targeting of the type 1 afferent fibers to IHCs may
also be abnormal. Antibodies to the ATPase a3 subunit are par-
ticularly useful for visualizing the entire extent, including the
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most distal endings, of afferent fibers (McLean et al., 2009). Thus,
to investigate afferent fiber innervation in CRFR1 ~/~ mice, immu-
nofluorescent labeling of the NKA was performed on whole-mount
preparations of the cochlear middle turn. IHCs were visualized using
myosin VI immunolabeling. As observed with the ribbon-labeling
experiments, CRER1 ~/~ mice exhibited reduced THC modiolar-to-
pillar width (Fig. 8A,C) despite controlling for observation from
similar locations along the cochlea. Confocal x—y (flattened z-stack)
images of double-immunolabeled cochleae revealed fewer fibers ex-
tending toward the pillar side of the IHCs in CRERI ~/~ mice, sug-
gesting stunted outgrowth (Fig. 8A,B). The abnormal pillar-side
innervation of CRERI ~/~ mouse IHCs was more readily revealed by
examining the NKA channel alone. Terminal endings of pillar-side
fibers in wild-type mice were decorated with abundant NKA puncta
(Fig. 8B, large arrows; Fig. 8 H, dashed circle). NKA puncta were
absent from the pillar side of IHCs in CRFRI ~/~ mice (Fig. 8D,
region above dashed line and arrows; Fig. 8 I, dashed circle), suggest-
ing lack of afferent fiber endings in this area. Supplemental Figure 2
(available at www.jneurosci.org as supplemental material) further
demonstrates the lack of pillar-side innervation. Higher magnifica-
tion images revealed that fibers followed a direct course toward the
IHC in wild-type mice but consistently showed an abnormal clus-
tering of afferent fiber endings before innervation of the IHC region
in CRFR1 '~ mice (Fig. 8 E, F, boxed region). This abnormal cluster
of terminal swellings appears on the modiolar side of the IHC, pre-
sumably in the area of Rosenthal’s canal, the constricted region
through which all afferent fibers must pass to reach the organ of
Corti. The y—z-axis projections from CRFRI /" mice revealed a
similar cluster of fibers on the modiolar side of the IHC, most likely
corresponding to those observed in the x—y projections (Fig. 7G,
boxed region). Furthermore, correlated with the ribbon/GluR label-
ing described above, y—z projections of NKA-labeled fibers revealed
diminished innervation on the pillar surface of the IHC in
CRFRI ™~ mice compared with wild-type mice (Fig. 8 H,I, dashed
circle regions).

Efferent fiber innervation to OHCs

Hair cells are not only presynaptic to afferent fibers, but also are
targets of descending neural innervation originating from neu-
rons residing in nuclei of the superior olivary complex of the
lower brainstem. One portion of the olivocochlear system di-
rectly innervates the OHC soma. The fibers project to the OHC
region via stereotypic tunnel-crossing fibers that are generally
displaced high within the tunnel of Corti and maintain a straight
trajectory to the OHC region. As demonstrated in Figure 9A,
following immunofluorescence labeling for TuJ1 in CRFR1 */*
adult mice, the tunnel-crossing fibers are observed to bend just
before generating their synaptic endings (Fig. 9A, small arrows).
The fibers as well as the terminal endings are arranged in an
orderly manner throughout the OHC region. In adult CRFR1 '~
mice, however, the olivocochlear fibers meandered extensively
among the OHC:s (Fig. 9B, arrows) and were often times observed
projecting out of the hair cell region to invade lateral support cell
areas (Fig. 9B, arrowhead). Immunolabeling for synaptophysin
revealed the efferent boutons under the OHCs (Fig. 9C,D). As
described for wild-type mice previously (Vetter et al., 1999,
2007), OHCs were contacted by two to three efferent boutons in
CRFRI1 ™% mice (Fig. 9C, arrows). However, in CRFRI ~/~ mice,
OHCs were hyperinnervated by efferent boutons, often times
being contacted by three to five terminals (Fig. 9D, arrows). Ad-
ditionally, unusual aggregates of bouton clusters were observed
(Fig. 9D, dashed circles) despite the OHCs being normally dis-
tributed (data not shown) within the region. The number of ef-
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ferent synaptic terminals innervating each
row of OHCs was counted along the main
cochlear turn (mid-frequency regions) in
CRFRI1™* and CRFRI ~/~ mice (117 hair
cells examined in CRER1 */* and 121 hair
cells examined in CRFRI ~/~ mice) and
plotted as the percentage of total
observations (Fig. 9E). The results con-
firmed that CRFRI ~/~ OHCs are con-
tacted by more efferent terminals than are
the OHCs of CRERI */* mice (two-tailed
Student’s t test, p = 0.0063). These anom-
alies were present throughout the cochlea
and were not more often seen in any one
region. Thus, just as described for afferent
innervation, significant defects to efferent
innervation were observed following the
loss of CRFR1 expression.

Discussion

Cochlear HPA-equivalent signaling
Studies of human skin have revealed ex-
pression of alocal HPA-equivalent signal-
ing system, which, when activated by
cellular stress, leads to local synthesis and
release of cortisol independent of systemic
HPA signaling and adrenal activity (Ito et
al., 2005). While our GS data reported
here and data in previously published re-
ports (Tahera et al., 2007) indicate that
systemic corticosterone can impact co-
chlear processing, our data suggest that
the cochlear HPA-equivalent system may
act independent of, or perhaps at times in
concert with, the classic HPA axis. An un-
resolved question is whether the cochlear
HPA equivalent system is capable of glu-
cocorticoid synthesis and release. Aldo-
sterone synthase, involved in synthesizing
mineralocorticoids, was detected in the
cochlea, but 11-B-hydroxylase, an en-
zyme responsible for corticosterone pro-
duction was not (Lecain et al., 2003).
However, aldosterone synthase converts de-
oxycorticosterone to aldosterone in a two-
step reaction involving intermediate
production of corticosterone, thus suggest-
ing at least low levels of expression in the
cochlea. Additionally, glucocorticoid syn-
thesis as an end product may not be the sole
function of cochlear HPA-equivalent sig-
naling via MC2R activation. MC2R-based
signaling along the classic HPA axis also has
glucocorticoid-independent effects and is
known to modulate Ca*"- and voltage-
sensitive K+ (BK) channels (Brunton et al.,
2007). This is particularly intriguing given
the abundant expression of MC2R in IHCs
and the role of BK in shaping the activity of

the THC, and thus the afferent response to sound (Fettiplace and

Fuchs, 1999; Oliver et al., 2006).

Our results show coexpression of CRFR1, POMC, and ACTH
in cells of the cochlea. However, discontinuities in the expected
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Figure7.  CRFRT /" mice possess normal numbers of afferent synapses but abnormal synapse distribution. 4, Presynaptic ribbons
and postsynaptic terminals were localized on the inner hair cell by double immunolabeling for CTBP2 (green), amaker for synaptic ribbons
in hair cells, and GluR4 (red). While a coincident overlay of ribbons and GluR immunopositive puncta was presentin both CRFRT +/* and
CRFRT /" mice, GluR4 puncta appeared larger in CRFR7 "~ mice. Additionally, GluR4 puncta were more often apposed to two CTBP2
(synapticribbon) punctainthe CRFR7 ~~ mice (arrows) compared with CRFRT "+ mice. The distance between the nucleus and the edge
of the synaptic zone (d) was shorter in CRFRT /™ mice compared with wild-type mice, generating a tighter clustering of GluR4/CTBP2
ensembles compared with wild-type mice. Scale bar, 5 um. B, Three-dimensional reconstruction of the basal region of IHCs following
doublelabeling for GluR4 (red) and CTBP2 (green). Large aggregations of GluR4 puncta (arrows) were presentin CRFR7 ~/~ mice thatwere
only occasionally observed in wild-type mice. Space-filling reconstructions allowed better visualization of doubled ribbon structures (ar-
rowheads) in CRFRT ™ mice. These were often discerned from simple large ribbons by contours representing the upper and lower limits
of the individual ribbons in the aggregate. By contrast, very few double ribbons were observed in wild-type mice (e.g., 4, arrow). Few
GluR4/CTBP2 profiles were observed on the pillar side of the IHC nuclei in CRFRT "~ mice. €, Wester blot of cochlear samples revealed a
significant increase in GuR4 expression in CRFRT ~/~ mice compared with CRFRT ™/ mice (**p = 0.0074, error bars are SEM). D,
Measurement of GluR4 puncta in the x—y-plane revealed a bimodal distribution of GluR4 puncta size in both CRFRT ™+ (blue) and
CRFRT "~ (red) mice. CRFRT ™ mice possessed more puncta 0.6 .um 2 and larger (upward shift of curve) and a statistically significant
increase in mean puncta size (p = 0.0007). E, Three-dimensional analysis revealed an abnormal synaptic ribbon distribution in the
CRFRT /" mice (right), with more ribbons clustered toward the modiolar side of the hair cell in CRFRT " miceand fewer falling on the
pillar side compared with wild type (right). WT, Wild-type; KO, knock-out.

expression pattern (based on expression patterns along the classic
HPA axis) occur as well, which may result from several factors.
High levels of ACTH and MC2R with little to no POMC, such as
occurs in IHCs, may indicate high rates of POMC cleavage by
prohormone convertase 1 and 2, which are responsible for
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POMC proteolytic processing (Lugo and Pintar, 1996; Stevens
and White, 2010). Additionally, POMC can be secreted (Stevens
and White, 2010) and cleaved extracellularly (Kénig et al., 2006).
The presence of POMC, ACTH, and MC2R in the spiral ganglion
neurons in the absence of CRFR1 expression is intriguing. Our
previous work (Graham et al., 2010) demonstrated CRFR2 in
spiral ganglion neurons. While CRFR1 activation is well known
to modulate POMC expression, it has recently been shown that
CRFR2 can also stimulate POMC gene expression (Chen et al.,
2010). Urocortin, a CRF-related peptide, activates CRFR2 and is
expressed in lateral olivocochlear terminals (Vetter et al., 2002),
which contact the typel afferent fibers. Therefore, urocortin re-
leased from lateral olivocochlear terminals could stimulate
CRFR2 on the postsynaptic afferent fibers to induce POMC ex-
pression and ACTH production. The expression of the ACTH
receptor MC2R by IHCs may represent a mechanism by which
lateral olivocochlear system input to spiral ganglion cells retro-
gradely influences IHC function.

Loss of CRFR1 activity induces mixed source

cochlear dysfunction

Our data revealed dysfunctional cochlear activity that included a
large ABR threshold elevation coupled with a modest but statis-
tically significant DP threshold change, which combined argues

Elimination of CRFR1 causes abnormal afferent fiber innervation. Afferent fibers and their most distal endings were
visualized using antibodies directed against NKA (green). IHCs were immunolabeled using antibodies against myosin VI (red).
A-D, Whole-mount sections of cochlear middle turns were imaged in CRFRT ™ (4, B) and CRFR1 "~ (C, D) mice. 4, C,
Significant differences in hair cell width [modiolar (m) to pillar (p) along the y-axis] are evident. B, D, Afferent fiber endings were
found on all sides of the IHCs in CRFRT */* mice and were decorated with immunoreactive puncta that outlined the termination
of the fibers (arrows). These fibers appeared stunted in CRFR7 /™ mice, with few endings reaching toward the pillar side of the
inner hair cell (above dashed line, arrows), and none exhibiting the immunoreactive puncta observed in B. E-G, An abnormal
dluster of fibers was found on the modiolar side of the IHCs of CRER7 ~/~ mice (F, dashed box) that is not present in CRFRT ™+
mice (E). YZ projections highlight this abnormal clustering in CRFRT ~/~ mice (G, boxed region). H, I, YZ projections also revealed
reduced innervation on the pillar surface of the IHCin CRFRT " mice(l) compared with CRFRT /* mice (H) (dashed ovals).
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for a multifaceted origin. While elevated
DP thresholds indicate suboptimal co-
chlear amplifier function, the small
change (9 dB average) may only partially
explain the larger ABR threshold shift.
Models suggest that mild-to-moderate
ABR deficits (e.g., those exhibited by the
CRFRI /" mice) that are purely the result
of cochlear amplifier disruption (and
therefore involve only OHCs) produce a
1:1 change in ABR thresholds (Mills,
1997). This does not fit our data (Fig. 4).
However, if the EP, the driving force over
hair cell transduction, were involved in al-
tered cochlear sensitivity, one would ex-
pect elevation of both DP and ABR
thresholds. With a decline in EP, the ABR
threshold elevation should be larger than
that of the DP as a result of the additive
effects of lower EPs (lesser transduction
driving forces on all hair cells) plus less
robust cochlear amplifier function. In
general, this fits our data. However, a
number of observations indicate the po-
tential for a mixed neural and EP defect in
the CRFR1 /™ mice, rather than solely an
EP source. First, the average ABR thresh-
old shift was approximately twice that of
the DP threshold shift, more than the 1
dB/mV shift expected (at high frequencies
at least) from a purely EP-derived dys-
function (Sewell, 1984b; Schmiedt et al.,
2002). Second, with a pure EP defect, a
strong correlation between EP decline and
ABR shifts at high frequencies that tails off
at lower frequencies is expected. Data
from furosemide-treated gerbils (decreas-
ing EPs) demonstrate a constant low-
frequency shift in threshold coupled with
an increasingly severe loss at high frequencies following decline in
EP (Schmiedt et al., 2002). Our data indicate no such constant
change in ABR thresholds over the frequencies tested (Fig. 4).
Third, while our suprathreshold ABR data indicate a lower max-
imal ABR amplitude, as has been shown to occur following furo-
semide application (Schmiedt et al., 2002), the growth rate of the
neural response is normal once threshold is attained. Normally, a
decline in EP induces a significant change in the growth rate (i.e.,
slope) of the neural response (Schmiedt et al., 2002). Last, our
inability to localize CRFR1-GFP expression within the strial com-
partment or in the spiral ligament (Fig. 1) suggests that strial
dysfunction, as a direct result of loss of CRFR1 signaling, likely
cannot explain the functional changes observed. But, CRFRI ex-
pression within other support cells, many of which have been
suggested to be involved in potassium recycling, suggests further
evaluation of this issue is warranted. In sum, our data point to a
mixed EP/neural defect as a mechanism underlying the func-
tional defects observed.

CRFR1-/-

CRFR1-/-

Lack of CRFR1 alters hair cell innervation

Experiments in the cerebellum and hippocampus have shown that
CRFRI1 regulates dendritic length, branching, and spine density in-
dependent of systemic glucocorticoids (Chen et al., 2004, 2008;
Swinny et al., 2004). Loss of CRFR1 results in exuberant dendritic
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outgrowth of hippocampal neurons (Chen
etal.,, 2004). Our results illustrate a develop-
mental, glucocorticoid-independent role
for CRFR1 in shaping the structure of affer-
ent and efferent innervation in the cochlea.
Major afferent defects were observed in
CRFRI1 ™"~ mice that persisted in pups born
to heterozygous females, which produce
normal levels of corticosterone (Smith et al.,
1998). First, afferent synapses on IHCs were
skewed toward the modiolar side of the cell
in CRFR1 /" mice. The position of an affer-
ent terminal along the modiolar versus
pillar side of the ITHC has been shown to un-
derlie differences in fiber activity in all spe-
cies investigated. While the definitive
experiments have only been performed in
the cat (Liberman, 1982; Kawase and Liber-
man, 1992), evidence also exists in the
mouse (Francis et al., 2004; Taberner and
Liberman, 2005) and guinea pig (Hashi-
moto et al.,, 1990) that low-spontaneous
rate, high-threshold fibers tend to synapse
on the modiolar side of the IHC, and high-
spontaneous rate, low-threshold fibers syn-

apse on the pillar side (Liberman, 1982; Figure9.
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CRFR1+/+

0 1 2 3 4 5 6 7

terminals per OHC

Elimination of CRFR1 causes abnormal efferent fiber innervation to OHCs. A, B, Efferent fibers were visualized with an

Kawase and Liberman, 1992). Therefore,
the paucity of pillar-side fibers in the distri-
bution of afferent synapses in CRFR1 /"~
mice may indicate a plastic change in affer-
ent fiber population toward low-spontane-
ous rate, high-threshold synapses in these
mice, and could partially explain their ele-
vated ABR thresholds. Interestingly, the size
and complexity of synaptic ribbons are
known to increase with decreasing sponta-
neous rate such that larger ribbons and even
ribbon doublets are found at low-spontane-

antibody directed against TuJ1. Olivocochlear fibers were observed crossing the tunnel of Corti to invade the OHC region. These
fibers were generally straight, and hooked toward the hair cell (large arrow) just before making synaptic contact (small arrows in
OHC region) in CRFRT */* mice. The TuJ1 antibody also revealed numerous fine filamentous processes (small arrows) along the
region containing the IHCs. In CRFRT ~/~ mice (B), efferent fibers took an initially straight trajectory across the tunnel of Corti, but
then meandered among OHCs (large arrows). Additionally, numerous fibers were found to take ectopic trajectories among the
lateral support cell region (arrowhead). TuJ1immunolabeling did not reveal fine filamentous processes among IHCs, mirroring the
data obtained with NKA antibody, suggesting a paucity of synaptic contacts between IHCs and spiral ganglion cell processes. C, D,
Efferent boutons were labeled using synaptophysin antibody. As described previously, wild-type CRFR1 mice exhibited an average
of 23 efferent terminals per OHC (arrows). However, the CRFRT /™ mice exhibited a hyper-innervation to many (but not all)
OHCs (arrows). This often took the form of 4 -5 terminals per OHC. Additionally, unusual clusters of terminal rosettes were observed
(dashed circles) that did not remain in register with the normal OHC soma arrangement (compare with A). E, A plot of the percentage of
observations of the number of terminals found under each OHC of each row reveals the shift toward hyperinnervation of the OHCs in
CRFRT ™/~ mice, especially in row 1 (closest to the tunnel of Corti; , D, bottom). WT, Wild-type; KO, knock-out. Scale bars, 10 um.

ous rate, high-threshold synapses (Mer-

chan-Perez and Liberman, 1996). A greater frequency of double
ribbons apposed to single postsynaptic GluR clusters was observed
in CRFRI ~/~ mice compared with wild-type mice, further suggest-
ing a skewing toward low-spontaneous rate, high-threshold syn-
apses. Interestingly, lower EPs significantly suppress spontaneous
activity rates in hair cells (Sewell, 1984a). Whether constitutively
lower EPs induce afferent fiber plasticity during development is in-
triguing but not directly addressed by our data. In addition to
changes in presynaptic structure, we observed increases in the size of
GluR4 clusters that are consistent with the higher expression of
GluR4 in CRFRI /" mice observed through Western blot analysis
of cochlear lysates. The absence of CRFR1 expression in spiral gan-
glion cells suggests that it does not exert a direct effect on GluR4
expression and trafficking. Finally, abnormal clustering of ribbons,
likely the result of decreased modiolar-pillar axis width of the IHCs
observed in the CRFRI ~/~ mice, may lead to a disruption of afferent
activity. Each ribbon responds to local calcium influx mediated by
neighboring calcium channels (Meyer etal., 2009). Abnormal spatial
distribution of synaptic ribbons may disrupt the normally tight cou-
pling between local calcium influx and release of transmitter from
individual ribbons, resulting in decreased ABR thresholds. These
findings suggest a trophic role for CRFR1, underscoring its impor-
tance in cochlear development. Interestingly, previous work (Zbytek

etal.,, 2005) described a role for CRF signaling in keratinocyte differ-
entiation, inducing the cells to become larger.

In summary, the work presented here demonstrates for the first
time the existence of a complete HPA-equivalent signaling system
wholly resident within the cochlea that may embody a local cochlear
stress response system capable of functioning independent of the
classic HPA-based stress axis and systemically derived glucocorti-
coids. The data indicate that ablation of CRFR1 results in elevation of
auditory thresholds. Interestingly, ablation of CRFR2 results in
cochlear hypersensitivity (Graham et al., 2010). These combined
results suggest that cochlear CRF (and more generally cochlear
HPA-equivalent) signaling has a major role in setting cochlear sen-
sitivity and maintaining cochlear homeostasis. Our data further
highlight an important developmental role for CRFR1 signaling in
afferent synapse distribution. The defects observed following loss of
CRFR1 expression highlights its pleiotropic roles in the cochlea.
Given that genetic variants of CRFR1 exert strong pharmaco-
genetic effects that influence therapeutic outcomes [e.g., the
response of asthmatic (Tantisira et al., 2004) and COPD (Kim
et al., 2009) patients to corticosteroid therapy], future evalu-
ation of CRFR1 activity in auditory processing and the poten-
tial for CRFRI1 splice variants (Zmijewski and Slominski, 2009,
2010) and/or SNPs (Barr et al., 2009) to alter auditory func-
tion and response to therapy are indicated.
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