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ABSTRACT To elucidate the role of thyroid hormone
receptors (TRs) al and  in the development of hearing,
cochlear functions have been investigated in mice lacking
TRal or TRB. TRs are ligand-dependent transcription factors
expressed in the developing organ of Corti, and loss of TR is
known to impair hearing in mice and in humans. Here,
TRal-deficient (TRa1~/~) mice are shown to display a normal
auditory-evoked brainstem response, indicating that only
TR, and not TR«1, is essential for hearing. Because cochlear
morphology was normal in TRB~/~ mice, we postulated that
TR regulates functional rather than morphological develop-
ment of the cochlea. At the onset of hearing, inner hair cells
(IHCs) in wild-type mice express a fast-activating potassium
conductance, Ik, that transforms the immature IHC from a
regenerative, spiking pacemaker to a high-frequency signal
transmitter. Expression of Iy was significantly retarded in
TRB~/~ mice, whereas the development of the endocochlear
potential and other cochlear functions, including mechano-
electrical transduction in hair cells, progressed normally.
TRal~/~ mice expressed Ik r normally, in accord with their
normal auditory-evoked brainstem response. These results
establish that the physiological differentiation of IHCs de-
pends on a TRB-mediated pathway. When defective, this may
contribute to deafness in congenital thyroid diseases.

Thyroid hormone (triiodothyronine, T3) and its receptors are
essential for the development of hearing. Congenital thyroid
disorders impair hearing, and profound deafness is common
when there is a prevalence of iodine deficiency (1-3). Also,
hypothyroidism in mice and rats causes deformities in the
organ of Corti and has indicated a critical window of devel-
opment preceding the onset of hearing during which the
hormone is required (4—6). Beyond these observations, how-
ever, little is understood of the mechanisms underlying T3
action in the auditory system.

T3 receptors (TRs) are ligand-dependent transcription fac-
tors encoded by the related TRa and TR genes (7, 8). The
TRa gene encodes a T3-responsive receptor, TRal, and a
C-terminal splice variant, TRa2, of unknown function that
does not bind T3 (9, 10). The TRB gene encodes two N-
terminal variants, TRB1 and TRB2, both of which function as
T3 receptors (11, 12). Both TRal and TR are expressed
during embryonic and postnatal development of the cochlea,
indicating that the cochlea is a direct site of T3 action (13, 14).
Deletion of TR by gene targeting in mice severely impairs the
auditory-evoked brainstem response (ABR) (15), demonstrat-
ing that TRB is essential for auditory development. Also,
human resistance to thyroid hormone is associated with TR
mutations and a proportion of cases of resistance to thyroid
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hormone exhibit deafness or mild hearing impairment (16, 17).
However, the role of TRal in hearing remains unknown.

To determine the relative functions of TRa1 and TRB in the
auditory system, we have investigated ABR and cochlear
physiology in mice lacking either TRal (18) or TRB (19).
Because TRB-deficient (TRB™/~) mice do not display histo-
logical defects in the cochlea (15), we have further tested the
hypothesis that TRB regulates functional, rather than mor-
phological development of the cochlea. These studies have
revealed a defect in a potassium current, Ik 5, in inner hair cells
(IHCGs). Ik ¢ has only recently been identified, and it normally
appears immediately before the onset of hearing, preventing
spiking behavior by the immature IHC and conferring a
capability for high-frequency auditory signal transmission
(20). Thus, these findings define a requirement for TR in
cochlear development at the level of the physiological differ-
entiation of IHCs.

MATERIALS AND METHODS

Mouse Strains. Derivation of TRB- and TRal-deficient
mice by using gene targeting has been described (15, 18).
TRal™/~ mice specifically lack TRal1 but still express TRa2.
TRB™/~ mice lack both TRB1 and TRB2 variants. The TRB
mutation was generated in W9.5 embryonic stem cells derived
from a substrain of 129/Sv- + P + T¥yMgfSIJ /+ mice (strain
JR0090, The Jackson Laboratory), which however, were wild
type for the steel locus. The TRa1 mutation was generated in
the E14 line of embryonic stem cells from the 129/OlaHsd
mouse strain. Mutations were studied on mixed genetic back-
grounds of 129/Sv X C57BL/6J (TRB /") and 129/0OlaHsd X
BALB/c (TRal™/7) mouse strains. Animal experiments fol-
lowed approved institutional protocols at University of Tu-
bingen, Mount Sinai School of Medicine, and University of
Cincinnati.

ABR. ABR was assessed as described (15, 21) on mice that
had been anesthetized with Avertin (3.5 mg/10 g of body
weight) in response to a click stimulus (band of 1-16 kHz) and
pure-tone pips (8, 16, and 32 kHz). Thresholds were evoked by
using 128-512 stimuli presented at a rate of 20/s. Mice were
studied as young adults at 2-3 months of age to preclude
complications from age-dependent hearing loss in C57BL/6J,
BALB/c, and 129 strains (21). It was noted that some mice
from occasional litters of both TRal™* and TRal™/~ geno-
types had elevated ABR thresholds, indicating that other genes
in this strain background caused hearing loss. It is likely that
substrain 129-derived genes account for this variability, be-
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cause BALB/c mice do not show hearing loss until 1 year of
age, whereas 129 substrains have at least one gene for earlier
onset hearing loss (L.C.E., unpublished data).

Whole-Cell Recording. Cochlear hair cells of TR/,
TRal~/~, and wild-type mice were studied either in Cell-Tak-
mounted, organotypic cochlear cultures at postnatal-day (P)
ages P1-P5 (ref. 22) or following acute dissection of the organ
of Corti (P6-P60) from identified regions of the cochlea as
described (20). Extracellular solution was composed of 144
mM NaCl, 0.7 mM NaH,PO,, 5.8 mM KCl, 1.3 mM CacCl,, 0.9
mM MgCl,, 5.6 mM D-glucose, and 10 mM Hepes-NaOH (pH
7.3) at room temperature. Vitamins and amino acids for
Eagle’s minimal essential medium were added from concen-
trates (Gibco/BRL).

Membrane currents and voltages were studied at room
temperature (20-25°C) by whole-cell patch-clamp using an
Axopatch 200B amplifier. Patch pipettes were filled with
intracellular solution containing 135 mM KCl, 0.1 mM CaCl,,
5 mM EGTA-KOH, 3.5 mM MgCl,, 2.5 mM Na,ATP, and 5
mM Hepes'KOH (pH 7.3) at room temperature. For measure-
ments of Ca%*, Na*, and transduction currents, Cs™ was
substituted for K*. Currents under voltage clamp are pre-
sented with capacitive transient and linear leak currents sub-
tracted, and all voltages have been corrected for the voltage
drop across the uncompensated series resistance, R (0.5-5
MQ; mean = SD = 1.3 = 1.0 MQ, n = 76), and for
liquid-junction potentials (—4 mV) measured between intra-
and extracellular solutions.

The fast potassium current, /x s was measured at —25 mV
between 2.4 and 3.6 ms from the onset of the depolarizing
voltage steps as described (20). The fits of the developmental
expression pattern are according to a sigmoidal logistic growth
curve:

I= (Imax - Imin)/(l + exp(—s(t - tl/2))) + Imin [1]
where I is current (nA), s is a slope factor (d~1), ¢ is time
(measured in days, d), and ¢y, is the time at which 7 is halfway
between In.x and Inin. All statistical tests are two-tailed
Student’s ¢ tests.

Capacitance. Linear membrane capacitances of cells were
evaluated from current transients in response to —10 mV
voltage steps from —84 mV.

Nonlinear capacitances of outer hair cells (OHCs) were
measured by using a modified phase-tracking system. Charge
movement by the OHC motor molecules was measured as a
voltage-dependent capacitance by using a software lock-in
technique (23, 24). Capacitance was monitored while slow
voltage ramps were applied to the cell (1.8-7 s; —120-+70
mV). Phase angles were repeatedly adjusted between voltage
sweeps. To exclude interference with large conductance
changes induced by depolarization, potassium currents were
blocked by substitution of 115 mM CsCl and 20 mM tetraeth-
ylammonium (TEA)-Cl for an equal amount of KCI in the
pipette solution. Series resistances ranged from 3 to 9 MQ in
these measurements. Capacitance was plotted versus mem-
brane voltage and fitted to the derivative of a two-state
Boltzmann function:

C(V) = Crcs + Qmax/[a * exp((V - VI/Z)/a)
#(1 + exp((V = Vip)/(—a)))?] [2]

where Cie is a residual of the linear capacitance, Ciip, not
compensated for by the slow transient cancellation circuit of
the amplifier. Qmax is the maximum whole-cell charge trans-
ferred by the motor molecules, slope factor a accounts for the
voltage dependence of the charge translocation, and V/;, is the
voltage at half-maximum charge transfer. Maximum capaci-
tance, Cmax, Occurs at V. Data are presented as voltage-
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dependent capacitance divided by the linear capacitance in
fF/pF.

Endocochlear Potentials. Surgical procedures followed de-
scribed methods (25). Mice were anesthetized using 20%
urethane at a dosage of 0.01 ml/g body weight. Potential
measurements employed the Axopatch amplifier as a high-
impedance voltmeter.

RESULTS

To investigate the relative functions of TRB and TRal in the
auditory system, ABR thresholds—a sensitive measure of
auditory function—were determined for TRa1~/~ mice (18).
In contrast to the previously described deficiency in TRB™/~
mice (15), ABR thresholds were in the normal range in
TRal~/~ mice (Fig. 1) for all frequency stimuli tested that span
the most sensitive hearing range in mice. Thus, the roles of
TR and TRal are not equivalent and TRl is nonessential
for auditory function.

In the auditory system, TR is prominently expressed in the
organ of Corti (13), suggesting that it has direct functions in
cochlear development. Because previous analysis revealed that
TRp was not required for morphological development of the
cochlea (15), we investigated instead several physiological
functions in the cochlea, including the functions of individual
hair cells.

Developmental expression of the fast-activating potassium
conductance Ix ¢ in IHCs was determined by whole-cell volt-
age- and current-clamp recordings made on hair cells from a
large number of wild-type (wt), TRal17/~, and TRB™/~ mice
isolated from a range of developmental stages (Figs. 2 and 3).
In wt mice of the same genetic background as TRB™/~ mice,
Ik s was absent at P10 but was clearly expressed at P18 (Fig.
3A4). Its expression followed a logistic growth function (Eq. 1)
where half-maximal expression was reached on P17.5 with a
slope factor s = 0.42/d (Fig. 3C), which compares closely with
wt mice of the CD1 strain in which Ik s was recently described
(20). In contrast, in TRB™/~ mice, Ixs was largely absent at
P15-P18, corresponding to the period when their hearing
impairment first becomes apparent (15). When studied over an
extended time course of development, Ik ¢ eventually appeared
with a significant delay and reached half-maximal expression
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Fic. 1.  Auditory-evoked brainstem responses in TRal- and
TRpB-deficient mice. Columns indicate mean ABR thresholds + SEM
in dB sound pressure level for click, 8-, 16-, and 32-kHz frequency
stimuli. Thresholds of TRal~/~ mice were not significantly different
from wt mice, whereas TRB™/~ mice have significantly elevated
thresholds over TRB™* or TRB™/* mice (¥, P < 0.01; ref. 15).
Numbers of mice per group: n = 4, TRB~/*; n = 9, TRB™/~; n = 6,
TRal*/*; n = 8, TRal™/~. TRB~/~ and TRal/~ mice were com-
pared with control mice (TRB™/* and TRal*/*, respectively) of the
corresponding genetic backgrounds (see Materials and Methods).
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F1G.2. Acutely isolated organ of Corti of a P18 wt mouse prepared
for IHC recordings. (4) A section of the organ of Corti isolated from
the basal region of the cochlea observed from the site of the stria
vascularis. The short stereocilia of hair bundles of the IHCs are visible
at the top. Pillar cells (PCs) rigidly couple IHCs to the OHCs, here
seen at the level of their nuclei. (B) The same IHCs seen in 4 after
OHC:s and pillar cells have been removed mechanically with micropi-
pettes. (C) IHC during the whole-cell voltage-clamp recording. A
patch pipette has been sealed onto its cleaned basolateral surface while
the cell remains inside the semiintact sensory epithelium of the organ
of Corti.

on P28.2 with s = 0.16/d. Fig. 3B shows that in adult TRB~/~
mice at P50, the characteristics of Ix s matched those of wt
mice, indicating that it represented the same conductance. In
accord with their normal ABR (Fig. 1), TRal™/~ mice dis-
played normal developmental expression of Ik ¢ (Fig. 3 A and
(), consistent with the proposed role of this conductance at the
onset of hearing (20).

In TRB™/~ mice after P40, Ik s approached the magnitudes
seen in wt mice. The curve fits of Fig. 3C suggest that final Ik ¢
magnitude was less than in wt mice; however, the scatter of Ik ¢
increased with age, and when normalized to membrane ca-
pacitances, the final magnitude of Ix¢ in TRB™/~ mice after
P40 was not significantly different from IHCs from wt mice.
When it was eventually expressed, Ixs of TRB™/~ mice was
sensitive to charybdotoxin, with a dose-response curve at —25
mV showing a half-blocking concentration of 21 nM (n = 5
cells). This indicated that it was supported by the same
conductance as described for wt CD1 mice (20).

Other hair cell membrane and transducer currents studied
in TRB™/~ mice were normal, indicating that retarded expres-
sion of Ik r in IHCs was not caused by grossly impaired hair cell
development. Before the onset of Ik ¢ expression, membrane
currents of IHCs and OHCs of wt, TRal™/~, and TRB™/~
animals were indistinguishable. IHCs (n = 2) and OHCs (n =
5) of three TRB~/~ mice at P2-P4 were mechanically sensitive
and responded with normal transducer currents (26) when
their hair bundles were stimulated by a fluid jet (Fig. 4 A and
B). At P10, THCs had small Na* and Ca?* currents, and had
the slowly activating potassium current, Ik neo (Fig. 34; ref. 20),
which on current injection produced slow action potentials
(Fig. 4 C and D). IHCs of TRB ™/~ mice at P15-P16 had Ca?*
currents typical of IHCs from wt mice before hearing onset.
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Fi6. 3. Whole-cell membrane currents of IHCs. (4) At P18,
IHCs of wt and TRal™/~ mice expressed an additional, fast-
activating K* current, Ik ¢, that was absent in TR/~ mice. The very
large membrane currents in the TRal~/~ cell at P18 caused a less
effective voltage clamp of the membrane potential and a rounded-
looking onset of the largest current traces shown. This very large
current is not the result of a physiological difference, as it was not
seen with smaller series resistances or smaller total membrane
currents in other cells. The TRal~/~ recording denoted at P10 was
derived from a cell at P13 not yet expressing the fast current
component. (B) In adult animals, membrane currents are similar in
IHCs of wt and TRB™/~ mice. (C) Ikt at —25 mV, measured at the
points indicated by bars and arrows in A, as a function of the day of
postnatal development. Curves represent Ix ¢ in TRal™/~ and wt
(solid line) and TRB~/~ (dotted line) mice. Individual points
represent wt (4 ), TRal™/~ (*) and TRB™/~ mice (® and O, apical
and basal turn of cochlea, respectively). Fits are according to Eq. [1].
I'min (—208 pA) was determined by the IHCs’ Ca?* currents. In mice
older than about P40, I;max (4.26 and 3.14 nA in wt and TRB~/~ mice,
respectively) was not significantly different (P > 0.05) in the two fits,
based on the cells’ membrane capacitances, when data were ex-
pressed in current densities (nA/pF).
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TRB~/~ mice. (4 and B) When stimulated by a fluid jet at —84 mV,
IHCs and OHCs of TRB ™/~ mice responded with mechanoelectrical
transducer currents, as found in wt cells. Currents were half-blocked
by ~3 uM d-tubocurarine as described for wt CD1 mice (22). (C and
D) THCs of TRB™/~ and wt mice responded similarly to current
injections by forming slow Ca?* action potentials. The TRB~/~ cell was
slightly more depolarized and had a smaller input resistance than the
wt cell (300 and 1,000 MQ, respectively), effecting a faster membrane
time constant and a more noisy-looking voltage response. For the same
reason, the 20-pA current injection was less effective in the TR/~
cell in depolarizing the cell membrane, initiating only three action
potentials. Other TRB~/~ cells had higher input resistances compa-
rable to wt cells. (E and F) Voltage-dependent capacitance of OHCs
in wt and TRB ™/~ mice. Acutely isolated OHCs of apical turns at P8.
Capacitances were normalized to accomodate differences in cell size
by dividing by the cells’ linear, voltage-independent capacitances. We
assume that observed differences in capacitance in TRB~/~ mice at P8
are not functionally significant.

OHC:s of the organ of Corti are thought to contribute to an
active amplification process of the cochlea (27) via the voltage-
dependent motility of their cell bodies. Motility is assumed to
depend on an integral membrane protein with piezoelectric
properties. Although little is known of the normal develop-
ment of OHC electromotility in the mouse, we compared
OHCs from wt and TRB™/~ mice to investigate whether this
function may be defective in TRB™/~ mice. We studied the
electromotility indirectly by measuring the voltage-dependent
capacitance it imposes on OHCs (refs. 24, 27; Fig. 4 E and F).
Voltage-dependent capacitances are presented as normalized
to the linear capacitances of the cells because according to
their linear, voltage-independent capacitances, OHCs of
TRB™/~ mice were smaller than those of wt mice (at P8,
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TRB/~ =40=02pF,n=4wt=51*05pF,n=6P<
0.01).

Nonlinear capacitance could be demonstrated for OHCs
isolated from both wt and TRB™/~ mice younger than P10. At
P8, the nonlinear capacitance from six acutely isolated wt and
four TRB™/~ OHCs was 290 * 47 fF/pF and 150 *+ 46 fF/pF,
respectivley (Fig. 4 E and F). At P9, the nonlinear capacitance
of six TRB™/~ cells was 271 + 27 fF/pF. These results suggest
that there is a developmental increase in voltage-dependent
capacitances in mouse OHCs that may vary in progression
between litters of pups. However, a complete developmental
study that may be useful to address whether there is a
significant difference in the development in wt versus TR/~
samples is difficult to perform, because OHCs die rapidly on
isolation from mice older than P10. Nonetheless, the available
results do not suggest an obvious defect in electromotility in
TRB™/~ OHCs.

With the onset of hearing, the cochlea builds up an endo-
cochlear potential (EP) in the scala media (25, 28) that
contributes to the driving force for mechanoelectrical trans-
duction. Na, K-ATPase subunits expressed in the stria vascu-
laris that may contribute to generation of the EP have been
suggested to be regulated by T3 (29). However, EPs of six
TRB™/~ mice between P16 and P60 (85.2 + 13.5 mV) were not
significantly different (P > 0.05) from those of four wt mice
(92.5 = 13.5 mV). A delay in, as opposed to a permanent
deficit in, EP formation was excluded because all three
TRB ™/~ mice studied at P16-P17 had normal EPs (25). Thus,
hearing impairment in TRB™/~ mice is not the result of a
defective EP, and retarded expression of Ix¢ cannot be as-
cribed to an indirect mechanism because of a defective EP.
These findings support the conclusion that defective Ik ¢ ex-
pression in TRB ™/~ mice is not secondary to a general delay in
cochlear development but results from the failure of a TRB-
dependent pathway that governs the functional maturation of
IHCs.

DISCUSSION

In hearing, hair cells mediate the critical function of transduc-
ing acoustic stimuli into neural responses (30-32); however,
the genetic controls that govern the specialized differentiation
of these cells are poorly understood. The present results,
identifying a defect in THCs in TRB™/~ mice, indicate that a
TRB-mediated transcriptional pathway is required for the
physiological differentiation of IHCs. In contrast to other
deafness mutations that cause morphological defects in hair
cells (33-35), TR is required at the level of the physiological
maturation of IHC ionic conductances. Because TR is ex-
pressed in the greater epithelial ridge of the organ of Corti,
where the immature IHCs reside (13), it could directly control
expression of the presently unidentified genes encoding the ion
channels that pass Ix s or other factors that control Ik ¢ activity.
However, more complex and indirect explanations cannot be
excluded.

Given that basolateral potassium conductances help shape
the THC receptor potentials and accelerate IHC frequency
performance (36), the deafness of TRB™/~ mice may be
explained at least in part by retarded expression of Ixy.
Neurons of the brainstem auditory pathway that extract timing
information, such as the octopus or bushy cells of the ventral
cochlear nucleus, have strongly differentiating temporal trans-
fer characteristics (37) and may not respond properly if signal
transmission by IHCs is retarded in the absence of Ix . If Ik ¢
is indeed critical for normal auditory function (20), it may be
unexpected that adult TRB™/~ mice remain deaf with a
permanently impaired ABR, even when Ix; eventually ap-
proaches normal magnitudes. This could be explained if early
Ix ¢ expression is required to facilitate the development of
normal hearing in accord with the presence of a critical period
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for sensory inflow necessary for development of auditory
function. This may be analogous to the visual system, in which
studies of sensory deprivation have indicated a critical window
for activity-dependent development of the ocular-dominance
columns in the visual cortex (38). It also is not excluded that
TRB is required for other functions in hearing, for example, in
synaptic transmission, although our results rule out major
defects in hair cell transducer conductances, OHC electromo-
tility, and endocochlear potentials.

TRal and TR bind to similar DNA sequences in vitro, and
their expression overlaps in the organ of Corti (13, 14),
suggesting that they have the potential to mediate common
functions. However, our results indicate that only TRp is
essential for auditory function, perhaps reflecting that in vivo,
each receptor can have distinct interactions with target genes
or transcriptional cofactors. Further exploration of these pos-
sibilities must await the challenging task of identification and
characterization of target genes for TRs in the cochlea.

Hypothyroidism in rodents causes malformation and loss of
hair cells (4-6), indicating that T3 has a role in morphogenesis
of the organ of Corti. However, loss of TRB does not cause
such deformities, nor can TRal be essential for morphogen-
esis, because TRl is not required for hearing. There may be
several explanations for this lack of concordance between the
defects that arise in the absence of hormone compared with
those caused by the absence of T3 receptors. We previously
suggested that TRB mediates functional maturation, whereas
TRal may mediate morphogenesis of the cochlea (15). This is
still consistent with the present data if it is proposed that TRa1
may be substituted functionally by TR whereas TR cannot
be substituted for by TRal. Such partial redundancy between
nuclear receptors may be similar to the situation for the
retinoid receptor family (39). Alternatively, it has been shown
in transfection assays that in the absence of T3, TRs can exert
T3-independent repression on genes that are T3 inducible (40).
Thus, hypothyroidism in vivo may result in abnormal and
chronic repression by TRs that causes more severe develop-
mental damage than loss of a receptor, where deleterious
T3-independent repression by the TR could not occur.

Finally, these results implicate retarded expression of Ik ¢ as
a possible cause of hearing deficiency in the syndrome of
resistance to thyroid hormone (16, 17). Failure to activate this
TRB-dependent function may also contribute to deafness in
cases of congenital hypothyroidism. The present results also
suggest that it is unlikely that TRa1 mutations will be found to
underlie deafness in human disease.
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