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Developmental Acquisition of Voltage-Dependent
Conductances and Sensory Signaling in Hair Cells of the
Embryonic Mouse Inner Ear

Gwenaélle S. G. Géléoc, Jessica R. Risner, and Jeffrey R. Holt
Departments of Neuroscience and Otolaryngology, University of Virginia School of Medicine, Charlottesville, Virginia 22932

How and when sensory hair cells acquire the remarkable ability to detect and transmit mechanical information carried by sound and head
movements has not been illuminated. Previously, we defined the onset of mechanotransduction in embryonic hair cells of mouse
vestibular organs to be at approximately embryonic day 16 (E16). Here we examine the functional maturation of hair cells in intact
sensory epithelia excised from the inner ears of embryonic mice. Hair cells were studied at stages between E14 and postnatal day 2 using
the whole-cell, tight-seal recording technique. We tracked the developmental acquisition of four voltage-dependent conductances. We
found a delayed rectifier potassium conductance that appeared as early as E14 and grew in amplitude over the subsequent prenatal week.
Interestingly, we also found a low-voltage-activated potassium conductance present at E18, ~1 week earlier than reported previously. An
inward rectifier conductance appeared at approximately E15 and doubled in size over the next few days. We also noted transient
expression of a voltage-gated sodium conductance that peaked between E16 and E18 and then declined to near zero at birth. We propose
that hair cells undergo a stereotyped developmental pattern of ion channel acquisition and that the precise pattern may underlie other
developmental processes such as synaptogenesis and functional differentiation into type I and type I hair cells. In addition, we find that
the developmental acquisition of basolateral conductances shapes the hair cell receptor potential and therefore comprises an important

step in the signal cascade from mechanotransduction to neurotransmission.
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Introduction

Sensory signaling in mechanosensitive hair cells of the mamma-
lian inner ear requires a host of ionic conductances, the signifi-
cance of which has been underscored recently by the finding that
disruption of several classes of ion channel genes, including cal-
cium and potassium channels, causes deafness and balance defi-
cits in humans and mice (Neyroud et al., 1997; Holt and Corey,
1999; Kubisch et al., 1999; Platzer et al., 2000). Despite recent
advances in the genetics of inner ear dysfunction, there has been
little progress toward understanding the pathophysiology of con-
genital hearing and balance disorders. Morphological and phys-
iological hair cell development have been well documented over
the first postnatal week in mammals (for review, see Eatock and
Hurley, 2003), but little is known about functional hair cell de-
velopment before birth. We recently solved part of the puzzle by
demonstrating the concurrent acquisition of hair cell transduc-
tion elements and fully functional mechanosensitivity at approx-
imately embryonic day 16 (E16) (Géléoc and Holt, 2003). Ex-
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panding on that study, we investigated the developmental
acquisition of voltage-dependent conductances in embryonic
mouse vestibular hair cells and examined their impact on the hair
cell receptor potential.

In the vestibular sensory epithelium, hair cells first appear at
approximately E12 (Ruben, 1967), and small hair bundles are
apparent as early as E14 (Denman-Johnson and Forge, 1999).
Biphasic growth in the number of hair cells suggests that a second
wave of hair cells is produced at approximately E15 (Mbiene et
al., 1984; Denman-Johnson and Forge, 1999). A host of morpho-
logical changes ensue. Stereocilia, which comprise the mechano-
sensitive hair bundle, grow in length at a rate of ~1 um/d up to
~10 wm and establish a staircase array of heights. Concurrently,
the kinocilium grows and is eccentrically placed establishing hair
bundle polarity and orientation. Bouton synaptic contacts be-
tween hair cells and afferent nerve fibers form as early as E15
(Mbiene et al., 1988), which is presumably followed by functional
synaptogenesis. Calyceal afferent endings and morphological dif-
ferentiation into flask-shaped type I cells begin to take shape
several days before birth.

Electrophysiological maturation has been documented in
neonatal mouse cochlear hair cells (Kros et al., 1998; Marcotti et
al., 1999, 2003), neonatal chick vestibular cells (Sokolowski et al.,
1993; Masetto et al., 2000), and postnatal mouse vestibular cells
(Riisch et al., 1998). At birth, mouse vestibular hair cells express a
conventional delayed rectifier conductance (Gpy), as well as a fast
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inward rectifier conductance (G, ). At later stages [postnatal day
4 (P4) to P8], Riisch et al. (1998) found evidence for a type
I-specific delayed rectifier potassium conductance, Gy, and a
hyperpolarization-activated conductance, G,. In this study, we
describe the prenatal acquisition of voltage-gated potassium and
sodium conductances. We demonstrate that acquisition of Gpi
and Gy, begins at approximately E14—E15 and that Gy ; expres-
sion actually begins a few days before birth. In addition, prenatal
hair cells transiently express a tetrodotoxin (TTX)-insensitive so-
dium conductance that peaks between E16 and E18. As such, we
define a distinct physiological timeline for the functional devel-
opment of vestibular hair cells and demonstrate how each con-
ductance shapes the hair cell receptor potential.

Materials and Methods

Tissue preparation. Utricles were excised from embryonic (E14-E19) and
postnatal (PO—P2) Swiss Webster mice (Hilltop Lab Animals, Scottdale,
PA and Taconic Farms, Germantown, NY). Standard procedures were
followed to ensure accurate management of the timed pregnant mouse
colony: animals were paired on “mate day 0”; females with vaginal plugs
the next morning were considered sperm positive and isolated; the day
the vaginal plug was observed was considered day 1 of gestation (E1).
Date of birth (P0) in this strain was typically at E20. The developmental
age of embryos was carefully checked after their isolation by analyzing
their overall morphological appearance (Kaufman, 1992; Davidson et al.,
2002). The embryo’s weight was recorded to produce a developmental
chart that was also used to confirm embryonic stages for this strain.
Timed pregnant females were anesthetized with CO,, and the embryos
were removed by cesarean section. Embryonic and neonatal mice were
decapitated. The temporal bone was removed, and the bony labyrinth
was opened medially to expose the utricle. When the otolithic membrane
was present (after E15), the tissue was bathed in MEM solution (Invitro-
gen, Carlsbad, CA) containing 0.1 mg/ml protease XXIV (Sigma, St.
Louis, MO) for 15-20 min. The otolithic membrane was removed, the
utricle was excised, and the nerve fibers were trimmed close to the epi-
thelium. The tissue was mounted onto a round glass coverslip and held in
a flat position by two glass fibers glued to the coverslip.

Scanning electron microscopy. To assess the morphological appearance
of hair bundles at various developmental stages, scanning electron mi-
croscopy (SEM) was performed. Utricular sensory epithelia were excised
from embryonic mice at E15 and E17 as described above. The sensory
epithelia were fixed at 4°C for 90 min with 2.5% glutaraldehyde in 100
mM cacodylate buffer with 3 mm CaCl,, pH 7.4. Specimens were washed
three times in PBS buffer (Invitrogen) and postfixed in 1% osmium
tetroxide dissolved in cacodylate buffer for 30 min. Samples were rinsed
three times in PBS before alcohol series dehydration. After critical-point
drying in liquid CO,, the specimens were sputter coated with gold—pal-
ladium and examined with a Jeol (Peabody, MA) 6400 scanning electron
microscope at 25 kV.

Solutions. Dissections were performed in standard MEM solution (In-
vitrogen) supplemented with 10 mm HEPES, pH 7.4. Electrophysiologi-
cal recordings were performed in an artificial perilymph solution that
contained the following (in mm): 144 NaCl, 5.8 KCl, 10 HEPES, 0.7
NaH,PO,, 1.3 CaCl,, 0.9 MgCl,, and 5.6 p-glucose, vitamins at 1:50, and
amino acids at 1:100 (Invitrogen), pH 7.4 and 320 mOsm/kg. Recording
pipettes were filled with an intracellular solution that contained the fol-
lowing (in mm): 135 KCl, 5 EGTA-KOH, 5 HEPES, 2.5 K,ATP, 3.5
MgCl,, and 0.1 CaCl,, pH 7.4 (290 mOsm/kg). Sodium-free solutions
were generated by replacing 144 mm NaCl with 144 mm N-methyl-p-
glucosamine (NMDG)-CL

Electrophysiology. Utricular sensory epithelia were placed onto a mi-
croscope chamber and viewed with a 63X water-immersion lens with
differential interference contrast (DIC) optics (Axioskope ES; Zeiss,
Oberkochen, Germany). Recording pipettes were pulled from borosili-
cate capillary glass (Garner Glass, Claremont, CA) with resistances that
ranged from 2 to 5 M(). The apical surface of the epithelium was viewed
from above as the recording pipette was advanced. When a cell was

J. Neurosci., December 8, 2004 + 24(49):11148-11159 » 11149

chosen for the study, its hair bundle morphology, cell shape, position
along the epithelium, and the presence of a partial afferent contact was
noted. Positive pressure was maintained as the recording pipette was
lowered into the epithelium. When the pipette touched the membrane,
positive pressure was released and a tight seal formed on the basolateral
membrane of the cell. Recordings were obtained at room temperature
(22-24°C). The cells were held at —64 mV, and data were acquired using
the whole-cell tight-seal technique in both voltage-clamp and current-
clamp modes using an Axopatch multiclamp 200B amplifier (Axon In-
struments, Foster City, CA), filtered at 1 kHz with a low-pass Bessel filter,
digitized at 5 kHz with a 12-bit acquisition board, and collected using
pClamp 8.0 software (Axon Instruments). Voltage protocols are de-
scribed for each experiment. Not all protocols were run on every cell.

Analysis. Data analysis was performed using Origin 7.1 (Microcal Soft-
ware, Northampton, MA). Series resistance (R) and whole-cell capaci-
tance (C,,,) were read from the amplifier after electronic subtraction of
capacitive transients. Membrane potentials were corrected offline for
series resistance and for liquid junction potential (—4 mV). Results are
presented as means * SD unless noted otherwise. n values represent
subsets of the total 126 cells examined for which data were available, as
specified in Results.

We fitted the instantaneous current (I) as a function of time () carried
by the outward rectifiers G, and Gy | with an equation used by Riisch et
al. (1998) to describe the sigmoidal current activation in postnatal utricle
cells:

I(t) = I, — M(Tle”/” — e ") (1)
T T
L, is the steady-state current, I, is the current at time 0, and 7, and 7, are
time constants that describe the sigmoidal onset and approach to steady-
state, respectively.
Activation curves and inactivation curves were fitted where conduc-
tance (G) as function of membrane potential (V) was described by a
Boltzmann equation of the following form:

Gmax - Gmin

Vi = Vi
1+ exp(%)

Gpax and G, are the maximum and minimum conductances, respec-
tively. V;, is the midpoint of the curve at which half of the conductance
is activated, and s is the slope of the curve at the midpoint.

Sodium -V relationships were fitted with an equation used previously
to describe sodium currents in rat outer hair cells (Oliver et al., 1997),
where V., is the sodium reversal potential:

rev

G(Vm) = Gmin + (2)

min

Gmax(Vm - Vrev)

V1/2 ~Va
1+ exp T

I(V,) = (3)

Results

Because tracking the electrophysiological maturation of individ-
ual hair cells as a function of embryonic development is not fea-
sible, we opted to study populations of cells at several develop-
mental stages. We suspect that the mean temporal patterns of ion
channel acquisition in our populations are representative of the
pattern through which individual cells mature. To ensure that we
sampled as uniform a population as possible, we selected cells
from the central region that had healthy cell bodies (i.e., lacked
swelling and Brownian motion) and intact hair bundles of suffi-
cient size that they could be conclusively determined to be mem-
bers of the first wave of differentiation.

Hair cells appear in two waves, with the first wave appearing in
the central region at approximately E12 and the second wave
appearing at approximately E15 and expanding to include the
peripheral regions (Denman-Johnson and Forge, 1999). Consis-
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tent with that notion, we observed hair bundles of relatively uni-
form heightat E15 (2.3 = 0.4 um; n = 48) throughout the central
region (Fig. 1A). By E17, a bimodal distribution of hair bundle
heights, charted in Figure 1C, suggested that a second population
of hair cells had emerged (Fig. 1 B). The taller bundles (6.6 * 0.7
pm; n = 26) presumably reflected the more advanced bundle
growth of the older, first wave of hair cells and were found only in
the central region. The shorter bundles (2.6 == 0.9 um; n = 28),
which were likely the result of the younger, second wave of hair
cell differentiation, were found throughout the sensory epithe-
lium (Fig. 1C) but at greater density in the peripheral zone (data
not shown). This distinction was also apparent with the DIC
optics used to view the intact sensory epithelium in our recording
paradigm. When viewed from above, the taller hair bundles of the
older cells were easily distinguished by the greater range required
to focus through the entire hair bundle from the cuticular plate to
the tip of the tallest stereocilium.

Usinglocation and bundle height as a guide, we recorded from
126 cells at stages that ranged from E14 to P1. These 126 cells were
selected for analysis because they met the following criteria: the
seal resistance was stable over the duration of the recording, and
each cell had either an input resistance of >500 M2 or a zero-
current potential negative to —30 mV. The selection criteria were
designed to allow for inclusion of immature cells that had depo-
larized resting potentials and cells with large conductances active
at rest (i.e., low input resistances) but to exclude data from poor
quality recordings: unstable seal resistances or both a low input
resistance and a depolarized resting potential.

We charted several membrane properties as a function of de-
velopmental stage in the absence of stimulation. Figure 2 A shows
that the whole-cell capacitance increased as a function of embry-
onic age from a mean of 3.3 = 1.1 pF (n = 6) at E15t0 5.0 = 1.3
pF (n = 16) after birth. The data were fit with a linear regression
with a slope of 0.3 pF/d, which closely parallels the increased
capacitance expected from an average growth rate of ~1 um/d
(Denman-Johnson and Forge, 1999) for ~50 stereocilia with di-
ameters of 0.2 um. At the same time, the zero-current potential,
a good indicator of resting potential, became more negative be-
tween E14 and E19, ranging between —36 = 11 mV (n = 3) and
—60 * 12 mV (n = 16), respectively (Fig. 2 B).

Input resistance (Rpy), an indicator of cell membrane resis-
tance and the number of channels open at rest, did not vary as a
function of age with the exception that, at E18 or older, a signif-
icant fraction (28 of 82) of the cells had a very low input resistance
(<200 MQ). Figure 2C revealed a bimodal distribution of input
resistances: the mean Ry, for the 28 low Ry cellswas 55 &= 41 M(),
whereas the Ry for the remaining cells was 1390 * 830 M) (n =
98). As will be demonstrated in the following sections, the low R
was strongly correlated with the acquisition of a low-voltage-
activated potassium conductance that was active at the holding
potential of —64 mV.

Delayed rectifier conductance

Figure 3A shows representative families of currents recorded at
developmental stages between E14 and E19. The currents were
evoked by 100 msec voltage steps that ranged from the holding
potential of —64 to + 36 mV in 20 mV increments. Small out-
ward currents that activated with depolarization and deactivated
with hyperpolarization were apparent as early as E14 (~300 pA at
36 mV) but became progressively larger at later developmental
stages: up to 4 nA at E19. Steady-state currents from each of the
current families shown in Figure 3A were sampled at the end of
the voltage step (99 msecs) and were used to generate the I-V
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Figure1.  Scanning electron micrographs of embryonic hair bundles. 4, Image of the sensory
epithelium from the central region of an E15 mouse utricle. Forty-eight hair bundles are visible
in this image. Scale bar: 4, B, 10 m. B, SEM of the central region of an E17 mouse utricle. Hair
bundles from both the first (tall) and second (short) wave of hair cell differentiation are visible.
Note the red blood cell (~8 wm) in the upper right for scale. (, Histogram of bundle heights
measured at E15 and E17. Bundle height was measured directly from the SEM image and taken
to be the distance from cuticular plate to the tip of the tallest stereocilium. Bin width, 0.7 pem.
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Figure2. Membrane properties as a function of embryonicage. A, Cell capacitance was measured by electronic cancellation of

the capacitive transient evoked by a 5 mV step and is plotted as a function of developmental stage. At stages E18 to PO, cells that
expressed Gy | are shown as squares. The diamonds show the mean values for all cells at each stage. The line is a linear regression
fit to all data points (r = 0.53). B, Zero-current potential was taken as the intersection of the whole-cell steady-state /-
relationship with the x-axis and is plotted as a function of developmental stage. At stages E18 to PO, cells that expressed Gy | are
shown as dark squares. The diamonds show the mean values for all cells at each stage. The line is a linear regression it to all data
points (r = 0.38). C, Histogram of input resistance. Cells with Gy | are shown in black. To failitate better resolution of the data,
histogram bins below 200 MC) were at 50 M) intervals and above 200 MC) were at 200 MC) intervals.
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Figure 3.  Developmental acquisition of the delayed rectifier potassium conductance. 4, Representative families of outward
potassium currents at several developmental stages as indicated above each family. The voltage protocol and calibration at the left
applies to all current families. Fits of Equation 1 are shown for four traces at E17 (gray lines). B, Steady-state /-V/ relationships
taken from the data shown in A. The steady-state voltages have been corrected for junction potential and residual series resistance
error. , Time constants from the major component (7, ) of fits of Equation 1 to the data shown in A. D, Activation curves derived
from the data shown in A. Tail currents immediately after the step to —34 mV were normalized and plotted as a function of
prepulse potential and fit with a first-order Boltzmann relation (Eq. 2). £, Bar graph of mean maximum chord conductance at each
developmental stage. Error bars show SD. Number of cells is shown above each bar.
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reversal potential of =71 = 10 mV (n =
18), similar to the Nernst potential for po-
tassium (—81 mV), suggesting that these
currents were carried primarily by
potassium.

Current activation was well fit (Fig. 3A,
E17, gray lines) with an equation used to
describe the sigmoidal activation kinetics
of delayed rectifier potassium currents in
postnatal hair cells (Eq. 1) (Riisch et al.,
1998). Time constants from the major
component of current activation () are
plotted as a function of membrane poten-
tial in Figure 3C. The kinetics of current
activation became more rapid (i.e., smaller
time constants) with larger depolariza-
tions, similar to those of delayed rectifiers
in postnatal type II hair cells (Riisch et al.,
1998), but did not vary as a function of
development. The mean values ranged
from 21 = 2 msecat —24 mV to 4.2 = 0.8
msec at 46 mV (n = 6).

To generate activation curves for the
outward current, we used protocols iden-
tical to the one shown in Figure 3A. The
tail currents at the instant of the step to
—34 mV were divided by the driving force
(37 mV) to yield conductance, which was
plotted as a function of prepulse potential
(Fig. 3D). The data were fitted with a first-
order Boltzmann equation (Eq. 2) and
normalized to facilitate comparison of
slope and activation range. We observed
no significant difference in the activation
range, as determined by the voltage of half-
maximal activation (mean V, , for all cells,
—28.7 £ 5.5mV; n = 80), nor in the volt-
age dependence, as determined by the
slope factor (mean s for all cells, 6.1 = 1.7
mV; n = 80). Last, we saw no evidence for
inactivating potassium currents in any of
126 embryonic hair cells examined, sug-
gesting that their acquisition occurs post-
natally (Holt et al., 1998).

In summary, the most prominent sys-
tematic developmental change in the out-
ward currents was the increase in ampli-
tude, which was apparent in the whole-cell
currents, the steady-state I-V relation-
ships, and the whole-cell conductances

relationships shown in Figure 3B. The I-V relationships revealed
an increase in the current magnitude at all membrane potentials
tested, suggesting a significant developmental increase in current
expression. To identify the ion species that carried the currents,
we estimated reversal potential using a voltage protocol that
stepped to 16 mV to maximally activate the outward current,
followed by a family of voltage steps to potentials from —124 to
—14 mV. We used the current values immediately after the hy-
perpolarizing steps to generate instantaneous I-V relationships
(data not shown). The zero-current potential of the instanta-
neous -V relationships was taken as the reversal potential. We
observed no systematic variation in reversal potential as a func-
tion of development and thus pooled the data to yield a mean

(Fig. 3A,B,E). There was a dramatic increase between E14 and
E18, which began to plateau after E18 (data not shown). Because
all other properties, including reversal potential, activation kinet-
ics, voltage dependence, and voltage range of activation, were
relatively consistent, we conclude that the increase in whole-cell
current as a function of age is attributable to the progressive
developmental acquisition of a homogeneous voltage-dependent
potassium conductance. Furthermore, because the increase in
cell capacitance (Fig. 2A) is accounted for by bundle growth, we
assume the basolateral surface area remains relatively constant
between E14 and PO, which implies that the increase in whole-cell
conductance represents an increase in conductance density. Be-
cause a systematic variation in single-channel conductance as a
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(below) was identical to that used to evoke the currents in Figure 3. The dashed line shows the zero-current level. B, A hyperpolarizing prepulse to — 124 mV deactivated the currents that were active
atrest. A subsequent family of depolarizations (bottom traces) was used to reactivate the currents. Same cell asin A. Fits of Equation 1 are superimposed on the three middle traces (gray lines). The
dashed line indicates the zero-current level. C, Activation curves derived from the data shown in B (open circles) and, for comparison, from the delayed rectifier conductance of a typical E18 hair cell
(filled circles). Both datasets were fit with Boltzmann equations with a V, , of —66 and —28 mV, an s of 6.8 and 5.6 mV, and a G, of 34 and 16 nS, respectively. D, Bar graph of mean maximum
chord conductance for Gy | at each developmental stage. Only cells with Gy, were included in the mean. Error bars show SD. The fraction indicates the number of cells with Gy | over the number of
cells studied at each stage. Note that the study was not done blind and that we sometimes targeted cells with type I morphological features. Therefore, the ratios do not represent the proportion of

type | cells in the developing utricular epithelium.

function of age is unlikely, the parsimonious interpretation sug-
gests that the increased density results from an increase in the
number of functional potassium channels. Therefore, we suggest
that the data can be best explained by the developmental acqui-
sition of a homogeneous variety of voltage-dependent potassium
channels with properties similar to the delayed rectifier seen in
mature postnatal type II hair cells (Lang and Correia, 1989; Ren-
nie and Ashmore, 1991; Masetto and Correia, 1997; Riisch et al.,
1998; Masetto et al., 2000; Brichta et al., 2002). However, we
cannot exclude the possibility that the channels consist of a con-
sistent ratio of heterogeneous channel subunits whose stoichi-
ometry is tightly regulated.

Low-voltage-activated potassium conductance

We were surprised to note that 28 of 82 E18 to P2 cells revealed
evidence of a conductance with striking similarity to the low-
voltage-activated potassium conductance, known as Gg in
mouse hair cells (Riisch and Eatock, 1996; Riisch et al., 1998;
Chen and Eatock, 2000) and Gy, in avian hair cells (Correia and
Lang, 1990; Rennie and Correia, 1994). Previous reports sug-
gested that Gy | was present only at P4 and later stages (Riisch et
al., 1998). We observed large instantaneous currents evoked by
both hyperpolarization and depolarization, suggesting the pres-
ence of a conductance that was active at the holding potential of
—64 mV (Fig. 4A). Indeed, these cells also had a very low input
resistance (Fig. 2C, dark bars). Both the large instantaneous cur-
rents and the low-input resistance are hallmarks of Gy ;. The
large inward currents evoked by hyperpolarization decayed to-
ward baseline, presumably as the channels deactivated (Fig.
4A,B). Subsequent depolarization activated the currents with
sigmoidal kinetics that were well fit by Equation 1 with major
time constants (7,) that ranged between 61 and 10 msec (Fig. 4 B,
gray lines). Activation curves were generated by sampling the tail
currents at the instant of a step to —34 mV and converting to
conductance, which was plotted as a function of prepulse poten-
tial (Fig. 4C, open circles). The data were fitted with a first-order
Boltzmann relation (Eq. 2) with a mean V;,, of =62 * 5.8 mV
(n = 28), significantly more negative than the delayed rectifier
conductance seen in the rest of the cells (Fig. 4C, filled circles).

The voltage sensitivity was similar to that of the other cells with a
slope factor of 5.9 = 1.3 mV, and the mean maximal conductance
was 27 * 8 nS. Based on inside-out recordings from postnatal rat
type I hair cells, Chen and Eatock (2000) estimated the single-
channel conductance of Gy ; was 29 pS. Using their value and our
measurement of the whole-cell conductance for Gy ;, we esti-
mated that approximately one-third of the E18—E19 hair cells
expressed almost 1000 functional low-voltage-activated potas-
sium channels and perhaps more if the their maximal open prob-
ability is less than one.

In postnatal vestibular epithelia, expression of Gy ; is highly
correlated with type I hair cells (Correia and Lang, 1990; Rennie
and Correia, 1994; Ricci et al., 1996; Riisch and Eatock, 1996;
Riisch et al., 1998). We found no evidence of Gy ; in the 44 cells
examined at stages earlier than E18 (Fig. 4 D); thus, we wondered
whether the presence of Gy in embryonic hair cells indicated
that the functional differentiation of type I hair cells begins at
approximately E18. Indeed, some morphological features that
characterize type I hair cells, such as a constricted neck region and
partial calyces, were correlated with the presence of Gyj.
Whereas 22 of 28 cells with Gy ; had clear type I morphological
features, not all cells with type I morphologies had Gy ;. There-
fore, we conclude that the functional maturation of type I cells, as
indicated by the developmental acquisition of Gy, begins as
early as E18 and proceeds throughout the first postnatal week
until at approximately P8, the point at which Riisch et al. (1998)
reported type I cells reach their full adult morphology and

physiology.

Inward rectifier conductance

In cells that lacked Gy 1, we found that hyperpolarizations from
—64 to potentials between —84 and —124 mV evoked an instan-
taneous current followed by a fast activating inward current that
inactivated for the most negative steps (Fig. 5A). This current was
also evident in cells that expressed Gy, but, because it had a
smaller amplitude than Gy ; and an activation range that over-
lapped with Gy |, we restricted our characterization to 106 cells
that lacked Gy ;. Time constants of single-exponential fits to the
time-dependent component of activation ranged from 0.8 to 4.4
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Figure 5.  Representative families of inwardly rectifying currents at several developmental
stages. A, Current families were evoked by series of 60 msec voltage steps that ranged from
—124to —64mVin 10 mV increments (see protocol inset). Calibration applies to all datasets.
B, Peak -V relationships for the data shown in A. C, The bar graph shows the mean maximal
conductance for the inward rectifier at each embryonic stage. Only cells with Gy, were included
in the mean. Error bars show SD. The fraction indicates the number of cells with Gy, over the
number of cells examined at each stage. D, Zero-current potential plotted as a function of the
mean = SE maximum inward rectifier conductance for each embryonic stage. The line repre-
sents a linear regression fit to the data points.

msec for steps ranging from —124 to —94 mV in 10 mV incre-
ments, respectively. After depolarization, the currents deacti-
vated with submillisecond kinetics (data not shown) with prop-
erties similar to those described by Riisch et al. (1998). The peak
-V relationships (Fig. 5B) revealed pronounced rectification.
Estimates of reversal potential confirmed that the currents were
carried primarily by potassium. In terms of kinetics, activation
range, and potassium selectivity, these currents were similar to
those carried by the fast inward rectifier G, found in postnatal
mouse vestibular hair cells (Riisch et al., 1998) and hair cells of
other organs and species (Ohmori, 1984; Fuchs and Evans, 1990;
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Masetto et al., 1994; Holt and Eatock, 1995; Sugihara and Fu-
rukawa, 1996; Marcotti et al., 1999; Brichta et al., 2002). To esti-
mate the inward rectifier conductance, we used the peak current
at —124 mV divided by driving force (Vy, — E; = 42 mV). The
inward rectifier conductance made its debut at E15 and gradually
grew in magnitude over the subsequent neonatal week (Fig. 5C).
Because outward current that flows through Gy, between ap-
proximately —40 mV, the onset of activation, and Ex (—82 mV)
has been implicated as having a role in determining hair cell
resting potential (Holt and Eatock, 1995; Goodman and Art,
1996), we were interested to note a correlation between zero-
current potential and the maximum inward rectifier conduc-
tance (Fig. 5D). A linear regression fitted to a scatter plot of the
mean zero-current potential verses the mean Gy, at each embry-
onic stage had a slope of —5.1 mV/nS (r = 0.89), suggesting that
acquisition of the embryonic inward rectifier shifts the hair cell
resting potential toward more mature, hyperpolarized values.

In chick auditory hair cells, fast inward rectifier currents are
thought to be carried by channels with a single-channel conduc-
tance of 17 pS (Navaratnam et al., 1995). If the currents in em-
bryonic mouse vestibular cells express channels of similar con-
ductance, it suggests that, by E15, ~120 functional channels are
assembled, and, over the subsequent week, approximately twice
that number became functional. Because inward rectifiers are
tetrameric, we suggest that embryonic hair cells are busy manu-
facturing atleast 5001000 protein monomers over this period to
confer the functional conductance.

We found no evidence for the slow hyperpolarization-
activated inward current I, first described in hair cells by Holt
and Eatock (1995). Indeed, Riisch et al. (1998) reported that I
only appeared after P3.

Sodium conductance

We often observed small transient inward currents in hair cells at
several embryonic stages (Fig. 6A). These rapidly activating, rap-
idly inactivating currents were evoked by step depolarizations
positive to —64 mV that followed 100 msec conditioning steps to
—124 mV. Current activation occurred with submillisecond ki-
netics and was followed by inactivation with 1-2 msec kinetics.
The peak currents were plotted in Figure 6C as a function of step
potential and were fitted with Equation 3 used to describe cur-
rent—voltage relationships for sodium currents in outer hair cells
(Oliver et al., 1997). We wondered whether these currents were
carried by sodium or calcium; therefore, we began by replacing
bath sodium with the impermeable monovalent cation NMDG ™.
After sodium replacement, the transient inward currents were
97 * 3% blocked in the six cells examined (Fig. 6 B). After wash-
out of NMDG " and return of sodium, the currents recovered to
61% of their original amplitude. We found the currents to be
relatively insensitive to TTX. Bath application of TTX at concen-
trations between 300 nM and 1 mM revealed only a slight decrease
in current amplitude in the six cells examined (maximum inhi-
bition, 24%), suggesting that the sodium conductance expressed
in embryonic hair cells is TTX resistant, unlike that expressed in
mouse auditory hair cells (Marcotti et al., 2003) and chick vestib-
ular hair cells (Masetto et al., 2003). To estimate the voltage de-
pendence of the sodium conductance activation, we used the
peak currents divided by the driving force for sodium (Vy, —
Ey.)- The data were plotted as a function of step potential and
fitted with a first-order Boltzmann equation (Eq. 2). Because
inactivation followed activation with little delay, the maximal
conductance values obtained by this method probably underes-
timated the true maximal conductance. Therefore, we normal-
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ized the curves to Gy, to facilitate com- A
parison of V;,, and slope factors (Fig. 6D,
filled circles). We observed no systematic -—J
variation in V,, or s as a function of devel-
opmental stage and pooled the data. The
mean V,,, of activation was —40 * 5.3
mV, with a mean slope factor of 4.9 = 1.2
mV (n = 56). We examined the voltage
dependence of inactivation using a step to
—34 mV that followed a family of steps
that ranged between —104 and —64 mV in
10 mV increments. The peak currents at
—34 mV were converted to conductances,
plotted as a function of prepulse potential
and fitted with a Boltzmann equation (Fig.
6D, open circles). Similar to activation, we
noted no developmental variation in the
voltage dependence of inactivation: the
V., of inactivation was —88 * 6.1 mV,
with a slope factor of 6.0 = 1.7 mV (n =
50). The inactivation curve revealed a co-
nundrum: in contrast to the sodium con-
ductance in auditory hair cells (Marcotti et
al., 2003), the embryonic vestibular so-
dium conductance was almost entirely in-
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activated at the typical resting potentials of
embryonic hair cells, suggesting that it
probably has little impact on the hair cell
receptor potential. Further confounding
interpretation was the transient expression
we observed. Both the number of hair cells
expressing the sodium conductance and
the conductance magnitude peaked be-
tween E16 and E18 and then declined to

Figure 6. Transient acquisition of a voltage-gated sodium conductance. A, Representative families of sodium currents at
several developmental stages. The voltage protocol (inset) and calibration apply to all families. Outward capacitive transients
have been truncated for clarity. 8, Current traces in control solution after exchange of external Na ™ for NMDG * and after washout
revealed that the currents were carried by Na ™. The step protocol is shown below. Calibration of A applies. C, Peak currents from
the data in A were plotted as a function of voltage and fit with Equation 3 (lines). D, An activation curve was generated using the
peak currents plotted in € (E16 data) divided by the driving force for Na ™. The data (filled circles) were then fit with Boltzmann
Equation 2. An inactivation curve for the same cell was derived from the peak currents evoked by a step to —34 mV, which was
preceded by steps to prepulse potentials that ranged from — 124to — 44 mV. The currents were divided by the Na ™ driving force,
plotted versus prepulse potential, and fit with a Boltzmann relation (open circles). £, The mean == SD maximal sodium conduc-
tance at several developmental stages. The numbers indicate the number of cells with a sodium conductance over the number of
cells examined at each stage.

near zero shortly after birth (Fig. 6 E). Be-
cause we found that expression of the so-
dium conductance was declining at approximately the same time
frame that Gy ; expression was rising (E18 to P0), we expected
little overlap in these two subsets of embryonic hair cells. Indeed,
of the 28 cells with Gy |, only seven expressed Gy,

Transient expression of sodium currents has been docu-
mented in auditory hair cells (Evans and Fuchs, 1987; Witt et al.,
1994; Oliver et al., 1997; Marcotti et al., 2003) but has not been
widely reported in vestibular cells (Masetto et al., 2003). One
preliminary report suggested the presence of TTX-resistant so-
dium currents in mammalian vestibular hair cells (Riisch and
Eatock, 1997). In other cell types, TTX-resistant sodium channels
have a single-channel conductance of ~20 pS (Undrovinas et al.,
2002). If embryonic vestibular hair cell sodium currents are car-
ried by channels with a similar conductance, we estimate that,
between E16 and E18, they express as many as 100 functional
sodium channels.

Receptor potentials

In the previous sections, we described the developmental acqui-
sition of four distinct conductances: Gy, Gi 1, Gk, and Gy,. In
this section, we take a different approach and evaluate the con-
tribution of each conductance to the hair cell receptor potential
evoked by current steps and previously recorded transduction
currents. The transduction currents were recorded in response to
~2 wm peak-to-peak sine waves (Holt et al., 1997) and had am-
plitudes similar to the mean maximal transduction currents in
embryonic hair cells (Géléoc and Holt, 2003). The aim of this

approach was to correlate changes in the receptor potential wave-
form with the acquisition of each conductance and, in doing so,
identify the functional contribution of these four conductances.

We found that the delayed rectifier potassium conductance
activated positive to —40 mV, and its mean amplitude more than
tripled between E15 and E19 (Fig. 3E). Accordingly, we predicted
that acquisition of G would have little effect on small current
injections that did not depolarize the cell positive to —40 mV.
However, our expectation was that, for large depolarizations of
sufficient duration (7 values of activation ranged from 10 to 20
msec), Gpr would activate and repolarize the membrane poten-
tial; furthermore, we hypothesized that this effect would be more
pronounced at later stages. Indeed, at high frequencies, the depo-
larizing phase was of insufficient duration, and we noted little
difference in the response to 100 Hz transduction currents at E15
and E18 (Fig. 7). However, at both E15 and E18, we noted that the
first cycle of the five cycle burst often had a larger amplitude than
the subsequent cycles. We attribute this effect to the cumulative
activation of Gpy with each cycle, which tended to lower the
membrane resistance and in turn attenuated the amplitudes of
the peak-to-peak receptor potentials by 5-10 mV. At lower fre-
quencies (10 Hz), activation of G, within the depolarizing phase
of each cycle clearly attenuated the peaks of the receptor potential
(large arrows) with a greater reduction in amplitude at later
stages (E18). At 1 Hz, the activation kinetics of G, were faster
than the rise time of the current stimuli, and thus G clipped the
peaks of the depolarizing phase entirely. The greater magnitude
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1 Hz of Gpy in the E18 cell is evident in the
smaller peak-to-peak amplitude of the re-
ceptor potential at 1 Hz: 27 mV as opposed
to 35 mV at E15.

Because Gy ; was active at rest (V,,, of
—62 mV), it had a significant impact on
the input resistance and zero-current po-
tential (Fig. 2 B,C). We predicted that the
cells that acquired Gy ; at E18 would have
more negative resting potentials and that
gqg  their response to current injections would
be attenuated relative to younger cells and
cells thatlacked Gy ; . Figure 7 shows traces
at 100, 10, and 1 Hz recorded from an E18
cell that expressed Gy ;. As expected, E18
and older cells that had Gy, had signifi-
wer  cantly more hyperpolarized resting poten-
tials: —78 mV as opposed to —52 mV in
the E18 cell that lacked Gy, (Fig. 7). Fur-
thermore, receptor potential amplitudes at

0 20 40 60 0 200 400 600 ) ) ) 8 all frequencies tested were significantly re-
Time (msec) Time (msec) Time (sec) duced in E18 cells with Gy relative to

those that lacked G ;. In the examples of

Figure7.  Receptor potentials evoked by injecting previously recorded transduction currents. The transduction currents were Figure 7, the peak-to-peak receptor poten-

recorded from a postnatal day 8, type Il hair cell in response to five cycles of 100, 10, and 1 Hz sinusoidal hair bundle deflections
(~2 m peak-to-peak). The current amplitudes ranged from —170 to —134 pA, similar to the mean maximal transduction
current recorded from E17 hair cells (Géléoc and Holt, 2003). The resting potentials for each series is indicated at the left.
Calibration applies to all traces. The top three traces were recorded from an E15 hair cell. The large arrow indicates the repolarizing
influence of the delayed rectifier conductance. The middle traces were recorded from an E18 hair cell stimulated at 100, 10, and 1
Hz. The repolarizing influence of delayed rectifier activation (large arrow) and inward rectifier activation (small arrow) are
indicated. The bottom three traces were recorded from an E18 hair cell that expressed Gy , . The transduction current stimuli,
injected in current-clamp mode, and the sine wave bundle deflections used to evoke them are shown below.
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Figure 8. Membrane potential spikes evoked by current steps in embryonic hair cells. Cali-
bration applies to all traces. Resting potentials are indicated. A, Current-clamp response of an
E16 cell stimulated with a —25 pA current step (protocol shown below). B, The same cell as in
A was stimulated with a 15 pA prepulse to hyperpolarize the cell to —81 mV. Note the small
passive depolarization with the step to —25 pA was similar to that of trace A (small arrows). C,
The same cell as in A and Binjected with a 100 pA prepulse to hyperpolarize the cell and relieve
Gy, inactivation. With the step to —25 pA, the cell evoked spike-like behavior (large arrow). D,
Control trace from a different E16 cell. The protocol (below) was identical to that of C. £, The
same cell and protocol as shown in D after bath exchange of sodium for NMDG * to confirm the
spike behavior was the result of Gy, activation. F, A control trace from an E19 cell that lacked Gy,
and spike behavior.

tial amplitudes at 100 Hz were reduced
from 64 to 25 mV in E18 cells without and
with Gy ;, respectively, and from 52 to 13
mV at 10 Hz. At 1 Hz, the difference was
less pronounced because of the significant
activation of Gy at the lower frequency:
25mV for the cell without Gy ; as opposed
to 13 mV for the cell with G ;.

In 106 cells that lacked G, the fast
inward rectifier Gy; was the dominant membrane conductance
active at rest. Consistent with that notion was the observation
that acquisition of the inward rectifier conductance between E15
and PO was highly correlated with a negative shift in the zero-
current potential (Fig. 5D). Likewise, we predicted a similar neg-
ative shift in resting potential that paralleled acquisition of Gy;.
In addition, we predicted that development of Gy, would atten-
uate the membrane response to hyperpolarizing current injec-
tions. Relative to the E15 cell that lacked Gk, we noted a more
hyperpolarized resting potential in the E18 cell, and we often
observed repolarization during the hyperpolarizing phase of the
receptor potential (Fig. 7, E18, small arrow, 10 Hz), consistent
with activation of an inward rectifier or deactivation of the larger
Gpg expressed at E18.

In contrast to developing inner hair cells from the organ of
Corti (Marcotti et al., 2003), vestibular hair cells do not exhibit
spontaneous sodium-dependent action potentials. Furthermore,
because the vestibular hair cell sodium conductance was almost
entirely inactivated (Fig. 6 D) at typical resting potentials (range,
—50 to —70 mV), we predicted that expression of Gy, would
have little impact on the voltage response to depolarizing current
steps from rest. Indeed, when we delivered depolarizing current
steps from the resting potential, we were unable to evoke action
potentials in any of the 18 cells examined, all of which expressed
the embryonic sodium conductance. Figure 8 A shows an exam-
ple of the typical response to a current step of —25 pA, which
evoked a small passive depolarization (arrow) followed by repo-
larization that presumably resulted from activation of outward
rectifier potassium conductances. We further hypothesized that,
if inward current steps were preceded by hyperpolarizing steps,
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Gy, inactivation would be relieved and that, after the inward
steps, the membrane would enter a depolarizing phase accentu-
ated by I,-induced positive feedback. As expected, we found
that, when inward steps of —25 pA were preceded by outward
current steps of sufficient magnitude (100 pA) to hyperpolarize
the cell negative to approximately —100 mV, active spike-like
behavior with peaks close to 0 mV were evoked (Fig. 8C,D). That
the spikes were the result of an active process rather than a passive
depolarization is indicated by the inflection in the membrane
potential waveform (Fig. 8C,D, arrows). The spike behavior was
abolished by substitution of external sodium with the imperme-
able cation NMDG ™ (Fig. 8E), confirming that spike was the
result of the sodium conductance activation. Likewise, the spikes
were also absent in E19 cells that lacked Gy, entirely (Fig. 8 F).

In an attempt to relieve sodium conductance inactivation un-
der more physiological conditions, we delivered hyperpolarizing
current steps of 15 pA, approximately equivalent to that induced
by closure of a couple of mechanotransduction channels (i.e., the
5-10% open at rest). This step amplitude was also selected to
hyperpolarize the cell to —81 mV, the potassium equilibrium
potential, but not beyond. We reasoned that, under physiological
conditions, cells would rarely hyperpolarize negative to Ex+. Step
durations of 150 msec (Fig. 8 B) or 300 msec (data not shown)
were chosen to allow recovery from inactivation to reach steady
state. At —80 mV, time constants for recovery from hair cell
sodium channel inactivation are ~42 msec (Masetto et al., 2003).
During depolarization, with a family of currents steps that ranged
from —15 to —185 pA, the amplitude range of typical mechano-
transduction currents, we observed no active spike behavior (Fig.
8 B, arrow) in any of the cells examined, all of which expressed the
sodium conductance. Therefore, we conclude that the embryonic
sodium conductance in vestibular hair cells does not contribute
to the hair cell receptor potential waveform in a physiologically
significant manner, which is most likely the result of its negatively
shifted inactivation range.

Discussion

A developmental timeline

We characterized the developmental acquisition of four physio-
logically defined, voltage-gated conductances and, in a previous
study (Géléoc and Holt, 2003), acquisition of the mechanoelec-
tric transduction conductance. In Figure 9, we present a timeline
that charts the developmental acquisition of all five conductances
as a function of embryonic age. If we assume that the first wave of
hair cell development begins at E12 (Ruben, 1967) and define this
as zero, we can chart conductance acquisition as a function of hair
cell age (top axis). We hypothesize that hair cell physiological
development follows a stereotyped pattern of conductance acqui-
sition as a function of hair cell age, with physiological differenti-
ation into type I and type II cells beginning as early as hair cell age
6 (E18 for first-wave hair cells). To test our hypothesis, we re-
corded from several cells that were members of the second wave
as determined by their shorter bundle height and more peripheral
location. The inset shows a family of currents recorded from one
such E19 hair cell. The currents revealed evidence of small de-
layed rectifier, inward rectifier, and sodium conductances, incon-
sistent with first-wave, E19 hair cells. However, based on its elec-
trophysiological profile, this cell appeared to be approximately
hair cell age 3, which would suggest that it was born at approxi-
mately E16. This is consistent with the morphological develop-
ment of the second wave of hair cell maturation, which begins at
approximately E15-E16 (Denman-Johnson and Forge, 1999),
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Figure9. Developmental timeline of hair cell voltage-sensitive and mechanosensitive con-
ductance acquisition. The mean maximal conductance is plotted as a function of embryonic
stage (bottom axis). The top axis plots conductance acquisition as a function of hair cell age. The
4nS calibration bar applies below the dashed line, and the 20 nS calibration bar applies above
the line. The inset shows a family of currents recorded from a second-wave E19 hair cell evoked
by 100 msec steps from — 104 to 36 mV in 20 mV increments. Based on the expression of small
delayedrectifier (I ), inward rectifier (/y, ), and sodium (/y,, ) currents, we estimate this cell was
~3dold (arrow).

and supports our notion of a stereotyped pattern of physiological
development.

Interestingly, in a previous report, Riisch et al. (1998) sug-
gested the low-voltage-activated conductance, G , began to ap-
pear at approximately postnatal days 3—4. Our data suggest that
Gy 1 begins to appear at E18. We present the following as a pos-
sible explanation for the apparent discrepancy. If Risch et al.
(1998) recorded selectively from hair cells of the second wave,
which were born at approximately E16, they would be hair cell
age 6 at approximately P3, exactly the hair cell age at which we
observed the onset of Gy | expression in first-wave cells (Fig. 9).
Likewise, we found evidence of Gy expression in some periph-
eral type I cells at P3 (data not shown). Both observations further
support our notion of a stereotyped pattern of hair cell functional
maturation.

Molecular identification of hair cell conductances

The precisely defined developmental timeline of membrane con-
ductance acquisition presented in the previous section provides
an opportunity for identification of the ion channel genes whose
expression underlies the physiologically defined conductances.
Ion channel genes with a temporal expression pattern that paral-
lels the conductance acquisition pattern can be advanced to the
top of the list of potential candidates, as demonstrated recently
for the hair cell transduction channel (Corey et al., 2004).
Whereas channel genes whose expression precedes conductance
acquisition cannot be ruled out, those that lag conductance ac-
quisition can be excluded from further consideration.

For example, Holt and Corey (1999) and others (Kharkovets
etal., 2000; Trussell, 2000; Rennie et al., 2001) have suggested that
G . may consist of KCNQ4 and/or KCNQ3 subunits. If indeed
the case, we predict that onset of KCNQ subunit expression will
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coincide with or precede Gy expression. If KCNQ expression
precedes Gy 1, it would raise the possibility that the channel sub-
units are modified at approximately E18 such that their activa-
tion range is shifted to more negative potentials. Modification of
a preexisting channel might result from coassembly with 3 sub-
units or posttranslational modifications, such as phosphoryla-
tion or modulation by second messengers (Chen and Eatock,
2000).

Receptor potentials

Previous studies of the hair cell receptor potential have used com-
puter models (Hudspeth and Lewis, 1988b; Holt and Eatock,
1995; Catacuzzeno et al.,, 2003) or pharmacological blockade
(Fuchs and Evans, 1990; Masetto et al., 1994; Goodman and Art,
1996; Marcotti et al., 1999) to examine the contributions of ionic
conductances. By correlating conductance acquisition with
changes in the receptor potential waveform, we have taken an
alternative approach to establish a link between each ionic con-
ductance and its specific role in sensory signaling.

We found that the gradual acquisition of G between E14
and E19 attenuated the peaks of depolarizations positive to ap-
proximately —40 mV but only for low frequencies, which allowed
sufficient time for the relatively slow activation kinetics of Gp.
Because of its significant activation at rest, acquisition of Gy | at
E18 had a profound impact on resting potential and the ampli-
tude of the receptor potential. Cells that acquired Gy ; at E18 and
later stages had resting potentials ~25 mV more negative and
maximal receptor potentials of only 10-15 mV. In cells that
lacked Gy 1, gradual acquisition of G, between E15 and PO was
correlated with a gradual negative shift in the zero-current po-
tential. In addition, we found that Gy, acquisition attenuated the
peaks during the hyperpolarizing phase of the receptor potential
waveform.

Last, we conclude that expression of Gy, does not have a sig-
nificant impact on the receptor potential in our in vitro recording
conditions. Gy, in embryonic vestibular hair cells is almost com-
pletely inactivated at typical resting potentials, suggesting that it
is physiologically silent, similar to the sodium conductance in
outer hair cells (Witt et al., 1994). However, we cannot exclude
the possibility that the in vivo properties differ from those we
described in vitro. For example, if the inactivation curve is shifted
more positively, a greater proportion of Gy, may be available for
activation. In cardiac cells, kinases have been shown to shift the
voltage dependence of a TTX-resistant sodium conductance
(Watson and Gold, 1997; Gold et al., 1998). Given a similar shift,
we demonstrated that Gy, in embryonic vestibular hair cells is of
sufficient magnitude to evoke spiking behavior akin to that of
developing inner hair cells, in which it is hypothesized to be a
pacemaker and drive synaptogenesis and functional maturation
further downstream in the auditory system (Kros et al., 1998;
Marcotti et al., 2003).

Functional significance

We demonstrated that changes in the conductance expression
pattern affect the sensory receptor potential, but whether these
changes have functional significance for vestibular system devel-
opment or they simply represent the sequence through which
hair cells must pass on the road to maturity is not clear. Several
possible functions come to mind. Innervation of embryonic ves-
tibular epithelia begins as early as E15, and functional synapto-
genesis of bouton afferents with type II cells might follow shortly
thereafter (Mbiene et al., 1988). Because vestibular hair cells be-
come mechanosensitive at E17 (Géléoc and Holt, 2003), we pre-
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dict that the developmental shift in resting potential to more
hyperpolarized values will yield larger transduction currents and,
in turn, larger receptor potentials. Together with the self-evident
notion that vestibular stimuli impinge on the developing embryo,
the possibility exists that sensory-driven receptor potential
activity may underlie functional maturation within the vestib-
ular system in a manner similar to but distinct from the stim-
ulus-independent, spontaneous activity proposed to drive
development in the auditory (Kros et al., 1998) and visual
systems (Shatz, 1996).

Formation of partial calyces around type I cells were reported
as early as E18 (Van De Water et al., 1978), the same stage that we
noted the onset of Gy ; expression. This raises an interesting, but
reciprocal, question: does calyx formation induce Gy expres-
sion and type I cell differentiation or vise versa? Riisch et al.
(1998) concluded that calyceal endings were not required for Gy |
expression based on their observation that Gy ; acquisition in
deafferented, organotypic cultures from postnatal mouse utricles
paralleled the endogenous time course. However, we cannot rule
out the possibility that a causal relationship exists: perhaps Gy |
expression and type I cell differentiation induces calyx formation.
Furthermore, because it has been suggested that K™ accumula-
tion in the synaptic cleft may mediate a novel form of synaptic
transmission between the type I cell and its afferent calyx (Gold-
berg, 1996), the tight temporal correlation we report here raises
the possibility that type I synapses may become functional
around this time frame.

Summary and conclusion

We demonstrated that hair cells undergo a dramatic period of
functional maturation beginning as early as embryonic day 14 in
the mouse utricle. Over the subsequent prenatal week, maturing
hair cells acquire at least four distinct voltage-gated conduc-
tances, Gpg, Gg 1, Gk and Gy,, and the mechanotransducer
conductance. We present a timeline of conductance acquisition
and propose that embryonic hair cells follow a stereotyped pat-
tern of functional maturation. In addition, we find that the phys-
iological differentiation into type I and type II cells begins as early
as E18 with the acquisition of the type I specific, low-voltage-
activated potassium conductance, G ;. Other membrane con-
ductances may also be acquired during this time frame, includ-
ing, but not limited to, voltage-gated calcium (Hudspeth and
Lewis, 1988a; Platzer et al., 2000; Bao et al., 2003; Song et al.,
2003) and chloride conductances and ligand-gated conductances
such as those gated by ATP (for review, see Housley, 2000), or
acetylcholine (Fuchs and Murrow, 1992; Elgoyhen et al., 1994,
2001). Last, we suggest that replication of the physiological pro-
file through which embryonic hair cells develop (Fig. 9) in can-
didate regenerated hair cells (Lawlor et al., 1999; Shou et al,,
2003) will help validate their advancement to the enviable status
of fully functional hair cell.
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