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The developmental rehearsal for the debut of hearing is marked
by massive changes in the membrane properties of hair cells (HCs)
and spiral ganglion neurons (SGNs). Whereas the underlying
mechanisms for the developing HC transition to mature stage
are understood in detail, the maturation of SGNs from hyperexcit-
able prehearing to quiescent posthearing neurons with broad
dynamic range is unknown. Here, we demonstrated using phar-
macological approaches, caged-Ca2+ photolysis, and gramicidin
patch recordings that the prehearing SGN uses Ca2+-activated
Cl− conductance to depolarize the resting membrane potential
and to prime the neurons in a hyperexcitable state. Immunostain-
ing of the cochlea preparation revealed the identity and expres-
sion of the Ca2+-activated Cl− channel transmembrane member
16A (TMEM16A) in SGNs. Moreover, null deletion of TMEM16A
reduced the Ca2+-activated Cl− currents and action potential firing
in SGNs. To determine whether Cl− ions and TMEM16A are in-
volved in the transition between pre- and posthearing features
of SGNs we measured the intracellular Cl− concentration [Cl−]i
in SGNs. Surprisingly, [Cl−]i in SGNs from prehearing mice was
∼90 mM, which was significantly higher than posthearing neu-
rons, ∼20 mM, demonstrating discernible altered roles of Cl− chan-
nels in the developing neuron. The switch in [Cl−]i stems from
delayed expression of the development of intracellular Cl− regu-
lating mechanisms. Because the Cl− channel is the only active ion-
selective conductance with a reversal potential that lies within the
dynamic range of SGN action potentials, developmental alteration
of [Cl−]i, and hence the equilibrium potential for Cl− (ECl), trans-
forms pre- to posthearing phenotype.
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The dynamic range of neuronal action potentials (APs) resides
within voltages that are outside the reversal potentials (Erev)

of most ion currents except Cl− currents, making Cl− conduc-
tance the most versatile one in a course of a single AP. Neurons
use this adaptable feature of Cl− conductance with respect to the
resting membrane potential (RMP) of neurons to confer synaptic
plasticity by altering intracellular Cl− (Cl−i) homeostasis dur-
ing development. This process transforms depolarizing GABA/
glycinergic-mediated responses in immature to hyperpolarizing
responses in mature neurons (1, 2). A similar synaptic switch has
been described in auditory brainstem neurons, where the mature
GABA/glycinergic-induced inhibitory neurotransmission contrib-
utes strongly toward the computation of interaural level and time
differences required for sound source localization (3–6). The de-
polarization mediated by GABA/glycine in early postnatal de-
velopment may increase intracellular Ca2+ concentration ([Ca2+]i),
which is predicted to promote synapse stabilization in the CNS
(1). We hypothesized that besides synaptic plasticity one mech-
anism that alters the firing phenotype of developing neurons is via

changes in intracellular Cl− concentration ([Cl]i) and activation of
voltage and Ca2+-activated Cl− channels (CaCCs).
CaCCs are encoded by anoctamin 1 and 2 (ANO1 and 2), also

known as transmembrane member 16A and B (TMEM16A and
B) genes, which are expressed in epithelia and smooth muscle
cells (7, 8) and in sensory cells such as nociceptive dorsal root
ganglion neurons (9, 10), cilia of olfactory cells (11), and in rods
and cones (12). The prevailing functions of CaCCs are ascribed
to the amplification of pain sensation (10), cone responses (12),
and olfactory signal transduction (13, 14), although recent
reports using TMEM16B knockout mice suggest that CaCCs may
play a limited role in signal amplification of olfactory trans-
duction (11). TMEM16A has been identified in the cochlea in
a cell-type-specific manner, showing robust labeling in basal cells
of the stria vascularis and efferent endings of the auditory nerve
(15), but its role in the inner ear has not been determined.
The trademark of the developing auditory neuron is the

rhythmic and burst-patterned spontaneous AP (SAP), which is
thought to shape synapse formation and refinement in the
brainstem (16, 17). In the inner ear, inputs from Ca2+-mediated
SAPs from developing hair cells (HCs) sculpt the firing patterns
of spiral ganglion neurons (SGNs) (18, 19). However, SGNs
evolve from depolarizing hyperexcitable to hyperpolarized mature
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neurons with a wide dynamic range (20). Mechanisms underlying
the remarkable changes in SGN phenotype during development
are not well understood. Here, we demonstrate the origin and
molecular mechanisms of the transition from primordial to mature
auditory neurons. SGNs undergo marked alterations in intra-
cellular Cl− concentration ([Cl−]i) handling during development
and in doing so transform a predominantly inwardly driven Cl−

current into outwardly directed current through activation of
TMEM16 channels.

Results
SGNs were isolated from the cochlea of prehearing [postnatal
day (P) 1 or 2] and posthearing (1- to 2-mo-old) male and female
mice. SGNs were maintained in culture for 1–2 d to allow
Schwann cells from neuronal membrane surfaces to detach.

Developmental Changes in AP Phenotype from Pre- to Posthearing
SGNs. Previous reports have shown that developing auditory
nerves discharge waves of SAPs that were thought to originate
from SAPs of primordial HCs (17, 18). Although these patterned
activities from HCs may represent the basis of synaptic plasticity
in the developing cochlear nuclei (3), we and others have dem-
onstrated that developing SGNs exhibit intrinsic conductances
that generate SAPs (21). Shown in Fig. 1A are SAP firings
recorded from P2–P56 SGNs. Noticeably, the RMPs in pre- and
posthearing neurons were distinct (prehearing, −56 ± 7 mV; n =
18; posthearing, −64 ± 5 mV; n = 24; P < 0.01). Spontaneously
active neurons in the basal and apical turns of the cochlea in
prehearing were approximately threefold greater than posthearing
neurons (Fig. 1 A and D). We reasoned that a Cl− conductance
may be an important contributor to the SAP firing of SGNs.

Inhibitors of Cl− Channels Hyperpolarize the Cell Membrane and
Reduce AP Firing of SGNs. We applied Cl− channel inhibitors to
examine the possible roles of the Cl− conductance in SGNs.

Suppression of Cl− conductance with 100 μM niflumic acid
(NFA) significantly reduced the firing of SAPs and evoked APs.
The inhibitory effect was reversible after washout (Fig. 1 B and
C). As shown in Fig. 1B, Middle and Right, 100 μM NFA and
another Cl− channel blocker, 5-nitro-2-(3-phenylpropylamino)
benzoic acid (NPPB), significantly hyperpolarized the RMPs in
P2 neurons [control: −58 ± 4 mV, NFA: −63 ± 3 mV (n = 9, P <
0.01); control: −59 ± 3 mV, NPPB: −66 ± 5 mV (n = 8, P <
0.01)] and eliminated or reduced the evoked AP firing in P2
SGNs (Fig. 1 C and D). In contrast, NFA and NPPB produced
moderate effects on the RMPs of P56 neurons [control: −62 ±
2 mV, NFA: −65 ± 2 mV (n = 7, P < 0.05); control: −64 ± 2 mV,
NPPB: −67 ± 3 mV (n = 8, P < 0.05)]. The reversible effect
of the two Cl− channel blockers further provides evidence that
Cl− conductance regulates the excitability of SGNs.

Ca2+-Activated Cl− Channels in SGNs. The Cl− conductance in
SGNs could stem from one or several subtypes of Cl− channels
including voltage-gated, volume-regulated, ligand-gated, and Ca2+-
activated Cl− channels (22). Among these candidates, TMEM16A,
a member of CaCCs, has been localized in nerve terminals of SGNs
(15). This is further supported by the expression of the TMEM16
protein in the cell body and neurites of primary cultures of SGNs
(Figs. S1 and S2). CaCCs could be activated by Ca2+ influx
through voltage-gated Ca2+ channels or Ca2+ signaling via ino-
sitol trisphosphate receptors (10). To directly test the possible
roles of CaCCs in SGNs, we recorded the RMPs and AP firings
before and after the release of caged Ca2+. Indeed, UV pho-
tolysis of caged Ca2+ depolarized the RMPs and enhanced AP
firing significantly (Fig. S3). The effects of caged-Ca2+ release
were more pronounced in P2 SGNs compared with adult neu-
rons (P56) as assessed by alterations of the RMPs (Fig. S3B) and
the firing frequency of AP (Fig. S3D).
To further address the functional role of CaCCs in SGNs,

we directly recorded the Ca2+-activated Cl− currents in SGNs
by using caged-Ca2+ photolysis under conditions where only
Cl− conductance could be assessed (Materials and Methods). Fig.
2A shows a typical Ca2+-activated Cl− current trace recorded
from SGNs after UV photolysis. To characterize the currents, we
varied the UV-exposure time to record the time-dependent ac-
tivation of the currents as shown in Fig. 2B. There was a positive
correlation between the UV-exposure time and the current
amplitude, which approached saturation beyond 700 ms. The
UV-exposure time-dependent activation of the Ca2+-activated
Cl− currents is shown in Fig. 2C with a half-activation time of
∼300 ms. To address features of the Ca2+-activated current, we
used a dual-ramp pulse to measure the activation and the cur-
rent–voltage relationship in SGNs as shown in Fig. 2D. The
voltage ramp ranged from −80 to 80 mV for 4 s. The first voltage
ramp was applied in the absence of UV and the second ramp was
applied in the presence UV light as indicated (red bar in Fig.
2D). The activation time course of the current is shown as an
inset with a time constant (τ) of 608 ± 108 ms (n = 6). The
difference current, generated by subtracting currents under the
two different conditions, was considered as the bona fide Ca2+-
activated Cl− currents (Fig. 2E). The estimated equilibrium po-
tential of the Cl− currents (ECl) under the recording condition at
room temperature is ∼−38 mV. The measured reversal potential
for the difference current (Erev) was −30 ± 3 mV (n = 8), sup-
porting the notion that the current is likely carried by Cl− ions.
Next, we estimated the Cl− conductance in SGNs. From Fig. 2A,
using a peak current of ∼150 pA, the Ca2+-activated Cl− con-
ductance was ∼1.5 nS for the P56 neuron.
We further examined the expression of TMEM16A and B in

mouse cochlea sections of P1, P14 (2 wk), and P28 (4 wk) mice.
Antibodies directed against TMEM16A and 16B showed positive
reactivity in SGNs, suggesting that both TMEM16A and 16B are
expressed in SGNs (Fig. 3).

Fig. 1. Inhibitors of chloride channelshyperpolarized theRMPand reduced the
AP firings in SGNs. (A) SAP firing of prehearing SGNs at P2 and P5 (two left
panels). For posthearing neurons at P56, there were neurons with SAPs and
others without (two right panels). The percentages of cells exhibiting SAPs are
summarized in D, Left [P2 (n = 156), P5 (n = 101), and P56 (n = 96)]. The dashed
lines represent 0 mV. (B) SAP firings of SGNs recorded from P2 neurons were
attenuated upon application of 100 μM NFA (solid line) and the effect was re-
versible after washout (dotted line) (Left). For quiescent neurons, 100 μM NFA
(Middle) or NPPB (Right) reversibly mediated membrane hyperpolarization.
(C) NFA and NPPB significantly attenuated evoked APs recorded in P2 neurons.
The dashed lines represent 0 mV. The summary data are shown in D, Right. In
contrast to P2 neurons, the effects of NFA on P56 neurons were less apparent.
Controls: 64±12Hz;NFA,48±18Hz (n=5,P<0.137,not statistically significant).
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Reduced Ca2+-Activated Cl− Currents and Altered AP Firing in SGNs
from TMEM16A Knockout (TMEM16A−/−) Mice. To examine the
contribution of TMEM16A to the Ca2+-activated Cl− currents in
SGNs, we tested TMEM16A−/− mice. Indeed, the Ca2+-activated
Cl− currents were substantially reduced in SGNs from
TMEM16A−/− mice compared with WT littermates (Fig. S4A).
In support of the evidence that the Ca2+-activated Cl− current
contributes substantially toward the prehearing SAPs and in-
creased excitability of the developing SGNs, we observed at-
tenuated SAPs and hyperpolarized RMP in prehearing
TMEM16A−/− SGNs (P11). The mean RMP for P11 SGNs iso-
lated from TMEM16A−/− was −62 ± 5 mV (n = 15) compared
with their WT littermate neurons (−54 ± 4 mV; n = 14; P <
0.01). Additionally, among the 72 neurons that were sampled
from the TMEM16A−/− mice, only two (∼3%) were spontane-
ously active compared with ∼33% in control neurons. Further-
more, the inhibitory effects mediated by 100 μM NFA on AP
firing of SGNs from TMEM16A−/− mice were significantly re-
duced compared with those of WT SGNs, as shown in Fig. S4 B
and C. For example, for fast-adapting neurons that elicited
a single spike after 200-ms current (0.2 nA) injection (Fig. S4B),
NFA had no significant effect on TMEM16A−/− SGN AP firing
(neuron spike frequency before NFA: 5 ± 0 Hz, after NFA: 5 ±
0 Hz, n = 17, not statistically significant). Similarly, in another set
of neurons, whose response to current injection was slowly
adapting (Fig. S4C), NFA did not significantly alter the firing
frequency of the neurons (before NFA: 25 ± 7 Hz, after NFA:
16 ± 11 Hz, n = 9, not statistically significant). We were unable
to evaluate the properties of TMEM16A−/− SGNs in older mice
because all null mutation mice died before P21.

Changes in [Cl−]i in SGNs from Pre- to Posthearing SGNs. We hy-
pothesized that developmental alterations in [Cl−]i and the cor-
responding changes in ECl may serve as one of the mechanisms

underlying the differences in membrane excitability between pre-
and posthearing SGNs. We determined ECl in pre-hearing (P2)
and posthearing (P56) neurons as an indirect strategy to estimate
the [Cl−]i using gramicidin perforated patches, which have been
demonstrated to preserve [Cl−]i (23). These analyses suggested
that the [Cl−]i were high in prehearing neurons (∼90 mM) but
plummeted in posthearing SGNs (∼20 mM) (Fig. 4 A–C).
To further corroborate the findings from gramicidin experi-

ments, we measured [Cl−]i directly using a Cl− fluorescence dye,
N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE)
(Life Technologies). Fig. 4 D and F show fluorescence intensities
measured in P2 and P56 SGNs when cells were challenged by
Tyrode’s solution and the calibration solutions with four differ-
ent chloride concentrations ([Cl−]). In situ calibrations were
performed using solutions with different [Cl−] and two ion-
ophores, the Cl−/OH− antiporter tributyltin and K+/H+ anti-
porter negericin. To account for the quenching effects of the
MQAE fluorescence signals by the increased [Cl−], we normal-
ized the fluorescence intensities to the maximum intensity at
0 mM [Cl−]i. The Stern–Volmer equation was used to calculate
the [Cl−]i in SGNs based on the measurement in Tyrode’s so-
lution (Fig. 4 E and G). The summary data are shown in Fig. 4H.
The [Cl−]i in P2 SGNs was two- to threefold higher than that
from the adult mice. However, there was no significant differ-
ence in [Cl−]i between apical and basal SGNs in pre- and post-
hearing mice (Fig. 4H). To ensure the reliability of [Cl−]i
measurements, we recorded the MQAE signal for more than
200 s in SGNs to rule out the bleaching effects of the fluores-
cence signal (Fig. 4I).

Fig. 2. Identification of Ca2+-activated Cl− currents in SGNs. Whole-cell
recordings were performed in primary cultures of SGNs. Neurons were
loaded with caged Ca2+ and Ca2+ was released using UV photolysis. (A) Ca2+-
activated Cl− currents in SGNs elicited by UV photolysis at 60 mV. (B) UV
exposure time was varied between 100–800 ms to activate the currents.
(C) Summary data of the exposure time-dependent activation of the out-
ward currents. Currents were normalized to the peak current induced by
exposure time of 800 ms (n = 4 cells). (D) A dual ramp protocol from −80 to
+80 mVwas applied before and after UV application from a holding potential of
0 mV. The inset in blue trace shows the activation time course of the Ca2+-
activated Cl− channel by UV light (τ = 608 ± 108 ms when fitted with a single
exponential function; n = 6 cells). (E) Current–voltage relationship of the dif-
ference current. The difference current obtained before and after UV application
was considered to be Ca2+-activated Cl− currents.

Fig. 3. Expression of TMEM16A and TMEM16B in SGNs (A) Expression of
TMEM16A in SGNs from mice at P1, P14 (2 wk), and P28 (4 wk) as indicated.
Neurons were labeled with the neuronal marker Tuj1 (cyan). TMEM16A was
labeled in red and the nuclei were stained with DAPI (blue). Merged images
are shown on the right. (B) Expression of TMEM16B in SGNs from the same
age group as in A. The observations were made in 30 slides from three mice
of P1 (30/3 for P1), 40/3 for 2 wk, and 40/3 for 4 wk. (Scale bars, 10 μm.)
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Expression of Cl− Regulatory Molecules in Pre- and Posthearing SGNs.
Using antibodies specific for Na–K–Cl cotransporter 1 (NKCC1)
and K–Cl cotransporter (KCC2) in cochlea sections, we dem-
onstrated in Fig. 5 that the two proteins are expressed in the
plasma membrane of SGNs (also see Fig. S5). However, longi-
tudinal assessment (P1–P28) of the expression profile of the two
proteins shows that they are expressed later in development,
raising the possibility that developmental regulatory mechanisms
of [Cl−]i in SGNs may lag behind the activity of TMEM16
channels. Thus, a scheme whereby the ECl is altered during de-
velopment may help to explain the differential excitability of pre-
and posthearing neurons (Fig. 5C).

Discussion
CaCCs were first recorded in Xenopus oocytes (24). The de-
velopmental roles of CaCCs became immediately apparent when
it was demonstrated that fertilization-mediated Ca2+ inflow ac-
tivated CaCCs to induce membrane depolarization, impairing

additional sperm fusion and preventing triploidy (24). Sub-
sequently, CaCCs have been identified and implicated in epithelial
secretion (25); regulation of photo and olfactory transduction (11,
12, 26); and neuronal, cardiac, and smoothmuscle function (27, 28).
However, the molecular identity of CaCCs has only been reported
recently (27, 29, 30).TMEM16A and its close paralogueTMEM16B
have been demonstrated to encode for CaCCs (31), whereby in the
presence of permissive [Ca2+]i membrane depolarization enhances
the current magnitude. The activity of the two proteins confers
transepithelial anion transport and smooth muscle contraction, as
well as amplifies olfactory signal transduction (28). Moreover,
TMEM16A is overexpressed in several cancer cells and its sup-
pression may mitigate their metastasis (32, 33). Recently, the ex-
pression of TMEM16A was identified in basal cells of the stria
vascularis and efferent endings of the auditory nerve (15), but its
functional role in the inner ear is not known.

Fig. 4. Intracellular Cl− concentrations ([Cl−]i) of spiral ganglion neurons
from prehearing (P2) and posthearing (P56) mice. (A and B) Ramp protocol
elicited NFA-sensitive currents recorded using gramicidin perforated patches
from P2 (A) and P56 (B). We used the recorded reversal potential (e.g., ∼−11 mV)
(in blue) as shown for a P2 neuron (A) and ∼−60 mV (in blue) for a P56
neuron (B) to estimate the [Cl−]i. To ascertain that we were indeed recording
the activity of Cl− conductance, we altered the external [Cl−] as indicated.
The ECl changed in the expected direction. (C) Line graph depicting the
calculated ECl versus external [Cl

−]. The solid symbols shows the estimated ECl
that was used to calculate [Cl−]i in P2 (circle) and P56 (square) neurons. Data
assembled from P2 and P56 neurons suggested that [Cl−]i were; 86 ± 8 mM
(n = 11) and 18 ± 5 mM (n = 9), respectively. The open symbols represented
the measured ECl upon bath perfusion of different external [Cl−]. (D and F).
The fluorescence intensity of MQAE measured in P2 (D) and P56 (F) SGNs. In
situ calibrations were conducted by using four standard solutions containing
0, 25, 50, and 100 mM Cl− following the measurement in Tyrode’s solution
for each cell. (E and G). The Stern–Volmer equation was used to fit the
calibration data (open circles) from the measurement in P2 (E) and P56
(G) SGNs as shown by the solid line. The fluorescence intensity was nor-
malized by that measured in 0 mM Cl− calibration solution. Fluorescence
intensity measured in the Tyrode’s solution was used to calculate the [Cl−]i
based on the parameters from the curve fitting. The closed circle represents
the fluorescence intensity in Tyrode’s solution. (H) Comparisons of the [Cl−]i
of SGNs between P2 and P56 SGNs. There was no significant difference
in [Cl−]i between apical and basal SGNs in neonatal and adult mice, but the
[Cl−]i in neonatal SGNs were approximately two- to threefold higher than
that in adult SGNs (Adult/Apex: n = 4; Adult/Base: n = 8; P2/Apex: n = 8;
P2/Base: n = 6). (I) Negligible bleaching effects of MQAE fluorescence signal.
As a control, we recorded the emission of MQAE for more than 200 s in SGN
to monitor the bleaching effects of the fluorescence signal and did not
observe the significant bleaching.

Fig. 5. NKCC1 and KCC2 expressions in SGNs. (A) Expression of NKCC1 in
SGNs from mice of P1, P14 (2 wk), and P28 (4 wk) as indicated. Neurons were
labeled with the neuronal marker Tuj1 (green). NKCC1 was labeled in red
and the nuclei were stained with DAPI (blue). Merged images are shown on
the right. (B) Expression of KCC2 in SGNs from similar age group as in A.
The labeling follows similar order as described in A. The observations were
made in 30 slides from 3 mice of P1 (30/3 for P1), 40/3 for 2 wk, and 40/3 for
4 wk. (Scale bars, 10 μm.) (C) Schematic representation of developmental
changes in [Cl−]i and the ensuing changes in the direction of Cl− currents in
neonatal and adult SGNs.

2578 | www.pnas.org/cgi/doi/10.1073/pnas.1414741112 Zhang et al.
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Here, we demonstrate that the transition of SGNs from de-
veloping to mature phenotype relies to a major extent on the
activity of TMEM16. Pharmacological suppression of Cl− cur-
rents in the developing SGNs attenuates SAPs, whereas in qui-
escent neurons inhibition of Cl− currents promotes membrane
hyperpolarization and reduces evoked spike activity. Because the
activation of CaCCs can be mediated by Ca2+i release and sig-
naling (9, 10), we used caged-Ca2+ photolysis to demonstrate the
CaCCs in SGNs.We then took advantage of a gene-targetedmouse
model to document the role of TMEM16A as one of the molecular
correlates of CaCCs in SGNs. The expression of TMEM16B in
SGNs further raises the possibility that TMEM16A and 16B may
form heteromeric channels. Cl− current and evoked AP measure-
ments from SGNs isolated from TMEM16A−/− mice support the
functional contribution of TMEM16A to the excitability of SGNs.
The importance of TMEM16A in SGNs is underpinned by the
surprising revelation that [Cl−]i is under dynamic regulation in the
developing SGNs, ranging from ∼90 mM in prehearing SGNs to
∼20 mM in posthearing neurons. Thus, the expected shift in ECl
transforms a seemingly depolarizing-mediated current to hyper-
polarizing current with respect to theRMP of SGNs. The proposed
developmental shift in ECl in SGNs may stem from delay in the
expression and activity of Cl− regulatory mechanisms including
NKCC1 and KCC2. Even though the activation of the Cl− conduc-
tance produces an inward current early in neuronal development, it
may nevertheless reduce membrane excitability if its effect on
membrane gain exceeds its effect on the net inward current. This
possibility can be further addressed using a quantitative model.
Previous reports have used direct and indirect methods to

estimate neuronal [Cl−]i. Depending on the developmental stages
and different regions of the brain, [Cl−]i ranges from ∼20–40 mM
(34–36). Increased [Cl−]i levels in neocortical (37), spinal cord
(38), and cerebellar neurons (39) are considered transient and are
features of immature neurons. Moreover, there are several evo-
lutionarily conserved synaptic-response-switch mechanisms from
GABA/glycine-mediated early depolarization and later hyperpo-
larization in mature stages. The time course of the [Cl−]i regula-
tion coincides with temporal changes in the expression and activity
of Cl− transport mechanisms as well as the depolarization-to-
hyperpolarization synaptic transformation in specific brain nuclei
(40). However, in other areas such as the spinal cord and hippo-
campus (41, 42) the developmental switch in synaptic responses
from GABA/glycine-mediated depolarization to hyperpolariza-
tion is not consistent with the time course of the maturation of
the Cl− regulatory proteins, making it difficult to establish direct
causal relations.
Besides nuclear and cell-specific global differences in Cl− reg-

ulation in certain regions of the brain, there can be marked
modifications in Cl− handling within restricted domains in a given
cell. Indeed, as demonstrated in the retina and suprachiasmatic
nucleus (43, 44), the Cl− handling may be delimited to different
subcellular compartments, which will afford rapid and privileged
synaptic signaling. Thus, it is conceivable that in the network of
dendritic arbors a neuron may integrate depolarizing and hyper-
polarizing signals, which is mediated by the same neurotransmitter
in signal processing. Such finely tuned Cl− homeostasis will require
specialized Cl− regulatory capabilities such as cation–chloride
cotransporters (45).
In contrast to the CNS and the spinal cord, there are startling

and profound differences in Cl− handling in the auditory brain-
stem. Increased Cl− accumulation is mediated by the activity of
NKCC1 early in development, but it seems that the Cl−/HCO3

−

exchanger AE3 (46) and other Cl− transporters may operate in
a cell-specific manner (47). Reduction of [Cl−]i in mature neu-
rons may rely on gradual down-regulation of NKCC1 (40). Fur-
ther contrasting features of the chick auditory brainstem are the
apparent maintenance of high [Cl−]i and inwardly directed Cl−

current at the RMP even in adult neurons, conferring GABA-

induced inhibition by way of activation of Kv1 subtype of chan-
nels to promote shunting inhibition (4). Although the nuances of
Cl− regulatory mechanism in auditory brainstem neurons are
not fully understood and continue to evolve, it is clear that spatial
Cl− regulation in distinct subcellular compartments may yield mul-
tiple synaptic outputs from limited numbers of neurotransmitters.
Findings from the present study suggest that the developmental

roles of CaCCs are not restricted solely to synaptic plasticity, but
extend to activity-dependent membrane plasticity that shapes
neuronal wiring. Evidently, inhibition or total removal and over-
stimulation of SGNs of the developing cochlea have profound im-
pact on the number and size of auditory brainstem nuclei (48, 49).
However, these previous studies do not distinguish between the
contribution of intrinsically generated SAPs from hair cells or
SGNs. New insights into the fundamental mechanisms underlying
the transition from hyperexcitability in juvenile stage to adult phe-
notypes continue to evolve.

Materials and Methods
All animal care and procedures were performed in accordance with National
Institutes of Health guidelines andwere approved by the Institutional Animal
Care and Use Committee of the University of California, Davis.

Isolation and Culture of SGNs. SGNs were isolated andmaintained in culture as
we have previously described (21). Immunofluorescence confocal microscopy
of the cultured SGNs and cochlea sections was performed as previously de-
scribed (21) and is presented in greater detail in SI Materials and Methods.

Intracellular Cl− Concentration Measurements.We used MQAE fluorescent dye
(Life Technologies) to measure the [Cl−]i as previously described (50). The
cultured adult (P56) or P2 SGNs were first loaded by incubating cells in
Tyrode’s solution containing 5 mM MQAE for 30 min at room temperature.
The Tyrode’s solution contained (in millimolar) 140 NaCl, 5.4 KCl, 1 MgCl2,
2 CaCl2, 10 glucose, and 10 Hepes, pH 7.4. The standard high-Cl− solution
contained (in millimolar) 150 KCl, 2 CaCl2, 10 glucose, and 10 Hepes, pH 7.4.
The reduced Cl− solutions were made by substitution of KNO3 for KCl in the
standard high-Cl− solution. Tributyltin (20 mM) and negericin (5 mM) in
ethanol were stored at −20 °C. The two ionophores were diluted in the
calibration solution immediately before use.

Patch-Clamp Recording. Patch-clamp recordings were performed using an
Axopatch 200B amplifier, Digidata 1440A digitizer, and pClamp10 software
(Molecular Devices).

For evoked AP recording, extracellular solution contained (in millimolar)
130 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 D-glucose, and 10 Hepes, pH 7.3. The
normal internal solution contained (in millimolar) 112 KCl, 1 MgCl2,
0.01 CaCl2, 5 ATP-K2, and 10 Hepes, pH 7.35. For measurement of RMP, and
evoked AP recordings using caged-Ca2+ photolysis, the internal solution
contained (in millimolar) 112 KCl, 0.5 CaCl2, 5 ATP-K2, 20 Hepes, and
2 DMNP-EDTA (Life Technologies), pH 7.35.

For amphotericin perforated patch experiments, pipettes were filled with
the internal solution containing (in millimolar) 150 KCl, 10 Hepes, and
10 D-glucose, pH 7.3. For gramicidin perforated patch experiments, extra-
cellular solution contained (in millimolar) 109 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2,
10 D-glucose, and 10 Hepes, pH 7.3. For the reduced extracellular Cl− con-
centrations, NaCl was substituted for Na-gluconate, or Na-methanesulphonate.
A stock solution of gramicidin (20 mg/mL) was made using DMSO. Pipettes
were filled with the internal solution containing (in millimolar) 120 KCl,
10 Hepes, and 20–50 D-glucose, pH 7.3.

For whole-cell Ca2+-activated chloride current recording by using UV
photolysis, DMNP-EDTA was included in the pipette solution. The pipette
solution contained (in millimolar) 30 CsCl, 110 Na-glutamate, 20 Hepes,
0.5 CaCl2, and 2 DMNP-EDTA, pH 7.4. The external solution contained (in
millimolar) 130 NaCl, 5 MgCl2, 10 Hepes, and 1 EGTA, pH 7.4.

To minimize liquid junction potentials (LJPs), we used 3M KCl agar bridges
in all electrophysiological experiments. The LJPs were measured and cor-
rected as described (51). The LPJs were as follows (in millivolts): NaCl, −2.8 ±
0.8 (n = 106); Na+-gluconate, −4.6 ± 1.8 (n = 98); and Na+-methanesulphonate,
−5.2 ± 1.4 (n = 54). We also measured and corrected for the potential across
the perforated patches [2.5 ± 1.4 (n = 78)]. See SI Materials and Methods for
detailed solutions and recording configurations.
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