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Abstract Voltage-gated sodium (Na+) and potassium (K+)
channels have been found to be regulated by Src family kinases
(SFKs). However, how these channels are regulated by SFKs in
cochlear spiral ganglion neurons (SGNs) remains unknown.
Here, we report that altering the activity of endogenous SFKs
modulated voltage-gated Na+, but not K+, currents recorded in
embryonic SGNs in culture. Voltage-gated Na+ current was
suppressed by inhibition of endogenous SFKs or just Src and
potentiated by the activation of these enzymes. Detailed inves-
tigations showed that under basal conditions, SFK inhibitor
application did not significantly affect the voltage-dependent
activation, but shifted the steady-state inactivation curves of
Na+ currents and delayed the recovery of Na+ currents from
inactivation. Application of Src specific inhibitor, Src40–58,
not only shifted the inactivation curve but also delayed the
recovery of Na+ currents and moved the voltage-dependent
activation curve towards the left. The pre-inhibition of SFKs
occluded all the effects induced by Src40–58 application, ex-
cept the left shift of the activation curve. The activation of SFKs
did not change either steady-state inactivation or recovery of
Na+ currents, but caused the left shift of the activation curve.
SFK inhibitor application effectively prevented all the effects
induced by SFK activation, suggesting that both the voltage-

dependent activation and steady-state inactivation of Na+ cur-
rent are subjects of SFK regulation. The different effects in-
duced by activation versus inhibition of SFKs implied that
under basal conditions, endogenously active and inactive SFKs
might be differentially involved in the regulation of voltage-
gated Na+ channels in SGNs.
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Introduction

Src family kinases (SFKs) are protein tyrosine kinases. The
SFK family is comprised of nine members, including Src,
Fyn, Lck, Lyn, and Yes, which are highly expressed in the
nervous system and play important roles in the regulation of
neural development and synaptic transmission [9, 22, 28,
53, 56]. Since SFKs are involved in the regulation of many
physiological and pathophysiological processes, they have
become important targets for developing therapeutic
approaches [6, 14, 25, 39, 44].

The regulation of cation currents mediated by voltage-gated
Na+ and K+ channels is a key mechanism underlying the
regulation of neuronal excitability and activity. A large amount
of data have shown that voltage-gated Na+ [1, 2, 5, 27, 51] and
K+ [33, 36, 37, 46, 48] channels are regulated by SFKs.
Depending upon expressed channel subtypes and intracellular
signaling, some Na+ or K+ channels may be up-regulated,
while some of them may be down-regulated by SFKs.

Previous studies [6, 25] have suggested a role of SFKs in
noise-induced hearing loss. Although the mechanisms un-
derlying the regulation of auditory functions by SFKs still
require further exploration, intervention with SFK inhibitors
has been suggested as a novel approach in the treatment of
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auditory dysfunctions [6, 25]. Cochlear spiral ganglion neu-
rons (SGNs) provide the afferent innervation of the hair cells
in the organ of Corti and are classified into two types accord-
ing to their anatomical connections to inner or outer hair cells
[42, 47]. Cation currents mediated by voltage-gated Na+ and
K+ channels in SGNs are responsible for the generation and
propagation of afferent signals along the auditory nerve.Many
diseases in the auditory system are associated with dysfunc-
tion of SGNs [34, 35]. In this work, we investigated the
regulation of voltage-gated Na+ and K+ currents by endoge-
nous SFKs in SGNs. We demonstrate for the first time that
voltage-gated Na+, but not K+, currents in SGNs may be
regulated by endogenous SFKs. Our data also suggest that
endogenously active versus inactive SFKs may be differently
involved in the processes of the voltage-dependent activation,
steady-state inactivation, and recovery of Na+ channels.

Methods

Cell culture and immunofluorescence staining

SGN culture was conducted as described previously [19, 50].
In brief, cochlear spiral ganglion tissue was dissected from
Wistar rat embryos (18 or 19 days gestation) at 4°C. Follow-
ing cervical decapitation, the cochleas were quickly removed
under a stereomicroscope and placed in cold dissection medi-
um [Hanks balanced salt solution (HBSS, VWR, Suwanee,
GA) supplemented with 7.5-mM HEPES (VWR), 28-mM
glucose, and 58-mM sucrose, pH 7.3–7.4, osmolarity 310–
320 mOsm]. The cochlear capsule was then opened. The
modiolus containing SGNs was isolated and then minced into
small pieces and transferred into the dissection medium con-
taining 0.25% EDTA-trypsin (HyClone, Logan, UT) at 37°C
for 10 min. Trypsin was then inactivated by adding DMEM/
F12 (Mediatech Inc. Manassas VA) containing 10% fetal
bovine serum (VWR) to the solution. Following centrifuga-
tion at 450 g for 3 min and the removal of supernatant, the
pellet was re-suspended and gently triturated. Dissociated
SGN tissue was then plated onto poly-D-lysine-coated 35-
mm culture dishes and cultured with DMEM/F12 containing
10% fetal bovine serum for 12 to 72 h in a humidified CO2

(5%) incubator (Thermo Forma, Asheville, NC) at 37°C be-
fore performing electrophysiological recordings. All animal
experiments were conducted following the guidelines of the
NIH and approved by the Animal Care and Use Committee at
Florida State University.

For immunocytochemical staining, SGNs cultured on
glass cover-slips coated with poly-D-lysine were fixed in
4% paraformaldehyde for 10 min and permeabilized with
0.2% Triton X-100 for 5 min. After incubation in bovine
serum albumin (BSA, 10 mg/ml) for 15 min, the cultures
were then, respectively, incubated in BSA containing the

antibodies against neurofilament 200 (1:400, mouse) and
SFKs (1:500, rabbit, Millipore, Billerica, MA) overnight at
4°C. The double labeling with these antibodies was then
visualized with fluorescence Alexa-488 conjugated goat anti
mouse (1:8,000, Invitrogen, Eugene, OR) for neurofilament
200 and Alexa-568 conjugated donkey anti rabbit (1:1,000,
Invitrogen) for SFKs, overnight at 4°C. Fluorescence images
of SGNs were observed under an inverted microscope (Axi-
overt 200 M, Carl Zeiss, USA) equipped with Differential
Interference Contrast (DIC) System and a CCD camera (Orca-
ER, Hamamatsu, Bridgewater, NJ). Images were recorded and
analyzed with AxioVision 4.5 (Carl Zeiss) and NIH-ImageJ
(NIH, Bethesda, MD) software, respectively.

Whole-cell patch clamp recordings

The methods used for whole-cell patch clamp recordings in
SGNs are similar to that described previously [19]. In brief,
SGN cultures were placed in a recording chamber on an
inverted microscope (Axiovert S200 TV, Carl Zeiss)
equipped with 64×DIC System. The image was magnified
further by 63×and displayed on a 17" TV monitor. The
morphology of SGNs was monitored. None of the bath
solutions or experimental manipulations produced signifi-
cant changes in size or shape of SGNs recorded. Voltage-
gated Na+ and K+ currents were recorded with an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA) in the
whole-cell configuration from cultured SGNs bathed with a
standard extracellular solution containing (in mM): NaCl
(140), KCl (5.4), CaCl2 (1.2), CdCl2 (0.1), HEPES (12),
and glucose (16). pH and osmolarity of the solution were
adjusted to 7.35 and 310–320 mOsm, respectively. Record-
ing electrodes pulled from borosilicate glass capillaries were
filled with intracellular solution composed of (in mM): KCl
(130), EGTA (5), HEPES (5), MgCl2 (4), and K-ATP (4).
pH and osmolarity of the solution were adjusted to 7.25 and
290–300 mOsm. DC resistances of electrodes were 3–
5 MΩ. Series resistance compensation (up to 80–90%) was
always used in recordings, and thereby, the maximum ac-
cess resistance was not greater than 3 MΩ. Na+ in the
extracellular solution was replaced with N-methyl-D-gluc-
amine (NMDG), or K+ in both the extracellular and intra-
cellular solutions was replace with Cs+ to block Na+ or K+

currents. Voltage-gated inward or outward currents were
evoked every 30 s by cell depolarization from potentials of
−90 mV to −20 mV or +50 mV. The peak amplitudes of in-
ward and outward currents were 0.43±0.07 nA (n0122) and
1.66±0.2 nA (n019), respectively. The capacitance of recorded
SGNs was 13±6.5 pF (mean ± SEM, n0194). The density of
peak inward and outward currents (DI: the ratio of peak current
amplitude versus cell capacitance) was calculated.

Effects produced by bath application of SFK inhibitors or
by intracellular delivery of a peptide which may activate
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SFKs or inhibit Src were investigated. For intracellular
delivery of peptides, the peptides were added into the intra-
cellular solution filling recording electrodes. Recorded
voltage-gated Na+ currents were compared with that
recorded immediately (2.1±0.1 s, which was defined as
“0” min in this work) after breakthrough.

To determine the current–voltage relationship and the
voltage-dependent activation, SGNs were held at −110 or
−90 mV, and Na+ or K+ currents were evoked every 200 ms
by depolarization from −110 or −90 mV to +55 mV for
25 ms in 5-mV steps. Data of normalized currents to
maximum peak amplitude (Imax) were plotted versus
testing potentials, and curves were fitted by the Boltz-
mann function [I/Imax 0 1/(1+ exp(V-V1/2)κv], where V1/2

is the potential for half-maximal activation and κv is the
slope factor. Na+ conductance was calculated by relation
GNa 0 INa/(V - VRev).

To examine voltage-dependent steady-state inactivation,
neurons were depolarized every 500 ms from potential −110
or −90 mV to −20 mV for 200 ms in 5-mV increments.
Since the peak current density was mainly recorded at −20±
6 mV (n048, see Fig. 3), inward currents evoked by a
testing pulse to −20 mV (25 ms) immediately following
the depolarization were measured. Since no difference was
found by using depolarization protocols from −110 mV
versus from −90 mV, the data were pooled. Normalized
peak currents were plotted versus pre-pulse potentials, and
curves were fitted by the Boltzmann function as mentioned
above.

The time course of Na+ current recovery was investigated.
SGNs were given a 10-ms conditioning potential to −20 mV
(to fully inactivate the current) every 200 ms, followed by
recovery periods at −90mV, ranging from 0 to 25mswith 0.5-
ms increment and a test potential to −20mV. Normalized peak
current amplitudes were plotted and fitted by a single-
exponential function [y0a(1-exp-bx)] or by the Boltzmann
function. The time constant of Na+ current recovery was
determined.

Statistical significance between the means before and
during application of SFK inhibitors or an SFK activator
was determined with Student t test or repeated measures
two-way ANOVA. All chemicals and reagents were pur-
chased from Sigma (St. Louis, MO) except those as
indicated.

Results

The inhibition of endogenous SFKs significantly reduced
voltage-gated Na+, but not K+, currents

Immunofluorescence labeling of SFKs in cultured SGNs
showed SFK co-labeling in all observed SGNs labeled with

an antibody against neurofilament 200 (Supplementary
Fig. 1). Consistent with data reported previously [45], the
cell depolarization by changing the holding potential from
−90 to +50 mV in whole-cell patches induced fast inward
and slow outward currents in SGNs (Fig. 1a). We investi-
gated effects of inhibiting endogenous SFKs on outward
currents in SGNs bathed with Na+-free extracellular solution
in which Na+ was replaced with NMDG (Fig. 1b) by applica-
tion of the SFK inhibitors, PP2 (4-amino-5-(4-chloro-
phenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine, 10 μM)
[4, 17, 23, 29, 54] and SU6656 (2-oxo-3-(4,5,6,7-tetra-
hydro-1H-indol-2-ylmethylene)-2,3-dihydro-1H-indole-5-
sulfonic acid dimethylamide, 2 μM) [7, 54], respectively.

Figure 1c, d illustrates outward currents before and
during PP2 and SU6656 applications. Figure 1e, f shows
the relationships between voltage and peak current densi-
ties which were normalized to that before PP2 or SU6656
application. We found that no change in outward currents
was induced following application of either PP2 or
SU6656. Outward currents recorded in SGNs were sub-
stantially blocked by replacing K+ with Cs+ in solutions
for bathing SGNs and filling recording electrodes
(Fig. 2a). This finding suggests that voltage-gated K+

channels expressed in SGNs may not be tonically regulat-
ed by endogenous SFKs.

Application of tetrodotoxin (TTX, 1 μM) considerably
abolished inward currents (Fig. 2b), demonstrating that the
currents were predominately mediated by TTX-sensitive
voltage-gated Na+ channels. The peak Na+ current density
was −35±60 pA/pF (n078). Figure 2c, d illustrates recorded
whole-cell currents evoked by cell depolarization from −90
to −20 mV before (Control), during, and after application
(Wash) of PP2 (10 μM) and SU6656 (2 μM), respectively.
Compared with controls, peak Na+ currents were inhibited
by 40±10% (mean ± SEM, n07) and 35±6% (n07)
following PP2 and SU6656 applications (Fig. 2e). Appar-
ent recovery of Na+ currents was noted following wash of
PP2, but not SU6656 (Fig. 2c, d). PP2 and SU6656
applications significantly inhibited peak current densities
(Fig. 3a, g) and Na+ conductance (Table 1), while no
significant change in either macroscopic activation or in-
activation kinetics was detected (insertions in Fig. 3a, g).
Application of vehicle or PP3 (4-amino-7-phenylpyrazol
[3,4-d]pyrimidine, an inactive structure analog of PP2
[52], 10 μM) did not induce any change in Na+ current
(Figs. 2e and 3d).

The inhibition of endogenous SFKs significantly shifted
voltage-dependent steady-state inactivation and delayed
the recovery of Na+ currents from inactivation

Furthermore, we examined effects of SFK inhibitor applica-
tion on the voltage-dependent activation and steady-state
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inactivation of Na+ currents. Compared with controls before
SFK inhibitor applications, no significant change was found
in the voltage-dependent activation of Na+ current (Fig. 3b,
h). However, the steady-state inactivation curves of Na+

currents shifted significantly towards the left (Fig. 3b, h).
The half-maximal inactivation potential became significant-
ly more negative than that before PP2 or SU6656 applica-
tion (Table 2). PP2 or SU6656 application also altered the
recovery from inactivation. The time constants for recovery
from inactivation were significantly increased (Fig. 3c, i,
Table 3). PP3 application did not produce such changes in
Na+ currents (Fig. 3e, f, Table 3).

The inhibition of endogenous Src significantly reduced
voltage-gated Na+ current, shifted the steady-state
inactivation, and delayed the recovery of Na+ current
from inactivation

We investigated the effects of delivering a peptide, which has
the amino acid sequence of Src 40–58 (Src40–58) and selec-
tively inhibits Src activity [28, 39, 43, 55], into SGNs through
recording electrodes. Figure 4a shows examples of voltage-
gated Na+ current traces recorded immediately (“0” min;
Control) and 5 min after breakthrough with electrodes filled
with intracellular solution containing Src40–58 (0.3 mg/ml,

Fig. 1 Effects of SFK inhibitor application on voltage-gated outward
currents recorded in cultured SGNs. a, b Examples of recorded whole-
cell current traces evoked by altering holding potentials in 10-mV
increments from −90 to +50 mV (insertion in a) in SGNs bathed with
standard (a) and Na+-free (b) extracellular solution. c, d Examples of

recorded whole-cell current traces before (Control) and during PP2 (c)
and SU6656 (d) application. e, f Summary data showing relationships
(mean ± SEM) between voltage and peak current density (DI) before
and during PP2 (e) and SU6656 (f) application. Values in brackets
indicate the number of SGNs tested
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left).We found that when compared with those recorded at “0”
min after breakthrough, Na+ currents recorded with electrodes
filled with the solution containing Src40–58 were significant-
ly decreased (Fig. 4a–c). The peak current amplitude and
conductance at 5 min after breakthrough were significantly
decreased without significantly altering either macroscopic
activation or inactivation kinetics (Fig. 4b, c, Table 1). When

compared with those recorded at “0” min, the steady-state
inactivation curves of Na+ currents recorded at 5 min after
breakthrough significantly shifted towards the left (Fig. 4e),
the half-maximal inactivation potential became more negative
(Table 2), and the time constants for recovery from inactiva-
tion were increased (Fig. 4g, Table 3). However, we also noted
that when compared with those recorded in other groups with

Fig. 2 Effects of SFK inhibitor
application on voltage-gated
Na+ currents recorded in cul-
tured SGNs. a Examples of
recorded whole-cell current
traces evoked by cell depolar-
ization in 5-mV increments
from −90 to +55 mV from an
SGN. K+ in extracellular solu-
tion bathing SGNs and intra-
cellular solution filling
recording electrodes was
replaced with Cs+. b Examples
of recorded current traces be-
fore (Control) and during TTX
application. c, d Examples of
current traces recorded before
(Control), during, and after
(Wash) PP2 (c) and SU6656 (d)
applications. e Summary data
showing peak amplitudes of
Na+ currents (mean ± SEM)
evoked by cell depolarization
from −90 to -20 mV, which
were normalized to the mean
amplitude (0100%, Control) of
the currents before application
of vehicle, PP2, PP3, or
SU6656 (bar). Values in brack-
ets indicate the number of
SGNs tested. *P<0.05, repeat-
ed measures two-way ANOVA
in comparison with the effect of
vehicle application
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electrodes containing no Src40–58, the time constants of Na+

current recovery from inactivation recorded with electrodes
containing Src40–58 were significantly reduced (Fig. 4g,
Table 3).

Since voltage-dependent activation curves of Na+ cur-
rents were also found to shift towards the left when
Src40–58 was applied (Fig. 4e, Table 2), we investigated
effects of Src40–58 application when SFKs had been
inhibited by application of PP2 (10 μM, see Fig. 4b, d, f,
h, g; Tables 1, 2 and 3). Following the intracellular

application of Src40–58, no significant change in Na+ cur-
rents was found in SGNs bathed with extracellular solution
containing PP2, except the shift of the voltage-dependent
activation curves (Fig. 4b, d, f, h, g; Tables 1, 2 and 3).

The activation of endogenous SFKs significantly potentiates
voltage-gated Na+ currents

To confirm the role of endogenous SFKs in the regulation of
voltage-gated Na+ currents in SGNs, we examined effects of

Fig. 3 Effects of SFK inhibitor application on the voltage-dependent
activation, steady-state inactivation, and the recovery of Na+ currents.
a, d, and g show voltage-peak current density relationships (mean ±
SEM) before (Control) and during PP2, PP3, and SU6656 applications,
respectively. Insertions in a, d, and g show examples of superimposing
the control and treatment current traces elicited by depolarization to
−20 mVand normalized to the peak amplitude of each trace before and
during the agent application as indicated. b, e, and h show the voltage-
dependent activation and steady-state inactivation of Na+ currents

(mean ± SEM) recorded before and during application of the agents
as indicated. Solid and dash lines represent the fitting curves for data
before and during the agent application with the Boltzmann function
(see “Methods”), respectively. c, f, and i show the recovery of Na+

currents (mean ± SEM). Except for data during PP2 application shown
in c (which was fitted with the Boltzmann function), solid and dash
lines represent the fitting curves for data before and during the agent
application with a single-exponential function (see “Methods”)
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intracellular application of a peptide, EPQ(pY)EEIPIA
(1 mM), which activates SFKs (SFK activator peptide [28,
38, 55]), on Na+ currents in SGNs. Figure 5a shows exam-
ples of voltage-gated Na+ current traces recorded immedi-
ately (“0”min) and 5 min after breakthrough with electrodes
filled with intracellular solution containing the SFK activa-
tor peptide (left) or a control peptide, EPQYEEIPIA (1 mM,
right) which produces no change in the enzyme activity of
SFKs [28, 38, 55]. We found that when compared with those
recorded immediately after breakthrough, the Na+ currents
recorded with electrodes filled with the solution containing
the SFK activator peptide were significantly increased
(Fig. 5a–c). The peak current amplitude and conductance

recorded at 5 min after breakthrough were significantly
increased without apparent alteration of either macroscopic
activation or inactivation kinetics (Fig. 5b, c, Table 1). In
contrast, no significant change was noted in the Na+

currents recorded with electrodes filled with intracellular
solution containing the control peptide or no peptide (ve-
hicle) (Fig. 5b, d, Table 1). The intracellular application of
the Src activator peptide (1 mM) did not induce any
significant change in inward currents recorded from SGNs
bathed with extracellular solution containing TTX (1 μM)
(Supplementary Fig. 2).

We then examined effects produced by application of the
SFK activator peptide on the voltage-dependent activation
and steady-state inactivation of Na+ current. We found
that the voltage-dependent activation curve of Na+ cur-
rents shifted significantly towards the left (Fig. 5e).
Compared with that recorded immediately, 5 min follow-
ing breakthrough, the half-maximal activation potentials
were shifted (Table 2). However, no significant change
was noted in either steady-state inactivation or recovery
of Na+ currents from inactivation (Tables 2 and 3;
Fig. 5g). Intracellular application of the control peptide
did not produce any change in either the activation or
inactivation of Na+ currents (Fig. 5f, Tables 2 and 3). To
confirm that the effects induced by intracellular applica-
tion of the SFK activator peptide were produced through
the activation of SFKs, we examined effects of the SFK
activator peptide applied into SGNs treated with PP2
(10 μM). We found that the application of PP2 effective-
ly blocked the increase in voltage-gated Na+ currents
(Fig. 6a–c, Table 1) and reduced the left shift of
voltage-dependent activation induced by the SFK activa-
tor peptide (Fig. 6d).

Table 1 Changes in Na+ conductance induced by modulation of SFK
activity

Conductance (nS)

Control During

PP2 (7) 6.7±1 5.2±0.7*

PP3 (9) 9.6±2.6 10±2.6

SU6656 (7) 11±2.4 7.9±1.9*

EPQ(pY)EEIPIA (9) 8.2±1.3 9.7±1.4*

EPQ(pY)EEIPIA/PP2 (7) 4±1.1 3.4±0.9

EPQYEEIPIA (6) 7±1.8 7.7±2.9

Src40–58 (7) 12±2.5 10±3*

Src40–58/PP2 (9) 8±0.9 7.5±1.2

/PP2: SGNs were bathed with extracellular solution containing PP2;
values in brackets represent the number of SGNs tested
*P<0.05, paired t-test in comparison of the conductance recorded
during and before (control) the agent application as indicated

Table 2 Voltage dependence of activation and inactivation of Na+ current

Half-maximal activation potential (mV) Half-maximal inactivation potential (mV)

Control During Control During

PP2 -32.4±0.7 (7) -34.1±0.7 (7) -69.4±0.8 (11) -77.2±0.5 (11)*

PP3 -34.1±1.0 (9) -35.5±0.7 (9) -66.4±0.4 (9) -68.0±0.6 (9)

SU6656 -40.1±0.5 (7) -43.1±0.8 (7) -64.6±0.3 (9) -70.1±0.4 (9)*

EPQ(pY)EEIPIA -36.4±0.3 (9) -40.2±0.4 (9)* -68.3±0.2 (8) -70.1±0.3 (8)

EPQ(pY)EEIPIA/PP2 -35.3±0.6 (7) -38.3±0.5 (7) -75.3±0.5 (7) -77.5±0.3 (7)

EPQYEEIPIA -36.9±0.2 (6) -38.5±0.4 (6) -64.8±0.5 (6) -66.0±0.7 (6)

Src40–58 -38.5±0.4 (7) -44.3±0.6 (7)* -63.2±0.4 (9) -67.9±0.5 (9)*

Src40–58/PP2 -33.8±0.5 (9) -39.9±1.0 (9)* -71.2±0.4 (8) -73.3±0.4 (8)

Half-maximal activation and inactivation potential values were determined from fits of normalized activation and inactivation curves. Values in
brackets represent the number of SGNs tested. EPQ(pY)EEIPIA/PP2: the SFK activator peptide was applied into neurons treated with PP2; Src40–
58/PP2: Src40–58 was applied into neurons treated with PP2
*P<0.05 (paired t test) in comparison with control before bath application of PP2, PP3, or SU6656 or immediately after breakthrough in neurons
intracellularly applied with EPQ(pY)EEIPIA, EPQYEEIPIA, or Src40–58
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Discussion

Cation currents mediated by voltage-gated Na+ and K+

channels expressed in SGNs are responsible for generation
and propagation of afferent signals along auditory nerves
innervating the hair cells of the organ of Corti. According to
their anatomical connections, SGNs are classified into two
types [42, 47]. We did not test for neuronal type in this
study. However, 95% of cells in previous studies were
shown to be type I [42, 47]. Thus, almost all of the cells
studied here were probably type I.

Previous data recorded from different type of cells, e.g.,
vascular smooth muscle, HEK-293, tsA-201, renal,
Schwann cells, or cervical ganglion neurons (CGNs), have
shown that SFKs have different effects on voltage-gated K+

or Na+ currents and that this difference may be due to the
different types of channels expressed [1, 2, 5, 27, 33, 36, 37,
46, 48, 51]. Thus, the SFK regulation of voltage-gated K+

and Na+ currents appeared to be “cell-type specific.” Previous
studies have indicated that rat SGNs exhibit a unique pattern
of voltage-gated Na+ channel subunit expression and that this
may be related to the independent embryological origins of
SGNs [18, 20]. Since it remains unknown whether SFKs are
involved in the regulation of voltage-gated K+ and Na+ chan-
nels expressed in SGNs, we conducted the present study.

Our data showed that either PP2 or SU6656 application
produced no effect on voltage-gated K+ currents. This
appears consistent with the finding that application of the
wide-spectrum protein tyrosine kinase inhibitor, genistein,
inhibits voltage-gated Na+ currents but does not alter the
resting membrane potential in CGNs [27]. Previous studies
have shown that SGNs possess all K+ channels responsible
for the depolarization-activated K+ currents (for a review see

[42]). It has been found that some SFKs may up-regulate
[16, 36, 37, 41, 46], while some may down-regulate [3, 12,
16, 24, 26, 49] voltage-gated K+ channels, depending upon
the channel structure [21, 33] and intracellular signaling
[48]. Thus, more detailed studies dealing with the regulation
of voltage-gated K+ channels by SFKs in SGNs are still
required.

Our present data showed that voltage-gated Na+ currents
recorded in SGNs were inhibited following the bath appli-
cation of the SFK inhibitor, PP2 or SU6656. Apparent
recovery of Na+ currents was noted following wash of
PP2, but not SU6656. These findings are similar to data
reported previously, which show that the inhibitory effects
on N-methyl-D-aspartate receptors can be reversed by re-
moval of PP2 but not SU6656 [32, 54]. Based on findings
that (1) voltage-gated Na+ current in SGNs was consistently
down-regulated by application of PP2, SU6656, or Src40–
58, but not by PP3, (2) the Na+ current was up-regulated by
application of the SFK activator, EPQ(pY)EEIPIA, but not
EPQYEEIPIA, we conclude that voltage-gated Na+ chan-
nels expressed in SGNs are tonically up-regulated by
endogenous SFKs under native conditions. The finding
that the SFK activator peptide produced no significant
effect on the inward currents of neurons treated with
TTX implicated that the current mediated by TTX-
sensitive Na+ channels was up-regulated by the activation
of endogenous SFKs in SGNs.

Our data showed that intracellular application of Src40–
58 or bath application of PP2 or SU6656 significantly
reduced voltage-gated Na+ currents, shifted the steady-
state inactivation curves of Na+ currents towards the left,
and delayed the recovery of Na+ current from inactivation.
Unexpectedly, however, compared with that in neurons
recorded with electrodes containing no Src40–58, there

Table 3 Recovery of Na+ currents from inactivation

Time constant (ms)

Control During

PP2 (6) 7.8±4.5 17.4±5.9*

PP3 (6) 7.8±3.9 10.3±3.5

SU6656 (6) 5.0±2.8 11.2±2.2*

EPQ(pY)EEIPIA (10) 5.6±2.5 6.1±2.8

Src40–58 (6) 1.1±0.5# 1.7±0.7#/*

Src40–58/PP2(6) 7.0±4.6 7.4±4.6

Time constant values were determined from fits of the recovery of Na+

currents from the inactivation. Values in brackets indicate the number
of SGNs tested
*P<0.05 (paired t test) in comparison with control before bath appli-
cation of PP2, PP3, or SU6656 or immediately after breakthrough in
neurons applied intracellularly with EPQ(pY)EEIPIA or Src40–58
#P<0.05 (independent group t test) in comparison with other groups
before (control) or during agent application as indicated

�Fig. 4 Effects of Src inhibitory peptide (Src40–58) application. a Exam-
ples of current traces recorded immediately (solid line) and 5 min (dash
line) after breakthrough with electrodes filled with intracellular solution
containing the Src inhibitory peptide, Src40–58 (0.3 mg/ml) in SGNs
bathed with extracellular solution added without (left) and with PP2
(10 μM, right). b Summary data showing relative changes of peak Na+

currents when compared with that recorded immediately after break-
through. Src40–58/PP2: Src40–58 was applied into neurons bathed with
the extracellular solution containing PP2. *P<0.05, repeated measures
two-way ANOVA in comparison with the effect of Src40–58 applied into
neurons treated with PP2. c, d Summary data showing voltage-peak
current density (DI) relationships recorded immediately (0 min) and
5 min after breakthrough in neurons treated without (c) and with (d)
PP2. Insertions in c and d show superimposition of current traces
recorded immediately (0 min) and 5 min after breakthrough. e, f The
voltage-dependent activation and steady-state inactivation of Na+ chan-
nels recorded immediately (0 min, Control) and 5 min after breakthrough
with electrodes filled with intracellular solution containing Src40–58
from neurons treated without (e) and with (f) PP2. g, h The recovery of
Na+ currents recorded immediately (0 min) and 5 min after breakthrough
from neurons treated without (g) and with (h) PP2
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was a significant reduction in the time constant of the recovery
of Na+ currents recorded with electrodes filled with a solution
containing Src40–58. Moreover, when Src40–58 was applied,
voltage-dependent activation curves of Na+ currents shifted
towards the left. These findings raised a question: Are the
effects produced by intracellular application of Src40–58
through modulation of Src activity? To answer this question,
we examined effects of PP2 on changes in Na+ current induced
by application of Src40–58. Our hypothesis was that a phar-
macological pre-inhibition of SFKs should occlude the effect of
Src40–58 if Src played a role in the regulation of Na+ by SFKs.

Src40–58 application along with PP2 produced no sig-
nificant change in Na+ currents, except the shift of the
voltage-dependent activation curves. This finding suggested
that Src is involved in the regulation of Na+ current by
SFKs. A reduction in the recovery time constants was noted
in SGNs treated with Src40–58. PP2 pre-application could

Fig. 6 SFK activator-induced up-regulation of voltage-gated Na+ cur-
rents was blocked by SFK inhibitor application. a Examples of current
traces recorded immediately (0 min) and 5 min after breakthrough with
electrodes filled with intracellular solution containing the SFK activator
peptide, EPQ(pY)EEIPIA (1 mM), from neurons bathed with extracellu-
lar solution containing PP2 (10 μM). b Summary data showing relative
changes of Na+ currents recorded with electrodes filled with intracellular
solution containing the SFK activator peptide (1 mM) from neurons

bathed with extracellular solution containing PP2. c Voltage-peak current
density (DI) relationships recorded with electrodes filled with intracellular
solution containing the SFK activator peptide immediately (0 min, Con-
trol) and 5 min after breakthrough from neurons treated with PP2. d The
voltage-dependent activation and steady-state inactivation of Na+ chan-
nels recorded with electrodes filled with intracellular solution containing
the SFK activator peptide immediately (0 min, Control) and 5 min after
breakthrough from neurons treated with PP2

�Fig. 5 Effects of SFK activator application on voltage-gated Na+ cur-
rents recorded in cultured SGNs. a Examples of current traces recorded
immediately (0 min, solid line) and 5 min (dash line) after breakthrough with
electrodes filled with intracellular solution containing the SFK activator pep-
tide, EPQ(pY)EEIPIA (1 mM, left), and the control peptide, EPQYEEIPIA
(1 mM, right). b Summary data (mean ± SEM) showing relative changes of
peak Na+ currents when compared with that recorded immediately after
breakthrough (0 min). Vehicle: recording electrodes were filled with standard
intracellular solution. *P<0.05, repeated measures two-way ANOVA in com-
parison with the effect of vehicle application. c, d Summary data showing
voltage-peak current density (DI) relationships recorded immediately (0 min,
Control) and 5 min after breakthrough with electrodes filled with intracellular
solution containing the SFK activator peptide and the control peptide. Inser-
tions in c and d show superimposition of the control and treatment current
traces. e, f The voltage-dependent activation and steady-state inactivation of
Na+ channels recorded immediately (0 min, Control) and 5 min after break-
through with electrodes filled with intracellular solution containing the SFK
activator peptide and the control peptide. g The recovery of Na+ currents
recorded from neurons intracellularly applied with the SFK activator peptide
immediately (0 min, Control) and 5 min after breakthrough
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block this effect of Src40–58. These data implied that the
effect induced by inhibition of just Src could be different
from that induced by inhibition of all SFKs. The fact that
along with PP2 application the left shift of the activation
curves induced by application of Src40–58 was maintained
indicated that this effect was probably not produced through
Src- or SFK-dependent mechanisms.

The intracellular application of the SFK activation pep-
tide, EPQ(pY)EEIPIA, shifted the voltage-dependent acti-
vation curves towards the left without affecting the steady-
state inactivation. The fact that no effect could be found
following application of EPQ(pY)EEIPIA in SGNs treated
with PP2 confirmed that the activation of SFKs may pro-
mote the voltage-dependent activation but not affect the
voltage-dependent steady-state inactivation of the channels.
Taken together with the effects induced by inhibition of
SFKs or just Src, it is very likely that both the voltage-
dependent activation and steady-state inactivation of Na+

currents are the subjects of SFK regulation.
Why the inhibition of SFK activity produced different

effects on the voltage-dependent activation and steady-state
inactivation of Na+ currents than the activation in SGNs and
how Src40–58 application caused the shift in steady-state
activation are still unclear. It is known that endogenous
SFKs are regulated by a variety of mechanisms and there-
fore may exhibit different levels of enzyme activity coincid-
ing with activation states [8, 9, 22, 23, 28, 40, 56]. Thus, one
potential possibility could be that under native conditions,
the steady-state inactivation and the recovery of Na+ chan-
nels might be controlled by activated SFKs, while less
active or inactive SFKs might be involved in the regulation
of voltage-dependent activation of Na+ channels. Thus,
SFKs might exhibit a bifunctional regulation of Na+, but
not K+, channels in SGNs.

It has been found that protein phosphorylation is an
important mechanism underlying the regulation of ion
channel activity through altering the channel gating and/
or expression on the cell surface [10, 11, 13, 15, 16, 30,
31, 43]. Several members in SFKs and types of Na+

channels are expressed in SGNs. To completely under-
stand the mechanisms underlying the regulation of
voltage-gated Na+ channels by endogenous SFKs in
SGNs, the identification of how every type of Na+ chan-
nels is regulated by each member of SFKs and whether
SFKs may regulate the gating and surface expression of
Na+ channels in SGNs is still required.

Voltage-gated Na+ channels play a critical role in the
generation and propagation of action potentials. Encoding
sound signals into a neuronal code is central in the process
of hearing. Our findings that the inhibition of SFKs may
reduce voltage-gated Na+ current amplitude, shift steady-
state inactivation, and delay the recovery of Na+ channels
and that the augmentation of SFK activity may potentiate

Na+ currents and promote the voltage-dependent activa-
tion have strongly implied that the excitability and firing
behavior (such as discharge frequency and pattern in
response to sound stimuli) of SGNs may be critically
regulated by SFKs. The observations that inhibition of
SFK activity affects recovery from inactivation could be
particularly important because hearing (especially detec-
tion of the direction of sounds and high pitches) relies on
very high firing rates. Thus, characterizing the regulation
of voltage-gated Na+ channels by SFKs will be important
for the development of therapeutics for treating patho-
logical conditions in the auditory system such as tinnitus
and/or hearing loss.
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