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Abstract
Cochlear spiral ganglion neurons (SGN) provide the only pathway for transmitting sound evoked
activity from the hair cells to the central auditory system. Neurotrophic factor-3 (NT-3) and brain
derived neurotrophic factor (BDNF) released from hair cells and supporting cells exert a profound
effect on SGN survival and neural firing patterns; however, it is unclear what the effects NT-3 and
BDNF have on the type of neurotransmitter receptors expressed on SGN. To address this question,
the whole-cell patch clamp recording technique was used to determine what effect NT-3 and BDNF
had on the function and expression of glutamate, GABA and glycine receptors on postnatal SGN.
Receptor currents induced by the agonist of each receptor were recorded from SGN cultured with or
without BDNF or NT-3. NT-3 and BDNF exerted different effects. NT-3, and to a lesser extent
BDNF, enhanced the expression of GABA receptors and had comparatively little effect on glutamate
receptors. Absence of BDNF and NT-3 resulted in the emergence of glycine-induced currents;
however, glycine receptor currents were absent from the short term cultured SGN. In contrast, NT-3
and BDNF suppressed glycine receptor expression on SGN. These results indicate that NT-3 and
BDNF exert a profound effect on the types of neurotransmitter receptors expressed on postnatal SGN,
results that may have important implications for neural development and plasticity.
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INTRODUCTION
Excitatory and inhibitory neurotransmitter receptors play key roles in regulating the function
and plasticity of the central and peripheral nervous system (Autere et al., 1999, Legendre et
al., 2002). Glutamate, γ-amino-butyric acid (GABA) and glycine receptors (GlyR) are known
to undergo significant functional changes during critical stages of development both in vivo
and in vitro (Pisani et al., 1997, DeLorenzo et al., 1998, Kotak et al., 2001, Legendre et al.,
2002). In the central auditory system, there is a profound switch from GABAergic to
glycinergic neurotransmission in the lateral superior olivary complex (LSO) during
development (Kotak et al., 1998). Interestingly, the plasticity of this inhibitory synapse is
thought to be mediated by brain derived neurotrophic factor (BDNF) and neurotrophic factor-3
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(NT-3), two of the most broadly expressed neurotrophic factors that bind to tyrosine kinase
(Trk) receptors (Kotak et al., 2001). The developmental transition from GABAergic to
glycinergic neurotransmission in the SOC was thought to occur because of the need for faster
inhibitory circuits to faithfully encode small interaural time differences required for sound
localization in mature animals.

Both BDNF and NT-3 are expressed in cochlea and play crucial roles in the development and
survival of spiral ganglion neurons (SGN). The distribution of NT-3 and BDNF varies along
a base-to-apex gradient in the cochlea (Fritzsch et al., 1997). At the embryonic stage, NT-3
knockout mice show a complete loss of SGN in the basal turn of the cochlea, but only a partial
loss in middle and apical turns. In addition, the peripheral fibers of SGN shift from a normal
radial pattern to one in which the surviving fibers spiral towards inner hair cells (IHC) and
outer hair cells (OHC) (Fritzsch et al., 1997). However, the distribution of the NT-3 changes
significantly during development (Adamson et al., 2002, Sugawara et al., 2007). After postnatal
day 0, the expression of NT-3 decreases from the apical to the basal cochlear turn and this
pattern persists into adulthood (Sugawara et al., 2007). In adult mice, BDNF gene expression
in the vestibular system is much higher than in the cochlea (Stankovic and Corfas, 2003). Hair
cells and supporting cells are major sources of NT-3 and other neurotrophic factors in the
cochlea and hair cell loss purportedly leads to neurite retraction and eventual degeneration of
SGN (Nadol, 1997). Chinchillas treated with high doses of gentamicin plus ethacrynic acid
show massive loss of IHC and OHC throughout the cochlea a few days post-treatment; SGN
begin to degenerate approximately15 days post-treatment and significant SGN loss is evident
3-4 months later (McFadden et al., 2002). Infusion of NT-3, BDNF or the combination into
damaged ears significantly enhances SGN survival and promotes neurite outgrowth (Staecker
et al., 1996b, Altschuler et al., 1999). Transfection of the cochlea with a herpes virus expressing
BDNF significantly enhanced SGN survival (Miller et al., 1997). BDNF and NT-3 promote
the survival of SGN in culture and protect SGN from a variety of ototoxic drugs (Zheng et al.,
1995, Staecker et al., 1996a, Gao and van den Pol, 1999, Lalwani et al., 2002, McGuinness
and Shepherd, 2005)

Neurotrophins have a profound effect on the functional properties of SGN. In vivo application
of NT-3 beneath the IHC caused a rapid increase in NMDA and AMPA induced firing of SGN
neurons (Oestreicher et al., 2000); K252a, a Trk receptor antagonist, blocked this effect. NT-3
and BDNF have a profound effect on the adaptation properties of cultured SGN. In vitro,
application of BDNF to apical turn SGN caused neurons to switch their discharge patterns from
slow to fast adapting in response to electrical stimulation whereas application of NT-3 caused
neurons to shift towards slow adapting responses (Adamson et al., 2002). In contrast,
application of NT-3 to basal turn SGN caused spike adaptation patterns to switch from fast to
slow; however, BDNF had no effect on basal turn SGN. The NT-3/BDNF induced shifts in
SGN adaptation patterns appear to be mediated by the Kv.1 potassium channel (Adamson et
al., 2002, Mo et al., 2002) since the selective Kv1.1 potassium channel blockers DTX-K and
α-DTX shifted rapidly adapting SGN to slow adapting.

Neurotrophins not only influence the expression of voltage gated ion channels, but also regulate
the expression of inhibitory and excitatory neurotransmitter receptors. In some cases, BDNF
increases the expression of dopamine D3 and GABA-A receptors while in other cases it
decreases GABA-A receptor expression (Brunig et al., 2001, Yamada et al., 2002, Guillin et
al., 2003). NT-3 also alters the expression of NMDA, dopamine and GABA receptors (Hyman
et al., 1994, Sah et al., 1997). While BDNF and NT-3 have been found to alter the expression
of voltage and ligand gated receptors in several brain regions, little is known about their effects
on SGN. To address these issues, we monitored the expression of glutamate, GABA, and GlyRs
in murine, postnatal SGN using the whole cell patch clamp technique and
immunocytochemistry.
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METHODS
Spiral ganglion cultures

Approximately 50 C57BL/10J mice (The Jackson Laboratory) between postnatal day 0 and 5
(P0-P5) were used in these studies. Mice were killed by cervical decapitation and the cochleas
quickly removed and placed in cold Hanks balanced salt solution (HBSS) (GIBCO). The
cochlear capsule was opened, the cochlear lateral wall and the spiral lamina were removed,
and the basilar membrane (BM) containing the organ of Corti and SGN were placed in HBSS
containing 0.25% EDTA-trypsin at 37 °C for 20 min. Trypsin was inactivated by adding 10%
fetal calf serum (GIBCO) to the solution. The solution was centrifuged at 250 g for 5 min, the
supernatant removed, the pellet re-suspended in culture medium and gently triturated. The
solution containing the dissociated SGN was plated onto negatively charged 35 mm culture
dishes (BD Falcon, Becton-Dickson). Isolated SGN were maintained in culture medium which
contained 90% DMEM, 10% fetal calf serum and 100 units/ml of penicillin. The culture dishes
were covered and placed in a humidified CO2 (5%) incubator (Thermo Forma, Model 3110)
at 37 °C. In some cases, BDNF (5 ng/ml, B-3795, Sigma) or NT-3 (5 ng/ml, N-1905, Sigma)
was added to the culture medium. Cultures were maintained for 2-4 weeks and the culture
medium was changed every two days.

Immunocytochemistry
Cochlea cultures were fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH
7.0) for 20 min at room temperature and then washed three times for 5 min with phosphate
buffered saline (PBS, 1X, 0.01 M, pH 7.0) at room temperature. The cell membranes were
permeabilized with 0.1% Triton X-100 in PBS for 5 min. Cells were washed three times for 5
min with PBS (1X, 0.01 M) at room temperature. Afterwards, specimens were immersed for
1-2 h at room temperature in a blocking solution containing 5% normal goat serum (NGS) in
PBS. Specimens were treated with a primary antibody in PBS containing 5% NGS and
incubated overnight in primary antibody at 4 °C. All of the specimens were labeled with a
monoclonal antibody against neurofilament 200 kDa (NF-200, N1042, Sigma) plus a
polyclonal antibody against GlyR α1 and α2 subunits (rabbit; AB5052, Chemicon), GABA-A
receptors (rabbit, AB5563, Chemicon) or glutamate receptor 2 (polyclonal, rabbit, AB1768,
Chemicon). Afterwards, the tissues were washed three times with PBS (1X) for 15 min and
then treated with a secondary antibody from the appropriate species in blocking solution (5%
NGS) for more than 1 h at room temperature.

Secondary antibodies were Alexa 555 anti-rabbit IgG antibody (1:200-1:2000, Molecular
Probes, A-21428) and Alexa 488 anti-mouse IgG antibody (1:200-1:2000, Molecular Probes,
A-11001). Samples were rinsed three times in 0.1 M PBS, mounted in glycerin on glass slides,
cover slipped, examined under a fluorescence microscope (Zeiss, Axioskop 50) and
photographed with a digital camera (Nikon 922). Filter setting suitable for imaging Alexa 555
(excitation 568 nm, emission 580 nm) and Alexa 488 (excitation 488 nm, emission 520 nm)
were used to examine the samples. Photomicrographs were stored on a personal computer and
processed with Adobe Photoshop (Adobe Systems, San Jose, California). Each staining was
performed at least times for a given condition.

Whole cell patch clamp recordings
Glass electrodes were pulled from thin wall glass tubing (Drummond Scientific Co., 1.2 mm
outer diameter) using a pipette puller (PC-84, Sachs-Flaming Micropipette Puller). Electrodes
were fire-polished on a microforge (MF-830, Narishige) before use. Electrode tip diameter was
approximately 1-2 microns and the resistance was typically 1-3 MΩ measured in HBSS when
the electrode was filled with 140 mM KCl. HEPES buffered HBSS solution was used as the
external recording solution for measuring sodium, potassium and neurotransmitter receptor
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currents. The HBSS contained, in mM: NaCl 137, Na2HPO4 0.2, KCl 5.4, KH2PO4 0.4,
MgSO2 0.8, CaCl2 1.3, glucose 5.6 and HEPES 10. The pipette used to record Na+ and K+

currents contained, in mM: KCl 120, KF 20, NaCl 2, MgCl2·2H2O 2, EGTA 10 and HEPES
10. For all solutions, pH was buffered to 7.3 with KOH and the osmolarity (Micro Osmometer,
Precision Systems) adjusted with sucrose to 290 mOsm.

Whole cell patch clamp recordings were carried out at room temperature (~20 °C) in cell culture
dishes. Prior to patch clamp recording, the culture medium in the dish was replaced with HEPES
buffered HBSS and the dish was mounted on an Olympus inverted microscope (IMT-2) using
a customized holding chamber. SGN were visualized using a phase contrast objective. Images
were captured by a video camera (WPI OS 40D) attached to the microscope; the output of the
camera was displayed on a video monitor (Javelin BWM12) and digitized to the computer
through a video card.

The recording glass electrode was back filled with recording solution and installed on the head
stage of the patch-clamp amplifier (Axon 700A, Molecular Devices) mounted on a hydraulic
micromanipulator (Narishige, MC-35A). The target SGN was identified under the microscope
and the electrode was gradually pressed on to the soma of the cell while negative pressure was
applied through the electrode thereby drawing the cell’s membrane into the tip of the pipette.
The resistance through the pipette in the cell attached mode was monitored using patch clamp
software (Axon Inst., pCLAMP 8.01). Negative pressure was increased until the tight seal was
≥ 1 GΩ. The series capacitance was compensated using the amplifier and software; then a brief
electric shock was applied to break the cell’s membrane and establish the whole cell, tight seal
(>1 GΩ) recording configuration.

The whole cell current response was recorded in voltage-clamp mode and the voltage response
was recorded in current-clamp mode (holding potential -70 mV unless otherwise noted).
Receptor currents were recorded under voltage-clamp while applying various neurotransmitter
receptor agonists or antagonists on to the cell using a puffer electrode positioned close to the
SGN soma. Unless otherwise noted glutamate, glycine and GABA receptor agonists and
antagonists were all purchased from Sigma. Alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), an AMPA receptor agonist, kainic acid (KA), a kainic/
AMPA receptor agonist and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a competitive
AMPA/KA receptor antagonist, were used to test glutamate receptors. Glycine and strychnine
were used to test GlyRs. GABA and bicuculline, a GABA-A receptor antagonist, were used
to test GABA-A receptors. Ion and receptor channel blockers were applied alone or together
through a puffer electrode (100 μm) connected to a DAD-12 superfusion system (ALA Inst.).
Whole cell currents and voltage responses were amplified, digitized (DigiData 1200, Axon
Inst.) and analyzed by pCLAMP software (8.01 Axon Instruments). Drug application through
the DAD-12 system was under software control and could be triggered by the patch clamp
software. Statistical analyses were carried out with SigmaStat 2.03 (Systat) or GraphPad Prism
5.01. Results are presented as mean ± 1 standard deviation (SD) unless otherwise noted.

This research was approved by the Institutional Animal Care and Use Committee at University
at Buffalo.

RESULTS
Firing properties

The resting potential and the action potential (AP) were measured when the whole cell
recording condition was established in SGNs cultured in neurotrophin free medium (untreated)
for different durations. The mean resting potential of SGN maintained in culture from 1 day
(C1) to 28 days (C28) was −54 ± 6.5 mV (n = 53). The mean resting potentials of SGN
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maintained in culture for C1-C3, C4-C6, C7-C13 and C14-C28 were -53.1 ± 10 (n = 5), -50.1
± 8.8 (n =15), -56.4 ± 7.2 (n = 18) and -51.5 ± 6.5 (n = 9) respectively. The resting potentials
did not differ significantly across groups (One-way ANOVA, P>0.05).

APs were also recorded from SGN in current-clamp by applying current steps from −600 to
250 pA (50 pA steps, 140 ms duration). Figure 1A showed a typical response recorded under
current-clamp from a SGN maintained in culture for 1 day. A single AP was evoked by a
suprathreshold current stimulus (0 to 250 pA, 140 ms). Most (31 of 35, 89%) SGN maintained
in culture from C1-C3 produced only a single AP to the current step. However, multiple APs
(>3) were evoked from SGN cultured long-term. As illustrated in Figure 1B-C, 3 spikes were
evoked in the SGN cultured to C7 and 12 spikes were induced at C14. Multiple spikes were
recorded from 67% of SGN (28 of 42) maintained in culture from C7 to C28. The average
number of APs evoked by a suprathreshold current step was only 1.2 ± 0.4 (n = 11) at C1-C3
and increased to 4.4 (± 4.1, n = 9), 5.4 (± 4.0, n = 19), 5.5 (± 3.7, n = 10) at C4-C6, C7-C13,
C14-C28 respectively. The mean number of evoked APs varied significantly across time (One-
way ANOVA, P = 0.02, F(3, 45) = 3.64); a post-hoc analysis showed a significant difference
between C1-C3 and C7-C13, C1-C3 and C14-C28 (Tukey’s Multiple Comparison Test, P <
0.05).

Glycine-induced receptor currents
To determine if GlyRs are constitutively expressed on postnatal SGN or if neurotrophins could
induce expression, whole cell recordings were obtained from SGN at a holding potential of
-70 mV while 1 mM glycine was applied through a puffer electrode. When glycine (1 mM)
was applied to C1-C3 SGN cultures, glycine produced an extremely weak response in 3 of 16
neurons (Figure 2A) or had no effect in 13 of 16 cells. However, a robust glycine-induced
inward current was recorded from all SGN (8 of 8) cultured in neurotrophin-free medium from
C7 to C28 (Figure 2B). The glycine-induced current rapidly desensitized consistent with
previous reports (Sergeeva and Haas, 2001, Tao and Ye, 2002). The average amplitude of the
glycine-induced current (1 mM) was -181 ± 150 pA (n = 8) from C7-C28. The average
amplitude of the glycine induced current obtained from C7-C28 SGN was significantly larger
than that recorded from SGN cultured C1-C3 (Figure 2C, n = 5) (Student’s t-test, P = 0.03).

Glycine-induced (1 mM) inward currents (Figure 3A) were totally blocked by 10 μM strychnine
(Figure 3B), a GlyR antagonist, and recovered 2-3 minutes after strychnine was washed out
(Figure 3C). The glycine induced current was tested under different holding potentials with
different chloride concentrations in the pipette (Figure 3D). With 140 mM of chloride in the
pipette solution, the amplitude of the inward current (negative) decreased when the holding
potential increased from -100 mV to -10 mV. The polarity of the glycine-induced current
switched from inward (negative) to outward (positive) when the holding potential changed
from -10 mV to +30 mV (Figure 3D). The reversal potential was close to 0 mV (Figure 3E,
solid circles); this is near the expected reversal potential predicted by the Nernst equation when
the chloride concentration in the pipette and bath solution are equal (equilibrium potential =
20 ln ([Cl-]in / [Cl-]out)). When the chloride concentration in the pipette was changed to 20
mM, the reversal potential was approximately -40 mV consistent with the predicted reversal
potential of -39 mV (Figure 3E, open circles). These results suggest the glycine-induced current
is mainly carried by chloride consistent with previous reports (Kotak et al., 1998, Kraushaar
and Backus, 2002).

GlyR Immunocytochemistry
To confirm that GlyRs were present on SGN, immunocytochemistry was performed on SGN
maintained in culture for C2 or from C7-28 using an antibody targeting GlyR α1 and α2
subunits. Figure 4A-C shows the typical immunostaining of SGN cultured for C2 and Figure
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4D-E shows the immunostaining for SGN cultured for C10. Most of the SGN cultured for C2
showed strong NF-200 immunolabeling (Figure 4A, C), but no evidence of GlyR
immunolabeling (Figure 4B, n = 10) consistent with the physiological results (Figure 2A). In
contrast, strong GlyR immunolabeling was present on some SGN maintained in culture for
C10 as well as immunolabeling for NF-200 kD (Figure 4D, n = 3). Figure 4F, a merger of
Figure 4D and 4E, shows yellow labeling from the overlap of GlyR and NF-200 kD
immunolabeling. The C10 results are consistent with the physiological results showing the
presence of glycine-induce currents in long term SGN cultures.

Effect of NT-3 and BDNF on glycine-induced currents
Neurotrophic factors can modulate the expression and function of neurotransmitter receptors
(Heese et al., 2000, Brunig et al., 2001, Xiong et al., 2002). Since NT-3 and BDNF play
important roles in the development and survival of SGN, NT-3 (5 ng/ml) and BDNF (5 ng/ml)
were applied to SGN cultures to evaluate their effects. The mean resting potential of SGN
maintained under neurotrophin-free culture conditions for C7-14 was -50 ± 12 mV (n = 12);
the mean resting potential was -54 ± 6 mV (n = 28) when cultured with BDNF (5 ng/ml) and
-51 ± 6 mV (n = 5) when cultured with NT-3. The mean resting potentials of SGN maintained
in neurotrophin-free medium, BDNF or NT-3 were not significantly different from one another
(One-way ANOVA, p > 0.05).

Figure 5A shows the percentage of SGN expressing glycine-induced currents. All (8 of 8) SGN
maintained in neurotrophin-free medium from C7-14 expressed glycine-induced currents. In
contrast, only 1 of 6 (17%) SGN cultured with NT-3 and only 14 of 37 (38%) cultured with
BDNF expressed glycine-induced currents. The proportions of SGN expressing glycine-
induced currents in neurotrophin-free medium or medium containing BDNF or NT-3 were
significantly different (p = 0.002, Chi-square test).

The mean amplitudes of glycine-induced currents were -46 ± 65 pA (n = 14) in SGN (C7-C14)
cultured with BDNF, -8 ± 17 pA (n = 6) in SGN (C7-C14) cultured with NT-3, and -181 ± 150
pA (n = 8) in SGN cultured with neurotrophin-free medium (Figure 5B). The mean amplitude
of the glycine-induced current was significantly greater in SGN cultured in neurotrophin-free
medium than from SGN cultured in BDNF or NT-3 (One-way ANOVA, P = 0.003, F(2, 25)
= 7.45). A post-hoc analysis showed a significant difference between neurotrophin free vs.
NT-3 and neurotrophin free vs. BDNF groups (Tukey’s Multiple Comparison Test, P < 0.05).

NMDA and Non-NMDA Glutamate Receptors
Non-NMDA receptor function in SGN was evaluated using AMPA and KA receptor agonists
and antagonists. KA-induced currents were recorded from SGN (n = 49) between C1-14 in
neurotrophin free medium. No significant development changes were observed during this
period. KA (0.5 mM) or AMPA (0.5 mM) induced a negative (inward) current in most SGN
cultured from C1-14 (45 of 49, holding potential −70 mV). Figure 6A shows typical KA-
induced (0.5 mM) inward currents recorded from a SGN maintained in neurotrophin free
culture medium until C10. The KA-induced current consisted of a fast onset followed by
sustained activation and returned to baseline when KA was washed out. The KA-induced
current was reversibly blocked by CNQX (0.1 mM), a non-NMDA receptor antagonist,
consistent with previous reports (Ruel et al., 1999) (Figure 6B). The KA-induced current
quickly recovered after CNQX was washed out (Figure 6C). The KA-induced current was
inward at negative holding potentials and outward at positive potentials (Figure 6D). The I/V
curve for the KA-induced current was linear and reversed polarity around 0 mV These results
suggest that the KA-induced currents were carried by a non-selective cation channel consistent
with glutamate receptors (Johnston and Wu, 1999).
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AMPA-induced currents were also recorded from SGN (n = 6) between C1-14 in neurotrophin
free medium. No significant development changes were observed during this period. Figure
7A shows a series of AMPA-induced (0.5 mM) currents obtained from a typical SGN at holding
potentials from -100 to +50 mV. At -100 mV, an inward current was recorded with a rapid
onset followed by a slow, partial decay. The amplitude of the AMPA-induced current decreased
as the holding potential approached 0 mV. As the holding potentials increased from 0 mV to
+50 mV, the polarity switched from negative to positive and current amplitude increased. A
typical I/V curve of the AMPA-induced current is plotted in Figure 7B. The reversal potential
was close to 0 mV, and the I/V curve exhibited a fairly linear relationship from -60 to +50 mV
(Figure 7B). These results suggest that the AMPA-induced current is carried by non-selected
cation consistent with previous reports (Johnston and Wu, 1999). The AMPA-induced current
was totally blocked by 0.1 mM CNQX (Figure 7C), an AMPA receptor antagonist and quickly
recovered after CNQX was washed out (Data not shown).

Attempts were made to record NMDA-induced currents from 12 SGN maintained from C1-
C14 in neurotrophin free medium. NMDA failed to induce a measureable current in SGN (0
of 2) (data not shown). These results suggest that NMDA receptors are either absent or
inactivate during normal culture conditions consistent with previous reports (Ruel et al.,
1999, Peng et al., 2003).

Effect of BDNF and NT-3 on KA-Induced Currents
To determine if neurotrophins can modulate the expression of glutamate receptors on SGN,
BDNF or NT-3 was added to the culture medium. KA-induced (0.5 mM) currents were recorded
from all SGN maintained in neurotrophin free medium from C7-C14 (8/8) consistent with
previous results. When BDNF (5 ng/ml) was added to the culture medium, the percentage of
SGN expressing KA-induced currents fell to 88% (31/35). However, when NT-3 (5 ng/ml)
was added to the culture medium, only 4 out of 7 SGN (57%) expressed KA-induced currents
(Figure 8A). The proportions of SGN expressing KA-induced currents in neurotrophin-free
medium or medium containing BDNF or NT-3 were significantly different (p = 0.04, Chi-
square test). The mean amplitudes of KA induced currents recorded from SGN were -92 ± 54
pA (n = 8) in neurotrophin free medium, -84 ± 46 pA (n = 31) in BDNF and -70 ± 26 pA (n =
4) in NT-3 (Figure 8B) (Not significant).

AMPA Receptor Immunolabeling
Figure 9 shows examples of AMPA receptor and NF-200 kD immunostaining on SGN
maintained in neurotrophin free medium from C7 and C14 (n = 5). Strong NF-200 kD
immunolabeling was observed on the soma and neurites of most SGN at C7 (Figure 9A) and
C14 (Figure 9D). AMPA receptor immunolabeling was present on some SGN, but less intense
than NF-200 kD immunolabeling at C7 and C14 (Figure 9B-D). The merger of AMPA receptor
and NF200 kD immunolabeling is shown in Figures 9C and 9F. The expression of AMPA
receptor immunolabeling on SGN from C7 and C14 is consistent with the physiological results.

GABA receptor expression
Previous studies indicate that glutamate-induced excitation of SGN can be modulated by
GABA (Lin et al., 2000). Developmental changes in GABA-A receptor expression was
assessed by recording GABA-induced currents from SGN cultured with or without NT-3 or
BDNF. Figure 10A shows a typical GABA-induced (0.5 mM) inward current recorded from
a SGN at C7. GABA induced a large inward current with a fast onset followed by a rapid,
partial decay. The GABA-induced current disappeared when GABA perfusion ended. The
GABA-induced current was largely blocked by 0.5 mM bicuculline, a GABA-A receptor
antagonist (Figure 10B). The GABA-induced current recovered quickly when bicuculline was
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washed out (Figure 10C). These results suggest that the GABA-induced current expressed on
SGN is mainly carried by the GABA-A receptor subtype.

To investigate the developmental changes in GABA receptor expression, GABA receptor
currents were assessed in SGN cultured short term (C1 to C3) or long term (C7 to C14) without
or with BDNF or NT-3. GABA-induced (1 mM) currents were recorded from 6 out of 10 SGN
(60%) cultured short term in neurotrophin free medium. The mean amplitude of the GABA-
induced current was -59 ± 38 pA (n = 6) (Figure 10D). The percentage of SGN with GABA-
induced currents dropped to 40% (4 out of 10) in neurotrophin-free, long term cultures. The
mean amplitude of the GABA-induced (1 mM) current was -55 ± 49 pA (n = 4). When SGN
were cultured in NT-3 from C7 to C14, GABA-induced currents were recorded from 7 out of
7 SGN (100%); the mean amplitude was -101 ± 18 pA (n = 7). When SGN were cultured in
BDNF from C7 to C14, GABA-induced currents were recorded in 9 out of 17 SGN (53%) with
a mean amplitude of -53 ± 9 pA (n = 9). The percentage of GABA-positive SGN was
significantly different when cultured in NT-3, BDNF or neurotrophin free medium (P = 0.04,
Chi-square test). The results indicate that NT-3 is mainly responsible for the increased
expression of GABA-A receptors. The amplitudes of GABA-induced currents were
significantly greater in SGN cultured with NT-3 than in neurotrophin free medium or BDNF
(One-way ANOVA, p < 0.05). These data suggest NT-3 enhances the amplitude of GABA-
induced current in SGN.

GABA receptor immunolabeling
SGN show strong NF-200 kD immunolabeling in most of SGN cultured in BDNF, NT-3 or
neurotrophin free medium (Figure 11 A, D, E). Some SGN were immunopostive for GABA-
A receptors and NF-200 kD when cultured with NT-3 (Figure 11E, F, n = 4); these results are
consistent with the preceeding physiological results (Figure 10A). GABA-A receptors
immunolabeling was weak or absent in SGN cultured in BDNF (Figure 11B-C, n = 5) or
neurotrophin free medium (Figure 11H, n = 7).

DISCUSSION
The main findings of this project were as follows: (1) When SGN were cultured from C1-C28
in the absence of NT-3 and BDNF, the AP firing pattern of SGN changed from fast adapting
to slow adapting. (2) Glycine induced currents were recorded from SGN when cultured in the
absence of NT-3 and BDNF for more than 7 days (C7). GlyRs were identified on SGN cultured
in neurotrophin free medium. When BDNF or NT-3 was added to SGN cultures, the percentage
of neurons responding to glycine and the amplitude of glycine-induced current decreased. (3)
KA-induced currents were expressed in all SGN cultured in the absence of NT-3 and BDNF.
The expression of KA-induced currents decreased to 90% when SGN were cultured in BDNF
and declined to 50% when cultured in NT-3. These results suggest that NT-3 could affect the
expression of non-NMDA receptors on SGN. (4) When SGN were cultured in the absence of
NT-3 and BDNF, the percentage of SGN expressing GABA-R and the amplitude of GABA-
induced currents were low. Adding NT-3 caused a large increase in the percentage of GABA-
R expressing neurons and a large increase in GABA-induced currents whereas BDNF had no
effect. The mechanisms underlying these developmental changes and their relevance to in
vivo functions are discussed below.

AP firing patterns during development
Under neurotrophin free conditions, all short term cultured SGN (C1-C3) showed a single AP
when stimulated with a supra-threshold current pulse (250 pA, 240 ms duration) whereas long
term cultured SGN (> C5) generated multiple AP, i.e., they showed less adaptation. One
possible explanation for the increase in multiple AP in long-term SGN cultures is that it is due
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to a down regulation of Kv1.1 DTX-sensitive potassium channels (Mo et al., 2002). It is unclear
what effects BDNF and NT3 would have on neural adaptation and Kv1.1 DTX-sensitive
potassium channels. The effects of BDNF and NT-3 could be tested by pharmacologically by
applying DTX to SGN cultured for different durations in the absence or presence of NT-3 or
BDNF.

Developmental change in glutamate receptor expression
Glutamate is believed to be the primary excitatory neurotransmitter released by IHC on to the
afferent dendrites of SGN. Consistent with previous reports, robust KA and AMPA-induced
currents were recorded from most SGN studied in P1-P5 cochlear cultures (Ruel et al., 1999).
In addition, KA-induced currents were present in nearly all isolated SGN cultured from C1-
C28 in the absence of NT-3 or BDNF. These results indicate that non-NMDA glutamate
receptors are expressed on SGN in the absence of NT-3 or BDNF. On the other hand, when
SGN were cultured in the presence of NT-3, the percentage of SGN expressing KA induced
currents was greatly reduced (Figure 8A). However, NT-3 did not alter the amplitude of the
KA induced current and BDNF did not affect the percentage of SGN expressing KA-induced
currents or the amplitude of the KA induced current.

Previous studies using immunocytochemistry and Western blots have reported that culturing
neocortical neurons with BDNF enhanced the expression of AMPA type glutamate receptors,
whereas NT-3 showed no effects (Narisawa-Saito et al., 1999). Moreover, BDNF knockout
mice showed reduced expression of AMPA receptor proteins. Other studies have found that
BDNF regulates the expression of the AMPA receptor subunit, GluR2 (Brene et al., 2000).
These results indicate that BDNF can regulate the expression of AMPA receptors and may
contribute to synaptic and developmental plasticity. A recent study reported that GluR2 and
GluR3 are enriched in SGN in the base of the cochlea compared to the apex which may be
related to the distribution of BDNF and NT-3 in the cochlea (Flores-Otero et al., 2007).

NT-3 has also been reported to acutely alter glutamate neurotransmission by altering
presynaptic function. Iontophoresis of NT-3 in the cochlea increased the spontaneous and
glutamate-induced firing rate of SGN; this effect was blocked by a Trk receptor antagonist
(Oestreicher et al., 2000). These results indicate that NT-3 enhances glutamate transmission
in adult SGN afferent terminals. However, our results indicate that NT-3 or BDNF did not
enhance KA-induced currents in neonatal SGN, but only affected the percentage of neurons
expressing KA-induced currents. Other studies have shown than neurotrophins enhance
glutamate synaptic transmission by activating Trk receptors and enhancing the release of
glutamate from pre-synaptic neurons (Lessmann, 1998). In contrast, our results indicate that
NT-3 reduces the expression of KA receptors on SGN. Other studies have reported that cortical
and hippocampal neurons pretreated with NT-3 or BDNF were resistant to glutamate
neurotoxicity and showed a reduced influx of calcium in response to glutamate (Cheng et al.,
1994). The mechanisms underlying this effect are not clear. The present results from neonatal
SGN suggest that neurotrophins might reduce the expression of glutamate receptors which
would reduce the influx of calcium and therefore make neurons more resistant to glutamate
excitotoxicity.

Developmental changes of GABA receptors in SGN
The percentage of SGN expressing GABA-induced currents and the magnitude of the GABA-
induced currents increased significantly when SGN were cultured with NT-3. NT-3 also
increased GABA-R immunolabeling (Figure 10). These results suggest that NT-3 promotes
the expression of GABA receptors on SGN and enhances the amplitude of GABA-induced
currents in neonatal SGNs. These results are consistent with previous studies showing that
GABA-induced currents were enhanced in the presence of NT-3 (Gao and van den Pol,
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1999). In contrast, we found that application of BDNF caused a slight decrease in the percentage
of SGN expressing GABA-induced currents. This is consistent with previous work showing
that BDNF reduced miniature inhibitory postsynaptic potentials by reducing the expression of
GABA-A receptor in cultured embryonic hippocampal neurons (Brunig et al., 2001).

The mechanism by which NT-3 increases the expression of GABA-induced currents is not yet
clear. However, it has been reported that neuregulin, a member of the epidermal growth factor
family, induces the expression of GABA receptor subunits and ACh receptor subunits, whereas
BDNF had no effect on these receptors (Rieff et al., 1999, Liu et al., 2001). Neuregulin is
expressed in SGN and Schwann cells (Hansen et al., 2001). Since NT-3 enhances the survival
of SGN and Schwann cells (Zheng et al., 1995, Hansen et al., 2001), it is possible that
neuregulin released from these cells stimulates the production of GABA-A receptors on SGN
via an autocrine or paracrine route. During development, GABA and its synthesizing enzyme,
GAD, appear under the IHC; this regions is normally occupied by GABAergic efferent endings
(Merchan-Perez et al., 1990) which could activate GABA-A receptors expressed on SGN.
Since the efferent endings are eliminated in cultured SGN, the loss of GABAergic efferent
fibers may lead to the loss of GABA-receptors and GABA induced currents in cultured SGN.

BDNF signaling through trkB receptors is necessary to establish GABAergic synapses in the
developing cerebellum (Rico et al., 2002). In the present study BDNF failed to enhance the
expression of GABA induced currents; however, NT-3 significantly enhanced the expression
of GABA-induced currents in cultured neonatal SGN. These results are consistent with
previous reports showing that NT-3 strongly upregulates GABA-induced currents in neural
progenitor cells (Sah et al., 1997).

Developmental changes in GlyR current
Previous studies have failed to identify GlyRs on SGN; however, GlyRs are present on
vestibular ganglion neurons (Aoki et al., 1988). A more recent paper detected the mRNA of
glycine-α3 and β receptors in SGN in adult rats after the onset of hearing. These results raise
the possibility that the GlyRs on SGN may serve as targets olivocochlear efferent fibers in
adult rats, not in neonatal rats (Dlugaiczyk et al., 2008). This may explain why glycine-induced
currents have not been detected on SGN before P7. We did not observe glycine-induced
currents and GlyR immunolabeling of α1 and α2 subunits on SGN cultured from C1-C3 in
neurotrophin free medium (Figure 2A, 4B). However glycine-induced currents and GlyRs were
expressed on SGN maintained in neurotrophin free culture medium from C7-C28 (Figure 2B,
4D) suggesting that the expression of GlyRs increased significantly in neurotrophin-free
medium. Adding NT-3 or BDNF to the culture medium decreased the percentage of neurons
expressing glycine-induced currents and decreased the amplitude of glycine induced currents;
these effects were most pronounced in the presence of NT-3.

It is currently unclear why GlyRs are up regulated and GABA-A receptors down regulated in
SGN cultured in neurotrophin free medium. However, a similar type of GABA-to-glycine
receptor switch occurs in the LSO during development (Kotak et al., 1998). Glycine normally
acts as an inhibitory neurotransmitter in the peripheral and central nervous systems. Activation
of GlyRs induces an influx of chloride ions from the extracellular environment which
hyperpolarizes postsynaptic neurons (Hille, 1992). GABA acting through GABA-receptors
also causes an influx of chloride ions which hyperpolarizes the cell. However, GlyRs have a
briefer hyperpolarizing response than GABA receptors; consequently the developmental
switch from GABA to glycine neurotransmission in the LSO presumably enhances the
temporal response properties of LSO neurons (Yang and Pollak, 1994, Klug et al., 1995,
Nabekura et al., 2004). The faster response time of GlyRs would presumably enhance the ability
of neurons in LSO to process small interaural time differences that are important in sound
localization (Kotak and Sanes, 2003).
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The mechanisms that lead to the expression of glycine-induced currents in SGN maintained in
neurotrophin free medium are unclear. Spinal cord slice cultures show an absence of
glycinergic inhibition in 7-day cultures followed by a pronounced increase in glycinergic
inhibitions as the cultures aged (Lu et al., 2006). In developing spinal cord neurons, GlyR
activation has been shown to cause depolarization, an influx of calcium and an increase in the
length and number of neurites (Tapia et al., 2000). Thus, the increase in GlyR currents in long
term SGN cultures may promote neurite outgrowth in SGN. Increases in glycinergic synaptic
activity also enhances the survival of motor neurons (Banks et al., 2005); it would be interesting
to determine if a similar survival promoting effect of GlyR occurs in long term SGN cultures.
The GlyR antibody used in this experiment is specific to the α1 and α2 subunits, not to the β
subunit. As the adult form of the GlyR is the heteromeric α1 and β receptor whereas neonatal
form of the GlyR is presumed to be a homopentamer of five α2 subunits (Becker et al.,
1988), the increasing expression of the α1 or α2 GlyRs could be induced by an increasing
expression of the immature GlyRs.

Potential implication of neurotransmitter receptor plasticity
Congenital or acquired hearing loss (e.g., noise exposure, ototoxicity, presbycusis) is almost
always associated with hair cell loss. Since hair cells were proposed as a major source of
neurotrophins, hair cell damage during the embryonic or postnatal period would presumably
decrease the supply and distribution of neurotrophins in the cochlea which in turn may affect
neurite outgrowth and the survival of SGN (Ernfors et al., 1995, Miller et al., 1997, Mou et al.,
1997). The results of the present study using cultured neonatal SGN indicate that the loss of
neurotrophins may also alter the expression of neurotransmitter receptors expressed on SGN.
Persistent down regulation of these receptors may have important implications for therapeutic
efforts to regenerate hair cells in the mammalian inner ear (Izumikawa et al., 2005, Sage et al.,
2005).
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Figure 1.
Action potentials recorded from SGN in response to a 140 ms, 250 pA current step. Typical
action potential firing patterns elicited from SGN cultured one day (C1), seven days (C7) and
28 days (C28). (C) The average of the maximum number of action potentials (APmax)
increased significantly with culture duration (One-way ANOVA, P = 0.02, F(3, 45) = 3.64).
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Figure 2.
Developmental changes in glycine-induced currents. (A) Extremely small glycine-induced
current present in SGN maintained in culture 1 day (C1). (B) Typical large amplitude, rapidly
adapting glycine-induced current obtained from SGN maintained in culture for more than 7
days (>C7). (C) Mean amplitude of glycine-induced currents recorded from SGN cultured for
more than 7 days (>C7) was significantly greater than from SGN cultured for less than 3 days
(<C3) (Student’s t-test, P = 0.03).
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Figure 3.
Glycine-induced currents recorded from SGN cultured more than 7 days. Recordings obtained
in voltage-clamp mode from a holding potential of -70 mV; 1 mM glycine puffed on to cell in
all panels. (A) Large amplitude glycine-induced current rapidly inactivates during glycine
administration. (B) Glycine-induced current totally blocked by strychnine (0.1 mM), a glycine
receptor antagonist. (C) Glycine-induced current recovered after strychnine was washed out.
(D) Amplitude of negative (inward) glycine-induced current decreased as the holding potential
changed from -100 mV to -10 mV; glycine-induced current become positive (outward) between
-10 mV and +30 mV. (E) I/V curve of glycine-induced current. Reversal potential of glycine-
induced current near 0 mV with similar concentration of chloride in the recording pipette (140
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mM) and bath solution (solid circles). Reversal potential was near -40 mV when the chloride
concentration in the pipette increased to 20 mM (open circles).
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Figure 4.
Immunostaining using a polyclonal antibody against glycine receptors (red) and a monoclonal
antibody against neurofilament NF-200 kD (green) expressed on SGN cultured for 2 days (A-
C) or 10 days (D-F) in neurotrophin free medium. (A) NF-200 kD, a neuron specific marker,
expressed on SGN cultured for 2 days (C2). (B) Glycine-receptor immunolabeling absent from
SGN at C2. (C) Merged image of A and B only shows NF-200 kD immunolabeling. (D) NF-200
kD (green) expressed on SGN maintained in culture for 10 days (C10). (E) Glycine receptor
immunolabeling (red) expressed on SGN at C10. (F) Merged image of D and E showing co-
expression (yellow) of NF-200 (green) and glycine receptors (red) on SGN at C10.
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Figure 5.
SGN cultured from C7-C14 in neurotrophin free medium or medium containing 5 ng/ml of
BDNF or NT-3. (A) Percentage of SGN expressing glycine-induced currents significantly
reduced (Chi-square test, p = 0.002) in BDNF or NT-3 treated cultures relative to control. (B)
Mean amplitude (± SD) of glycine-induced currents recorded from SGN cultured in
neurotrophin free medium was significantly (One-way ANOVA, P = 0.003, F(2, 25) = 7.45)
greater than in SGN cultured with BDNF or NT-3. A post-hoc analysis showed a significant
difference between Control vs NT-3 and Control vs BDNF groups (Tukey’s Multiple
Comparison Test, P < 0.05).
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Figure 6.
(A) KA (0.5 mM) induced inward currents recorded from a typical SGN that was cultured
neurotrophin free medium for C10. Holding potential is -70 mV. KA-induced current consisted
of fast onset, sustained response and rapid decay after KA was washed out. (B) KA-induced
current was blocked by CNQX (0.1 mM), a non-NMDA receptor antagonist. (C) KA induced
current quickly recovered after CNQX was washed out. (D) I/V curve for KA-induced current
linearly related to voltage with a reversal potential near 0 mV. KA-induced current switched
from inward at negative holding potentials to outward at positive holding potentials.
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Figure 7.
(A) AMPA (0.5 mM) induced currents recorded from SGN. Amplitude of AMPA-induced
inward (negative) current decreased from -100 mV to 0 mV and reversed polarity (outward
current) at positive potentials. (B) I/V curve of AMPA-induced currents nearly linear with a
reversal potential near 0 mV (cation concentration of pipette solution similar to bath solution).
(C) AMPA-induced current blocked by CNQX (0.1 mM), a non-NMDA receptor antagonist.
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Figure 8.
SGN cultured from C7-C14 in neurotrophin free medium or medium containing 5 ng/ml of
BDNF or NT-3. (A) Percentage of SGN expressing KA-induced currents slightly lower in
BDNF and NT-3 treated cultures than in neurotrophin free controls (Chi-square test, P = 0.04).
(B) Mean amplitude (± SD) of KA-induced currents recorded from SGN cultured in
neurotrophin free medium was not significantly (NS) different from SGN cultured with BDNF
or NT-3.

Sun and Salvi Page 23

Neuroscience. Author manuscript; available in PMC 2010 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
AMPA receptor (red) and NF-200 kD (green) immunolabeling of SGN at C7 (A-C) and C14
(D-F). (A) Strong NF-200 kD staining on SGN at C7. (B) Weak AMPA receptor staining on
SGN at C7 (arrows). (C) Merger of figure (A) and (B) shows the co-expression of NF-200 kD
and AMPA receptors. (D) Strong staining of NF-200 kD on SGN at C14. (E) Most SGN stained
with AMPA receptors at C14 (arrows). (F) Merger of (D) and (E) shows co-expression of
NF-200 and AMPA receptors.

Sun and Salvi Page 24

Neuroscience. Author manuscript; available in PMC 2010 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
GABA (0.5 mM) induced inward current recorded from SGN (holding potential -70 mV). (A)
GABA-induced current at C7 has a fast onset followed by a slower decay after 1-2 seconds.
(B) GABA induced current blocked by bicuculline (BIC, 0.5 mM), a GABA-A receptor
antagonist. (C) GABA induced current quickly recovered after BIC was washed out. (D) In
the control neurotrophin free cultures (CNT), GABA-induced currents were recorded from
60% of short term SGN cultures (<C3) and 40% of long term SGN cultures (>C7). Adding
NT-3 to the cultures increased the number of GABA positive SGNs to nearly 100%; adding
BDNF only slightly increased the percentage of GABA-positive SGN. (E) Amplitude of
GABA-induced currents recorded from long term SGN cultured in NT-3 was greater than in
those recorded from SGN cultured with BDNF or neurotrophin free medium.
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Figure 11.
GABA receptor immunostaining of SGN cultured in medium with BDNF (A-C), NT-3 (D-F)
or neurotrophin free (G-I). (A) Strong NF-200 kD immunolabeling (green) of SGN cultured
in medium with BDNF. (B) Little or no GABA receptor immunolabeling (red) on SGN cultured
with BDNF. (C) Merger of A and B. (D) Strong NF-200 kD immunolabeling of SGN cultured
in NT-3. (E) GABA receptor immunolabeling (red) expressed on SGN cultured with NT-3.
(F) Merger of figure D and E showing co-expression of NF-200 kD and GABA-R. (G) SGN
stained with NF-200 kD NF-free medium. (H) No GABA receptor immunolabeling expressed
on SGN cultured with NF-free medium. (I) Merger of figure G and H.
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