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Complex Regulation of Spiral Ganglion Neuron Firing
Patterns by Neurotrophin-3
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Auditory information is conveyed into the CNS via the spiral ganglion neurons, cells that possess distinctive electrophysiological prop-
erties that vary according to their cochlear innervation. Neurons from the base of the cochlea fire action potentials with shorter latencies
and durations with more rapid accommodation than apical neurons (Adamson et al., 2002b). Interestingly, these features are altered by
exposure to brain-derived neurotrophic factor and neurotrophin-3 (NT-3), suggesting that the electrophysiological diversity is not
preprogrammed into the neurons but instead results from extrinsic regulation. In support of this, gradients of neurotrophins exist in the
cochlea that could account for the apex– base differences in firing. To understand the determinants of spiral ganglion function, we
characterized the NT-3 concentration dependence and mode of action on spiral ganglion neurons. Whole-cell current-clamp recordings
were made from mouse basal spiral ganglion neurons (postnatal day 5) exposed to different concentrations of NT-3 for 3 d in vitro.
Measurements of accommodation, latency, onset time course, and action potential latency revealed a nonmonotonic dependence on
NT-3 concentration, with a peak effect occurring at 10 ng/ml. Addition of NT-3 at different time points showed that neurotrophin
exposure altered the firing features of existing neurons rather than supporting differential survival. These experiments establish that the
electrophysiological phenotype of spiral ganglion neurons depends critically on the precise concentration of NT-3 and that the functional
organization of this component of the peripheral auditory system results from a complex interplay between multiple kinds of neurotro-
phins and their cognate receptors.
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Introduction
Sound perception begins in the cochlea where ionic currents gen-
erated in the mechanoreceptive cells are conveyed via neuro-
transmitter receptors to the first neuronal element: the spiral
ganglion neurons. The regimented structure of this sensory end
organ, the organ of Corti, makes it a compelling model to study
both development and sensory processing (Rubel and Fritzsch,
2002). The precise frequency resolution of the cochlea is con-
ferred by myriad mechanical and electrical specializations in the
organ of Corti that are systematically graded from the high-
frequency, basal region to the low-frequency, apical region
(Miller et al., 1997; Raphael and Altschuler, 2003).

Not unexpectedly, apex– base gradations also are found in the
spiral ganglion neurons that convey their synaptic input to the
brain. Morphological analysis has shown that neurons in the
basal region have larger cell soma than those in the apical region
(Liberman and Oliver, 1984; Felix et al., 1990; Nadol et al., 1990),
presumably to conduct neural impulses at different rates. Elec-

trophysiological studies from our laboratory have demonstrated
that basal neurons also have rapid onset kinetics, short latencies,
and fast accommodation, whereas apical neurons display slower
onset kinetics, prolonged latencies, and heterogeneous character-
istics that includes slow accommodation (Adamson et al.,
2002b). We also showed these electrophysiological phenotypes
were regulated by neurotrophins. Chronic exposure to brain-
derived neurotrophic factor (BDNF) caused neurons to fire with
faster accommodation and kinetics, whereas neurotrophin-3
(NT-3) had the opposite effect (Adamson et al., 2002a). These
data suggest that the firing patterns may result from differing
levels of neurotrophins and/or tyrosine kinase (trk) receptors
(Davis, 2003), a hypothesis supported by the presence of both
trkB and trkC high-affinity trk receptors in the spiral ganglion
(Ylikoski et al., 1993; Mou et al., 1997; Cochran et al., 1999;
Gestwa et al., 1999) and graded NT-3, BDNF, and trkB levels in
the adult cochlea and spiral ganglion neurons, respectively
(Fritzsch et al., 1997; Schimmang et al., 2003).

The influence of two neurotrophins with opposing gradients
and opposite actions on spiral ganglion neurons, coupled with
the fact that NT-3 could have multifaceted effects because of its
ability to bind to multiple receptor types, indicates that regula-
tion of firing patterns could be quite complex. In the present
study, we begin to unravel this complexity by examining the
concentration-dependent effects of NT-3 on basal spiral ganglion
neurons. By limiting our analysis to a restricted region of the
cochlea, we dissected out an intricate relationship between spe-
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cific electrophysiological parameters and NT-3 concentration.
We found that low concentrations of NT-3 produced the ex-
pected slowing of neuronal firing but that these effects were re-
versed at concentrations �10 mg/ml. This nonmonotonic rela-
tionship may result from activation of trkB and/or the p75
neurotrophin receptor (p75NTR) at high NT-3 concentrations
(Segal, 2003), thus modulating the endogenous membrane prop-
erties of the previously fast basal neurons. These findings have
important implications for how a highly ordered sensory gan-
glion is organized and have implications for the molecular mech-
anisms involved in NT-3 modulation of these primary sensory
neurons in the fully developed ear.

Materials and Methods
Tissue culture. Experiments were performed on CBA/CaJ mouse spiral
ganglion neurons. Neonatal animals [postnatal day 5 (P5)] were decap-
itated, and both inner ears were removed from the base of the cranium.
The spiral ganglion was isolated and divided into thirds; base sections
were plated as explants in culture dishes coated with poly-L-lysine. For a
single plating, one to four littermates were used to obtain a set of two to
eight 35 mm culture dishes. In a limited set of experiments, the entire
spiral ganglion was isolated and placed into tissue culture. In all cultures,
cells were maintained in the following growth medium: DMEM, supple-
mented with 10% fetal bovine serum, 4 mM L-glutamine, and 0.1% peni-
cillin–streptomycin. Neurons were maintained in culture at 37°C in a
humidified incubator with 5% CO2. NT-3 was purchased from Pepro-
Tech (Rocky Hill, NJ), dissolved in sterile deionized water at the concen-
tration of 10 mg/ml, and stored at �20°C in aliquots of 10 �l. Just before
use, the stock solution was diluted to different concentrations with sterile
deionized water: 1, 1.4, 2, 2.8, and 4 mg/ml were used for the 5, 7, 10, 14,
and 20 ng/ml groups, respectively. Because the culture dishes contained 2
ml of medium, 10 �l of each of the dilutions was added to obtain the final
concentration for each group.

Electrophysiology. The whole-cell configuration of the patch-clamp
technique was used to obtain current-clamp recordings from spiral gan-
glion neurons in vitro. Pipettes were pulled on a two-stage vertical puller
(PP-83; Narishige, Tokyo, Japan); the shafts were coated with Sylgard-
184 (Dow Corning, Corning, NY) to reduce transmural capacitance. Just
before use, electrode tips were fire-polished (Narishige MF-83 micro-
forge); electrode resistances typically ranged from 4 to 6 M� in standard
pipette and bathing solutions. Pipette offset current was zeroed immedi-
ately before contacting the cell membrane. Pipette capacitance was com-
pensated after the seal was formed with the low-pass filter set to 5 kHz.
Current-clamp measurements were made with the Ifast circuitry of the
Axopatch 200A amplifier (Molecular Devices, Union City, CA). Neurons
were held at �80 mV by injecting a sustained hyperpolarizing current
(�50 to �130 pA). Current pulses of 240 ms duration were injected at
the interval of 5 s to test the electrical properties of the neurons. Care was
taken to ensure that the voltage drop across pipette resistance was negli-
gible. A standard set of solutions was used to approximate physiological
conditions. The basic internal solution was as follows (in mM): 112 KCl,
2 MgCl2, 0.1 CaCl2, 11 EGTA, and 10 HEPES, pH adjusted to 7.35 by
KOH. In a limited set of experiments, 0.05% Lucifer yellow (L0144;
Sigma, St. Louis, MO) or 1 8-hydroxypyrene-1, 3, 6-trisulfonic acid
(pyranine; H1529; Sigma) was added to the intracellular solution to label
the cell from which the recording was made. The bath solution contained
the following (in mM): 137 NaCl, 5 KCl, 1.7 CaCl2, 1 MgCl2, 17 glucose,
50 sucrose, and 10 HEPES, pH adjusted to 7.45 by NaOH.

Recordings were made at room temperature (RT; 19 –22°C). Most
recordings were made within 90 min of replacement of culture medium
with bath solution immediately after taking the culture out of the incu-
bator. Signals were digitized with an Indec IDA 15125 interface (Indec
Systems, Sunnyvale, CA) in an IBM (White Plains, NY)-compatible per-
sonal computer; the programs for data acquisition and analysis were
written in Borland C �� and Microsoft Visual Basic (generously contrib-
uted by Dr. Mark R. Plummer, Rutgers University). The voltage signal
was low-pass filtered at 2 kHz and digitized at 10 kHz. Current-clamp
recordings were considered acceptable when they met the following cri-

teria: stable membrane potentials, low noise levels, discernible mem-
brane time constant during the onset of step current injection, and over-
shooting action potentials (magnitudes of at least 80 mV). If any of these
parameters changed during an experiment, indicating compromised cell
health or metabolic failure, the remaining data were not analyzed.

Immunocytochemistry. Neuron-specific markers were used to analyze
neuronal survival in cultures prepared similarly to those evaluated elec-
trophysiologically. Tissues was fixed with methanol at �20°C for 6 min
and subsequently washed three times with PBS, pH 7.35, to remove
residual methanol. Nonspecific antibody binding was blocked with 5%
normal goat serum (NGS; S-1000; Sigma), incubated either for 12–16 h
at 4°C or for 1 h at RT (19 –22°C). The population of type II spiral
ganglion neurons in our cultures was assessed with anti-peripherin anti-
body (AB1530; Chemicon, Temecula, CA) diluted at 1:4000 and incu-
bated for 6 – 8 h at 4°C. After the primary antibody was removed by
washing (three times with PBS for 5 min), the anti-peripherin antibody
was labeled with tetramethylrhodamine isothiocyanate-conjugated anti-
rabbit secondary antibody (1:100; 1 h at RT; T 6778; Sigma). With this
procedure, we determined that the percentage of peripherin-positive
neurons remained lower than 10% in all conditions. To label the entire
population of spiral ganglion neurons, the above procedure was repeated
with neuronal class III anti-�-tubulin antibody (TuJ1; 1:350 dilution; 1 h
at RT; Covance, Princeton, NJ), which was labeled with FITC-conjugated
anti-mouse secondary antibody (1:100; 1 h at RT; F 4018; Sigma). All
antibody solutions were prepared in PBS with 2.5% NGS.

Experimental protocol and statistical analysis. To evaluate time-
dependent effects of added NT-3, dishes of basal spiral ganglion neurons
obtained from an individual plating were separated into two to four
groups (supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material), with each group containing one or two dishes. In the
first two groups, basal spiral ganglion neurons were maintained in vitro
for 3 d before patch-clamp recordings were made. One of these groups
was supplemented with 5 ng/ml NT-3 immediately after isolation (5
ng/ml 0 d); the other was unsupplemented (control). The second two
groups were maintained in vitro for 3 d before NT-3 (5 ng/ml 3 d) or 10
�l of deionized water (vehicle) was added to the media; patch-clamp
recordings were made at 6 d in vitro (div). Whenever possible, the two
culture dishes from a single animal were placed into matched test/control
groups (i.e., 5 ng/ml 0 d vs control or 5 ng/ml 3 d vs vehicle groups). Left
and right sides were randomly placed. The electrophysiological and neu-
ronal survival assessments were obtained from a total of 16 and 4 plat-
ings, respectively. For the dose–response relationship, additional con-
centrations of NT-3 (7, 10, 14, and 20 ng/ml) were examined. Media was
supplemented at 3 div; patch-clamp recordings were made at 6 div. For
each concentration, recordings were made from cells obtained from
three to six separate platings (four to nine total dishes per concentration).
In most sessions, one to three successful recordings were obtained from
each culture dish; neuronal properties within an experimental group
were similar across platings and dishes from the same plating. Effects of
NT-3 on electrophysiological parameters and neuronal survival were
evaluated for statistical significance using Student’s two-tailed t test.

Results
Previous studies had demonstrated that neurotrophins applied at
5 ng/ml for 6 –7 div are capable of altering the electrophysiolog-
ical phenotype of postnatal spiral ganglion neurons in vitro (Ad-
amson et al., 2002a). To understand better the physiological rel-
evance and mechanism of action, the present study was designed
to evaluate concentration- and time-dependent effects of NT-3
on spiral ganglion neurons in vitro. Toward this end, recordings
were made from a total of 147 neurons subjected to eight different
conditions. Neurons in the 5 ng/ml 0 d condition (n � 18 record-
ings) were supplemented with 5 ng/ml NT-3 at the time of tissue
dissociation (0 div) and maintained in culture for 3 d, after which
electrophysiological recordings were made. This group was com-
pared statistically with the control group (n � 18) that was not
supplemented with NT-3, yet was maintained in culture for the
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same amount of time (3 div). The third experimental group (5
ng/ml 3 d) was designed to test whether the timing of NT-3
application could have an impact on the electrophysiological re-
sults. Neurons were isolated in the same manner as the previous
groups, but the media was not supplemented with NT-3 until
after a delay of 3 div. The neurons in this experimental group
(n � 23) were also exposed to NT-3 for 3 d; therefore, subsequent
patch-clamp recordings were performed at 6 div. The control for
this group received only the vehicle (10 �l of deionized H2O; n �
30) at 3 div; recordings were also made at 6 div. The remaining
experimental conditions were designed to test the concentration
dependence of the effect. The media was supplemented with
NT-3 at 3 div with 7, 10, 14, or 20 ng/ml (n � 9, 14, 11, 24,
respectively). To be consistent with the vehicle and 5 ng/ml 3 d
conditions, the recordings were made at 6 div so that the cultures
were exposed to NT-3 for 3 d.

The first step in the study was to determine whether exposure
to NT-3 for 3 d instead of 6 d would still have an effect on the
electrophysiological properties of basal spiral ganglion neurons.
We initially chose to evaluate the level of accommodation in these
experiments because this electrophysiological parameter is a ro-
bust measure of NT-3 action. Despite the fact that neurons were
exposed to 5 ng/ml NT-3 for half the time of that reported previ-
ously (Adamson et al., 2002a), a clear difference in accommoda-
tion was found (Fig. 1a, insets). Example voltage traces from a
control basal neuron show the expected rapid accommodation in
response to prolonged (240 ms) step depolarizations (Fig. 1a, left
inset traces). In this case, the maximum number of action poten-
tials (APmax) fired by the neuron was two, regardless of the level
of depolarization achieved in response to the constant-current
injections. This particular example showed the greatest APmax in
the data set; all other control neurons fired only a single action
potential in response to similar levels of current injection (Fig. 1a,
gray bars). In contrast, many of the neurons treated with 5 ng/ml
NT-3 for 3 d showed slow accommodation (Fig. 1a, black bars,
right inset traces), similar to that observed in previous studies.

We next examined whether NT-3 must be present at the time
of neuronal isolation to alter accommodation. In this experimen-
tal protocol, vehicle or NT-3 was applied for 3 d but not until the
cells had been maintained for 3 div; therefore, the recordings
were made at 6 div. Again, vehicle-treated neurons showed the
rapid accommodation typical of postnatal spiral ganglion neu-
rons isolated from basal cochlea. The example in Figure 1b (left
inset traces) shows a neuron that fired only a single action poten-
tial in response to a prolonged depolarization. This was represen-
tative of the APmax values of the full population of neurons that
were evaluated in the vehicle condition (Fig. 1b, gray bars). Cells
exposed to NT-3 after 3 div showed the same slow accommoda-
tion as those in which NT-3 was applied at the time of plating,
indicating that the delay had no effect on the ability of the neu-
rotrophin to alter spiral ganglion neuron firing patterns. The
example recording shown in Figure 1b (right inset traces) is rep-
resentative of the many neurons that showed slow accommoda-
tion when exposed to NT-3 after a 3 d delay (Fig. 1b, black bars).

Although the effects of 5 ng/ml NT-3 had a profound effect on
accommodation, we designed our next experiments to determine
whether higher concentrations of NT-3 had an impact on the
numbers of neurons that accommodated and on their firing pat-
terns. We found that increasing NT-3 concentration applied at 3
div did not produce a simple saturating relationship; instead, the
numbers of neurons that showed slow accommodation peaked at
10 ng/ml and then declined at higher concentrations of NT-3.
The frequency histogram shown in Figure 2a compares the effect

of 10 and 20 ng/ml NT-3 to vehicle recordings shown previously
in Figure 1b. Of the 14 neurons exposed to 10 ng/ml NT-3, all
displayed slow accommodation (APmax, 14 –28) (Fig. 2a, dark
gray bars). Increasing the concentration of NT-3 to 20 ng/ml
actually decreased its efficacy: only 4 of 24 neurons fired more
than five action potentials throughout the same duration depo-
larizing current injection (APmax, 1–21) (Fig. 2a, black bars).

These data were further quantified by averaging APmax for
NT-3 concentrations ranging from 5 to 20 ng/ml. As shown in
Figure 2b, 10 ng/ml had the largest effect (21.9 � 1.0 action
potentials) with reduced efficacy at both lower and higher con-
centrations (7.1 � 2.1, 7.9 � 1.8, 13.9 � 3.8, 9.5 � 3.0, 4.9 � 1.2
action potentials for 5 ng/ml 0 d, 5 ng/ml 3 d, 7, 14, and 20 ng/ml
respectively; p � 0.01 for all comparisons). Importantly, we
found that there were no differences between recordings made
from neurons in control (1.1 � 0.06) and vehicle (1.1 � 0.08)
cultures. Nor was there a difference in the APmax magnitude for
recordings made from neurons exposed to 5 ng/ml NT-3 for the
initial 0 –3 div or for later exposures of 3– 6 div. These compari-

Figure 1. Regardless of when the culture media was supplemented with 5 ng/ml NT-3,
neurons showed a greater tendency to accommodate slowly in response to 240 ms step depo-
larizations when compared with their vehicle and control counterparts. a, Frequency histogram
of the maximum number of action potentials that fired in response to 240 ms step depolariza-
tions obtained from the population of neurons recorded at 3 div, which were either untreated
(gray bars) or exposed to 5 ng/ml NT-3 immediately after tissue isolation (black bars). Inset, The
left set of voltage traces is from a neuron in the control group without NT-3 supplementation in
culture for 3 div. The right set of voltage traces is from a neuron exposed to NT-3 immediately
after tissue isolation (0 div); recordings were made at 3 div. b, Frequency histogram of the
maximum number of action potentials that fire in response to 240 ms step depolarizations
obtained from the population of neurons recorded at 6 div, which received vehicle (gray bars) or
5 ng/ml NT-3 (black bars) at 3 div. Inset, The left set of voltage traces is from a neuron exposed
to vehicle (10 �l of sterile distilled H2O) at 3 div; recordings were made at 6 div. The right set of
voltage traces is from a neuron exposed to 5 ng/ml NT-3 at 3 div; recordings were made at 6 div.
In each inset, the voltage traces represent (from the bottom to top): command current, response
to depolarization to �70 mV, subthreshold response, threshold response, response to depo-
larization to �40 mV; the top traces were responses to depolarization to �35 mV. (In the left
traces in each panel, this was measured at the plateau voltage. In the right voltage traces in each
panel, this was determined by extrapolation.)
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sons indicate that NT-3 is equally efficacious regardless of
whether it is applied at the time of plating or after 3 div.

Two alterations in the characteristics of the firing patterns of
slowly accommodating neurons were observed, however, with
increased concentrations of NT-3. The first alteration of note was
a reduction of the interspike intervals of some of the neurons.
Heretofore, we have very rarely observed neurons firing �24
action potentials in response to a 240 ms duration stimulus, yet in
the case of 10 ng/ml, we observed four neurons that fired over this
amount, two with an APmax of 25 and two other neurons with
APmax values of 27 and 28. From this set of recordings, therefore,
we have observed the fastest interspike intervals to date of 8.9 ms,
compared with that noted previously at 10.4 ms.

The intermediate concentrations of NT-3 (7–14 ng/ml) had
an additional, unexpected effect on the firing patterns of the basal
spiral ganglion neurons. Unlike exposure to 5 ng/ml, after which
neurons fire action potentials in a single burst that begins at the
onset of current injection (Fig. 2, inset, left series of three traces),
application of the higher concentrations caused neurons to fire
action potentials in bursts (Fig. 2, inset, right series of three
traces). This pattern was rarely observed in apical neurons with-
out neurotrophin supplementation (Mo and Davis, 1997a; Ad-
amson et al., 2002b) and was seen in only 1 of 10 multiple spiking
neurons treated with 5 ng/ml NT-3. In cultures supplemented
with 7, 10, and 14 ng/ml of NT-3, however, there was frequently
a gap between the first few action potentials fired at the onset of
the stimulus and action potentials observed toward the end of the
stimulus pulse (e.g., 10 of 14 in the 10 ng/ml condition). As
the constant-current step injection became more depolarizing,
the number of action potentials at the beginning of the stimulus
did not increase; instead, additional action potentials accumu-
lated from the end of the stimulus to decrease the length of the
gap progressively until it was no longer observed. In addition to

240 ms pulses, depolarizing pulses of
longer duration were used to test firing
patterns. When these neurons were ex-
posed to longer depolarizing step current
injections (480 – 840 ms), many of them
showed more complex and irregular
bursting patterns.

To determine whether the distinct fir-
ing patterns described above were also
present in spiral ganglion neurons or
unique to high NT-3 concentrations, we
performed a separate set of experiments
designed to record from spiral ganglion
neurons that we have not evaluated previ-
ously: those in the midcochlear regions.
We chose to compare the slowly accom-
modating firing patterns of middle spiral
ganglion neurons to those displayed by
apical neurons. These recordings were
taken from neurons isolated separately
from either the apex or middle regions and
from spiral ganglion cultures in which the
location of the neuron was determined
with intracellular dyes (see Materials and
Methods). Independent of the technique
that we used to make recordings, we found
that neurons in the middle region did in-
deed display the unique firing features de-
scribed above. Slowly accommodating
middle spiral ganglion neurons displayed

firing patterns either with or without a gap (Fig. 3, b and a, re-
spectively), and, furthermore, we found two of these types of
neurons with an APmax of 30, thus having the lowest interspike
intervals (8.1 ms) observed to date. When all of the slowly accom-
modating neurons (firing more than eight action potentials in
response to a 240 ms duration depolarizing stimulus) were eval-
uated, we observed that the APmax was significantly higher for
the middle spiral ganglion neurons (25 � 1.7; n � 6) compared
with their apical counterparts (18.6 � 1.1; n � 8; p � 0.01) (Fig.
3c). Moreover, the middle neurons had the capability to fire with
significantly abbreviated interspike intervals at APmax (9.9 � 0.6
ms) compared with the slowly accommodating apical neurons
(13.5 � 0.9 ms; p � 0.05) (Fig. 3d). Therefore, by recording from
neurons located in the middle regions of the ganglion, we were able
to determine that the firing patterns observed with various concen-
tration of NT-3 were displayed by spiral ganglion neurons isolated
from the ganglion without neurotrophin supplementation.

In addition to the alteration in supra-threshold firing pat-
terns, NT-3 had a clear effect on electrophysiological parameters
measured at the threshold voltage for firing an action potential.
Threshold level was determined as the first trace triggering an
action potential when current injection was increased at steps of 1
pA. Recordings obtained from the vehicle and 10 ng/ml condi-
tions showed that in the presence of NT-3, it takes longer for the
neuron to fire an action potential in response to a threshold stim-
ulus. This feature is quantified as the latency from the onset of the
current injection to the peak of the action potential for all of the
conditions that were tested (Fig. 4a). As predicted from previous
studies, we found that latency measurements were relatively ab-
breviated in basal neurons not exposed to neurotrophin (control,
8.9 � 0.6 ms; vehicle, 9.8 � 0.4 ms). In contrast, recordings from
NT-3-supplemented cultures showed that latencies were signifi-
cantly increased. Both conditions that used 5 ng/ml, either when

Figure 2. Neurons had the greatest tendency to accommodate slowly when exposed to an intermediate concentration of NT-3.
a, Frequency histogram of the maximum number of action potentials fired in response to a 240 ms step depolarization. Recordings
were made from neurons at 6 div; vehicle (light gray bars), 10 ng/ml NT-3 (dark gray bars), and 20 ng/ml NT-3 (black bars) were
added to the culture media at 3 div. Inset, The left series of three traces recorded from a single neuron shows increasing numbers
of action potentials fired in response to small incremental depolarizing current injections (240 ms duration). Note that the cell fires
with relatively constant interspike intervals starting from the onset of the step depolarization; the APmax for this neuron was 23.
The right series of three traces from a single neuron shows a different firing progression with small depolarizing increments. A
prominent delay is observed between the first two action potentials and the subsequent action potentials. The APmax for this cell
was 22. Both recordings were made at 6 div from neurons exposed to 10 ng/ml of NT-3 at 3 div. b, Accommodation was quantified
by averaging the APmax fired to a 240 ms duration step depolarization for recordings made from each experimental condition. The
number of neurons included in each category for this and subsequent figures is as follows: control (n � 18), NT-3 at 5 ng/ml 0 –3
d (n � 18), vehicle (n � 30), NT-3 at 5 ng/ml 3– 6 d (n � 23), NT-3 at 7 ng/ml 3– 6 d (n � 9), NT-3 at 10 ng/ml 3– 6 d (n � 14),
NT-3 at 14 ng/ml 3– 6 d (n � 11), and NT-3 at 20 ng/ml 3– 6 d (n � 24). Recordings made at 3 div were taken from untreated
neurons (control) or neurons exposed to 5 ng/ml NT-3 immediately after isolation (5 ng/ml 0 d). Recordings were also made at 6
div from neurons exposed to vehicle, 5 (5 ng/ml 3 d), 7, 10, 14, or 20 ng/ml NT-3, which was applied at 3 div. Bars represent the
mean; error bars represent the SEM. Lines above the graph extending between error bars denote a significant difference between
the two conditions using Student’s two-tailed t test. In this and subsequent figures, black lines represent a difference at the p �
0.01 level, whereas gray lines represent a difference at the p � 0.05 level. The 5 ng/ml 0 d condition is compared with the control;
all other experimental conditions were compared with the vehicle.
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added at 0 div (12.4 � 1.2 ms) or added at
3 div (13.6 � 1.0 ms), were significantly
different from control ( p � 0.05) and ve-
hicle ( p � 0.01), respectively. Further-
more, NT-3 concentrations of 7 ng/ml
(14.2 � 1.5 ms), 10 ng/ml (17.9 � 1.0 ms),
14 ng/ml (13.4 � 1.6 ms), and 20 ng/ml
(13.2 � 0.7 ms) were all significantly dif-
ferent from vehicle ( p � 0.01). As shown
previously for the analysis of APmax, a
similar dose–response pattern emerged.
The largest change was produced by 10
ng/ml NT-3 with lesser effects at the two
higher concentrations that were tested.
Furthermore, no significant differences
were observed between the two 5 ng/ml
conditions in which NT-3 was added to
the media at different times (5 ng/ml 0 d vs
5 ng/ml 3 d). These findings substantiate
the dose–response pattern that we noted
for the supra-threshold electrophysiologi-
cal parameter APmax.

Recordings taken from neurons at the
voltage just below threshold for firing re-
vealed a prolonged onset time course that was most obvious in
cells treated with 10 ng/ml NT-3. This electrophysiological pa-
rameter was quantified by fitting a single exponential to the onset
voltage change in response to step current injections (excluding
the initial rapid phase) (Fig. 4b). The quantitative analysis of this
parameter for all concentrations showed a dose–response pattern
that was consistent with both APmax and latency. Similar to these
other parameters, the time course of the onset voltage change
showed the greatest difference from vehicle (4.0 � 0.2 ms) at 10
ng/ml (6.68 � 0.5 ms; p � 0.01). Fits of recordings made from 5
ng/ml 3 d (5.0 � 0.5 ms), 7 ng/ml (6.4 � 0.9 ms), and 20 ng/ml
(5.4 � 0.3 ms) were also significantly different from vehicle ( p �
0.05, 0.01, and 0.01, respectively). The two other comparisons
that would be expected to differ, control (3.8 � 0.2 ms) versus 5
ng/ml 0 d (4.4 � 0.3 ms) and vehicle versus 14 ng/ml recordings
(4.7 � 0.4), fell short of achieving statistical significance at p �
0.08 and p � 0.07, respectively.

Although in previous studies (Adamson et al., 2002a,b; Reid et
al., 2004) we had not observed significant differences in threshold
between apical and basal neurons or between neurons with and
without added neurotrophins (BDNF or NT-3), in the present
study there was a tendency for threshold voltage to differ in a
manner similar to other electrophysiological parameters (Fig.
4c). Of the concentrations that were evaluated relative to the
vehicle (average threshold, �46.1 � 0.9 mV), however, only the
10 ng/ml concentration (�50.2 � 1.1 mV) showed a significant
difference ( p � 0.05). Additionally, threshold voltage for cells in
the 5 ng/ml 0 d condition (�46.1 � 0.9 mV) differed significantly
from controls (�42.2 � 0.6 mV; p � 0.01). One complicating
factor was the observation that control neurons (untreated; re-
corded at 3 div) differed significantly from the vehicle neurons
(received vehicle solution at 3 div; recorded at 6 div; p � 0.01),
indicating that time in culture may affect this parameter. From
this comparison, it appears that the longer the cells are main-
tained in vitro the lower the thresholds. This interpretation was
supported somewhat by the lower threshold voltages of the 5
ng/ml 3 d condition (�48.1 � 1.0) relative to the 5 ng/ml
0 d category, although the difference was not statistically
significant.

An effect of NT-3 on threshold would not be expected to affect
the APmax analysis, because these measurements were taken at
supra-threshold voltages. However, it could potentially con-
found our analysis of the electrophysiological parameters that
were taken at the threshold level. For example, if the thresholds
were generally more hyperpolarized for any particular condition,
it would not be unexpected for time-dependent parameters, such
as the latency or onset kinetics, to be prolonged. We addressed
this issue by evaluating a subset of the data in which only neurons
with similar threshold voltages were used; the voltage levels were
necessarily different in the two comparisons that we made be-
cause threshold levels changed over time in culture. When over-
lapping threshold levels of �46 to �36 mV ( p � 0.2) were used
to compare the control and 5 ng/ml 0 d conditions (n � 7 and 18,
respectively), the latency and onset kinetics remained signifi-
cantly different ( p � 0.01 and p � 0.05, respectively). Similarly, a
subset of data was considered for the comparison between the
vehicle and 10 ng/ml NT-3 conditions (�55 to �43 mV; n � 23
and 13, respectively; p � 0.2); latency differences and onset ki-
netics remained significantly different ( p � 0.01 for both com-
parisons). Therefore, despite the variation in threshold levels, the
differences in latency and time course are still evident.

Another parameter that differed between conditions was the
decay of the afterhyperpolarization (AHP) (Fig. 4d). � Values
were obtained from single-exponential fits to the AHP of action
potentials fired in response to threshold depolarization. This
analysis showed significant differences at the p � 0.01 level for
each of the conditions in which NT-3 was added at 3 div com-
pared with vehicle. At 5, 7, 10, 14, and 20 ng/ml, the average �
values were 4.4 � 0.5, 6.8 � 1.8, 5.6 � 0.6, 4.8 � 0.9, and 5.6 � 0.7
ms, respectively. The average � for the vehicle condition was
(3.0 � 0.2 ms). No significant difference was observed between
the control and 5 ng/ml NT-3 0 d conditions. We also analyzed
action potential amplitude, which, in contrast to the time course
of the AHP, showed no significant differences with NT-3 appli-
cation regardless of the concentration used. Therefore, the alter-
ations in the electrophysiological parameters that we noted in
Figure 4 were independent of any changes that occurred in the
amplitude of the action potential. There was, however, an in-

Figure 3. Neurons obtained from the middle region of the spiral ganglion showed exceptionally high APmax levels with either
nonbursting or bursting firing patterns. a, Recording from a neuron that fired up to 30 action potentials in response to a 240 ms
depolarizing step potential. The calibration bars apply to a and b. b, An example series of recordings from another neuron with an
APmax of 30 that showed bursting firing patterns at lower depolarizing constant current injections. In a and b, recordings are
arranged from the smallest step current injection (bottom trace) to the highest step current injection (top trace). c, The average
APmax values for slowly accommodating neurons from middle regions were significantly higher than the averaged values of
slowly accommodating neurons from apical regions (**p � 0.01). d, The average interspike intervals from slowly accommodat-
ing neurons in middle cochlear regions were significantly lower than the averaged values from slowly accommodating neurons
from the apex (*p � 0.05). Neurons in this study were isolated from P5–P7 CBA/CaJ mice; recordings were made at 5–9 div. Error
bars represent SEM.
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crease in the action potential amplitude over time in culture.
Comparison of action potential amplitude between control
(91.3 � 2.0 mV) and vehicle (100.9 � 1.4 mV) recordings, as well
as between 5 ng/ml NT-3 added at 0 div (94.7 � 1.4 mV) and 3 div
(102.4 � 1.2 mV) revealed significant differences, both at p �
0.01.

Another parameter that appears to have little apparent sensi-
tivity to NT-3 is the magnitude of the voltage sag in response to
hyperpolarizing constant-current step injections. This classic
voltage pattern (Fig. 5) is indicative of the presence of the
hyperpolarization-activated currents (Ih). Previous studies have
shown that spiral ganglion neurons possess Ih currents with a
wide range of steady state voltages of activation in spiral ganglion

neurons isolated from restricted regions of
the cochlea (Mo and Davis, 1997b). We
wished to determine, therefore, whether
NT-3 would affect the magnitude or time
course of voltage changes in response to
step hyperpolarizing constant-current in-
jections that reflect the activity of the Ih

currents. To avoid the contribution of
other low-voltage-activated currents
found in spiral ganglion neurons, such as
Kv1.1 (Mo et al., 2002), measurements
were made from relatively hyperpolarized
levels (�185 � 3 mV) to the plateau level
at the end of a 240 ms duration current
injection. Our analysis showed no signifi-
cant differences between any of the condi-
tions (Fig. 5a). Furthermore, the time
course of the hyperpolarizing sag, fitted
with a single exponential (Fig. 5b), was rel-
atively unaffected by application of NT-3.
We noted a decreasing time course of the
response with NT-3 exposure; this, how-
ever, was only significant at the 20 ng/ml
concentration (30.2 � 2.1 ms) when com-
pared with the vehicle (24.2 � 2.1 ms; p �
0.05).

The transformation of the basal spiral
ganglion neurons into slowly accommo-
dating, “apical-like” neurons could be ac-
counted for in two different ways. Because
NT-3 has been shown to promote survival
of spiral ganglion neurons in vivo and in
vitro (Avila et al., 1993; Mou et al., 1997;
Hansen et al., 2001; Fritzsch et al., 2004),
one mechanism could be that NT-3 selec-
tively promotes the survival of a subpopu-
lation of spiral ganglion neurons. Our lab-
oratory has shown previously that putative
type II spiral ganglion neurons differ in the
base from their type I counterparts by
demonstrating slow accommodation,
longer latencies, and prolonged mem-
brane time constants (Reid et al., 2004),
similar to neurons exposed to the appro-
priate concentrations of NT-3 in the
present study. Therefore, it is possible that
NT-3 may simply enhance the survival of
type II neurons in our cultures, thus in-
creasing the preponderance of this electro-
physiological phenotype. An alternative

scenario is that NT-3 alters gene expression or posttranscrip-

tional events such that the same neurons that formerly possessed
the numbers and types of channels and their regulatory elements
to shape fast responses elaborate a different complement of
voltage-gated ion channels that produce a slower electrophysio-
logical phenotype.

Because we did not observe any substantial differences in the
electrophysiological phenotype between neurons exposed to
NT-3 immediately after being placed in culture (5 ng/ml 0 d) and
those exposed to NT-3 after a delay of 3 d (5 ng/ml 3 d), we
hypothesized that our results are consistent with the second sce-
nario proposed above. We reasoned that NT-3 would promote

Figure 4. Quantitative comparisons of threshold and subthreshold responses taken from neurons exposed to different con-
centrations of NT-3. a, Latency is measured as the time from the stimulus onset to the peak of the action potential at threshold
level. Exposure to NT-3, even at its lowest concentrations, significantly increases the latency of the neuronal response; the greatest
effect was observed at 10 ng/ml NT-3. b– d, Two traces are shown above each graph, one in which the constant-current injection
elicited a just subthreshold response and one that elicited a threshold response. b, Onset � was obtained by fitting a single
exponential to the onset depolarization at the subthreshold trace; the initial rapid phase of the waveform was excluded from the
fit. The slowest onset kinetics was obtained from neurons exposed to 10 ng/ml NT-3. c, An approximation of the threshold voltage
level was obtained by measuring the peak voltage of the subthreshold trace. Because of the significantly different threshold levels
between the control and vehicle, it appears that the threshold level decreases with time in culture. Nevertheless, the lowest
threshold level was obtained at 10 ng/ml, which was significantly different from the vehicle. d, The time course of the AHP was
measured by fitting a single exponential to its decay phase. AHP decay was most altered in neurons exposed to 7 ng/ml NT-3,
although all concentrations had significant effects. The significant difference between vehicle and control may indicate that the
AHP decay becomes more rapid at longer times in culture, but lack of difference between 5 ng/ml NT-3 0 d and 3 d argue against
this conclusion. Error bars represent SEM.
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neuronal survival predominantly in cul-
tures that were exposed to NT-3 at the
time that they were isolated for tissue cul-
ture in which the greatest cell death would
be predicted to occur and that NT-3 would
have minimal effects on neuronal survival
when added to the media after 3 div. To
test this, we counted the number of neu-
rons in culture dishes that were prepared
according to the protocol used to generate
the data for Figure 1. Matched cultures
from a single litter of mice were divided
into four conditions: control (untreated),
5 ng/ml 0 d (NT-3 added at plating, sur-
vival assessed at 3 div), vehicle (vehicle so-
lution added at 3 div, survival assessed at 6
div), and 5 ng/ml 3 d (NT-3 added at 3 div,
survival assessed at 6 div). The total num-
bers of neurons were counted from four
separate experiments after cells had been
labeled with anti-�-tubulin antibody to
distinguish the neurons from the back-
ground layer of satellite cells (Fig. 6). Aside
from the expected significant increase in
survival observed when NT-3 was added
immediately after tissue isolation ( p �
0.01), the control, vehicle, and NT-3 3 d
conditions showed similar numbers of
surviving neurons. Therefore, the change
in electrophysiological phenotype induced
by NT-3 added at 3 div cannot be ac-
counted for by differential survival when
the cells were recorded from at 6 div. Had
this been the case, the number of surviving
cells in the vehicle condition should have
been significantly less than in the 5 ng/ml
3 d condition. Instead, the numbers of cells
in the two conditions were virtually iden-
tical (99.6 � 20.6 and 96.0 � 22.0 neurons,
respectively), indicating that NT-3 is re-
sponsible for altering the numbers and/or
types of voltage-gated ion channels in the
basal spiral ganglion neurons, thus chang-
ing a fast firing neuron into one with
slowed kinetics and accommodation.

Discussion
NT-3 has a profound effect on the electro-
physiological signature of postnatal spiral ganglion neurons in
vitro. This is especially evident in the present study in which NT-3
was applied to the primary auditory neurons isolated from the
base of the cochlea. In addition to transforming rapidly accom-
modating neurons into slowly accommodating ones, NT-3 also
has an impact on latency, onset time course, threshold, and decay
of the afterhyperpolarization. Most of these parameters, how-
ever, change nonmonotonically with increases in NT-3 concen-
tration, with the peak effect occurring at 10 ng/ml and declining
sharply at higher concentrations. These results point out two
important observations: first, the striking responsiveness of the
spiral ganglion neurons to small alterations in NT-3 concentra-
tion and second, the complex relationship between neurotrophin
concentration and firing patterns.

The exquisite sensitivity of spiral ganglion neurons to NT-3

concentration has marked functional significance in a highly or-
ganized peripheral auditory system in which the majority of neu-
rons have precise synaptic contacts with the sensory receptors
(Ryugo, 1992; Raphael and Altschuler, 2003) and in which NT-3
expression is systematically regulated, with the highest levels in
the apical cochlea and the lowest levels in the basal cochlea
(Fritzsch et al., 1997). From this relationship, one might predict
that the electrophysiological profile of the spiral ganglion is or-
ganized in a manner similar to the distribution of NT-3 such that
a smooth and regular gradient in firing patterns is displayed from
apex to base. Although the broad outline of this type of pattern
has been observed by evaluating restricted regions of the ganglion
taken from the apex and base, there is also an overlying hetero-
geneity in some of the electrophysiological features that belies
this simplified view (Adamson et al., 2002b). Additionally, the

Figure 5. The voltage sag in response to hyperpolarizing step current injections did not show robust changes with NT-3
application. a, Measurements of the differences in the voltage between the nadir (at �185 � 3 mV) and the plateau levels was
used to determine the magnitude of the voltage sag. No significant differences were noted between the conditions. b, The time
course of the voltage sag was measured by fitting a single exponential to traces with nadirs at �185 � 3 mV. A strong
relationship between NT-3 concentration and the time course of this time-dependent voltage change was not observed. Error bars
represent SEM.

Figure 6. NT-3 only affected survival when it was added to the culture media at the time of cell plating. a, Neuronal counts
were made from control, 5 ng/ml 0 d, vehicle, and 5 ng/ml 3 d cultures immunostained with anti-TuJ1 (neuron-specific
�-tubulin). Only when the NT-3 was added immediately to the culture dishes was neuronal survival significantly enhanced
(control vs 5 ng/ml 0 d). When NT-3 was added after 3 div (5 ng/ml 3 d), no change in the number of neurons was noted. Error bars
represent SEM. b, Control; c, 5 ng/ml 0 d; d, vehicle; e, 5 ng/ml 3 d. The cell soma increase in diameter with time in culture. Scale
bar: (in e) b– e, 40 �m.
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nonmonotonic dose–response patterns observed in the present
study adds a new wrinkle to the analysis, thus indicating that the
precise NT-3 concentration, in addition to how it is localized, is
important for regulating the endogenous membrane properties
of spiral ganglion neurons. If the NT-3 concentration exceeds 10
ng/ml anywhere along the apical-to-basal gradient, then one
might expect that the simple NT-3 gradient would be trans-
formed into a more complex electrophysiological map. For ex-
ample, the predicted effects on neuronal firing patterns would be
greatly altered if the effective NT-3 concentration reached 10
ng/ml at the middle, instead of at the apex of the cochlea. In this
scenario, rather than observing the highest APmax in the apical
tip region, this firing feature would be found toward the middle
of the cochlea with intermediate APmax values localized toward
the apex. Experiments presented herein, showing that neurons
located in the middle regions of the spiral ganglion fire the great-
est number of action potentials during a 240 ms step depolarizing
constant-current injection (up to 30 action potentials), indicate
that a complex pattern similar to that outlined above most likely
exists in the spiral ganglion.

As has been shown in many developmental processes, simple
one-dimensional gradients can generate complex patterns (Wol-
pert, 1996). This could be especially relevant for NT-3, because it
binds promiscuously to a number of high-affinity trk receptors as
well as the low-affinity receptor p75NTR (Segal, 2003), thus po-
tentially initiating complex cellular effects depending on the re-
ceptor combinations activated. However, for this feature to be
used effectively, spiral ganglion neurons must possess more than
one receptor type. A number of studies have shown that during
development, this is, in fact, the case. In addition to p75NTR,
spiral ganglion neurons possess both trkB and trkC high-affinity
tyrosine kinase receptors (Ylikoski et al., 1993; Mou et al., 1997;
Cochran et al., 1999; Gestwa et al., 1999). It is possible, therefore,
that at higher concentrations (�10 ng/ml), NT-3 could bind to
the trkB receptor in addition to the trkC receptor (Kuruvilla et al.,
2004), thus evoking unique electrophysiological characteristics.
This would be consistent with previous studies from our labora-
tory that have shown that activating the trkB receptor with BDNF
alters the endogenous membrane properties and channel types in
such a way as to generate faster accommodation and kinetics
(Adamson et al., 2002a). Furthermore, preliminary experiments
using a combination of NT-3 and BDNF show firing patterns that
are closer to the BDNF alone conditions (M. A. Reid and R. L.
Davis, unpublished observations), whereas similar concentra-
tions of NGF, which should bind exclusively to p75NTR in these
neurons having no trkA receptors, is without effect (Adamson et
al., 2002a). These types of considerations, therefore, might lead
one to the straightforward prediction that by activating both re-
ceptor types with high NT-3 concentrations, the slower features
observed at lower NT-3 concentrations would be overridden by
the faster features that we had observed by activating the trkB
receptor with BDNF, which is generally what we observed in the
present study.

In addition to the scenario that neuronal responses are solely
controlled by NT-3 concentration, one might expect that other
mechanisms would also be in place. It has been shown that neu-
rotrophin receptor binding can also be controlled by the number
and isoforms of neurotrophin receptors present (Barbacid,
1994). For example, in avian dorsal root ganglion neurons, alter-
native splicing yields a trkB isoform missing 11 amino acids in the
extracellular domain that not only restricts BDNF binding effi-
ciency but also has a profound reduction on NT-4 and NT-3
activation of the receptor (Hapner et al., 1998). Furthermore,

NT-3 binding to TrkA receptors in sympathetic ganglia is down-
regulated by enhanced p75NTR, whereas NGF binding to the
same high-affinity receptor is unaffected by the presence of
p75NTR (Kuruvilla et al., 2004). These types of complex interac-
tions are also likely in the spiral ganglion where multiple forms of
the trkB and trkC receptors have been identified (Gestwa et al.,
1999), autocrine mechanisms are present (Hansen et al., 2001),
and BDNF, NT-3, and trkB receptor gene expression is tonotopi-
cally distributed (Fritzsch et al., 1997; Schimmang et al., 2003).

Another important aspect of NT-3 effects on postnatal spiral
ganglion neurons is that it appears to alter the phenotype of in-
dividual neurons rather than altering the neuronal population by
favoring the survival of neurons with slow firing features. This
conclusion is consistent with the results that we observed from
culture protocols and cell counts evaluated in the present study.
Furthermore, because we were able to obtain recordings from
control cultures just before the application of NT-3 (3 div), which
had predominantly rapid accommodation and fast kinetics, we
were able to conclude that the endogenous membrane properties
of neurons exposed to NT-3 at 3 div were transformed into slowly
accommodating ones with prolonged kinetics. This would sug-
gest that mechanisms other than selective survival account for the
robust alterations that were observed in the present study. Be-
cause we had noted previously changes in voltage-gated ion chan-
nel density with immunocytochemical studies (Adamson et al.,
2002a), we assume that part of the mechanism involves altered
gene expression that underlies changes in current density (Levine
et al., 1995; Jimenez et al., 1997; Baldelli et al., 2000). However,
from the time courses that we chose to evaluate in the present
study, we cannot rule out that more immediate modifications
may also be involved, such as those revealed for glutamate recep-
tors (Levine et al., 1998; Arvanov et al., 2000; Balkowiec et al.,
2000) as well as in some types of voltage-gated ion channels (Kaf-
itz et al., 1999; Tucker and Fadool, 2002). Moreover, recent stud-
ies have shown that growth factors can alter the surface expres-
sion of both voltage- and ligand-gated ion channels via
extranuclear, Akt-dependent signaling pathways (Blair et al.,
1999; Brami-Cherrier et al., 2002; Wang et al., 2003; Ning et al.,
2004; Chae et al., 2005). Cytoplasmic activation of signaling cas-
cades has explicitly been demonstrated in spiral ganglion neurons
to enhance their survival to depolarizing stimuli via cAMP acti-
vation of protein kinase A, possibly via the Akt effector (Bok et al.,
2003); therefore, we may expect that similar mechanisms may
also be in place to regulate channel surface expression in these
cells. Because our protocol is able to separate the survival actions
of NT-3 from its role in specification of electrophysiological phe-
notype, we expect that the spiral ganglion neurons may be an
excellent model system to study the molecular mechanisms that
contribute to these distinct processes.

The seemingly simple peripheral ganglion in the auditory sys-
tem that transmits the initial encoded electrical signals from the
sensory receptors in the cochlea into the CNS is a unique model
system in which to study the complex interactions between neu-
rotrophins and their receptors. Not only do the differential effects
of neurotrophins on spiral ganglion neurons indicate that signal-
ing cascades of their activated trk receptors are most likely differ-
ent (Huang and Reichardt, 2003), they also suggest a strong func-
tional role for the promiscuous binding of NT-3 to other trk
receptors. This unique feature of NT-3 binding could be used to
produce a complex neural electrophysiological pattern from the
relatively simple gradient displayed by NT-3 along the tonotopic
axis of the cochlea. The challenge in future experiments will be to
discover the limits and distribution of the heterogeneity observed
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in the spiral ganglion and illuminate the functional significance
of this complexity.
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