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ABSTRACT: Neurotrophins, a class of growth factor proteins that control neuronal proliferation, morphology, and apoptosis, are found ubiqui-
tously throughout the nervous system. One particular neurotrophin (NT-3) and its cognate tyrosine receptor kinase (TrkC) have recently received
attention as a possible therapeutic target for synaptopathic sensorineural hearing loss. Additionally, research shows that NT-3-TrkC signaling
plays a role in establishing the sensory organization of frequency topology (ie, tonotopic order) in the cochlea of the peripheral inner ear.
However, the neurotrophic effects of NT-3 on central auditory properties are unclear. In this study we examined whether NT-3-TrkC signaling
affects the intrinsic electrophysiological properties at a first-order central auditory structure in chicken, known as nucleus magnocellularis (NM).
Here, the expression pattern of specific neurotrophins is well known and tightly regulated. By using whole-cell patch-clamp electrophysiology,
we show that NT-3 application to brainstem slices does not affect intrinsic properties of high-frequency neuronal regions but had robust effects
for low-frequency neurons, altering voltage-dependent potassium functions, action potential repolarization kinetics, and passive membrane
properties. We suggest that NT-8 may contribute to the precise establishment and organization of tonotopy in the central auditory pathway by
playing a specialized role in regulating the development of intrinsic neuronal properties of low-frequency NM neurons.
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Introduction
Neurotrophins are a class of growth-factor proteins that play
crucial roles in regulating normal nervous system maturation in
all vertebrates.!3 Despite their ubiquity, studying neurotro-
phins and their corresponding tyrosine receptor kinases (Trk)
has proven to be a challenge due to their complex temporal and
spatial expression patterns that occur during development.*
Such studies are further complicated by neurons’ inherent het-
erogeneity, where neurotrophin signaling differs depending on
the neuron’s structure, function, and location within the nerv-
ous system.® 19 However, we can partly untangle this complex-
ity by studying the topographical organization of the chicken
auditory system. Here, the frequency representation of sound
(ie, tonotopic) is conserved from the peripheral to central path-
ways. Furthermore, the chicken also provides an excellent plat-
form for comparative investigations on the role of neurotrophins
as their auditory system relies on only 2 neurotrophins that
regulate development, brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3), along with their respec-
tive high-affinity receptors, TrkB and TrkC.11-16

In the peripheral auditory pathway of mice, synaptic inner-
vation and biophysical response properties rely on BDNF and
NT-3 signaling differentially along the tonotopic axis. The
establishment of action potential properties in high-frequency
spiral ganglion (SG) neurons are regulated by BDNF, whereas
low-frequency SG neurons rely predominantly on NT-3 for
establishing their correct functional phenotype.l” Expression

of BDNF and NT-3 also differ; as the animal matures, BDNF
expression diminishes to almost undetectable levels in rodents,
while NT-3 is maintained throughout its lifetime.’® In addi-
tion, BDNF and NT-3 differentially regulate calcium (Ca?*)
and potassium (K*) currents,’?! control dendritic morpho-
genesis??>2* and repair inner hair cell-to-SG neuronal syn-
apses,?>2 all of which are critical for normal hearing. However,
aberrant neurotrophin signaling results in the spatial remode-
ling of the tonotopic axis in the cochlea and subsequent hear-
ing loss,?”?8 while synaptic repair via neurotrophins provides a
novel therapeutic approach for peripheral insult.?>:30 Despite
this knowledge, neurotrophin function and its regulation of
neuronal response properties in the central auditory pathway
remain elusive.3! As such, and because of the highly-organized
innervation pattern of SG neurons, investigating the role of
BDNF and NT-3 at a central auditory structure that receives
direct input from SG neurons could provide insight to the neu-
rotrophic effects on the auditory system as the system transi-
tions from the peripheral to the central pathways.

Both BDNF and NT-3 ligands—along with their receptors
(TtkB and TrkC, respectively)—are present at the first-order
central auditory structure of gerbils323% and the avian equiva-
lent, nucleus magnocellularis (NM).3* NM neurons have an
interesting heterogeneity in their structural and functional
phenotypes along the tonotopic axis that are dependent on
BDNF-TrkB signaling for high-frequency neurons, which also

exhibit similar expression patterns to the periphery.?* However,
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the role of NT-3-TrkC signaling in NM is unknown; therefore,
we focused on whether NT-3-TrkC pathway has any effect on
intrinsic electrophysiological properties of NM neurons, as
NM is the first-order central auditory nucleus. We hypothesize
that NT-3-TtkC signaling regulates the development of low-
frequency NM neurons, in line with observations from periph-
eral SG neurons. To test this hypothesis and to determine
whether functional response properties of NM neurons are
dependent on neurotrophin signaling, we evaluated the effects
of the NT-3/TrkC pathway before and after the onset of hear-
ing from both high- and low-frequency regions. We found that
while NT-3 had minimal effects on high-frequency NM neu-
rons regardless of age, it did have a significant role in regulating
voltage-dependent potassium (Ky) current that shaped active
and passive membrane properties for mature, low-frequency
NM neurons.

Methods

All animal procedures were performed in accordance with fed-
eral guidelines on animal welfare and approved by Northwestern
University Institutional Animal Care and Use Committee.
Acute brainstem slices were prepared from White Leghorn
chicken (Gallus gallus domesticus) embryos as previously
described.3>-38 Developmental ages for the current study were
embryonic (E) days 13 and 18, corresponding to before and
after hearing onset, respectively.3**’ Briefly, the brainstem was
dissected and isolated in ice-cold (~0°C) oxygenated low-Ca?*
high-Mg?* modified artificial cerebral spinal fluid (ACSF)
containing the following (in mM): 130 NaCl, 2.5 KCl, 1.25
NaH,PO,, 26 NaHCO;, 3 MgCl,, 1 CaCl,, and 10 glucose.
ACSF was continuously bubbled with a mixture of 95% O,/5%
CO, (pH 7.4, osmolarity 295-305mOsm/L). The brainstem
was blocked coronally, affixed to the stage of a vibratome slic-
ing chamber (Dosaka Em, Ltd, Kyoto, Japan) and submerged
in ice-cold ACSF. Bilaterally symmetrical coronal slices were
made (250 pm thick for E18 embryos, 300 um for E13) and
approximately 3 to 5 slices (depending on age) containing NM
were taken from caudal to rostral, roughly representing the
low-to-high frequency regions, respectively. All neurons
reported as caudal are taken from the first slice obtained, cor-
responding to the low-frequency regions of NM, while rostral
neurons are taken from the last slice obtained, representing the
high frequency regions of NM.

Slices were collected in a custom holding chamber and
allowed to equilibrate for 2hours at ~22°C in normal ACSF
containing the following (in mM): 130 NaCl, 2.5 KCl, 1.25
NaH,PO,, 26 NaHCO;, 1 MgCl,, 3 CaCl,, and 10 glucose for
control. For the experimental condition, NT-3 was added to the
ACSF solution at the concentration of 50ng/mL as previously
described.”#:#2 ACSF was continuously bubbled with a mixture
of 95% O,/5% CO, (pH 7.4, osmolarity 295-305 mOsm/L).
Slices were transferred to a recording chamber mounted on an
Olympus BX51W1 (Center Valley, PA, USA) microscope for

electrophysiological experiments. The microscope was equipped

with a CCD camera, 80X water-immersion objective and infra-
red differential interference contrast optics. The recording
chamber was superfused continuously (Welco, Tokyo, Japan) at
room temperature in oxygenated normal ACSF at a rate of 1.5
to 2mL/min.

Whole cell electrophysiology

Voltage- and current-clamp experiments were performed using
an Axon Multiclamp 700B amplifier (Molecular Devices,
Silicon Valley, CA, USA). Patch pipettes were pulled to a tip
diameter of 1 to 2pum using a P-97 flaming/brown micropi-
pette puller (Sutter Instrument, Novato, CA, USA) and had
resistances ranging from 2 to 8 MQ. For voltage-clamp experi-
ments of isolated Ky currents, the internal solution contained
the following (in mM): 105 K-gluconate, 35 KCl, 1 MgClL,, 10
HEPES-K*, 5 EGTA, 4 4-ATP-Mg?*, 0.3 4-Tris2GTP, pH
adjusted to 7.3 to 7.4 with KOH. The junction potential was
~-10mV and raw data were not corrected. Series resistance was
compensated for by ~80% in all voltage-clamp recordings. For
current-clamp experiments, the internal solution was potas-
sium-based and contained the following (in mM): 105
K-gluconate, 35 KCl, 1 MgCl,, 10 HEPES-K*, 5 EGTA, 4
4-ATP-Mg?*, and 0.3 4-Tris2GTP, pH adjusted to 7.3 to 7.4
with KOH. The junction potential was not corrected for in our
current clamp experiments.

A small hyperpolarizing (-1 mV, 30 ms) voltage command
was presented at the beginning of each recorded trace to doc-
ument and monitor whole-cell parameters (resting membrane
potential (RMP), cell membrane capacitance, series resistance
and input resistance). Raw data was low-pass filtered at 2kHz
and digitized at 50kHz using a Digidata 1440A (Molecular
Devices).

Pipettes were visually guided to NM. Healthy neurons were
identified and distinguished from surrounding tissue based on
cell morphology and location of the nucleus within the slice. It
should be noted that the low affinity neurotrophin receptor,
p75 (p75NTR) can be activated by all neurotrophins. However,
previous reports have demonstrated that the p75NTR is not
expressed in chick NM344 and activation of the p75NTR is pre-
dominantly involved with neuronal death.*4 As a result, we
excluded results of apoptotic neurons from the data. Apoptosis
was subjectively determined by visual cues (eg, the neuronal
shape, visible pyknotic nuclei, etc) and by measuring resting
membrane potentials, excluding neurons with elevated levels of
depolarization based on our previous reports.*’#

All experiments were conducted in the presence of a
GABA,-R antagonist picrotoxin (PTX, 100 uM), as well as
DL-2-amino-5-phosphonopentanoic acid (DL-APV, 100 uM,
an NMDA-R receptor antagonist) and 6-Cyano-7-
nitroquinoxaline-2, 3-dione (CNQX, 20puM, an AMPA-R
receptor antagonist). After a GQ seal was attained, membrane
patches were ruptured, and NM neurons were held in whole-
cell configuration for voltage-clamp recordings at membrane
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potentials ranging between -90mV to +30mV. Potassium
leak currents were measured offline using the averaged
responses to hyperpolarizing steps from -80 to -90mV as a
baseline and were subtracted from the raw data. Neurons were
included in the data analysis only if they had RMPs more neg-
ative than -50mV, had series resistances <15MQ, leak cur-
rents under -150pA, and had current output less than
+5500 pA with the voltage held at +30mV.

Under whole-cell current clamp, we first characterized the
passive intrinsic membrane properties for each age group by
injecting a small hyperpolarizing current (-10pA) into the
soma.*$% This paradigm minimizes the recruitment of voltage
dependent ion channels that are inactive at or near rest.
Membrane voltages used for data analysis were averaged over 30
repetitive trials and calculated by fitting a single exponential to
the first 10ms time window following the hyperpolarizing cur-
rent injection. The membrane input resistance (Ry;) was obtained
by dividing the calculated steady-state membrane voltage by the
injected current. The membrane time constant (ty;) was quanti-
fied by fitting a single exponential as described above and mem-
brane capacitance (Cy;) was calculated as Cy;=1y/Ry.

Ky channel conductances (G,) were obtained by the equa-
tion I.=G, (Vypvrane-EW- I represents the steady-state
potassium current measured in response to membrane holding
voltages (Vyiemprane)- Based on our external and internal
recording solutions, the reversal potential for Ky (E,) was
-84mV. Ky channel density was calculated by normalizing iso-
lated currents to the individual membrane capacitance (7, =1,/C,
where j is the current density, I is the average current at a given
membrane holding voltage, and C is the average capacitance).

For current-clamp experiments, NM neurons were held in
whole-cell configuration at I=0 for recording active intrinsic
membrane properties. The amount of current needed to evoke
an action potential developmentally changes as a function of
maturation. In order to compare across different age groups, we
measured action potential threshold current for each individual
neuron. Action potential threshold current is defined as the
minimum amount of current required for NM neurons to gen-
erate an action potential ~50% of the time across 30 repetitive
stimulations (interpulse stimulus intervals=2seconds). Once
action potential threshold current was obtained, a sustained
current command (duration=100ms) was injected into the
soma at 25% above the measured threshold current for each
neuron. Action potentials evoked by this current command
were used to characterize active intrinsic membrane properties.
In order to document neuronal excitability (ie, number of
action potentials per given period of time), we injected a
suprathreshold current at +500pA for 100 ms duration.

Data analysis

Recording protocols were written and run using Clampex acqui-
sition and Clampfit analysis software (version 10.7; Molecular
Devices, Silicon Valley, CA, USA). Statistical analyses and

graphing protocols were performed using Prism (GraphPad ver-
sion 8.0.2, La Jolla, CA, USA). Unpaired #tests were used to
determine significance, with Welch’s correction applied for sig-
nificantly differing variances. The standard for significant differ-
ences was defined as P<<.05. All graphic representations of data
illustrated represent the mean and standard error.

Reagents

All bath applied drugs were allowed to perfuse through the
recording chamber for ~10 minutes before subsequent record-
ings. DL-APV, CNQX and all other salts and chemicals were
obtained from Sigma-Aldrich (St. Louis, MO, USA). PTX
was obtained from Tocris (Ellisville, MO, USA). NT-3 was

obtained from Alomone Labs (Jerusalem, Israel).

Results

To determine whether NT-3-TrkC signaling modulates electro-
physiological properties and contributes to tonotopic characteris-
tics of NM neurons, we exogenously bath-applied NT-3 to the
rostral-most and the caudal-most regions of traditional NIV], rep-
resenting the high- and low-frequency regions respectively (ultra-
low frequency NM neurons—recently termed NMc region—were
not sampled*#°1). The results in this study are based on 87 NM
neurons, sampled on embryonic (E) days 13 and 18 for both the
high-frequency and low-frequency neurons. Experimental NM
neurons were exposed to the NT-3 ligand (50ng/mL) added to
the ACSF solution for a minimum of 2 hours before patch clamp
recordings were obtained.”*#>52 The aforementioned studies
also observed acute effects of exogenous neurotrophin application
in a similar temporal window.

NT-3 exogenous application and Ky, currents

The rationale for investigating Ky channels comes from
numerous studies elsewhere in the brain that show neurotro-
phin signaling dynamically modulates (1) the phosphorylation
of Ky channel properties,®® (2) their intrinsic expression pat-
tern,>* and (3) their regulation of neuronal excitability.>?
However, it is unclear the extent to which NT-3-TrkC signal-
ing plays a role in NM, as the aforementioned studies focused
on other classes of neurotrophins and their cognate receptors
from different brain regions.

Figure 1 shows representative steady-state Ky currents for
control (Figure 1A) and experimental (Figure 1B, +NT-3) neu-
rons. Steady-state Ky currents were measured across a 10ms
time widow near the end of the voltage command (symbols
above traces denotes sampled time periods). Bath-application of
NT-3 to these high-frequency E13 NM neurons showed no
effect on the modulation of steady state Ky, currents. This results
was consistent across the population of sampled neurons (Figure
1C), with no statistically significant change of the outward cur-
rent when compared at multiple holding voltages; -60mV
(Figure 1D, control, 68.23 +12.97pA; NT-3, 33.53 + 15.06;
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Figure 1. K, current for high-frequency E13 NM neurons (E13,r). (A-B) Representative voltage-clamp traces to somatic current injections ranging from
-90pA to +30pA in +5pA increments from (A) control and (B) experimental (+NT-3) NM neurons. Symbols above current traces indicate region sampled
to obtain steady state potassium currents. (C) Population averaged I/V curves of control (black triangles) and the experimental (white circles) NM neurons.
Data represents the mean = SEM. (D-G) K\, currents when the membrane voltage is held at -60, —-30, 0, and 30mV. Each bar represents the mean value

+ SEM. N=11 for control, N=9 for NT-3.

P=.10),-30mV (Figure 1E, control, 445.70 = 44.78 pA; NT-3,
378.18+5535; P=.35), OmV (Figure 1F, control,
1381.39 £133.14pA; NT-3, 1186.82+103.72; P=.28), and
30mV  (Figure 1G, control, 3885.36 +379.46pA; NT-3,
3613.44 +362.15; P=.62).

Bath application of NT-3 to high-frequency E18 NM neu-
rons only slightly depressed Ky currents at the highest holding
voltages. Figure 2 show representative steady-state Ky, currents
for control (Figure 2A) and experimental (Figure 2B) neurons.
However, and similar to high-frequency E13 neurons, the
modulation of the steady state Ky, currents were not statistically
significant at any holding voltage across the population of sam-
pled neurons (Figure 2C); -60mV (Figure 2D, control,
117.47 =9.19pA; NT-3, 117.25+10.11; P=.99), -30mV
(Figure 2E, control, 938.18 * 63.02 pA; N'T-3,856.80 = 75.90,
P=.41),0mV (Figure 2F, control, 2048.60 == 145.26 pA; N'T-3,
1830.20 + 154.65; P=.32), and 30mV (Figure 2G, control,
3478.08 = 308.09 pA; NT-3,2943.06 + 283.07; P=.23).

On the other hand, N'T-3 application had robust effects on
low-frequency E13 NM neurons. Figure 3 shows representa-
tive steady-state Ky currents for control (Figure 3A) and
experimental (Figure 3B) neurons. A significant reduction of
outward Ky currents was observed across multiple membrane

voltages for the population of sampled neurons (Figure 3C);
-60mV (Figure 3D, control, 79.67*+10.80pA; NT-3,

48.68 £3.53; P=.02), -30mV (Figure 3E, control,
393.85 + 34.64pA; NT-3, 333.69+17.50; P=.10), OmV
(Figure ~ 3F,  control, 1300.30*+122.30pA; NT-3,

885.74£39.66; P=.01), and 30mV (Figure 3G, control,
3514.14 = 341.33 pA; NT-3,2135.40 £ 105.40; P<.0001).

Interestingly, NT-3 application had an opposite, but equally
robust effect on low-frequency E18 neurons. Figure 4 shows
representative steady-state Ky currents for control (Figure 4A)
and experimental (Figure 4B) neurons. There was a dramatic
increase in the steady-state Ky current that was heavily depend-
ent on the membrane voltage across the population of sampled
neurons (Figure 4C); -60mV (Figure 4D, control,
88.47 £10.57pA; NT-3, 111.67*+11.01; P=.15), -30mV,
(Figure 4E, control, 671.10 = 79.61 pA; N'T-3,1124.49 = 61.79;
P=.0002), 0mV, (Figure 4F, control, 1575.08 =207.02pA;
NT-3,2724.84 £133.67; P=.0001), and the largest observable
increase at 30mV (Figure 4G, control, 2923.37 £ 485.60 pA;
NT-3,5347.09 + 357.36; P=.0007).

We next addressed what factors account for the bidirectional
changes in the total steady-state Ky currents for low frequency
NM neurons. Such factors include the regulation of Ky, channel
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Figure 2. K, current for high-frequency E18 NM neurons (E18,). (A-B) Representative voltage-clamp traces to somatic current injections ranging from
—90pA to +30pA in +5pA increments from (A) control and (B) experimental (+NT-3) neurons. Symbols above current traces indicate region sampled to
obtain steady state potassium currents. (C) Population averaged I/V curves of the control (black triangles) and experimental (white circles) NM neurons.
Data represents the mean = SEM. (D-G) Ky, currents when the membrane voltage is held at -60, —30, 0, and 30mV. Each bar represents the mean value

+ SEM. N=11 for control, N=9 for NT-3.

expression (channel density)—as well as—changes in Ky chan-
nel ionic flow (channel conductance). In order to identify which
mechanism contributes to the changes in total steady-state Ky,
currents, we calculated Ky channel density and channel con-
ductance and report them as a function of different membrane
holding voltages (Figure 5, Table 1). In line with results reported
for steady-state Ky channel current for both ages (Figures 3 and
4, respectively), we observed a significant decrease in Ky chan-
nel density (Figure 5A) and Ky channel conductance (Figure
5B) for low-frequency E13 NM neurons across the majority of
membrane holding voltages following NT-application. For
low-frequency E18 NM neurons, we also observed a marginal
increase in Ky channel density (Figure 5C), albeit not signifi-
cant at any membrane holding voltage. Conversely, we did
observe a significant increase in Ky channel conductance for
low-frequency E18 NM neurons following NT-3 application
(Figure 5D). This increase was most prominent at the highest
membrane holding voltages (Table 1).

NT-3 exogenous application and active membrane
properties

It is well documented that different sub-families of Ky, chan-
nels regulate multiple active membrane properties as it pertains

to neuronal action potentials in the auditory system (For review,
see Johnston et al*®). We have previously reported that Ky1,
Ky2, and Ky3 subtypes regulate neuronal excitability (Ky1)
after hyperpolarization (Ky2) and repolarization (Ky3) that
differs across the tonotopic axis of NM.% Because bath appli-
cation of N'T-3 affected Ky currents in an age-, voltage-, and
tonotopic-dependent fashion, we predicted this would mani-
fest itself as a regulation of neuronal repolarization, as the larg-
est changes were observed at higher membrane voltages (eg,
30mV) and for low-frequency neurons at both ages.

Figure 6 shows superimposed voltage traces for control and
experimental neurons for E13 (Figure 6A) and E18 (Figure
6B) high-frequency NM neurons. In line with the lack of effect
of NT-3 modulation of Ky currents, the population of sampled
high-frequency neurons showed no significant difference in
the rate of maximum membrane voltage decay (ie, repolariza-
tion) for both E13 neurons (Figure 6C, control,
-26.83 =2.07mV/ms; NT-3,-22.48 = 1.33; P=.11),and E18
neurons (Figure 6D, control, -113.54 £7.15mV/ms; NT-3,
-99.35 +6.02; P=.15). No differences were observed for the
regulation of neuronal excitability (ie, an increase in the num-
ber of action potentials to sustained, suprathreshold somatic
current injections), in line with the observed results for the
voltage-clamp experiments (data not shown).
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represents the mean value + SEM. N=9 for control, N=17 for NT-3. In this and the subsequent figures, P-values as indicated: *<.05, **<.01, ***<.001,

****<.,0001.

To our surprise, we observed no difference in membrane repo-
larization for low-frequency E13 neurons during NT-3 applica-
tion. Figure 7A shows representative superimposed voltage traces
for control and experimental low-frequency E13 neurons. This
result was consistent across the population of sampled neurons
(Figure 7B, control, -38.88 = 3.86 mV/ms; NT-3, -36.46 * 2.00;
P=.54), despite a significant reduction in Ky current at high
membrane voltages (see Figure 3). In contrast, however, low-fre-
quency E18 neurons showed a quickening of the action potential
repolarization during NT-3 application. Figure 7C shows repre-
sentative superimposed voltage traces for control and experimen-
tal low-frequency E18 neurons. This result was consistent and
significant across the population of sampled neurons (Figure 7D,
control, -76.82 +10.81 mV/ms; NT-3, -110.95 = 7.02; P=.02;
Fig 6D). This result is expected given the significant increase
observed for the high-voltage activated Ky, currents at this age
and tonotopic region of NM (see Figure 4).

NT-3 exogenous application and passive membrane
properties

We have previously shown that passive membrane properties
of NM neurons are highly relevant to their action potential

firing properties. Moreover, developmental changes in pas-
sive membrane properties is heavily dependent on Ky chan-
nel subunits, conductances and neuronal size.*® In order to
better understand the dynamic role of NT3-TtkC signaling
in regulating passive membrane properties, we investigated
the membrane capacitance, membrane input resistance and
membrane time constant. Using whole-cell current clamp,
we characterized these passive membrane properties for con-
trol and experimental neurons by applying a small hyperpo-
larizing somatic current injection (-10pA). The membrane
voltage time constant (tau, Ty;) and steady-state voltage
responses were quantified by fitting a single exponential to a
10 ms time window of the voltage response following the ini-
tial current injection as we previously described.*® The mem-
brane input resistance (Ry) was obtained by dividing the
calculated steady-state voltage response to the injected cur-
rent. Membrane capacitance (Cy;) was calculated based on
the equation Cy;=1y/Ry.

There was a significant increase in neuronal membrane
capacitance for high-frequency E13 NM neurons following bath
application of NT-3 (Figure 8A, control,48.35 = 3.27 pF; N'T-3,
65.40+5.07; P=.01), with minimal changes to membrane
input resistance (Figure 8B, control, 402.36 = 74.17MQ; NT3,
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361.25 £ 24.53; P=.61), and membrane voltage time constant
(Figure 8C, control, 17.93*=2.52ms; NT-3, 24.22 *2.64;
P=.10). For high-frequency E18 NM neurons, bath application
of NT-3 resulted in no significant change in passive membrane
properties across all parameters investigated (Figure 8D-F).

Additionally, some significant changes in passive membrane
properties were observed for low-frequency NM neurons at
both ages. Bath application of NT-3 for low-frequency E13
neurons resulted in a significantly larger membrane capacitance
(Figure 9A, control, 30.33 =3.65 pF; NT-3, 42.46 +9.30,
P=.007) and time constant, albeit, not significant (Figure 9C,
control, 9.72 = 0.79 ms; NT-3,12.34 = 1.90; P=.21). There was
minimal change in membrane input resistance (Figure 9B, con-
trol, 294.22 + 28.59 MQ; NT-3, 274.24 + 23.61, P=.60) com-
pared to controls across the population of sampled neurons. For
low-frequency E18 neurons, there were minimal changes to
membrane capacitance (Figure 9D, 20.43 =4.73 pF; NT-3,
38.16 = 9.83 pF; P=.13) and membrane time constant (Figure
9F, control, 3.44 +0.52ms; NT-3, 3.15 +0.412; P=.67), but a
significant reduction in membrane input resistance (Figure 9E,
control, 190.67 =25.58 MQ; NT-3, 101.00 +11.05; P=.01),
results consistent with observed changes to the active mem-
brane properties.

Discussion

Despite over a century of work on the development of the verte-
brate auditory system, little is known about the molecular and
cellular establishment of neuronal properties in the brainstem.
This is especially true regarding the role of neurotrophin ligands
and their cognate receptors in regulating normal neuronal pheno-
types along the frequency axis (ie, tonotopic) in the cochlear
nucleus. In the auditory periphery, where the role of neurotro-
phins are best understood, BDNF and N'T-3 signaling—via their
Trk receptors—is essential for normal inner ear development,
survival, tonotopy maintenance and, more recently, implicated in
synaptic repair. For example, peripheral synaptopathy—a term
recently coined to describe synapse damage and loss between
inner hair cells and SG neurons—has been demonstrated to
occur after noise exposure in animal models.”®*7 It has been sug-
gested that such a loss of synaptic inputs in humans is thought to
underlie auditory-related problems, including difficulties hearing
speech in noisy environment.’® As such, novel drug delivery
methods are currently being developed in the attempt to treat and
or prevent synaptopathy, and recent research suggests that specific
therapeutic pathways may provide intrinsic stem-cell based ther-
apies that target auditory-related problems in the inner ear,”

including the NT-3-TrkC signaling pathway.?>2
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Table 1. Measurement of K,, channel Density and Channel Conductance for Low Frequency NM neurons at E13 and E18 across different
membrane holding voltages.

P VALUE

K, CHANNEL E13,;
DENSITY (PA/PF)

CONTROL (9) +NT-3 (17)
-60mv 3.21+2.40 1.21+0.43
-30mV 14.84+7.76 8.37+2.80
omv 49.54 +28.68 2211 +6.91
30mv 134.60 = 79.70 52.94 + 15.95

Ky CHANNEL CONTROL (9) +NT3(17)
CONDUCTANCE

(NS)

—-60mV 3.32+1.35 2.03+0.61
-30mV 7.29+1.92 6.18 +1.34
omv 15.48 = 4.37 10.54 +1.95
30mv 30.83+8.98 18.73 +3.81

.04

.04

.02

.02

P VALUE

.02

10

.009

.003

CONTROL (10) +NT3 (1) P VALUE
3.87+1.03 4.45+275 .52
31.40 = 14.90 44.63+21.76 12
73.98 +38.34 106.7 = 48.40 10
138.17 = 87.65 212.02 +103.00 09

CONTROL (10)

+NT-3 (1)

3.69+1.39 4.65+1.52 15
12.43+4.66 20.82+3.80 0002
18.75+7.79 32.44+5.28 .0001
25.64+13.47 46.90+10.40 .0007

Numerical data values represent mean *+ 1 standard deviation. Numbers in parenthesis =Number of sampled neurons (N).
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While neurotrophins in the development of the peripheral
auditory system has been studied extensively for over 2 dec-
ades, their functional role in the developing central system
remains elusive.’! Because neurotrophins’ transcellular trans-
port can span long physical distances,? it is intriguing to con-
sider that NT-3 delivery to the inner ear can target central
neuronal circuits. Identifying the functional role of NT-3-TtkC
signaling during pre- and post-hearing periods is timely and
essential; providing a solid foundation for the development and
efficiency of such therapeutic methods.

In this study we investigated the effects of NT-3-TrkC signal-
ing on intrinsic properties of neurons in the avian cochlear NM,
the first central nuclei to receive inputs from peripheral SG neu-
rons. We predicted that, since NT-3-TrkC activation contributes
to the functional regulation of low-frequency SG neurons, it
would have the same effect on low-frequency NM neurons
because of the precise topographical connectivity in the auditory
system. In line with the lack of NT-3-TtkC contribution to high
frequency SG neurons response properties, we further predicated

that NM neurons located in the high-frequency region of the
nucleus would not be affected. Largely due to the observation
that BDNF-TYkB signaling is the primary expression pattern
found in high-frequency NM.3* Indeed, we observed minimal
change in current and voltage responses from high-frequency
NM neurons when the NT-3 ligand was exogenously bath
applied to brainstem tissue. In contrast, we observed robust and
temporally dynamic changes in low-frequency neurons, such as
the bidirectional modification of Ky currents before and after
hearing onset. This, in turn, affected the hyperpolarizing mem-
brane voltage by decreasing decay rate when Ky, currents were
suppressed (E13), or increasing decay rate when Ky currents were
enhanced (E18). These results indicate that NT-3 has a robust
effect on low-frequency neurons. In addition, and as previously
noted, the low affinity p75N"® has not been observed in N3443
and its principal role involves apoptosis.*# Therefore, we assume
that only N'T-3-TrkC signaling dominates in low-frequency NM
and the effects seen here by the exogenous application of NT-3
was triggered by the activation of TrkC receptors.
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Specifically, NT-3 bath application and its subsequent acti-
vation of TrkC receptors resulted in a bidirectional change in Ky
currents for both ages, but only in the low-frequency region. Ky,
currents were reduced at E13 but enhanced for E18, the latter
of which resulted in a quickening of the action potential repo-
larizing phase, an expected result consistent with an increase in
Ky3-containing channels. We expected the inverse to happen,
with the reduced Ky currents slowing down the repolarizing
phase. Surprisingly, this was not observed for E13 low-fre-
quency neurons; reduction in Ky current resulted in minimal
change for action potential repolarization. We attribute this
unexpected result to basal levels of change in Ky currents that
differed between E13 and E18, as E18 Ky current had nearly
100% difference between the control and NT-3 population
while at E13 the percent-fold difference was merely 50%. It is
therefore conceivable that this percent-fold change was not
enough to establish a significant difference in action potential
repolarization rates. Alternatively, other intrinsic ion channel
properties—independent of Ky3-containing channels—are
responsible for action potential repolarization in low frequency

13 NM neurons (eg, Ky2 containing channels). Future work
could address this alternative issue.

The overall shape of the membrane voltage responses also
changed between pre- and post-hearing onset. It has been pre-
viously documented that younger embryos have less low-volt-
age activated potassium channels (Kjy,) with minimal Ky1
channel contribution.*$60 Lack of K1 contributes to the ini-
tiation of subsequent neuronal depolarization that results in
repetitive AP firing to sustained inputs; here, we observed a
similar pattern in some neuron regardless of whether NT-3
was bath-applied (data not shown). Interestingly, while high-
and low-frequency neurons cannot be distinguished by the
voltage responses before hearing onset, there is a clear differ-
ence post-hearing onset. If endogenous N'T-3 had already ini-
tiated the tonotopic differentiation before hearing onset,
control neurons would show differences between high-fre-
quency and low-frequency neurons. Therefore, this indistin-
guishable result between high-frequency and low-frequency
neurons suggest that unlike SG neurons,'” tonotopy and
intrinsic property refinement are established post-hearing
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onset via N'T-3 anterograde transport from peripheral SG neu-
rons to central auditory structures.

If we consider the developmental expression of TrkC in the
periphery'” and the documented effects of neurotrophins on
Ky channels,>3¢! the explanation that NT-3 increased K3 and
K,1-containing channel expression seems plausible. However,
another explanation that deserves consideration is the possibil-
ity that the NT-3-TrkC signaling affects not only Ky channel
expression, but also its open probability as well. While the
effect of neurotrophins on ion channel probability has only
been observed in Ca?* channels,®? one compelling reason to
consider changes in open probability is that altering open
probability requires less time than altering channel expression.
Considering that the changes in macroscopic Ky current
involves both channel density and its open probability, it is
likely therefore that NT-3-TrkC signaling alters both.

Indeed, we observed bidirectional changes in Ky channel
density and Ky channel conductance that were in agreement
with changes in Ky channel steady-state current when N'T-3
was exogenously applied. Before the onset of hearing (E13),

low-frequency NM neurons showed a significant reduction in
Ky channel density and Ky channel conductance, while an
increase in both properties were observed post hearing onset
(E18) for low-frequency NM neurons, with significantly larger
changes observed for Ky channel conductance versus density
for E18 neurons. These results suggest that the number of
available Ky channels and their subsequent open-probability to
ionic flow are differentially and dynamically regulated by
NT-3-TrkC signaling during embryonic development for low-
frequency NM neurons. The functional relevance of the bidi-
of NT-3-TrkC

development remains to be determined and future studies are

rectional  regulation

signaling  during

aimed at addressing this issue.

This study focused on the effect of NT-3-TrkC signaling on
Ky currents. Although we had observed some changes in the
maximum rise rate of the membrane voltage response, we did
not block Na* channels to investigate whether this change was
due to NT-3-TrkC signaling affecting Na* channels or whether
it was by some other unknown mechanism, and this still

remains to be investigated. What is known is that NT-3-TrkC
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signaling does help regulate Na* current density in hippocam-
pal neurons,® and therefore it is possible that NT-3-TrkC
signaling affects Na* channels in the central auditory system.
Recent reports also demonstrate that NT-3-TrkC alters neu-
ronal excitability in the hippocampus by moving the axon ini-
tial segment closer to the soma,” which contribute to changes
in action potential properties. Whether NT-3-TrkC contrib-
utes to dendritic proliferation in the central auditory system
has not yet been determined. At this point we can only conjec-
ture that the membrane changes observed by the passive prop-
erties (discussed further below) are due to dendritic
proliferation; however, NT-3-TrkC does contribute to robust
proliferation of dendritic arborization in Purkinje cells.?3

We also observed a slight increase in membrane capacitance
for low-frequency NM neurons that were age dependent (ie,
E18), suggesting a larger neuronal membrane surface area
accompanied by dendritic outgrowth. This suggestion has been
supported by our previous work that shows genetically modified
NM neurons that continually express TrkB receptors maintain
elaborate dendritic architecture.* These results may also con-
tribute to the dramatic increase of the Ky current at E18 if we
posit that K 3 channels, which are present in NIV, %46 can also
be located on the dendrites and their subsequent outgrowth.
Similarly, the change in membrane input resistance can also be
attributed to altered Ky channel conductance and density on the
neuronal membrane surface, or the possibility that the open
probability is altered because of the NT-3/TrkC pathway activa-
tion, or the combination of the 2. If open probability is altered
because of the activation, then this would allow more channels to
be open at lower voltages, thereby resulting in a lower membrane
input resistance. Either way, the lower membrane input resist-
ance could result from more open channels.

Conclusion and Functional Relevance

NT-3 has temporally and structurally dynamic roles in estab-
lishing a functional nervous system, that range from altering
intrinsic properties and synaptic transmission®” to controlling
calcium channels that contribute to synaptic transmission,®? of
which the subtype L-type is required to maintain auditory
brainstem nuclei.®® Morphological as well as electrophysiologi-
cal investigations must be performed in order to get a more
complete picture of the role of NT-3 in establishing and main-
taining a functional central auditory system. Despite this need,
there are gaps in knowledge in the developmental profiling of
all neurotrophins in the central auditory system. Since it is pos-
sible that afferent SG neurons of the peripheral auditory system
are an avenue for transporting neurotrophins to the central sys-
tem, any external application of neurotrophins to the periphery
may affect central circuits. It should be noted, however, that glial
cells do contribute to central auditory brainstem development
and its functional circuitry.t>7® Since glial cells do produce
NT-3,7! the specific source of NT-3 for the central auditory
pathway remains to be determined. What we have shown here
is that NT-3 does have robust and bidirectional effects on

intrinsic neuronal properties, including Ky currents and active
and passive membrane properties of low-frequency NM neu-
rons. This is especially true for the modification of Ky currents
and is similar to known NT-3 effects on low-frequency SG
neurons of the auditory peripheral. Future work will investigate
the relative functional contribution of NT-3 sodium channel
currents and synaptic transmission throughout embryonic
development.
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