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Abstract

The vestibular inner ear transmits head-motion information to the brain via two populations
of primary vestibular ganglion neurons (VGNSs) which differ in the regularity of action potential
(AP) timing (regular and irregular) and represent rate and temporal encoding, respectively (Jamali
et al., 2016). Understanding the impact of diverse ionic currents on spike timing regularity is
crucial to understanding how different sensory coding strategies arise. Although voltage-gated
sodium (Nav) currents drive the rising phase of APs, their contributions to AP waveform and spike
timing regularity in VGNSs are not fully understood. Nav currents through a given a subunit can
have different modes: they can be transient (inactivating), persistent (noninactivating), and/or

resurgent (following relief from inactivation block).

Here we consider how these Nav current modes influence AP firing in isolated VGNS,
which respond to current injections with sustained and transient firing patterns. These correspond
to regular and irregular spiking, respectively. Whole-cell recordings from mouse VGNSs revealed
that while all had large transient Nav currents that were blocked by 1 uM tetrodotoxin (TTX),

some also had persistent current, and a subset had resurgent current.

A blocker of Nay1.6 channels (4,9-anhydro-tetrodotoxin, 4,9-ah-TTX) partially blocked
transient and eliminated persistent and resurgent currents, indicating that a substantial portion of
each flow through Nav1.6 channels. In current clamp, 4,9-ah-TTX decreased excitability:
increasing current threshold for spiking and increasing time-to-peak in all VGNs, but
hyperpolarized resting membrane potential and decreased AP rate in sustained (regular) VGNs and
not transient (irregular) VGNs. A sodium channel agonist (Anemonia viridis toxin 2, ATX-II) had

the opposite effect of increasing the amplitude of persistent and transient currents. This resulted in
XVi



increased excitability as measured by decreased current threshold for spiking and increased AP

rate and spiking regularity.

We did not detect a clear relationship between Nay conductance and firing patterns due to
unexpected variability in Nayv conductance in VGN. We determined that sustained-A firing VGNs
(which respond to current injections with tonic spike trains) have higher amplitude APs and faster
rates of depolarization relative to transient VGNs (which fire a single spike at stimulus onset). AP
amplitude and rate of depolarization each positively correlated with maximum Nayv conductance.
Using the action potential clamp technique, we observed that sustained VGNs have less Nav
current during the depolarization phase of the AP, due to their increased excitability relative to
transient VGNSs and possible differences in underlying channel kinetics. Nay1.6 currents make up

the majority of that depolarizing current, the most of which flows before the peak depolarization.

However, it is difficult to experimentally distinguish the effects of these currents on spiking
because we lack methods to isolate current modes. We therefore modified a computational
conductance-based model of VGN (Hight and Kalluri, 2016; Ventura and Kalluri, 2019) by
adjusting and adding expressions for transient, persistent, and resurgent Nay components (Wu et
al., 2005; Venugopal et al., 2019) with properties based on our data. Adding persistent and
resurgent current components had a negligible effect on firing by the model transient (irregular)
VGN. For the model sustained (regular) VGN, adding persistent and resurgent currents decreased
spike latency (delay relative to current step or pseudo-excitatory postsynaptic current onset),
reduced refractory periods, and increased spike rate. Increasing transient sodium current had the
effect of increasing spike height, rate of depolarization, and spike rate in all model VGNs. When

examining the impact on regularity using pseudo-synaptic input, we observed that increasing

Xvii



transient current increased spiking regularity independently of increased spike rate in all model

VGNs, while persistent and resurgent currents did not enhance spiking regularity.

In summary, transient sodium current increases excitability and spike timing regularity by
counterbalancing inexcitability driven by increased low voltage-activated potassium conductance
(Ventura and Kalluri, 2019). Resurgent and persistent current facilitate excitability by increasing

availability of Nav channels in regularly firing VGNSs, but do not impact regularity.

XViil



Chapter 1 — Introduction

The mammalian vestibular ear

The peripheral vestibular organs sense head acceleration through space and tilt with respect to
gravity. Signals carrying information about linear and rotational head motions are integrated into
ocular, autonomic, and postural reflexes necessary for maintaining posture and orientation and a
stable visual world. Mechanosensitive vestibular hair cells encode and convey head motion
information. They are innervated by the terminals of primary vestibular afferents, hereby called

vestibular ganglion neurons (VGNSs). The cell bodies of VGNs reside outside the otic capsule in

A CENTRAL PERIPHERAL B Step Injection C Pseudo-EPSC Injection
cells
Sustained Regular (CV =0.28)
>
Vestibular
afferents
60 — — = 60 hl U! 'Jﬂ 'Ll
TN Transient Irregular (CV = 0.86)
Recording /
electrode/
z 2
S|l T T - - g
Isolated soma 200 ms 200 ms

Figure 1.1 Vestibular afferent neurons differ in their spiking activity.

A: Top panel: Vestibular hair cells synapse onto primary vestibular afferents. The number of
synaptic connections differs between zones (central vs. peripheral) of the sensory epithelia.
Bottom panel: Vestibular ganglion neurons can be dissected and isolated to assess currents and
spiking behaviors via electrophysiology. B: Isolated VGNs frequently do not fire spontaneously
and must therefore be stimulated with injected current. VGNs can fire with either a sustained
(middle panel) or transient pattern (bottom panel) in response to a current step. C: When
stimulated with simulated synaptic input (pseudo-EPSCs), the same sustained VGN fires at
regular intervals, whereas the transient VGN fire at irregular intervals, corresponding to
vestibular afferent behavior seen in vivo.
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the vestibular ganglion (also known as Scarpa’s ganglion), which is comprised of superior and
inferior compartments. VGNs are bipolar neurons that carry information from vestibular hairs to

vestibular nuclei in the brainstem, cerebellum, and spinal cord.

VGNs can be categorized according to their spiking behaviors, which correlates strongly with
morphology and ion channel physiology (Fig 1.1A and Table 1). In vitro, in the absence of synaptic
input, VGNSs exhibit a spectrum of different firing patterns evoked by current steps, ranging from
sustained (tonic) to transient (phasic) patterns (Fig 1.1B). In vivo, VGNSs can either have regular
or irregular spike timing in response to synaptic input (Goldberg, 2000) (Fig 1.1C), which directly
corresponds sustained and transient firing seen in vitro, respectively (Kalluri et al., 2010). Thus,
VGNs are described as either regular/sustained VGNs and irregular/transient VGNs. Differences
in spike timing, regular or irregular, are hypothesized to be a likely mechanism for rate and

temporal encoding strategies (Jamali et al., 2016).

Spike timing regularity is strongly correlated with sensory encoding strategy

Regular and irregular VGNs differ in their in vivo response dynamics (i.e., responses in
time and frequency domains), as shown by recordings from vestibular afferents in intact animals
during head motion stimuli (see Goldberg 2000 for a review). To briefly summarize seventy years
of work, irregular afferents are fast adapting and the gain (i.e., sensitivity) of their response
increases with frequency, shown by larger responses to high-frequency head motions. Regular
afferents are slower adapting and have lower sensitivity to fast head motions. Goldberg postulated
that regular afferents could convey more information via their high discharge rate and low variation
in firing rate. In contrast, irregular afferents have enhanced sensitivity and high intrinsic

variability, both of which impact spike rate fluctuations independently of noisy input and

2



improving information transmission (Goldberg 2000). The recent application of information

theory and statistics to vestibular afferent spike trains, discussed below, has supported this idea.

Jamali and colleagues (2016) showed how regular afferents use rate encoding and irregular
afferents use precise spike timing. When examining changes in firing rate (i.e., the use of rate
encoding), regular VGNs had higher mutual information metrics relative to irregular afferents.
However, when examined within the context of temporal encoding (i.e., precise spike timing),
irregular VGNSs outperformed regular afferents. Irregular afferents displayed greater variance in
their firing rate and were highly nonlinear in their responses. They showed distinctive spiking
patterns to repeated trials of the same stimulus, with distinct and reproducible patterns of spikes.
Then, using a leaky integrate-and-fire (LIF) computational model of vestibular afferents to
examine encoding, they varied sensitivity (likelihood of spiking) and variability (stochasticity)
parameters in a model neuron. Model neurons with high levels of sensitivity and low variability
increased information transmission via firing rate, like regular afferents. Neurons with high
variability showed more precise spike timing performance, like irregular afferents. These in vivo
and computational data strongly suggest that systematic differences in intrinsic variability can
serve distinct forms of sensory information. Thus, spike timing regularity underlays two parallel
sensory encoding strategies used to convey different aspects of head acceleration. How do

differences in spike timing regularity arise?

lon channels in vestibular afferent neurons
In general, spike timing regularity strongly depends on expression of voltage-gated ion

channels (Bean 2007). VGNs have been shown to have a vast repertoire of channels and evidence



Table 1 — Properties of regular and irregular VGNs

Regular VGNs Irregular VGNs
Large dendritic arbor, slow conduction, peripheral Small dendritic arbor, faster conduction, central
zones (Goldberg 2000; Eatock et al., 2008; Eatock & zones (Goldberg 2000; Eatock et al., 2008; Eatock &
Songer, 2011) Songer, 2011)
Fewer low voltage-activated potassium channels More low voltage-activated potassium channels
(Eatock et al., 2008, Eatock & Songer, 2011) (KCNQ (Kv7) and Kv1) (Eatock et al., 2008, Eatock &

Songer, 2011)
Slower adapting, lower gain to head motions (Eatock & | Faster adapting (high-pass filter), more gain (Eatock

Songer, 2011) et al., 2008; Eatock & Songer, 2011)

Rate encoding (Goldberg 2000; Sadeghi et al., 2007; Temporal encoding (Eatock & Songer, 2011; Jamali et
Eatock & Songer, 2011) al., 2016)

More input encoded at lower (<0.01-several Hz) Greater encoding precision at higher (>5-10 Hz)
frequencies (Sadeghi, et al., 2007, Eatock & Songer, frequencies (Jamali et al., 2016)

2011; Jamali et al., 2016)
suggests that ion channel complements differ according to the epithelial zone innervated (Songer

& Eatock 2013; Meredith et al., 2015). Various voltage-gated calcium (Cayv) channels (Desmadryl
et al. 1997; Chambard et al., 1999), hyperpolarization- activated cyclic nucleotide—gated (HCN)
channels (Chabbert et al., 2001b; Ventura and Kalluri, 2019), and calcium-gated and voltage-gated
potassium (Kv) channels (Chabbert et al., 2001a; Limon et al., 2005; Iwasaki et al., 2008; Kalluri

et al., 2010) have all been identified in VGNS.

Low voltage-activated potassium (Krv) channels from the Kv1 and K7 families have been
implicated in irregular spike timing through their tendency to reduce excitability. For example,
Kalluri et al. (2010) showed that the large Krv current (I-Kpv) in transient neurons hyperpolarizes
their resting membrane potential (Vrest) and decreases input resistance (Rin), which allows a large
spike at stimulus onset but decreases the likelihood for a continued response as I-Kpv hinders
subsequent spiking. Kalluri and colleagues also blocked I-Kp v with a combination of channel
blockers (a-dendrotoxin and linopirdine) and demonstrated both an increase in regularity and a
decrease in spiking threshold in transient VGNs. More recently, I-KLv has been shown to increase

with development in both transient and sustained VGNSs, likely driving changes in firing patterns
4



as VGNs become more phasic after the first month of development (Ventura and Kalluri, 2019).

Thus, regularity likely decreases globally as VGNs mature.

Using available electrophysiological data, Hight and Kalluri (2016) developed a
conductance-based model of VGN firing to assess the relationship between biophysical
characterizations of ionic currents and spike timing. In short, for a transient (irregular) VGN to be
produced, the model must have a high level of low voltage-activated potassium conductance (gkLv)
and moderate levels of voltage-gated sodium (Nav) conductance (gna) as its parameters. In
contrast, a fully sustained (regular) model VGN must necessarily be produced by low gkLv and
high gna. This model not only reinforced the pivotal role of I-Kpv in driving transient/irregular
spiking, but also suggested that differences in Nay conductances may be necessary for spiking
regularity. However, Nav currents and their role in VGN spike timing regularity had not been

studied in detail.

Sodium current diversity in vestibular ganglion neurons

Nav currents (I-Nav) are responsible for driving the rising phase of most neuronal action
potentials and the availability of channels limits firing rates (Bean 2007; Carter and Bean, 2009).
Their role in mediating spike timing differences has been overlooked in rodent VGNs because
early reports described homogeneous currents of similar time course, voltage sensitivity, and
tetrodotoxin (TTX) sensitivity; specifically, sodium currents in VGNs were all fast-inactivating

and TTX-sensitive (Chabbert et al., 1997; Risner & Holt, 2006).

However, there are several mechanisms for I-Nay diversity that may be present in VGNSs.
Different Nayv alpha subunits can carry current of different voltage dependencies and TTX

sensitivities. Work from our lab showed, using RT-PCR, the expression of all Nay pore-forming
5



(o) subunits (Nay1.1-1.9) and auxiliary () subunits (Nayf1-4) in rat vestibular ganglia (Liu et al.,
2016). Whole cell recordings from immature, acutely dissociated cell bodies revealed at least four
different transient Nayv currents in acutely excised VGN: 2 TTX-sensitive currents, 1 TTX-
insensitive current, and 1 TTX-resistant current (Liu et al., 2016). Although NayT currents are
responsible for generating spikes, the relative impact of TTX-sensitive, -insensitive and -resistant

currents is not well understood.

Another mechanism of I-Nav diversity results from the channel configuration that produces
current flow: to produce a transient (NavT) current, most Nav channels strongly inactivate within
milliseconds after depolarization by way of the inactivation gate. In some cases, a small fraction
does not inactivate even in seconds, creating persistent sodium currents (I-NavP). NayP currents
have a more negative activation range than their transient counterparts and therefore contribute to
repetitive firing by enhancing Nav channel availability near resting potential and so reducing

refractory periods (Crill 1996; Raman & Bean, 1997).

In some cases, Nav channels opened by depolarization are rapidly blocked by an
intracellular molecule, preventing inactivation; upon repolarization, the channels rapidly unblock
and carry resurgent currents (I-NavR) until they deactivate (reviewed in Lewis & Raman, 2014).
I-NavP and I-NavR through TTX-sensitive Nayv1.6 channels have been reported in the calyceal
terminals that VGN make on type | hair cells (Meredith and Rennie, 2020) and in vestibular
nucleus neurons (Gittis and du Lac. 2008, Gittis et al., 2010). They could contribute to spiking
regularity by increasing Nav channel availability after each spike. Given these properties, we
hypothesize that NavP and NavR currents enhance excitability and increase regularity in vestibular

ganglion neurons.



In vivo, vestibular afferent neurons have background firing rates of 100 spikes/s in primates
and can reach maximal spiking of 400 spikes per second (Goldberg and Fernandez 1971a,
Goldberg 2000). The regularly firing neurons are known to have low current thresholds and highly
regular spiking. Since several previous studies suggest that persistent and resurgent sodium
currents contribute to regular and rapid firing (Lewis and Raman, 2014), we speculated whether

these currents are a factor in spike regularity differences in VGNs.

The aim of the current study is to understand the role of diverse Nav currents modes, such
as transient, persistent, and resurgent currents, in firing patterns, AP waveform, and spike timing
regularity of mouse VGNs. We hypothesize that given their noninactivating properties, persistent
and resurgent Nav currents will enhance spiking excitability and spiking regularity. We also
hypothesize that transient Nav currents will be larger in more excitable VGNs (i.e., sustained
firing), will drive differences in AP waveform between firing patterns, and will also enhance

excitability and regularity.

As our results will show, many postnatal VGNs express NayP current, and some express
NavR sodium current. Their block, and a partial block of NayT, reduced spiking excitability but
not regularity. Their enhancement via increased both excitability and regularity. However, it is
difficult to disentangle the effects of I-NavT, I-NayP and I-NavR in vitro due to the shared channel
identity. We used computational modeling to probe how AP waveforms, neural firing patterns,
and spiking regularity are affected by expression of these different Nav currents. Simulations
suggest that NavR and NavP play roles in increasing excitability in sustained-firing VGNs by
reducing refractory periods but have no effect on regularity. Increasing NavT current, however,

increases both excitability and regularity.



Chapter 2 — Vestibular ganglion neurons have multiple Nav channels and current modes

Abstract

Although voltage-gated sodium (Nav) currents have long been overlooked in vestibular
afferents, recent work has shown diverse presentations of voltage-gated channels and currents.
Here we examine the voltage-dependence and kinetics of transient (NavT) currents in cultured
mouse vestibular ganglion neurons (VGNSs) in voltage clamp under restricted experimental
conditions. Using special voltage protocols, persistent (NavP) and resurgent (NavR) currents are
observed in a subset of VGNs. These were determined to be carried by Nay1.6 channels by a
specific blocker and have a negative voltage dependence relative to Nav T currents. Nay T and NavP
currents were enhanced by an Nav channel agonist. Depending on the expression on NavR current,
VGNs present with differences in Nav voltage-dependence. Double pulse stimulation experiments
indicated that NavP and NavR currents may aid in relief from channel inactivation. In all, VGNs
show diversity in their Nav currents, voltage-dependence, and kinetics that may impact firing

behaviors.

Introduction

Vestibular afferents are remarkable in that they are classified according to their spike
timing regularity and are known as either regular or irregular. Differing in their firing rates, regular
afferents can fire up to 400 Hz in vivo and irregular afferents fire at similar or lower rates (reviewed
in Goldberg 2000). Voltage-gated sodium currents (I-Nav) are responsible for the depolarizing
phase of the action potential and channel availability is a limiting factor in firing rates (Bean 2007).
While role of I-Nav in VGN spike timing regularity has historically overlooked due to reports of

homogeneity in voltage dependence and tetrodotoxin (TTX) sensitivity (Chabbert et al., 1997;
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Risner and Holt, 2006), more recent data has indicated greater diversity in I1-Nayv channels and

current expression.

Diversity in I1-Nayv may arise from expression of different channel subunits and/or current
flowing from different channel configurations. Evidence from acutely excised superior
compartment of the vestibular ganglion revealed RNA expression of multiple Nav pore forming
(o) subunits and all accessory () subunit (Liu et al., 2016). RT-PCR data from postnatal day (P)
1 and 21 showed expression of all known o and  subunits, except for the skeletal muscle subunit
Nav1.4. Recordings from acutely dissociated VGN showed expression of currents through TTX-
insensitive Nay1.5, TTX-resistant Nav1.8, and various complements of TTX-sensitive channels
(Nav1.1, 1.2, 1.3, 1.6, 1.7) that express transient Nav currents (I-NayT) (Liu et al., 2016). Nav1.5
current has also been described in gerbil afferent endings (Meredith and Rennie, 2018). Given this
diversity in channel expression, we hypothesize that our isolated and cultured mouse VGN will

express multiple NavT currents.

Recent work has also showed I-Nav diversity in vestibular afferent endings in the form of
different current types, such as the persistent (I-NavP) and resurgent currents (I-NavR) (Meredith
and Rennie, 2020). I-NavP typically activates at subthreshold membrane potentials when few other
channels are activated and membrane resistance is high, effectively amplifying small depolarizing
inputs (see Crill 1996 for a review). I-NavR is a type of current that results from a set of channels
are the blocked from inactivation and are active during the repolarization phase of an action
potential (see Lewis and Raman 2014 for a review). We hypothesize that NavR and NavP currents
are expressed in isolated vestibular ganglion neurons, are carried through Nay1.6 channels, and

aid in increasing channel availability.



Here, we first characterize the voltage dependence and kinetics of activation and
inactivation of I-NayT in isolated and cultured mouse VGN under restricted experimental
conditions. We test for I-NayP and I-NayR currents and their channel identities using
pharmacological agents. We then describe differences in voltage-dependence between cells with
various I-Nay complements. Using a Nav channel agonist, we assess the impact of increased
noninactivating Nav current on responses to voltage steps, ramps, and AP waveforms. Last, we

test Nav current inactivation in VGNs with multiple Nay current components.

Results

All VGNs had TTX-sensitive transient sodium current

We recorded sodium currents in dissociated and cultured VGNSs: with small or no neurites,
these cells allow excellent space clamp. Voltage-clamp recordings were made at room temperature
(~24°C) in “Cs*-based” internal and external solutions that minimized K* and Ca®* currents. We
also reduced Na* (by 50%) in the external solution to reduce the large Nav currents and thereby
lower series resistance (Rs) voltage errors. Figure 2.1 shows exemplar transient Nav currents

recorded from VGNs in response to a voltage step protocol. As previously reported (Chabbert et
Table 2 — Passive and active electrophysiological properties of I-Nav in VGN.

Mean £ SEM and sample size are presented.

Experiment Age Cm Rs R, MQ Act Vin2 ActS Inact Vi Inact S G density Gmax
(n=) days pF MQ nS/pF ns
Reduced [Na]®* 12.3 17.8 6.2 -35.8 5.7 -68.1 8.4+0.52 3.8 63.8
+0.63 +0.74 +0.77 +0.75 +0.19 +1.07 (74) +0.29 5.7
(85) (78) (78) (75) (76) (73) (74) (74)
Standard [Na]e*t 8.4 15.9 8.4 627.8 -38.9 3.2 -59.1 4.4+0.79 6.8 112.9
+0.65 +0.76  +1.49 4955 #1.21 +0.28  +1.65 (23) +0.72 +10.2
(61) (57) (57) (42) (29) (29) (23) (29) (48)
Livetal, 2016 P1-11 15.2 4-14 -36.5 57 -76.3 7.6 8.7
(rat VGN) (12) 10.4 +1.6 0.4 0.2 #0.1 +1.0
(11) (11) (12) (12) (12)
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I-Nay, T Activation I-NayT Inactivation al., 1997; Risner and Holt, 2006;

Liu et al.,, 2016), depolarizing

+1aM TTX

steps following a hyperpolarizing

2nA
prepulse revealed fast-inactivating
1ms 5nA
15 mV T I-NavT in all VGNs (Fig 2.1). A
-15 mV _
-25mv summary of I-NayT properties can
—-125mv =125 mv be found in Table 2; our mouse I-

NavT data are comparable to I-
Figure 2.1 VGNs express NayT currents.

. ) . Nav data previously recorded in
Transient sodium currents are evoked by depolarizing steps

in 5 mV increments from a prepulse of -125 mV. Inall VGN,  cylture rat VGNs (Liu et al.,
transient currents were completely blocked by 1 uM TTX.
2016).

I-NavT was completely blocked by 1 puM tetrodotoxin (TTX) (Fig 2.1) (n = 78). In
recordings from rat VGNs made on the day of dissociation, rather than after culturing, Liu et al.

Current rise and decay fits 100 Voltage dependence of time constants (t) 4

i ——————— ‘
44 MV

-1000 \ \24 mv r/ 0.75
-2000 -4 mV' / ,(7)\ |
\ \ / / Eosol |
' / £
-3000 \X / 3] ‘
-4000 0.25 \\ N —1

=H= 7 inactivation
=@ 7 activation

Na (pA)

i |4 activation exponential fits
inactivation exponential fits
-5000 1
0 1 2 3 0.00 0
-60 -40 -20 0 20 40 60
t from start of step (ms) vV, (MV)

Figure 2.2 Activation and inactivation time course kinetics of NayT currents in mature VGNSs.

A: Example of exponential fits of current rise and decay at three different voltage steps. Current
decay (inactivation) is fit with a single exponential function and current rise (activation) is fit
with a cubed exponential. B: Voltage dependence of time course of activation and inactivation.

Mean + SEM is shown.
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(2016) recorded multiple kinds of I-NavT with different TTX sensitivities: TTX-insensitive
Nav1.5 current (ICso ~300 nM TTX) and TTX-resistant Nay1.8 current (no block at 5 uM TTX),
in addition to TTX-sensitive current. As in other studies of overnight-cultured VGNs (Chabbert et
al., 1997; Risner and Holt, 2006), we did not detect either TTX-insensitive or -resistant current,
even when applying 300 nM TTX to block the larger TTX-sensitive current (n = 5, not shown).
With time in culture, VGNs lose their myelin, allowing access to the cell body for recording
neurons. We therefore took this approach to study VGNs at more mature stages where myelin
coverage is increased, although the results of Liu et al. (2016) suggest that this method affects the

expression of some forms of transient current.

To describe the kinetics of I1-NavT, the voltage dependence of activation and inactivation
time constants, tm and =n, was determined by fitting the
rising and falling phases of I-NavT elicited at different
voltage steps, from the origin of the command pulse to the

extrapolated current peak for activation and vice versa for

inactivation (Fig 2.2A). An example of fits for a P24 VGN

400 ms

60 my at three different voltage steps and the voltage dependence
0.1 mV/ms of Tm and =» from —60 to +60 mV is shown in Figure 2.2A.

-80 mV
Figure 2.3 NavP current in an As for the studies done by Costa (1996), the maximum of

exemplar VGN.
the bell-shaped curve for 7 falls close to the mean half-

Persistent current components

were evoked using a slow 0.1 maximal activation voltage (V1) value of the activation
mV/ms voltage ramp from -80 _
mV to 60 mV and were curves (Fig 2.2B).

determined by subtracting control
current from thatin 1 u M TTX.

12



I-NayR —O—Rise —e—Decay 1

O-¥}------ 51

{40 »
E
4 =
@ 3
g g
= 18
= pt
100 pA @ £
2, =
15 ms = @©
25 mV 3 18
-85 to -25 mV =1 (o) b=
S
=

[ 4-80

T T T T T T T T
-85 -75 -65 55 -45 -35 -25 -15

-135 mV V (mV)

Figure 2.4 VGNs express NayR currents.

A: Resurgent sodium current was evoked by repolarizing steps to -25 to -80 mV after an initial
depolarization to 25 mV and determined from a control subtraction after 1 uM TTX. B: Rise
time (time to peak) and decay time constants for the resurgent sodium currents (n = 6).

Some VGNSs had persistent current, and some had resurgent current

In this study, we were interested in characterizing the non-inactivating components of
sodium current for their potential to influence spiking excitability. To eliminate the inactivating
current, we applied a slow voltage ramp from —80 to +60 mV at 0.1 mV/s (Raman and Bean,
1997). To eliminate contributions from leak or other channels, we subtracted the ramp current in
1 uM TTX from the control ramp current. This method often revealed a small inward current

activating in the middle of the voltage ramp (Fig 2.3) — a persistent Nay current (I-NayP).
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Resurgent current is revealed by delivering a depolarizing step to open Nav channels, then
repolarizing steps to various voltage levels, as illustrated by an example in Figure 2.4. It is thought
that a blocking particle enters the channel at the activating voltage, preventing inactivation, and
unblocks upon repolarization, yielding resurgent current (I-NavR), which then inactivates (Lewis
and Raman, 2014). We observed I-NavR in 6 of 78 VGNs (7.6%). Of those 6, 2 were VGNSs that
had only I-NayvT and I-NavR; given the small sample size, we pooled the data from these 6 neurons
in the following analyses. VGN resurgent currents exhibited typical rise and decay kinetics
(Raman and Bean, 1997; Lewis and Raman, 2014), and peak at proximately the same voltage as

the total current (Fig 2.4B, Fig 2.5).

Relative to I-NavT, I-NavR and I-NavP reached maximal amplitude at repolarizations to —
45 mV and depolarization to —25 mV, respectively (Fig 2.5). Although peak I-NavR was ~3% and

peak I-NavP was ~1% of peak I-Nay, at

I-Na, T I-Na,P  I-Na,R
O i 0 subthreshold voltages these small currents
< N :
2 make up a significant proportion of the
—_ a4
E < depolarizing Nav current; for example, at
2 -80 <
S 3 —70mV, I-NayR and I-NayP are 114% (~80
pd o
- >
‘ZU pA) and 15% (~10 pA) of I-NayT (~70 pA),
-4 4 -160  respectively.
= = : Model
—e— Ephys
-80 -40 40

0
V (mV)
Figure 2.5 Current-voltage curves comparison between the three current components.

Persistent and resurgent currents are more negatively activating relative to transient current.
Dotted lines indicated IV curves generated by HH model (see Chapter 5 Methods)
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Table 3 — Electrophysiological properties of different I-Nay combinations

I-Nay, Act V12 ActS Inact V12 Inact S G density Age

(n=) mv nA/pF Days

I-Na, T -356+1.0 6.6+ 03 -70.1+21 123+13 2903 13.7+£0.9
(10) (31) (38)

I-Na, T+P 37716 7.1+04 -66.4+23 128+0.8 3.6+04 116+1.0
(12) (34) (34)

I-Na, T+P+R -486+57 6.0+04 -67.5+6.3 115%1.0 59+09 175+13
(6) (6) (6)

VGNs with different sodium current components show different voltage dependencies
To measure how the presence of the persistent and resurgent current components
influenced the voltage dependence of the total I1-Nav we fitted activation (G-V) curves with the

Boltzmann functions (Eg land Eq 2) and compared the fit parameters (Fig 2.6B), which are

summarized in Table 3. Activation parameters differed depending on the complement of sodium
current components. VGNSs with all three components, I-NayT + P + R, had a significantly more

negative average half-maximal activation voltage relative to cells with both I-NayT + P (p = 0.02)

Act and Inact IV Curves for Total CurfentB Normalized GV Curves for Total Current ClO

o
o

®
-»—‘:
*

[}
1
q

*

I-Na, T + P
I-Na, T + R

I-Na, T

Current Density (nA/pF)
Na,, G, Density (nS/pF)
*

I-Na,T +P I-Na,T + P + R 21
I-Na, T + R
ol yact — NWTEPER 0,0 by - . ' 0 . : .
-120 -80 -40 0 40 -100 -50 0 I-NavT +P  I-NavVT +P +R I-NavT
V (mV) V (mV)

Figure 2.6 VGNs with NayT, NavP, and NayR current components differ in their voltage
dependence and Kinetics.

A: Current-voltage curves of cells with different current components. B: Activation voltage
dependence differed in cells with difference combinations of I1-Nay currents. C: VGNs with I-
NavT+P+R (pooled I-NayT+P+R and I-NayT+R) had larger conductance densities relative to I-
NavT+P (*p =0.02) and I-NavT (**p = 0.002). Box indicates SEM and median, open squares
indicate the mean, and whiskers mark 5-95 confidence intervals.

15



or just I-NavT (p = 0.008, one-way ANOVA, Tukey’s HSD, Appendix Table 7). Activation
voltage dependence of cells with I-NavT were not different than those with I-NayT + P (p = 0.8).
The half-maximal inactivation and inactivation slope were not different between the groups (one-
way ANOVA, p = 0.7, Appendix Table 8). Additionally, VGNs with I-NayT + P + R had larger
maximum sodium conductance density relative to I-NavT (p = 0.002) and I-NavT+P (p = 0.02)
(Fig 2.6C) (Table 3 and Appendix Table 9). This suggests that these cells increased Nav channel
density, increasing the number of channels conceivably available for depolarizing. This, and
shifting voltage range into subthreshold voltage may increase excitability and decrease spike

threshold and AP latency.

Nav1.6 channels carried a significant portion of transient, persistent, and resurgent current
components in cultured VGNs.

In neurons with resurgent currents, such as cerebellar Purkinje cells, Nay1.6 channels can
carry all three current components (Raman and Bean, 1997). Purkinje neurons in Nay1.6 null mice
have reduced NayT and NayP current, and almost no NayR current (Raman and Bean, 1997;
Khaliqg al., 2003; Grieco and Raman, 2004). Here we test for Nay1.6 contributions to the NavT,
NavP, and NavR current components using the highly selective blocker 4,9-anhydro-tetrodotoxin

(4,9-ah-TTX) (Rosker et al., 2007).
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100 nM of 4,9-ah-TTX blocked the majority of I-NavT in VGNSs (Fig. 2.7A, B). The 4,9-

ah-TTX-sensitive (“blocked”) current had V32 values that were not significantly different from

control values for activation (one-way ANOVA, Tukey’s HSD, p = 0.99) and inactivation (p =

A opa — B 4. Control
Blocked
+100 nM 4,9-ah-TTX
§ ° o 4.9-ah-TTX
o
Blocked 2
z 221
~ Control §
O
E J 2ms ) \
B 2ms -100 -50 0
VvV (mV
C Time (ms) D - (mV)
250 500 750 1000 oppA
0 4.9-ah-TTX
. Control Control 4,9-ah-TTX
3
bt 0 pA B
G -50 d |
5 4 9180-pAX
3 . BISRE! Lﬁ
Stimulu _IZS mv 15 ms
~1001 , s , , , B mv
-80 -60 -40 -20 0 20 dzomvg, O%&gtdrol 4,9-ah-TTX

Voltage (mV)

Figure 2.7 NavT, NayvP, and NavR currents are sensitive to 100 nM of Nav1.6 channel blocker

4,9-ah-TTX.

A: Transient current is partially blocked. Inset shows persistent current at end of step is blocked.
B: Boltzmann fits of conductance curves for transient currents seen in A. Residual current (not
sensitive to 4,9-ah-TTX) has more negative voltage dependence relative to sensitive and control
transient currents. Symbols indicate corresponding V12 for activation and inactivation on each
curve. C & D: When tested, persistent current and resurgent currents are also blocked.

Table 4 — Properties of 4,9-ah-TTX sensitive and non-sensitive currents.

4,9-ah-TTX Act V1/2 Act S Inact V1/2 Inact S G density
(n=13) mV nS/pF
Control -38.7 £ 1.6 5.7+0.6 -71.1 £ 3.7 10.8 £23 31+£03
Blocked -384 +1.8 54+0.8 -70.4 + 3.6 10.0 £ 2.2 0.3+0.1
Residual -44.6 + 3.6 12.6 £ 3.9 -85+ 3.9 214 +£11.2 27+06
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0.93) (Table 4 and Appendix Tables 10 and 11). This is not surprising, given that the blocked
current makes up the majority of the total current. However, the remaining (“residual”) current not
blocked by 4,9-ah-TTX had a more negative voltage range of inactivation (p = 0.04) relative to the
control inactivation (Fig 2.7B and Appendix Table 10). Vi, of activation value was not
significantly different, (p = 0.25) (Table 4 and Appendix Table 10). This suggests at least two

types of NavT currents.

Persistent and resurgent currents were also blocked by 100 nM 4,9-ah-TTX. Block of I-
NavP eliminated the non-inactivating current in voltage steps (Fig 2.7A inset) and in the slow
voltage ramp (Fig 2.7C) (n = 11). Resurgent current was also blocked (Fig 2.7D) (n = 1). This all
suggests that Nav1.6 carries the majority of I-Nav in cultured VGNSs, including a significant

portion of I-Nay T, most of I-NavP, and possibly I-NavR.

Transient and persistent currents were enhanced by Nav channel agonist ATX-11
The sea anemone toxin Anemonia viridis toxin 2 (ATX-I1) interacts with the gating of Nav

channels, slowing down or preventing inactivation of Nay currents. As a result, ATX-1I has been

A O B Increase in Na,P Amplitude
\\ Control / 4001 —
-100
2 300 4
& ~ )
= <
< -200 e
g \ / = 200
: N e =
5 o
- ]
300 \w »lr 100 4 —— n
¥ - ~ ]
ATX-II L oo

-400 . ol Seg=—
-60 -40 -20 0 20 . .
) .. . __Voltage (mV) Control ATX-Il
Figure 2.8 NayP is S|gn|f|cant?y enhanced by ATX-II.

A: Voltage-current relationship of persistent current in a P7 VGN, before (grey) and after (red)
the application of 100 nM ATX-II. B: Box plots of NavP current amplitudes before (Control) and
after (ATX-II) application of ATX-II. Box indicates SEM and median, open squares indicate the
mean, and whiskers mark 5-95 confidence intervals.
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shown to enhance NavP currents in vestibular afferent calyces (Meredith and Rennie, 2020), and

increase NavR and NavP currents in spiral ganglion neurons (Browne et al., 2017) and dorsal root

ganglion (Klinger et al., 2012). We tested the impact of ATX-Il on I-NavT, I-NayP and I-NayR in

our VGN cell bodies.

Control

-1000 4 Enhanced Na,P

-2000 4

Current (pA)

-3000 4

> Enhanced Na, T

25 -35

T T T T
30 40 50 60

Figure 2.9 NayT amplitude is sometimes
increased by ATX-II.

An example of enhanced NavT and
NavP current after application of 100
nM ATX-1I (red trace) (top panel) has
elicited by depolarizing voltage steps
(bottom panel)

Application of 100 nM ATX-II during voltage
clamp showed an increase in maximum amplitude of
I-NavT in some VGN (Fig 2.8). This was seen in 3 out
of 7 VGN tested. In all VGN, the inactivation of I-
NavT was slowed, resulting in an increased amplitude
of I1-NavP at the end of the depolarizing step during
step protocols and especially during slow voltage
ramp protocols (Fig 2.9A). On average, I-NayP was
increased from 27.4 £ 13.4 pAto 163.5+ 41. pA (n =
7, paired t-test; p = 0.01; Hedges’ g = 0.93) (Fig 2.9B
and Appendix Table 12). The voltage dependence of I-
NavT and

I-NavP was not altered by ATX-II

(Appendix Table 12).

Resurgent currents are affected by VGN culturing

I-NavP was detected in 62 of 100 (62%) VGNs across all ages whereas 1-NayR was only

detected in 6 of 81 VGNSs tested, all older than P10 (Fig 2.8A). Expression of I-NavR may be not

as limited as this data suggests. In gerbil vestibular afferent endings (Meredith and Rennie, 2020),

I-NavR was detected in immature cells (P6) and increased in size with maturation, coinciding with
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increased expression of Nay1.6. We speculated whether the culturing process was influencing
expression of I-NayvR in mouse VGNSs. In a small sample of uncultured (acute) VGNs (n = 14), we

observed I-NavP in 10 VGNs, and I-NavR

A Cultured VGN B Acute VGN

154 O 151 . . .
- = in 4 (Fig 2.8B). Current density and
g-lo- Ky g-lo- A
X N e A A voltage-dependence of I-NavyR both
35 o e} .?5 A
2] 2]
3o g cultured and acute VGNs were
n:>3 o o
2 ) o z comparable to records from Meredith and
o3 é% o O « ] )
%11 %0009 4 g ~ Rennie, 2020. Due to the increased
- 0 -

OpEAIRCIN= ™ OB myelination and attachment of glial cells

Age (Days) Age (Days)

Figure 2.10 Expression of NayP and NayR currents (0 mature VGN cell bodies, we were

may be affected by culturing.
d y g unable to record acutely from VGNs older

A: In cultured VGN: out of 81 VGN tested, 6 had I-

NavR, all mice older than P10. Out of 100 VGN than P14.

tested (P3-25, average age P13), 62 had I-NayP. B:

In acute (uncultured VGN): Out of 14, 4 had I-NavR NayP and NayR currents were correlated
and 10 had I-NavP.

with faster recovery from inactivation
Since I-NavP and I-NavR are slow to or do not inactivate, we hypothesized that these
current components would promote Nay channel availability and recovery from depolarization,
which are important for rapid AP firing. To assess this, time courses of recovery of I-Nay were
compared following a 5-ms step to 0 mV to drive channels into an inactivated state (Fig 2.9A).
Recovery from inactivation was assessed by measuring the current availability 2 ms to 50 ms after

the initial depolarizing step (Fig 2.9A).

Figure 2.9B shows how the peak I-Nav recovered faster for cells with I-NayT + P (and I-

NavR, in one case) (blue curve) than for cells with I-NavT alone. The recoveries in both cases
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followed and are fit with a double exponential time course function, with time constants of 1.9 and
14.7 ms (I-Nav T + P condition) and 3.0 ms and 28.5 ms (I-NavT alone). The difference in recovery
as a function of time was significant until 14 ms after the first step, after which >90% of the current
had recovered in both cases. These data suggest that persistent currents reduce recovery time and

enhance Nav channel availability during periods of high firing activity, which are physiological.

We speculate that due to their negatively shifted activation ranges and non-inactivating
properties, I-NavP and I-NavR would impact VGN excitability (spike threshold and firing rates)
for small stimuli. In the next chapter, we examine the relationship between I-Nav and spiking

behaviors in current clamp.
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Figure 2.11 NavP currents correlate with faster recovery from inactivation.

A: Nav currents are evoked by two pulses per sweep, with interval incremented 2 ms per sweep.
Not all steps shown. B: VGN with I-NayT and I-NayP (and one with I1-NayvR) have faster Nav
current recovery relative to VGN with just I-NavT (*, p < 0.05). Curves are fit with double
exponential functions. Inset: Results of HH model (Chapter 5) stimulated with same voltage
protocol.
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Discussion

We observed NavT, NavP, and NavR sodium currents in mouse ganglion neurons, from
neonatal ages into maturity. Using an Nav1.6-specific blocker, we found that a significant
component of I-NayT, and most of I-NayP and I-NavR, are carried through Nay1.6 channels. We
observed evidence of at least two kinds of NavT current with different voltage dependence of
activation. We only observed a few examples of I-NavR in cultured VGNs. Dissociation may select
for a subpopulation of VGNs. Additionally, the culturing process may influence Nay channel
expression and the resulting firing characteristics; for example, Liu et al. (2016) saw Nay1.5 and
Nav1.8 currents in acutely dissociated, but not cultured, rat VGNs. VGNs are usually studied in
culture, where the overnight culture process reduces myeline and satellite cell coverage of the cell
bodies that tend to increase with age (e.g., Chabbert et al., 1997; Risner and Holt, 2006; Kalluri et

al., 2010).

Liu et al. (2016) described at least 4 different kinds of I-NayT in acutely dissociated rat
VGNs. Depending on the expression of TTX-insensitive (Nay1.5) or TTX-resistant (Nayv1.8)
currents, VGNs expressed TTX-sensitive currents of different voltage-dependencies, indicating
that sodium channels are expressed in specific complements (Liu et al., 2016). We also observed
that, depending on the expression of I-NavR, the voltage dependence of the total current varied
(Fig 2.6). We noted that blocking the Nav1.6 revealed a smaller non-Nayv1.6, TTX-sensitive
component that was more negative in activation and inactivation relative to Nay1.6 (Fig 2.7). This

residual current may be carried by a subset of Nay1.1, 1.2, 1.3, and/or 1.7 channels.

Nav1.6 channels have been detected in vestibular calyx afferent endings (Lysakowski et

al., 2011; Meredith and Rennie, 2018; Meredith and Rennie, 2020). There is also evidence that
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suggests developmental upregulation of Nayv1.6 currents in sensory neurons with age (Hong et al.,
2018; Meredith and Rennie, 2020), with the onset of resurgent Nay1.6 currents after the second
postnatal week. In gerbil cristae, I-NavR and I-NayP are also upregulated with development; they
are detected with greater frequency in mature peripheral zone afferents and are hypothesized to
play a role in maintaining regularity in this VGN subpopulation as Kpv currents increase (Meredith
and Rennie, 2020). Our sample of acutely dissociated VGNs was too limited to determine any

developmental onset of NavR or NavP currents.

We observed that in mouse VGNSs, the presence of I-NayP and I-NavR correlated with
faster recovery from inactivation. I-NavR has been described in more than 20 types of neurons that
show spontaneous, repetitive, or bursting behaviors (reviewed in Lewis and Raman, 2014). In
inner-ear systems, persistent and resurgent sodium currents have been described in auditory
(spiral) ganglion neurons (Browne et al, 2017), avian nucleus magnocellularis neurons (Hong et
al., 2018), the calyx of Held (Leao et al., 2005) and its postsynaptic target, neurons of the medial
nucleus of trapezoid body (Kim et al., 2010), as well as vestibular afferent calyx terminals
(Meredith and Rennie, 2020) and medial vestibular nuclei neurons (Gittis and du Lac, 2008), which

all show high spontaneous and evoked firing rates.

However, our experimental conditions for revealing I-NavP and I-NavR are not conducive
to spiking. The elimination of potassium, calcium, etc., ions from the intracellular and extracellular
solutions prevents the cell from firing as normal. Therefore, we examined spiking in a different set

of experiments.
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Methods

Cell preparation: Whole-cell currents and voltages were recorded from the cell bodies of
VGNs isolated from CD1 mice on P3 to P25. Animals were handled in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals, and all
procedures were approved by the animal care committee at the University of Chicago. Mice were
anesthetized via isoflurane inhalation and decapitated, and temporal bones were dissected in
chilled Liebovitz-15 (L-15) medium supplemented with 10 mM HEPES at pH 7.4 with NaOH,
~320 mmol/kg. Chemicals were purchased from ThermoFisher (Waltham, MA) or MilliporeSigma

(Burlington, MA).

The otic capsule was exposed, and the superior part of the vestibular ganglion, which
innervates the utricle, lateral, and anterior semicircular canals and part of the saccule was dissected
out bilaterally. The tissue was placed in L-15 supplemented with 0.12 % collagenase and 0.12%
trypsin for 15-20 minutes at 37°C. The ganglion was then dissociated by gentle trituration into
bicarbonate-buffered medium and cells were allowed to settle in glass-bottomed culture dishes
(MatTek, Ashland, MA) precoated with poly-D-lysine. In most experiments, recordings were
made after cells were incubated 10-20 hours in Minimal Essential Medium with Glutamax (MEM,
Invitrogen, Carlsbad, CA) supplemented with 10 mM HEPES, 5% fetal bovine serum (FBS), and
1% penicillin in 5% CO,-95% air at 37°C. Overnight incubation removed myelin and satellite cell
coverage from cell bodies. Age of cells does not include time in culture: e.g., data froma P17 VGN
indicates the pup was 17 days old when tissue was harvested. The number of surviving cells
decreased with age. In several “acute” experiments, recordings were made on the same day as

dissociation.
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Recording solutions: During experiments, cells were bathed in one of two external
solutions: in voltage clamp experiments, “Cs+ external” solution contained (in mM): 75 NaCl, 5.4
CsCl, 2.5 MgCl,, 75 TEACI, 5 HEPES, 10 D-Glucose, titrated with CsOH to a pH of 7.4, about
~310 mmol/kg. We minimized K+ currents by substituting Cs* for K* and 70 mM
tetraethylammonium (TEA, a K channel blocker) for equivalent Na*. Reducing external Na*
reduced total Nav current amplitude and series resistance voltage errors that interfered with voltage
clamp. To minimize Ca?* current, only trace Ca?* was present and Cav channels were blocked by
Mg?*. The internal pipette solution for these voltage clamp experiments contained: 148 CsCl, 0.8
CaCl, 3.5 Na2 creatine phosphate, 3.5 Mg-ATP, 0.1 Li-GTP, 5 EGTA, 5 HEPES, 0.1 Na-cCAMP,

titrated to a pH of 7.4 with CsOH, ~300 mmol/kg.

Whole cell recordings: Cells were visualized at 600X on an inverted microscope equipped
with Nomarski optics (IMT-2; Olympus, Lake Success, NY). We chose round cells with diameters
>5 um (range 8-25 um). Mean membrane capacitance was 18.3 £ 0.54 (n = 181), similar to mouse
VGN data we previously reported in Liu et al. (2016). Neurons were identified by the presence of

Nav currents upon break in.

Signals were delivered, recorded, and amplified with either an Axopatch 200A amplifier,
Digidata 1440A digitizer, and pClamp 10 software or a Multiclamp 700B amplifier, Digidata
1440A digitizer, and pClamp 11 software (Axon Instruments, Molecular Devices, Sunnyvale, CA),
with low-pass Bessel filtering set at 10 kHz and sampling interval set at 5 ps. Electrodes were
pulled from soda glass (King Precision Glass, Claremont, CA) to resistances of 3-4 MQ in our

solutions and wrapped with parafilm to reduce pipette capacitance. All membrane voltages were
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corrected offline for a liquid junction potential of 5.2 mV (Cs+ solution), calculated with JPCalc

software (Barry 1994) in pClamp 11.

The series resistance (Rs) ranged between 3 and 10 MQ and was compensated by 73 +
0.66%. Only recordings in which the cell had formed a gigaohm seal and maintained stable
membrane potential were used. The holding potential (Vr) in voltage-clamp mode was —64 mV
(standard solution) and —65 mV (Cs+ solution). Recordings were made at room temperature (23-
25°C) because fast Nav currents are difficult to voltage clamp and characterize at body

temperature.

Pharmacology: On the day of experiments, we thawed stock solutions of the Nayv channel
blocker TTX (2 mM in distilled water), 4,9-ah-TTX (500 uM in methanol), or Nav channel agonist
ATX-Il (100 uM in distilled water) and added aliquots to 5 mL of external solution to
concentrations of 1 uM, 100 nM, and 100 nM respectively. ATX-1I-containing solution included
1 mg/ml of albumin. The toxin-containing solutions were applied via local perfusion (Perfusion
Fast-Step, Warner Instruments, Holliston, MA) delivered with a Bee Hive Controller (BASI, West
Lafayette, IN). Control and drug solutions flowed through adjacent delivery tubes and a stepper
mechanism selected the tube directed at the patched cell. This system allows for no dead volume.

Perfusion of control solution before the drug solution provided additional control for flow effects.

Analysis: Analysis was performed in MATLAB (The MathWorks, Natick, MA) and
Clampfit (Axon Instruments, Molecular Devices). Figures and statistical analysis were done in
Origin Pro 2018 (OriginLab, Northampton, MA). Mean £ SEM are presented. For comparisons
between 2 groups, we estimated statistical significance with Student’s t-test when variances were

equal, with Welch’s t-test when variances were not equal, and paired t-tests between two measures
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of the same sets of cells. We used an alpha level of 0.05 for all statistical tests. Hedges’ g with a
bias correction for small sample sizes was used to indicate effect size, the degree of difference
between means. In some cases, one-way ANOV As were applied following a post hoc Tukey’s

HSD analysis.

The voltage dependence of activation and inactivation was only analyzed if Rs voltage error
was < 10 mV at peak current. Activation and inactivation curves of conductance (g) vs. voltage
(V) were generated by plotting peak current (I) against step voltage, then dividing the peak current
by the driving force (V — Erev) to obtain g. The resulting curves were generally well fit by the

Boltzmann function:

Vace =V
l+exp s

where g.q 1S the maximum conductance, V., is the voltage of half-maximal activation, and s is
the slope factor. Inactivation curves were generated by plotting the peak current produced by a test

pulse (to -30 or -10) against the iterated prepulse voltage and fit by another Boltzmann function:

V =Vinact

1+ exp s

with Vinaet equaling voltage of half-maximal inactivation.

The membrane time constant (tm) Was obtained by fitting the voltage response to a small
current step with an exponential function. The time constant of activation (tm) was assessed by

fitting the rising phase of a sodium current with the equation:
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I(t) = If - Ipeak (1 - e—t/rm)S Eq 3

whereas the time constant of inactivation (zn) was assessed by fitting the decaying phase of a

sodium current with:

I(t) = Ir + Lyeqr (e_x/fh) Eq 4
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Chapter 3 — Nav currents influenced VGN spiking excitability and regularity

Abstract

Differences in vestibular ganglion neuron firing patterns likely depend on the expression
of different ion channels. Sustained VGNSs, as opposed to transient VGNs, are more excitable, have
lower current thresholds, and have fewer low voltage-activated potassium channels. Here we
examine the relationship between maximum Nayv conductance density and action potential
waveform and spiking properties. Larger Nay conductances correlated with larger spike
amplitudes and greater rates of depolarization, but there were no clear differences in net Nay
conductance between firing patterns. Block of Nav1.6 currents decreased spiking excitability in
all VGNs and made resting membrane potential more negative in sustained VGNs. Enhancement
of non-inactivating current increased spiking excitability and regularity. However, these
manipulations were not selective enough to clarify the impact of NavP and NavR currents on

excitability and regularity.

Introduction

Regular and irregular vestibular afferents have several key differences in their spiking
properties. Goldberg and colleagues observed differences in response dynamics during in vivo
stimulation with head motions; irregular afferents proved to be faster adapting and had greater
sensitivity (see Goldberg 2000 for a review). These differences do not directly translate to in vitro
studies of vestibular ganglion, where neurons seldom spike spontaneously. In this preparation,
VGNs are categorized according to the firing pattern evoked by depolarizing current injections.

Thus, they are labeled as either transient or sustained.
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Transient VGNs have low spiking excitability, as shown by higher current thresholds and
fewer spikes. Their APs tend to have a smaller afterhyperpolarization (AHP), and they express
more low voltage-activated potassium (Krv) channels (Iwasaki et al., 2008; Kalluri et al., 2010).
Kalluri et al. (2010) showed, in isolated rat VGNs, that the large Kpv current (I-Kv) in transient
neurons hyperpolarizes their resting membrane potential (Vrest), decreases input resistance (Rin),
and reduces the AHP. Blocking I-Kpv with a-dendrotoxin and linopirdine increased regularity and
decreased spike threshold in transient VGNs. More recently, I-KLv has been shown to increase
with development, likely driving changes in firing patterns as VGNs become more transient-like

and irregular in firing after the first month of development (Ventura and Kalluri, 2019).

Sustained VGN, in contrast, have low current thresholds and a deep AHP, consistent with
fewer KLv channels and a less negative resting potential. As previously stated, the role of Nav
currents in spike timing regularity has been long overlooked due to previous reports of
homogeneity in voltage dependence and TTX sensitivity in cultured VGN somata (Chabbert et al.,
1997; Risner and Holt, 2006). We hypothesize that a large 1-Nay may be necessary for producing
the high and sustained firing observed in sustained VGNs. Additionally, I-Nay may be essential
for maintaining sustained firing patterns in the wake of developmentally upregulated I-K_v. Recent
work (Rennie and Meredith, 2020) showed more I-Nav current diversity in the form of NayvP and
NavR currents, which were observed with greater frequency in mature peripheral afferent endings
of regular/sustained VGN. While their impact on VGN firing is yet unknown, I-NayP and I-NavR
are known to enhance high frequency, highly regular firing in other types of sensory neurons (see

Lewis and Raman 2014 for a review). Given the voltage-dependence and Kkinetic properties of
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NavP and NavR currents, we hypothesize that these are more prominent in regular (sustained)

VGNSs.

While we are unable to record clear examples of I-NayP and I-NavR under the
experimental conditions needed to assess firing patterns in VGNs, we were able to capture I-NayT
in most neurons and calculate maximum Nav conductance density (Nav Gmax). We observed the
relationships between Nav Gmax and various features of the action potential and the firing pattern
evoked by either current steps or by recorded trains of EPSCs. With the Nav1.6 selective blocker,
we could also test the influence of Nay1.6 currents on spiking in response to current injections and

pseudo-EPSC injections.

Results

Nav conductance correlates with action potential waveform features

We sought to determine the role that Nav currents have in different VGN firing patterns.
To study spiking behaviors, we recorded from 62 VGNSs in current clamp mode in standard
solutions (normal potassium, sodium, and calcium concentrations internally and externally) and
no channel blockers. In these conditions, 1-Nav can escape voltage clamp as it is very large and
fast; nevertheless, we were able to record some information about the current for correlations with
the spike waveform and firing pattern. We found correlations between properties of action
potential waveforms, firing patterns and maximum sodium conductance, suggesting Nay currents

may influence firing patterns in different ways.

We classified the 62 neurons into four groups based on firing patterns evoked by
depolarizing current steps, following the scheme of Ventura and Kalluri (2019) for rat VGNs (Fig

3.1A and Appendix Table 13). Transient neurons fired a single spike at the onset of the current
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step independent of its size. Sustained-firing neurons displayed varying degrees of
accommodation, ranging from cells that fired long trains of spikes throughout the depolarizing
step (sustained-A) to cells that fire shorter trains of spikes (sustained-B), sometimes followed by
voltage oscillations (sustained-C). Transient VGNSs had a significantly lower current threshold for
spiking relative to sustained-A and sustained-B VGNs (Appendix Table 14); there was no
significant difference in Vst Or Rin between firing patterns (Appendix Table 15 and 16), although
sustained VGNs on average had higher input resistance relative to transient VGNs (654 + 143 MQ

vs. 330 £74 MQ, p = 0.07, power = 0.43).

We assessed the AP waveform of each firing pattern (Fig 3.1C and Appendix Table 17).
Sustained-A APs were significantly taller than transient APs (One-way ANOVA, p = 0.004) (Fig
3.1C and Appendix Table 18). Transient APs also had slower peak rates of depolarization (peak
dV/dt) relative to sustained-A and sustained-B APs (p = 0.01, p = 0.03) (Fig 3.1 and Appendix
Table 19). Time-to-peak and voltage threshold was not significantly different between firing

patterns (Fig 3.1C and D, and Appendix Table 20 and 21).

Additionally, the depth of the afterhyperpolarization (AVanp) was also significantly
different between firing pattern groups (Fig 3.1G and Appendix Table 22); sustained-A neurons
had a much deeper AHP relative to all other groups. Differences in AHP have previously been
attributed to differences in low voltage-activated potassium conductances, which influence resting
membrane potential, current threshold, and membrane recovery time (Hight and Kalluri, 2016;
Kalluri et al., 2010; Iwasaki et al., 2008), all factors in shaping the AHP. The AHP preserves
sodium channel availability by relieving inactivation, shortening the refractory period, and

allowing sustained and regular firing at high rates (Gittis et al., 2010).
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In these neurons, we recorded I-Nav in voltage clamp mode. Often, we were not able to
clamp the rapid current, or the current was too large and saturated the amplifier (>20 nA). In the

cases where we could get a good recording (n = 56), we fit the activation curves with Boltzmann
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Figure 3.1 Maximum Nav conductance density correlates with features of VGN AP waveform.

A: Exemplar firing patterns seen in VGN as evoked by a single long (500 ms) current step of
different amplitudes reflecting different current thresholds. B: Variation in maximum Nay
conductance with firing pattern is not significant; from Boltzmann fits of activation curves, not
shown. Box indicates SEM and median, open squares indicate the mean, and whiskers mark 5-95
confidence intervals. C: Average spikes aligned to peak with features such as spike height (\V ap)
and afterhyperpolarization (Vanpr). D: Phase plane plots of APs from C. Squares denote peak
dV/dt values. E & F: Nav Gwmax positively correlated with peak dV/dt and Vap. G: Vanp varied
with firing pattern (****, p = 0.00007; ***, p = 0.0005; **, p = 0.009; *, p = 0.04).
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functions to measure maximum Nayv conductance (Nav Gmax) (Fig 3.1B). Total Nay Gmax was not
significantly different between VGNSs of different firing patterns (One-way ANOVA, p = 0.68,

Appendix Table 23).

Nav Gwmax did correlate with some depolarization features of the action potential waveform
(Fig 3.1C, D): action potential height (AVap) (Fig 3.1C) and peak dV/dt as shown in the phase
plane plot (Fig 3.1D) both positively correlated with Nav Gwmax (Fig 3.1E, F). This makes sense

because Nav currents depolarize the cell membrane and drive the rising phase of the AP.

In summary, we measured the total sodium conductance in relation to different VGN firing
patterns. Nav Gmax positively correlated with features of the AP waveform such as spike amplitude,
AHP, and peak rate of depolarization. Our hypothesis was that sustained-A VGNs would have the
greatest amount and transient VGNs would have the smallest amount of Nav Gwmax, but instead

observed that Nav Gmax is not significantly different between firing patterns.
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Distribution of VGN firing patterns changes with development

The distribution of firing patterns breaks down as shown vs. age in Figure 3.2: sustained-
A (6 of 62, 10%), sustained-B (13, 21%), sustained-C (10, 16%), and transient (33; 53%) (Fig
3.2A\). Previous studies have reported developmentally driven changes to the distribution of firing
patterns in VGNs (Iwaski et al., 2008; Ventura et al, 2019). Ventura et al. (2019) reported that the
proportion of rat VGNSs with sustained firing patterns (pooling sustained-A, B, and C) decreases
after the first postnatal week; by the third week, nearly 70% of VGNs had transient firing patterns
and only 5% had sustained-A patterns. Indeed, in our data, we saw that sustained-A and sustained-
C firing neurons were recorded in the first several postnatal days (P3-10), with just 1 outlying
sustained-C neuron at P 19 (Fig 3.2A, B). After P10 (P11-25), a sensory developmental benchmark
where neonatal mice begin to open their eyes and ears, almost all VGNSs had either a sustained-B

(38%) or a transient firing pattern (56%) (Fig 3.2B).
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Figure 3.2 VGN firing pattern distribution changes with development.

A: Ages of VGN with each firing pattern. B: Distribution of firing patterns change over
development. Most frequent patterns observed in mature are sustained-B and transient (Ventura
et al., 2019) While this reflects upregulation of KLV (low voltage-activated K currents) (Kalluri
et al., 2010), developmental changes in Nav currents may also be a factor.
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These numbers are comparable to the data Ventura and Kalluri (2019) recorded in their
mature rat VGNSs. This shift coincides with developmental upregulation of low voltage-activated
potassium currents (ILkv) that drive irregularity in VGNs (Ventura et al., 2019; Hight and Kalluri,
2016; Kalluri et al., 2010; Iwasaki et al., 2008). We speculate that the developmental onset of
NavR current balances the acquisition of Kpy currents and maintain the spectrum of regularity
(Meredith and Rennie, 2020). There was no clear growth of Nav Gmax over the course of
development and only a slight correlation of Nav Gmax With current threshold for spiking (not
shown). We suspect that Kpv conductances overpower the effects of Nay conductance such that
no matter how much Nav conductance there is in transient VGNSs, the large KLv conductances will

still reduce excitability.

Block of Nay1.6 currents reduces excitability but regularity

We applied 100 nM 4,9-ah-TTX to probe the role of Nay1.6 currents in the generation of
step-evoked firing patterns and pseudo-EPSC evoked AP trains in our dissociated VGNs. In
voltage clamp experiments, we observed that 4,9-ah-TTX blocked a significant proportion of

NavT, NavP, and NavR currents (see Chapter 2: Na\/1.6 channels carried a significant portion of

transient, persistent, and resurgent current components in cultured VGNSs.
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Figure 3.3 Nav1.6 block decreases VGN firing excitability.

100 nm 4,9-ah-TTX (red) on reduced excitability relative to control (black) in firing. In sustained-A
VGN, reduced number of APs at spiking threshold and throughout the family of current steps, until
entered depolarization block at highest magnitude. In transient VGN, current threshold for spiking
was increased, and spike amplitude was decreased.

Figure 3.3 shows that, for long current steps, block of Nay1.6 currents altered firing in
both sustained and transient type firing neurons. These representative examples illustrate how, in
sustained-A VGNSs, the Nav1.6 blocker decreased firing at all current sizes. In the transient neuron,
the blocker increased threshold current two-fold, decreased spike amplitude for all sizes of steps,
and increased first-spike latency for small steps. In general, 4,9-ah-TTX increased long step
threshold (paired t-test, n = 12, p = 0.03, Hedges’ g = 0.63) from 95.8 + 14.9 pA to 166.6 + 25.6
pA. There was no difference in the % I-NavT block between transient (n = 8) and sustained (n =
4) VGNs (50.1 £ 11.3% vs 52.0 £ 5.2%) (Welch’s t-test, p = 0.94, power = 0.05), and VGNs tend

to stay within their firing categories, whether sustained or transient.
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Application of 4,9-ah-TTX hyperpolarized the resting membrane potential (Vrest) (Fig 3.4).
V'rest became more negative in sustained firing VGN, hyperpolarizing from -57.6 mV to -66.8 mV
(paired t-test; p = 0.03, Hedges’ g = 0.67) (Fig 3.4A), but did not change significantly in transient
VGNs (-59.5 mV to -63.75 mV, p = 0.16, power = 0.27) (Appendix Table 24). These data suggest
that 4,9-ah-TTX blocks depolarizing currents that are open at rest (such as I1-NayP), for which there
may be either a larger current or a greater depolarizing effect (reflecting higher input resistances)

in sustained VGN:s.

We aligned the first action potential of the firing patterns evoked by long current steps at
the peak to assess changes to the AP waveform (Fig 3.5A and Appendix Table 25). After the
application of 4,9-ah-TTX, we observed a decrease in spike height (n =12, p = 0.01, Hedges’ g =
0.49) (Fig 3.5B) and AHP (p = 0.006). There was no difference in spike width. We observed an
increase in the time-to-peak: blocking of Nav1.6 currents increased the delay in first spike latency
(p = 0.05, Hedges’ g = 0.42) (Fig 3.5D). Phase plane plots of the averaged APs further highlighted
salient differences (Fig 3.5E), most notably the decrease in peak rate of depolarization (p = 0.03,

Hedges’ g = 0.41) (Fig 3.5F).
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We next tested whether Nav1.6 current block changed spike timing regularity. We
stimulated firing in VGNs with frozen trains of EPSCs to evoke spike trains (Kalluri et al., 2010)
(n =9) (Figure 3.6). We measured spike regularity using coefficient of variation (CV). Blocking
Nav1.6 current failed to significantly effect CV (paired t-test; p = 0.29, power = 0.17). In 5 out of
the 14 VGNs tested, Nav1.6 current block eliminated pseudo-EPSC induced spiking. In the

remaining 9 VGNSs, spiking was already irregular, and blocking Nay1.6 currents did not further
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Figure 3.5 Spike height, AHP, time-to-peak and peak dV/dt decreases with 4,9-ah-TTX.

A: Application of 4,9-ah-TTX (red) changed the AP waveform relative to control APs (black).
We observed B: decreases spike height and C: AHP, D: increases time-to-peak and E&F:
decreases peak dV/dt (closed squares) on average in all VGNs (n = 13).
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enhance irregularity. For the most regular VGN, the large increase in CV from 0.2 to 0.6, (Fig 7)
suggests the possibility that Nay current block matters more to the sustained neurons, but this
remains to be determined. In some cases, spiking was already irregular, and blocking Nav1.6

currents did not further enhance irregularity.

In summary, these data indicate that blocking Nayv1.6 currents decreases excitability
through hyperpolarizing resting membrane potential only in sustained VGNs and increasing
current threshold for spiking and decreasing spike rate for all VGNs. There was also an impact on
AP waveform and kinetics: 4,9-ah-TTX application decreased spike amplitude and AHP, but did
not have a consistent effect in spike regularity. Nav1.6 currents may therefore be key for decreasing
spike latency relative to stimulus onset (as shown by decreased time-to-peak) and increasing the

rate of depolarization.
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Figure 3.6 4,9-ah-TTX did not impact spiking regularity.

Control 4,9-ah-TTX

A: Example of spike trains evoked with pseudo-EPSC injection (bottom panel). Dashed lines
indicate 0 mV and -60 mV. Application of 4,9-ah-TTX slightly increased CV, indicating
decrease in regularity. B: On average, block of Nav1.6 currents with 4,9-ah-TTX did not
significantly increase CV; 0.89 = 0.09 vs 0.96 £+ 0.07. VGNs with low CV saw a large increase,
but VGNs with high CVs (>0.8) experienced little to no additional increase. Box indicates SEM
and median, open squares indicate the mean, and whiskers mark 5-95 confidence intervals.
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Enhancement of Nav currents with ATX-II increases excitability and regularity

We next applied 100 nM of ATX-11, which reduced Nayv channel inactivation, to test the
impact of increased persistent and resurgent currents in VGN spiking in vitro. ATX-II interacts
with the open Nav channel conformation, slowing down or preventing inactivation and thus
increasing alternative Nav current components. In voltage clamp experiments, we noted that ATX-

Il increased NayT and NavP currents (see Chapter 2: Transient and persistent currents were

enhanced by NaV channel agonist ATX-I1).

Application of 100 nM ATX-Il on VGN had no significant effect on AP waveform
(Appendix Table 26): for example, there were no changes to resting membrane potential (n = 7;

paired t-test; p = 0.07), spike height (p = 0.97), or spike width (p = 0.09).
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Figure 3.7 ATX-1I increases excitability in response to current injections.

A: Sustained-C VGN becomes sustained-A like after ATX-I1, which induces spontaneous
spiking (0 pA). B: Transient VGN remains transient, although ATX-II reduces current threshold
for spiking.

41



ATX-II induced spontaneous spiking in 6 out of 7 cells tested (Fig 3.7A). This means no
current injection was needed for the VGN to spike. The cell that did not spike spontaneously (Fig
7.8B) was highly inexcitable in the control condition: it had high current threshold, a transient
firing pattern, and irregular spike timing in response to EPSC trains. After ATX-II, current
threshold and irregularity decreased (CV from 0.86 to 0.58), but the VGN still spiked transiently.
It is possible that this cell had large Kiv currents. We did not examine the currents present in the

cells in this experiment.

For the 6 other VGNSs, 2 were transient, 2 were sustained-C and 2 were sustained-A in the

control condition. After ATX-II application, the current threshold for spiking was abolished due
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Figure 3.8 ATX-II increases VGN spiking regularity and changes spiking behavior in sustained-
C VGN.

Top panel: Control spiking in response to EPSC injection (bottom panel, black trace). Middle
panel: Spiking response after application of ATX-1I increased regularity, even when controlled
for changes in spike rate. EPSC injection amplitude was decreased (bottom panel, red trace).

42



1.0 to the spontaneous spiking (Fig 3.7A). However,

- long current injections showed changes to the
- . " ™ g J g
=+ ﬂ=l sub-type of step evoked patterns: they all became
i J
06 - sustained-A, with the exception being one
5 1 [ | [ |
0.4 — = transient VGN that became sustained-B-like (not
O
——— shown).
0.2 u
L]
i
We then tested the influence of ATX-II
0.0 . .
Control ATXAI on spike regularity in response to pseudo-EPSC
Figure 3.9 ATX-II decreases CV in VGN spike
trains. injections (Fig 3.8). The primary effects of ATX-

On average, application of ATX-1I caused a
decrease in CV in pseudo-EPSC evoked spike
trains. Box indicates SEM, log line indicates  response to a train of EPSCs of a given
median, open squares indicate the mean, and

whiskers mark 5-95 confidence intervals. amplitude and duration, as well as increasing

Il are to increase the number of spikes in

spike regularity (decreasing CV). However, CV is rate dependent, decreasing as spike rate
increases. To control for this confounding factor, we titrated EPSC size to generate similar spike

rates in experimental (ATX-11) and conditions.

On average, the EPSC-evoked spike rate for 8 VGNs tested was 35 spikes/second, both in
the control and ATX-I1 conditions, which is comparable to recorded resting discharge of vestibular
afferents in mouse in vivo (37 Hz for irregular, 55 for regular) (Lasker et al., 2008). In the control
condition, CV averaged 0.63 + 0.07. After ATX-11, every VGN showed an increase in regularity.

CV decreased to 0.34 + 0.08 (paired t-test; n = 8; p = 0.003, Hedges’ g = 0.13) (Fig 3.9).

In summary, ATX-Il has the impact of increasing excitability by lowering current

thresholds and inducing spontaneous firing, as seen in step evoked firing patterns. EPSC injections
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showed that ATX-I1I also increased spiking excitability in transient and sustained firing VGNSs.
This suggests that increased larger sodium currents increase excitability and regularity in VGN
firing. However, we are unable to determine the impact of specific sodium current components

(transient, persistent, resurgent) as ATX-1l enhances all these components.

Discussion

Here, we examined the sodium conductance and the impact it has on firing patterns and
AP waveform. These data indicate that while sustained-A VGNs may not necessarily have greater
Na conductance relative to transient VGNs, maximum Nayv conductance density correlates with
features such as spike amplitude, AHP and peak rate of depolarization. Blocking Nav1.6 decreased
spiking excitability by increasing current threshold, decreasing spike amplitude and peak rate of
depolarization, as well as hyperpolarizing resting membrane potential. Enhancing Nayv currents
with ATX-II increased spiking excitability and regularity. However, given the lack of specificity
of these pharmacological agents for NayT, NavR, or NayP current modes, we are unable to assess

the roles of specific sodium current components on VGN firing.

Transient and sustained VGNs have constitutive differences in their excitability, driven in
large part by different complements of ion channels. Kalluri et al. (2010) showed that transient
VGN have high intrinsic irregularity. The transient neuron could fire a spike in response to a single,
large pseudo-EPSC when spaced regularly at long equal intervals (<300 ms). However, as the
intervals were systematically shortened (down to 10 ms; note that these were room temperature
observations), transient VGNs became less likely to fire an AP for each EPSC, presumably due to
the inhibitory influence of I-KLv and Nav channel inactivation lingering from the preceding spike.

Therefore, even if the pseudo-EPSC input itself is regular, transient VGNs still fired irregularly.
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This demonstrates that the variability present in isolated transient VGN does not stem entirely
from variability in injected stimuli. This constitutive irregularity may be key for producing the

high intrinsic variability associated with precise spike timing seen in irregular VGN in vivo.

While transient VGN have high intrinsic variability, sustained VGNs have high sensitivity
(tendency to fire). In the same experimental series, Kalluri et al. (2010) showed that sustained
VGNs increased in spike rate as pseudo-EPSC intervals decreased (i.e., a greater ratio of APs per
number of pseudo-EPSCs) and could keep up with short intervals of 10 ms. In other experiments,
blocking I-KLv made transient VGNs fire with greater regularity and reduced spiking threshold,;
not only did reducing I-Krv reduce the size of EPSCs needed to elicit firing, this block also
increased the number of APs per pseudo-EPSC at smaller intervals. Thus, high I-Kpv in mature
transient VGNSs seems to correspond with increased variability, while low or moderate I-Kv in

mature sustained VGN corresponds with increased sensitivity.

The precise impact of 1-Na current components on spike timing regularity is still unknown.
However, given the results from this current study and the known kinetics of different Nay currents
(Raman and Lewis, 2014; Liu et al., 2016), we theorize that having larger sodium currents in
general would increase Nav channel availability to facilitate tonically high-rate firing of regular
afferents. Additionally, having I-Nav currents active below or at spike threshold (e.g., persistent
Na current) would increase sensitivity and probability of firing. For example, the expression of
non-inactivating persistent and resurgent currents close to the spike initiation zone may enhance
spiking excitability (Meredith and Rennie, 2020). In the next chapter, we assess the roles of Nav

currents during the AP waveform.
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Methods
Cell preparation, whole cell recording, and pharmacology: Cells were prepared,

recorded, and treated pharmacologically as described in Chapter 2.

Recording solutions: During current clamp experiments, cells were bathed in a
physiological external solution (“standard solution”) containing (in mM): 144 NaCl, 0.7 NaH2POg,
5.1 KCI, 1.3 CaCly, 0.9 MgCl», 10 HEPES, 5.6 D-Glucose, titrated with NaOH to a pH of 7.4,
~310 mmol/kg. The internal pipette solution for current clamp experiments contained 135 KCl,
0.5 MgCl, 3 Mg-ATP, 5 HEPES, 5 EGTA, 0.1 CaCl, 0.1 Na-cAMP, 0.1 Li-GTP, 5 Na2 creatine
phosphate, pH 7.25 with KOH, ~285 mmol/kg. Membrane voltages were corrected offline for

liquid junction potential of 4.7 mV.

Analysis: Analyses of spikes were performed in MATLAB (The MathWorks, Natick, MA)
and Clampfit (Axon Instruments, Molecular Devices). Figures and statistical analysis were done
in Origin Pro 2018 (OriginLab, Northampton, MA) or MATLAB. Mean + SEM are presented. For
comparisons between 2 groups, we estimated statistical significance with Student’s t-test when
variances were equal, with Welch’s t-test when variances were not equal, and paired t-tests
between two measures of the same sets of cells. We used an alpha level of 0.05 for all statistical
tests. Effect size, Hedges’ g with bias correction for small sample sizes, was used to indicate the
degree of difference between means. In some cases, one-way ANOVA were applied following a

post hoc Tukey’s HSD analysis.

Regularity of spike trains was calculated as coefficient of variation (CV) using standard

deviation and mean interspike interval (I1S1):
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Chapter 4 — AP Clamp reveals Nav current kinetics impacts depolarization phase of AP
waveform

Abstract

Voltage-gated currents contribute to APs in ways that depend on their voltage dependence
and kinetics. A technique to determine the impact of a particular current component on the AP
waveform is the AP clamp method. Using this technique, we examined how Nav currents flow
during VGN spiking. We observed that the rate of Nav current flow is related to the initial
depolarization phase of the AP. In transient VGNs, more Nav current flowed by the peak rate of
depolarization relative to sustained VGN. Using 4,9-ah-TTX to isolate Nav1.6 currents, we
demonstrated that Nayv1.6 currents make up most of the Nav current during an AP. Sustained VGNs
had more Nav1.6 current during an AP, which flowed mostly during the initial phase of
depolarization. These data indicate that sustained VGNs have differences in AP waveforms and/or

Nav current Kinetics relative to transient VGNSs that may enhance spike excitability.

Introduction

Vestibular ganglion neurons are known to have many kinds of voltage-gated channels and
currents. The impact of many of these currents on spike timing is still being investigated; the best
studied are Kpv currents (Iwasaki et al., 2008; Kalluri et al., 2010; Hight and Kalluri, 2016) and
HCN currents (Ventura and Kalluri, 2019), which were investigated using a combination of

electrophysiological and computational experiments.

However, to our knowledge, no published study has examined the impact of currents on
action potential (AP) waveform in VGNs using the AP clamp technique. The AP clamp technique
is used to examine the internal anatomy of an AP by dissecting the contributions of particular

currents to the changes in voltage (Bean 2007; Carter and Bean, 2009). Using an AP as a voltage
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stimulus, recorded only minutes earlier, currents can be evoked with the same time course and size

they experience during a natural AP (Bean 2007; Carter and Bean, 2009).

In this section, we use AP clamp to demonstrate the flow of Nav currents during AP
waveforms in VGNSs. First, we show that the Nav current flow precedes the fast depolarization of
the AP. Then, using 4,9-ah-TTX, we show how Nayv1.6 currents make up most of the current

during APs. We conclude that sustained VGNs have differences in the underlying channel kinetics
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Figure 4.1 AP clamp shows sodium entry driving depolarization phase of AP.

A: Action potentials were evoked using trains of pseudo-EPSCs and immediately used as a
voltage stimulus to evoke Nav currents, which were isolated using TTX (B). Circles correspond
to peak dV/dt (black) and peak dl/dt (red). C: Phase plane plots were calculated for each action
potential and current trace. Grey arrow indicates direction of depolarization. Red dotted line in
A, B, and C indicates peak dl/dt. Black dotted line corresponds to peak dV/dt. D: Plotting
voltage corresponding to the peak dV/dt against the voltage corresponding to the peak dl/dt
shows a positive linear correlation (red line). Dashed line shows line through the origin.
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that contribute to currents activating at more negative voltages (before the peak depolarization

rate) and greater amounts of Nav1.6 currents during the AP.

Results

Nav currents were measured during firing by using the AP clamp technique, where the
cell’s own AP is recorded and converted into a voltage command used to evoke currents, causing
them to experience the same voltage trajectory as during a natural AP (Fig 4.1A and B) (Bean
2007). VGNs were driven to fire APs by injecting pseudo-EPSCs (Kalluri et al., 2010). Nav
currents were isolated by subtracting currents blocked by 1 uM TTX (blocks all TTX-sensitive

Nav channels) or 100 nM 4,9-ah-TTX (Nav1.6 selective).
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circle) (Figure 4.1D, R-squared = 0.80). The dashed black line in Figure 4.1D corresponds to the
line through the origin. These data indicate that the upstroke of the AP is being driven in great part

by the sodium current, as voltage of peak depolarization follows the voltage of the peak current

flow (Bean, 2007).

Taking the integral of Nav current, we then calculated the cumulative current entry at peak

dV/dt (Fig 4.3A and B). In transient VGNs, 17 = 3% of the Nav current had flowed (Fig 4.3C). In

A Time (ms) C
13 14 15 16
o . A . %
Sustained-B 35 =
| Sustained-A
— — Sustained-B
g -1000 4 S ;
_ ustained-C
> 30 )
k=2 8 Transient
S
¥_ -20004
° 5 25 -
LL |
6% %
-3000 4 = 20 -
Time (ms) 8 u
B 12 13 14 5 2
0 X : i \ = O
Transient @ 15
© =
(O]
= o
IS
% 2000 10 - _.'r
£
S 1 L
X s—
© 5
] ]
-4000 4 17% Transient Sustained

Figure 4.3 More Nav current has flowed by the time of peak dV/dt in transient neurons relative
to sustained.

A and B: In taking the integral of the current over time, we calculated the total current that
flowed (shaded area under the curve) in an exemplar sustained-b and transient VGN,
respectively. The pink dashed line corresponds to the time point where peak rate of
depolarization (dV/dt) was reached. C: On average, more Nay current flowed by the peak dV/dt
in transient VGN relative to sustained VGN, suggesting that sustained VGNs may different Nav
channel kinetics (i.e., greater proportion of non-inactivating channels).
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sustained VGNs, only 8 = 1% flowed before peak dV/dt (Welch’s t-test, p = 0.03, Hedges’ g =
0.61) (Fig 4.3C). In addition to intrinsic differences in excitability, we suspect that Nav currents
are different between sustained and transient VGNs. Given that we observed minimal differences
in AP waveform, no differences in maximum sodium conductance or sodium current densities, we
hypothesize that the underlying differences in current entry may be attributed to 1-Nav kinetics
(Bean and Carter, 2009). For example, this suggests that sustained VGNs have a greater proportion

of Nav channels that do not inactivate.

Sustained VGNs have more Nav1.6 current flow during APs
In a different set of VGNs, while there was no difference in the NayT block between
transient (n = 8) and sustained (n = 5) VGNs (see page 36), we observed a difference in Nay1.6

current flow during APs. 4,9-ah-TTX block during AP clamp showed that Nay1.6 currents are a
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Figure 4.4 Nay1.6 currents make up the majority of current evoked during AP Clamp.

A: Nav1.6 currents also made up the majority of the current before peak dV/dt (p = 0.03), shown
here in representative sustained-b and transient VGNSs, indicating a more negative voltage
dependence relative to the residual non -Nav1.6 current (see Chapter 1). B: Nav1.6 currents
make up most of the current flow during AP Clamp in sustained VGNs (p = 0.01)
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significant fraction of current flow during AP clamp (Fig 4.5A). On average, in the 8 VGNSs,
Nav1.6 current makes up approximately 80% of the total sodium current density (0.20 + 0.04
nA/pF) (Fig 4.4A and Appendix Table 27). This is relative to non-Nay1.6 (residual) currents (0.05
+ 0.02 nA/pF) (One-way ANOVA, Tukey’s HSD, p =0.01, Hedges’ g = 0.05). Additionally, more
Nav1.6 current (22.99 + 5.01%) flowed by the peak dV/dt relative to residual current (7.99 +
1.52%) (p = 0.03, Hedges’ g = 0.88) (Fig 4.4B and Appendix Table 28). These data show that

Nav1.6 currents contribute significantly to the initial phases of the depolarization.

In our limited sample, total sustained and transient VGNs had different amounts of 4,9-ah-

TTX sensitive (Nav1.6) current densities during AP clamp: sustained VGNs (n = 3) had 0.29
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Figure 4.5 AP Clamp shows Nav1.6 currents contribute significantly to spiking in sustained
VGN.

A: Currents evoked by action potential clamp in a sustained-b VGN before and after application
of 100 nM 4,9-ah-TTX and the digital subtraction (“blocked”). The second inward “hump”
revealed by the block is non-inactivated Na current. B: Sustained firing VGNs had significantly
more NaV1.6 current flow during APs relative to transient VGNSs (p = 0.01).
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0.01 nA/pF while transient VGNs (n = 5) had 0.14 + 0.05 na/pF (p = 0.03, Hedges’ g = 0.06) (Fig
4.5B). Sustained VGNs also had a significant difference between Nay1.6 and residual current (0.06
+ 0.06 nA/pF, p = 0.01, Hedges’ g =0.11) (Fig 4.5B). A two-way ANOVA suggests there was no
interaction between firing pattern (sustained vs. transient) and current block (Nav1.6 and residual)
(p = 0.15), meaning firing patterns did not influence differences between Nay1.6 and residual
currents (Appendix Table 29). Lacking specific blockers, we could not selectively probe the impact
of persistent and resurgent components on firing patterns in current clamp. But the Nay1.6 blocker
shows how Nay1.6 currents contribute to excitability, and that Nay1.6 channels are a significant

contributor to spikes.

Discussion

In summary, even though there was no difference the overall Nay current density between
transient and sustained firing VGNs (Fig 4.1), we observed a difference in the amount of current
flow by the time of peak dV/dt, suggesting differences in either AP waveform and/or underlying
Nav channel kinetics (Fig 4.2). In Chapter 3 we demonstrated that sustained firing VGNs had
greater AP amplitudes and deeper AHPs, both of which were correlated with maximum Nay
conductance (Fig 3.1). We are unsure of whether these differences drive or are driven by Nay
currents, but they are undoubtedly related. We also demonstrated the tight relationship between
the inward flow of Nav current and the initial depolarization of the AP; the voltage corresponding
to peak rate of Nav current flow equaled or preceded the voltage corresponding to the peak rate of
depolarization in 8 out of 10 VGN (Fig 4.2). This is a beautiful demonstration of the Nav current

being the primary depolarizing force in spiking.
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We observed that Nav1.6 currents made up approximately 80% of the current during the
AP — unsurprisingly, since Nav1.6 currents make up 70% of the total Nav current (Chapter 2). If
the Nav1.6 currents and residual currents had similar voltage dependence and kinetics, we would
expect an equal contribution to the AP. However, we were interested to see that the Nayv1.6 current

made up the greater proportion the current during the depolarization phase of the AP (Fig 4.4B).

Keeping in mind we did not detect an overall difference in Nav1.6 currents between
transient and sustained VGN (Chapter 3), we were surprised to see that sustained VGNs had greater
Nav1.6 current density during AP clamp. Although we were not able to examine other voltage-
gated currents in VGNs using AP clamp, we were interested to find differences in Nav current
densities between transient and sustained VGNSs. Sustained VGNs had larger 4,9-ah-TTX-sensitive
currents during AP clamp, which make up most the current flowing during the depolarization phase

of the AP.

The AP clamp technique has been previously utilized to reveal the impact of Nav currents
on firing. For example, Raman and Bean (1997) showed that resurgent current increased current
flow during conglomerate AP waveforms in Purkinje neurons. CA3 neurons, which do not have
resurgent current, did not show any NavR current flow during multiple APs (Raman and Bean,
1997). Gittis et al. (2010), in studying GABAergic and non-GABAergic medial vestibular nuclei
(MVN) neurons showed that although Nav current densities were the same in both cell types, Nav
currents decayed faster and inactivation accumulated faster in GABAergic MVN neurons.
Interestingly, both types of MVVN neurons have similar transient, persistent and resurgent current

kinetics. Results from their AP clamp indicated that the difference in Nav current inactivation
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could be attributed to Kv3 (i.e., high voltage-activated potassium) currents, which protect Nav

channels at high firing rates by driving fast repolarization (Gittis et al., 2010).

However, even though evidence suggests that Nayv1.6 currents play an important role
during APs, we are unable to determine the precise impact of different Nayv current component on
VGN spiking due to the nonspecific nature of these pharmacological agents. To assess the roles of

Nav currents, we therefore turn to computational techniques in the next section.

Methods
Cell preparation, whole cell recording, and recording solutions: Cells were prepared

and were recorded from as described in Chapters 2 and 3 Methods.

Pharmacology: In AP clamp experiments, APs were collected in standard external solution
and currents were then blocked by local perfusion of a modified standard solution (where K* was
replaced with Cs*) and supplemented by blockers in sequence: potassium currents were blocked
10nM linopirdine, 1 M 4-aminopyridine, and 25 mM a dendrotoxin, followed by 1 uM TTX to
block Nav currents, and then 100 nM CdClzto block Cav currents. In other AP clamp experiments,
100 nM 4-9-anhydro-tetrodotoxin was added to normal standard external solution and applied to
block Nav1.6 currents before TTX was applied. These solutions were kept in frozen stock solutions
and thawed on the day of experiments. The toxin-containing solutions were applied via the same
set-up described in Chapter 2: local perfusion (Perfusion Fast-Step, Warner Instruments, Holliston,

MA) delivered with a Bee Hive Controller (BASI, West Lafayette, IN).

Analysis: Analyses were completed as described in Chapters 2 and 3.
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Chapter 5 — Conductance-based modeling of VGNSs indicates resurgent and persistent Nav
currents influence excitability but not regularity, while transient Nav current impacts both.

Abstract

While recordings from VGNs show effects of Nav currents on excitability and spike
regularity, the lack of specific blockers prevents experimental delineation of the roles of each Nav
current mode. Here we address these questions with a single-compartment model of VGN firing.
In simulated VGNs, 1-NavR reduces interspike intervals (ISIs) and first-spike latency in response
to current steps and pseudo-EPSC injections. I-NavP slightly and slowly increases Nav current
during a train of APs. Increases in NavT current, and not NavyR and NayvP currents, increased
regularity independently of increases in rate. Thus, while I-NayT enhances both excitability and

regularity, the model showed effects of I-NavR and I-NayP only on excitability.

Introduction

The role of multiple sodium currents in firing patterns and their impact on spike timing
regularity is difficult to study. We showed transient currents (I-NayvT) to be primarily responsible
for the depolarization phase of the AP using AP clamp. Persistent (I-NavP) and resurgent (I-NavR)
currents are smaller in amplitude but exhibit relatively slower kinetics and more negative voltage
range. We showed, using ATX-II, increased noninactivating currents increased excitability and
regularity. This, coupled with their non-inactivating or blocked from inactivation properties, led
us to hypothesize that persistent and resurgent currents enhance spiking excitability and increase

regularity (Lewis and Raman, 2014).

We are unable to test this hypothesis in vitro. The relatively small size of the currents makes
them difficult to record in physiological conditions where spiking behaviors can be assessed. Large
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Kv currents, among others, increase voltage errors and make recordings difficult to isolate
persistent and resurgent currents. Furthermore, our experiments also indicate that significant
components of I-NavT, I-NavP, and I-NavR are carried by Nayv1.6 channels and are
pharmacologically indistinguishable (Fig 2.7). We therefore opted for the computational approach

initiated by Hight and Kalluri (2016).

Using this method, KLv conductances have been shown to be key in driving irregularity:
increasing Kpv conductances, regardless of the amount of Na conductance, universally increased
irregularity (Ventura and Kalluri 2019, Hight and Kalluri 2016). These simulations used Na
conductance parameters that originated from the ventral cochlear nucleus neuron model in
Rothman and Manis (2003c), who gathered Nav current data from various studies of other types
of neurons, such as rat hippocampal CA1 neurons (Costa 1996). For our study, we adjusted the
expression for I-NavT using parameters gathered in our experiments. Additionally, we added
expressions for 1-NayvP and I-NavR based on the formulation developed by Wu et al. (2005) and
Venugopal et al. (2019), updated with parameters from our data to simulate the role of I-NayR and

I-NavP in VGN firing.

Using injected current steps and pseudo-EPSCS to evoke firing patterns and spike trains,
respectively, from simulated VGNs, we found that I-NavR and I-NavP increased excitability, but
not necessarily regularity, in sustained model VGNs. Increasing the conductance of NavT

increased regularity in both transient and sustained model VGNSs.

58



Results
Modeling of Nay current components in VGN firing

We used a single-compartment conductance-based VGN spiking model in which we
control the amount of I-NayT and the addition of I1-NavP and I-NavR (Venupogal et al., 2019).
The equations describing gkLv, gkH, gH, and gieak Were those used by Ventura and Kalluri (2019)
to describe spiking in rat VGNs. Sodium channel density for the transient current was set to 20
mS/cm? for sustained-A model neurons, 16 mS/cm? for sustained-B model neurons, 13 mS/cm?

for sustained-C neurons, and 11 mS/cm? for transient neurons (see Chapter 5 Methods).
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We repeated simulations with four Nav conditions: I-NayT alone, or with I-NavP (“I-NavT
+ P”), or I-NavR (“I-NayvT + R”), or both I-NayP and I-NayR (“I-NayT + P + R”). I-NayP and I-
NavR are simulated with either “low” or “high” conductance density values based on currents
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30 ‘ w— |-Na, T+ R (G = 22)
‘_ f = = = I-Na, T+ P(g,yq = 20.6)
:E s |-Na, T (Gigpaynar = 20)
=20 4 —— I-Na, T (Gyr = 20.6)
—— Na, T (g =22)
-0 =~ _ il i ~ I-Na, T (.7 = 22.6)
B === FNa,T+P +R (g = 18.1)
30 4 Model Sustained-B o |-Nay T+ R (G = 176)
= = « FNa, T+ P(§yg = 16.5)
> ]
£ .20

o |-Nay T (Gtotarnat = 16)
— HNa, T (@yr = 16.5)
— — FNa, T (@yr =17.6)
-Na, T (g7 = 18.1
- - g W . . N T Gnar )

= =« I-Na, T + P +R (G = 14.8)
o |-Nay T + R (G = 14.3)
=== I-Na, T +P(gyyy = 13.5)
o |-N2y T (Grtainar = 13)
—I-Nay T (Gyar = 13.5)
T I-Na, T (Gyar = 14.3)

I-Na, T (Gyar = 14.8)

-70

= = = |-Na,T + P + R (G, = 14.8)
 |-Na, T + R (Giga = 14.3)

= = = |-Na,T + P(@y = 13.5)
o |-Nay T (Qitamat = 13)
I-Na, T (g7 = 13.5)
______________ B -Na, T (Gpar = 14.3)

I-Na, T (g7 = 14.8)

780 800

Time (ms)

= i

Figure 5.1 Increasing I1-NavT had different excitatory effect than 1-NavR or I-NayP currents in
model VGNs.

All model VGNs were stimulated with 50 pA current step. Conductance (g) is in units of
mS/cm?. A: Step-evoked firing pattern of a sustained-A model VGN. B: Increasing I-NayT in
sustained-B model induced full spike train, like sustained-A. I-NavR reduces refractory period at
the start of spiking. B: Increasing I-NavT in sustained-B model induced full spike train, like
sustained-A. I1-NavR reduces refractory period at the start of spiking. C: In sustained-C model,
no obvious effect of I-NayvP and/or I-NavR and increasing I-NayT increased spike rate. D:
Transient model showed no effect of I-NavR and/or I-NavP currents and increasing I-NavT only
increased spike height. Base gnat Was set to 13 mS/cm? to elicit spike at this current step.
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recorded in voltage clamp experiments from cell bodies in this study (1% and 5% of I-NavT,
respectively; see Table ) and afferent endings in Meredith and Rennie (2020) (3% and 10%). These
current components are represented by Eg 6 and Eqg 7. We also describe control simulations that
increase gnat to match the increase in total conductance density caused by adding I-NavP and I-
NavR conductances in the other simulations, and to explore the range of NayT conductance
recorded. The current-voltage relations of the simulated currents reproduce key voltage-

dependence and kinetic properties of the data (Fig 2.5).
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Figure 5.2 I-NavT increases spike height and I-NavyR reduces refractory period in APs.
APs from the first 10 ms of spike trains in Figure 5.1. I-NaVR becomes apparent during
repolarization phase in model sustained-A and sustained-b APs (green arrows). Increased I-NayT

increases spike height and rates of depolarization in all model APs (grey arrows). I-NayP is
indistinguishable from control conditions.
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Resurgent current reduces ISl in response to current steps
We examined the response of model VGNSs to long current injections to examine the role
of these currents in the context of multiple spikes. In Figure 5.1, we show the first and last 30 ms

response of modeled VGNs to a 500-ms current step (i.e, Fig. 3.1

). Each panel shows a firing pattern under seven different Nayv current conditions: I-NavT,
I-NavT + P, I-NavT + R, and I-NavT + P + R, and three I-NayT control conditions. In this figure
we only show the “high” (3% and 10%) levels of 1-NayP and I-NavR which show a clearer effect

relative to control conditions.

Sustained-A and sustained-B (Fig 5.1A and B) show the most noticeable effect of I-NayT
+ P + R; they are also the VGNs with the smallest K_v conductance density (0 and 0.42 mS/cm2,
respectively). The sustained-A and sustained-B models showed a reduced refractory period after
the first spike in the I-NavR conditions (Fig 5.2). Sustained-C model VGN showed a slight
dampening of voltage oscillations and thus reduced number of spikes when I-NavR is added. There
was no effect on model transient VGNs, which have the largest Ky conductance density (1.1
mS/cm2). Thus, added I-NavR increased spiking excitability of specifically model sustained
VGNs in response to current steps. This is reminiscent of the impact of 4,9-ah-TTX on sustained
VGNs in vitro, where excitable VGNs showed a greater effect of Nav1.6 block on spiking. In this
simulation, we saw no effect of added I-NavP on spiking in any model VGNs, possibly due to the

small conductance density of this current.
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Increasing transient current increases spike rate in response to current steps
To probe whether effects of adding I-NavR simply reflected the increase in Nav

conductance density, we then increased I-NavT (by increasing gnat) by the same amounts (Fig

5.1).

For a single AP, increasing I-NayT increased spike amplitude and rate of depolarization in
all model VGNSs, as is shown by the first APs in the spike trains in Figure 5.2. These simulations

also show that increasing I-NayT in the sustained-B and -C models increased spike rate, making
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Figure 5.3 I-NayP and I-NayR did not alter current step threshold but decreased spike latency in
model VGNs.
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A: Model sustained-A firing at 20 pA 500 ms step current injection. B: Model sustained-B firing
in response to 45 pA 500 ms step current injection. Al and B1: APs in three simulations. I-
NavT+P+R shows decreased spike latency. A2 and B2: Nav currents corresponding to APs in
Al and B1. Insets show I-NayT+P in slight offset to I-NavT.
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sustained-B model VGN more sustained-A-like, and sustained-C model VGN more sustained-B-

like (Fig 5.1B and C). As I-NavT increases more, more spikes are elicited (not shown), similar to

the effect of ATX-II application on VGN spiking in vitro. All the spikes in the evoked firing

patterns became taller and faster as I-NavT was increased (Fig 5.2). In the sustained-A and -B

model VGNSs, increasing I-NavT slightly decreased the ISI after the first spikes relative to control

I-NavT (Fig 5.1A and B). However, by the end of the spike train in the model Sustained-A, the

increased I-NayvT conditions showed an increase in the ISl relative to the control conditions, likely

due to more accumulated inactivation.

In summary, I-NavR decreased refractory period (increased rate) in sustained-A and -B
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Figure 5.4 Vestibular aﬁ(erent EPSC

compared to modeled cochlear afferent

EPSCs.

Simulated EPSCs used in the model (sv)
were modeled after spontaneous vestibular
synaptic potentials recorded in mouse
calyces. EPSCs previously used (s1, s2, and
s3) in Hight and Kalluri (2016) were based
on cochlear EPSCs and altered to match
spatiotemporal averaging of synaptic input
theorized in some peripheral vestibular
afferent endings.

model VGN but not in sustained-C or transient
model VGNSs. Increasing I-NayT did not decrease
refractory periods but increased spike rate in
sustained-B and -C step-evoked firing and increased
spike height in all VGNSs. In these simulations of
firing evoked by current steps, we did not observe
an effect of I-NavP, possibly due to the small

conductance density of this current.

Persistent and resurgent currents do not alter
current threshold but reduce spike latency

We then asked whether the addition of
sodium currents reduced current threshold for

spiking. Figure 5.3 shows firing of sustained-A and
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sustained-B models and the corresponding Nav current influx at threshold. In either model, current
threshold for firing was not altered by adding I-NavP or I-NavR. However, in the sustained-A type
model at spiking threshold, spike latency relative to current injection is reduced with I-NayT + P

(0.8 ms) and further reduced with I-NayT +P + R (30 ms) (Fig 5.3A). The underlying sodium
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Figure 5.5 I-NayR decreased spike onset time in response to pseudosynaptic input in model
VGNE.

Right columns shows Al: a sustained-a and B2: a transient VGN model stimulated by train of
vestibular pseudo-EPSCs below. In addition to I-NayT+P+R, I-NayT+R, and I-NayT+P
conditions, we’ve shown a control I-NayT conditions that account for changes in gna. Left
column (A2 and B2) shows corresponding phase plane plots for initial APs; Insets show voltage
thresholds in PPP: arrows that indicate 10 mV/ms.
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current flow illustrates how the three-component current precedes both the I-NayT + P and I-Nay T

conditions (Fig 5.3A2). I-NavT + P also has a slight (0.8 ms) lead on the I-NayT current.

In the sustained-B model, initial spike latency is not reduced by persistent or resurgent
current components (Fig 5.3B1). As in Figures 5.1 and 5.2, I-NayT+ R decreases the ISI after the
first spike, but damps voltage oscillations at the end of the train. Figure 5.3B shows how the current
amplitudes decrease as the spikes taper off. During the last spike, the I-NayT + P condition is the
largest amount of current flowing, relative to the other conditions (Fig 5.3B2). These simulations
show that I-NavP current and its effect is very small (0.1 pA in size and <1 ms), which is why

there is no noticeable effect on spiking at the timescales in previous figures.

Resurgent current reduces first spike latency in response to pseudo-synaptic stimuli

We next focused on the impact of different modes of Nav current on responses to simulated
trains of pseudosynaptic stimuli (pseudo-EPSCs) that were modeled after EPSCs recorded from a
vestibular afferent calyceal terminal on a type I hair cell (Fig 5.4). We observed the influence of
I-NavR, I-NavP, and increased I-NavT on first spike latency in response to a train of vestibular
pseudo-EPSCs (Fig 5.5). The average inter-EPSC interval was fixed at 1 ms and the average
amplitude was set to 40 pA or 60 pA in order to reliably generate spikes. Figure 5.5 shows the

beginning of the spike train responses for four different I-Nayv conditions for each firing pattern.

In the transient model, the addition of I-NavR decreased first spike latency (Fig 5.5 Al)
and slightly depolarized spike voltage threshold (taken to be dV/dt = 10mV; see the phase-plane
plot (PPP)) (Fig 5.5 A2). The increase in I-NayT in the same direction as I-NavT+R: spike

amplitude increased, peak rate of depolarization increased, and voltage threshold hyperpolarized.
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In the sustained-A model, the addition of I1-NavR also reduced first spike latency (Fig 5.5
B1). The PPP (Fig 5.5 B2) shows that I-NavR hyperpolarizes voltage threshold. The second spike
latency was also shorter in I-NavR conditions, but at the cost of spike amplitude. Increasing I-

NavT only slightly reduces spike onset time and increased spike height, especially the second spike

in the train.
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Figure 5.6 Increased NavT current increases spike rate and decreases CV but adding NavP
and/or NayR does not.

A: Example of effect of increasing I-NaVT on CV in model sustained-A shows impact on
interspike intervals, decreasing CV from 0.20 to 0.19. B: Example of effect of adding I-NaVR on
CV in model sustained-A; reduction of refractory period that the beginning of train and addition
of a spike indicates increase in excitability but no resulting effect on CV (0.20 to 0.20). C:
Increasing gNaT , which increases I1-NaV T, shows an increase in spike count in response to
pseudo-EPSC injections of a constant amplitude (average 30 pA) in all four model VGNs. D:
Adding in NaVR and/or NaVP current does not further increase spike rate in three model VGNS.
In sustained-A model, adding in resurgent current at high level of gNaT induced burst firing, and
thus decreased spike rate. E: Increasing gNaT decreases in CV when controlling for average
spike rate (38.5 spikes/sec) in all four model VGNs. F: Addition of NaVR and/or NaVP, in either
high or low amount, does not further increase regularity. Note the increase in CV caused by
depolarization block behavior at low levels of Nay conductance. and/or NavP does not further
increase regularity.
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In summary, I-NavR decreases AP response time and threshold to injected EPSCS, reduces
ISI, but minimally affects AP waveform; increasing I-NayvT changes AP waveform by increasing

spike height and rate of depolarization (peak dV/dt).

Increased transient, but not added resurgent and persistent currents, increase regularity

We next examined the role of Nav currents in spike rate and regularity in model VGN
firing. First, we assessed changes in spike rate. The average EPSC arrival time and amplitude was
fixed at 1 ms and 30 pA. We observed that increasing I-NavT steadily increased spike rate (Fig
5.6A) in response to fixed input in all model VGNs. This increase in excitability is due to an
increase in amount of depolarizing current. This is reminiscent of the effect of ATX-1I had on
spiking in vitro, where the increase in NavT (and NavP) currents increased spike rate to a fixed

synaptic input.

We then assessed the impact of I-NayvT on spiking regularity. Since regularity tends to
increase as spike rate increases, we sought to assess regularity independently of spike rate by
keeping spike rate constant (38.5 spikes/sec) between model VGNs at different levels of I-NayT
by titrating amplitude of synaptic input (arrival time remained fixed at 1ms). Figure 5.6B shows
how increasing 1-NavT decreases CV, thereby increasing regularity even when spike rate is kept
constant. Model sustained-A VGN have a low CV at this spike rate to begin and show little
decrease with increased I-NavT (0.19 to 0.13). Model sustained-B and -C VGNs show the greatest
effects of increased I-NayT, which go from an average of 0.78 and 0.86 to 0.33 and 0.41
respectively. Again, this is similar to the effect of ATX-I1 on VGN spiking regularity in vitro:

increased Nav currents increases regularity independent of spike rate.
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We next examined whether the addition of I-NayP and/or I-NavR, at either “low” or “high”
conductance levels, also influenced either spike rate or spiking regularity of model VGNs. We
observed that neither I-NavP nor I-NavR had any discernable effect on spike rate (Fig 11D) or CV
in model sustained-B, -C, or transient VGNs (Fig 11F). The model sustained-A had two notable
exceptions: Figure 11D shows how adding 10% I-NavR to increased I-Nav T reduced spike rate at
the highest amounts of gnat. This was due to burst firing behavior cause by the addition of I-NavR
to the model. The model sustained-A in Figure 11F shows a different effect: in this case, where
the spike rate was forced to 38 spikes/sec at low gnat by increasing the amplitude of injected
current, the addition of I-NavR caused a depolarization block effect, thereby increasing CV. I-
NavP, again, had no noticeable effect on either spike rate or regularity in any model VGN. In all,

these effects were not the anticipated increase in excitability or regularity.
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Discussion

Here we tested the influences of different sodium current components on firing patterns
and spike timing regularity in modeled VGNs. Previous work done by Hight and Kalluri (2019)
showed that increased gnat increased regularity in the absence of or with low levels of gkLv (0 —
0.55 mS/cm?). Increasing gnar (7, 10, 13, 16, 25, 50 mS/cm2) with no K.y conductance produced
sustained-C to sustained-A firing patterns. With slightly increased gkLv, the sustained-A pattern
was reduced to a sustained-B and sustained-C to transient. We saw that increasing I1-NayT had an
impact on regularity at gkov levels specified for each firing pattern: universally increasing gnar
increased regularity for all modeled VGN. The transient model VGN was still irregular relative to
the sustained models (CV = 0.9 — 0.8). The sustained-C and sustained-B VGN, on the other hand,
went from irregular (~0.8) to regular (0.3). In response to current injections, we observed that

increasing gnat increased spike height in all model VGNs, and spike rate in sustained-B and -C.

We note that sustained-A model was susceptible to producing burst firing patterns — never
seen in VGN recordings —at very low or high levels of gnat. Hight and Kalluri (2019) also observed
that at 13 mS/cm? (gkvi = 0 mS/cm?), the model VGN entered depolarization block in response to
60 pA current steps, and again at 140 pA when gnat = 50 mS/cm? In response to pseudo-EPSCs,
we observed the sustained-A model enter a burst firing pattern reminiscent of Purkinje neuron

firing (Raman and Bean, 1997) at low (13 mS/cm2) gnat, and with the addition of I-NavR.

In simulations, NavR and NavP currents had different effects than NavT current. While I-
NavP and I-NavR did not increase regularity, they did enhance spiking excitability. We observed
that the addition of I1-NavR reduced the ISI between the first and second spike by reducing the

refractory period during current steps in sustained-A and -B model VGN, true to the traditional
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effect of resurgent currents in cortical neurons (Raman and Bean, 1997; Lewis and Raman, 2014).
In sustained-A model VGNs, I-NavR also decreased voltage threshold of the AP. I-NavP had a
slower effect, and was often not seen at the time windows we examined. When we examined long
spike trains, we noted that I-NavP reduced spike latency towards the end of the train in sustained-

A model VGN, where inactivating sodium channels have increased accumulation.
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Figure 5.7 Recorded APs served as templates for model APs.

A: Population averaged recorded APs from Figure 3.1. B: Model generated APs based on APs
from A. Comparison of phase plane plots in C: of APs in A and D: of APs in B show
discrepancies in APs, particularly the peak rates of depolarization.
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Although I-NavP is thought to be highly significant around resting potential (Crill 1996;
Khalig and Bean, 2010), we found no discernible effect of I-NayP on resting potential or voltage
threshold. We set the amplitude of I-NavP and I-NavR using the conductance density values found
in our cultured VGN recordings: these values may be an underestimation of the true size of I-NayP
and I-NavR. For example, Meredith and Rennie (2020) reported peak I-NavP is 2.5% and peak I-

NavR is 8% of peak I-NavT in semi-intact adult vestibular afferent endings.
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Figure 5.8 Comparison of recorded firing patterns and generated patterns.

A: Population averaged recorded APs from Figure 3.1. B: Model generated APs based on APs
from A. Comparison of phase plane plots in C: of APs in A and D: of APs in B show
discrepancies in APs, particularly the peak rates of depolarization.

Methods
A single compartment conductance-model was used to test the impact of I-NayT, I-NavR

and I-NavP on firing patterns and spike timing regularity. The model was implemented in

72



Table 5 — VGN model parameters for different firing patterns.

Data taken from second postnatal week and older when available. Sources: ®Hight and Kalluri
(2016), PKalluri et al. (2010), lwasaki et al. (2008), “Ventura and Kalluri (2019)

Firing Pattern | gy, (mS/ cm?) | B0 | B | gyt Bleak™ | Viese (mV) L, (PA)
Sustained-A | 20 0 2.8 0.13 |0.03 -60.0 50
Sustained-B 16 042 2.8 0.13 |0.03 -64.1 75
Sustained-C 13 0.55 2.8 0.13 |0.03 -63.5 80
Transient 11 1.1 2.8 0.13 |0.03 -65.7 120

MATLAB 2018b and 2021b as a differential equation in which the net current across the neuronal
membrane was taken as the sum of currents flowing through individual and parallel circuit

elements (Hodgkin and Huxley, 1952d):

B dv Eq6
Iinj = Cp SE + Ing + Ixy + Ign + Iy + liear + Igpsc

This model is an extension of the single-compartment VGN model previously described
by Hight and Kalluri (2016) and Ventura and Kalluri (2019). Membrane voltage V(t) was solved
numerically using a backwards difference method. The specific membrane capacitance (Cm) was
fixed at 0.9 pF/cm? (Gentet et al., 2000). Cell surface area (S) was fixed to yield a net capacitance
of 10 pF, which a smaller value than our estimated average of 15 pF in our recorded mouse VGNs
but consistent with previously published VGN models (Hight and Kalluri, 2016; Ventura and
Kalluri, 2019). The 5 ionic currents represent key current types in vestibular ganglion neurons:
voltage-gated sodium (Ina), low-voltage-activated potassium (lkLv), high-voltage-activated
potassium (lkn), hyperpolarization-activated cyclic nucleotide-gated (In), and leak (lieak). The

model VGN was stimulated by injected current steps (I;,;) while Igpgc Was set to 0, or with trains
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Table 6 — Model parameters for Nay currents modes.

Model parameters for Na+ currents
Activation Inactivation
g. mS/cm* V,, mV S mV V,mV S mV
Inat 11 -26 -38 6 -68 9
Iv.p 0.11 —0.78 -27 10 -52 14
Lvar 055-26 -40 22 -40 28

of simulated vestibular excitatory postsynaptic currents (pseudo-EPSCs) (Igpsc) while I, ; was set
to 0.

To ensure that the combinations of parameters for currents reproduced APs and firing

patterns of different VGNSs observed in vitro (e.g., sustained-A vs transient firing), we fit
model output using a local search optimization algorithm. This algorithm compared model APs
produced by different combinations of gnar, gkLv, and linj against an averaged AP (Figs 5.7 and
5.8). For each firing pattern, the combination of parameters that produced an AP with the lowest
mean squared error relative to the average AP was accepted. Other parameters were kept the

constant.

In the model of Hight and Kalluri (2016), Ina was entirely transient (I-NayT), based on the
formulation used by Rothman and Manis (2003c). We adapted Ina to include persistent and
resurgent Nav currents by incorporating equations from Venugopal et al. (2019) for persistent and
resurgent sodium current subcomponents. We modified the I-NayT equations from Hight and
Kalluri (2016) and the I-NavR and I-NavP equations from Venugopal et al. (2019). Voltage-
dependence and conductance density parameters for Nav currents were based on values from our

mouse VGN data (Table 6).
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The equation for the total sodium current was based on the computational model by

Venugopal et al. (2019) and can be written as:

Ing = Inar + Inap + Inar Eq 7
where Iyqr , Ingp, and Iy,z are modeled as (Venugopal et al., 2019):
Inar = GNar (mr3he)(V = Eng) Eq8
Inap = Gnap(Mpohp)(V — Eng) Eq9
Eq 10

Inar = Gnar((1 = bR)3h®)(V — Eng)

Conductance density (g) was based on experimentally derived values from this study. The
maximal persistent conductance (gyqp) Was set to 1% of the transient conductance (gy,r) and the
maximum resurgent conductance (gyqr) Was set to 3% of gy.r, as is estimated from the cell body

recordings in this study (see Table 2)

Transient sodium current:
The steady-state voltage-dependent activation (mt) and inactivation (ht) of transient
sodium currents are modeled as follows, with voltage of half-activation (V12) and slope factor (k)

taken from mean values from this study (see Table 2)

M1, — Mr Eq 11

75



hIT — 0 Eq 12

—(V -V -1
= o e (20552 s

V- Vl/z)]_l

hTw=[1+exp ( 2

Eq 14

Steady state voltage-dependent time constants of activation and inactivation functions for transient

sodium currents were taken from Rothman and Manis (2003c), following Hight and Kalluri

(2016):
V + 60 V+607)7" Eq 15
TmT—lo{Sexp[ 18 ]+36exp [— R ]} + 0.04
V + 60 V4607t
Thy = 100{7exp [ = ] +10 exp {— = ]} +0.6 Eq 16

Persistent and resurgent sodium currents:

Equations for steady-state activation (hp), inactivation (mp), and steady-state voltage-
dependent time constant of inactivation (thp) for persistent sodium current are based on Wu et al.
(2005) and Venugopal et al. (2019) and are parameterized with our data:
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hp —h
Wp = Po P Eq 17
Thp
V-V -10
mp,, = [1 + exp <—( X 1/2)> l Eq18

V— Vi1
hp = [1 + exp (—1/2)] Eq 19
* k
=100 10099 Eq 20
Thp = 100 F V¥ 60 a
1+ex ( 10 )

The formulation for I-NavR is from Venugopal et al. (2019). It alters the Hodgkin-Huxley
conductance-based formulation to incorporate state-dependent sodium resurgence (i.e., the
unblocking of a channel that was blocked following a transient opening). The equations that govern

voltage-dependent blocking/unblocking kinetics are as follows:

b'r = ap(1 = bp)bg,, — kyBy,br Eq21

-1
V-V
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—(V - 40)) )‘2 Eq 23

BbR=<1+exp< 3

where constants ap (0.08) and ky (0.9) control the rate of unblocking. The voltage-dependent

inactivation (hgr) functions for I-NavR include:

h'g = aphg, — 0.8Bnhe Eq 24
-1
V-V
) Eq 25
1
1+ exp (T)
0.5
Png = —(V + 45) Bq 27
1+exp (1—5>

Synaptic conductance and EPSC shape:

Synaptic input was generated and modeled using a formulation similar to that described in
Hight and Kalluri (2016). Here we modeled EPSCs with a shape derived from EPSCs of lateral
extrastriola vestibular afferent calyx in the excised P8 CD1 mouse utricular epithelium (Omar

Lopez-Ramirez, unpublished). These have longer onset and decay times relative to cochlear
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EPSCs (S1) used in Hight and Kalluri (2016). An exponential function is fitted to an averaged

synaptic event:

s(t) = 3.112 * exp(—0.4545¢) — 3.112  exp (—1.121¢) Eq 28

For additional information about the model, see Hight and Kalluri (2016), Ventura and Kalluri

(2019), and Venugopal et al. (2019).

79



Chapter 6 — Discussion

Nav currents differently impact spiking excitability and spike rate timing

Here we considered the impact of diverse sodium current modes on excitability and spike
timing regularity in VGNs. We showed that VGN cell bodies can express a combination of
transient (NavT), resurgent (NavR), and persistent (NavP) current components. Using
computational modeling, we found that the addition of NavR and NavP currents increases
excitability in model sustained VGNs while increasing NayT current increases spike rate and

regularity in all model VGNE.

Using isolated VGN cell bodies, we characterized different sodium currents using different
voltage clamp protocols designed to evoke each component. This preparation has the advantage of
accessibility to the soma due to removal of glia and myelin and control of recording conditions
that cannot be manipulated in vivo. Pharmacological experiments suggest that Nav1.6 channels
carry a significant proportion of each current, and their block influence spiking excitability.
Enhancement of Nav currents via application of ATX-II showed that increased noninactivating
current increased both excitability and regularity. However, in physiological conditions needed to
record spiking activity, we were unable to segregate the NavT, NavP, and NavR current

components but observed the relationship of maximum conductance to firing pattern.

With these constraints in mind, we used a conductance-based VGN model to investigate
the impact of NavP and NavR currents on spiking excitability, spike rate, and regularity.
Simulations suggest that NavR current reduces first spike latency and ISI by increasing post-spike
channel availability. NavP current typical of our data had a minute influence, reducing spike

latency to a current step by ~1 ms and increasing Nav current during APs by >0.1 pA. However,
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simulations found no effect of NavR and NavP currents on spike regularity. NavT currents

enhanced both excitability (increasing spike rate), spike height, and regularity.

Sodium current component diversity in vestibular ganglion neurons includes different current
modes

We recorded large NavT currents in all VGNs. As previously shown, NayT currents in
cultured VGNs were entirely TTX-sensitive (Chabbert et al., 1997; Risner and Holt, 2006; Liu et
al., 2016). We report that a subset of VGNs also expressed NayvP current and another subset had
additional NavR current. VGNs that expressed NavR current components showed a more negative
activation voltage range and overall greater Nay conductance density relative to VGNSs with none,
indicating expression of more Nay channels in a subthreshold voltage range. Applications of
Nav1.6 blocker 4,9-ah-TTX showed that much of the NayvT current and most of NayvP and NavR
currents are carried through Nay1.6 channels. AP clamp experiments showed that during an AP,
sustained VGNs had more Nav1.6 current than did transient VGNs, and the Nav1.6 current flowed

mostly during the initial phase of depolarization.

In cultured VGNSs, we found I-NavR only after the first postnatal week (P10+). This result
corroborates data from Rennie and Meredith (2020), who saw developmental upregulation of I-
NavR in vestibular afferent endings. To record from mature neurons, we used an overnight cultured
preparation to reduce myelin and satellite cell coverage increases with age. However, out of
approximately 150 cultured VGNs tested (P3 — 25), we found only 6 examples of I-NavR, 5 of
which were older than P17. This incidence is low compared to what Meredith and Rennie (2020)
observed: 67% of afferent endings expressed I-NavR in the third postnatal week. Possible factors

include species differences (mouse vs gerbil), preparation (dissociated and cultured vs semi-
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intact), localization (afferent terminal vs. cell body), etc. Additionally, the overnight culturing may
itself influence Nav channel expression and the resulting firing characteristics (Liu et al., 2016;
Cai et al., 2017). For example, we were surprised to note there was no observable increase of Nay
conductance density with age in our cultured neurons. This may be revisited in an acute
preparation, like that of Liu et al., 2016. Additionally, many voltage-gated calcium currents (L-,
N-, P/Q-, R-, and T-type) (Desmadryl et al. 1997; Chambard et al. 1999) have been described in
immature mouse VGNSs, but their contribution to AP waveform and spiking has also not been

investigated.

We were unable to demonstrate the direct impact of I-NavR and I-NavP currents on firing
patterns and spike regularity in vitro. In the physiological recording conditions needed to produce
spiking in VGNs, I-NayP and I-NavR proved difficult to identify. These small amplitude currents
were obscured by the large Nav T, K, HCN, and leak currents present in VGN in these experiments.
Additionally, the fast nature of Nav currents makes them difficult to clamp, even at room

temperature.

While the molecular underpinnings of NavP currents are unknown, 1-NavR is theorized to
arise from the internal block of Nav1.6 channels by a positively charged molecule, e.g., Nav
auxiliary subunit 4 (Raman and Lewis, 2014; White et al., 2019). Previous reports of vestibular
ganglia RNA indicate expression of most Nay pore-forming (o) subunits and all auxiliary ()
subunits. RT-PCR on P1 rat vestibular ganglia, comprising myelinating supporting cells as well as
VGNS, revealed expression of all a subunits (Nay1.1-1.9) and B subunits (Navf1-4); with only
expression of the skeletal sodium channel Nav1.4 dropping out by P21 (Liu et al., 2016). Different

Nav alpha subunits carry currents of different voltage dependencies and tetrodotoxin (TTX)

82



sensitivities. With whole-cell recordings from rat VGN cell bodies acutely dissociated in the first
postnatal week, we previously identified four different transient Nay currents: two TTX-sensitive
currents (composed of an unknown number of possible subunits), one TTX-insensitive current
(Nav1.5), and one TTX-resistant current (Nay1.8) (Liu et al., 2016). In the cultured mouse VGNs
of this study, we found evidence of TTX-sensitive, non-Nay1.6 currents. Application of 4,9-ah-
TTX revealed a smaller Nav current that was significantly more negative in inactivation. The rat

RT-PCR data indicate Nav1.1, 1.2, 1.3, and 1.7 are all potential channel candidates.

In other neurons, persistent and resurgent currents contribute significantly to rapid
spontaneous, continuous regular and/or burst firing. 1-NavP typically activates at subthreshold
membrane potentials when few other channels are activated and membrane resistance is high,
effectively amplifying small depolarizing inputs (Llinas and Sugimori, 1980; Crill, 1996). I-NavR
was originally discovered in Purkinje neurons (Raman and Bean, 1997), and is attributed to Nay1.6
(Raman et al., 1997; Grieco et al., 2005). I-NavR has been described in more than 20 types of
neurons that show spontaneous, repetitive, or bursting behaviors (reviewed in Lewis and Raman,

2014).

With respect to inner ear systems, persistent and resurgent sodium currents have been
described in auditory (spiral) ganglion (Browne et al, 2017), avian nucleus magnocellularis
neurons (Hong et al., 2018), calyx of Held (Leao et al., 2005) and its postsynaptic target, the medial
nucleus of trapezoid body (Kim et al., 2010), as well as vestibular afferent calyx terminals
(Meredith and Rennie, 2020) and medial vestibular nuclei neurons (Gittis and du Lac, 2008). All
these examples show high spiking spontaneity and fast firing rates. Earlier VGN studies noted an

association between excitability and regularity, with both thought to reflect the impact of Krv
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channel expression (lower in regular afferents). It was therefore interesting to see predicted effects

of adding I-NavP and I-NavR on excitability, without concomitant effects on spike regularity.

Differences in Nav current expression may contribute to differences in neuronal excitability
The vestibular epithelia, where VGNs receive their synaptic input, are divided into two
zones (central and peripheral) that influence spiking. Regular afferents form large dendritic arbors
in peripheral zones of the sensory epithelia, where inputs from many synaptic terminals travel
significant distances along thin fibers to converge and summate at the spike initiation zone. In
contrast, irregular afferents make a smaller number of synaptic endings in a compact dendritic
arbor in the central zone of the sensory epithelium. I-NayR and I-NayP have been recorded in
vestibular calyceal afferent endings in gerbil cristae, where they appear in both central (putative
transient/irregular) afferents and peripheral (sustained/regular) afferents (Meredith and Rennie,

2020).

Peripheral calyx afferent endings express more types of Nav currents relative to central
afferent endings in acutely dissected gerbil cristae (Meredith and Rennie, 2018). Using TTX,
multiple TTX-sensitive and insensitive currents have been observed in immature cells: TTX-
insensitive Nav1.5 currents were only expressed in calyces in the first postnatal week, consistent
with results in immature VNGs (Liu et al. 2016). There was no observed difference between zones
(Meredith and Rennie, 2018). By maturity (P30), only TTX-sensitive persistent with age. No TTX-
resistant (Nav1.8 or Nav1.9) current was detected in either immature or mature calyces.
Additionally, more 4,9-ah-TTX sensitive (Nav1.6) currents were observed in mature peripheral
zones calyces. Nav1.6 expression increased with age in all calyces tested, as indicated by an

increase in blocked current between ages P5-7 and P11-14. By maturity, Nav1.6 currents make up
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37% of the total sodium current in the afferents synapsing in the peripheral zone (likely regular),

but less than 15% of the current in calyces from the central zone (irregular).

We saw no difference in Nav1.6 currents (as measured by 4,9-ah-TTX sensitive) between
sustained and transient VGNSs in our cultured cell bodies. Our data suggests that cells with 1-NavP
and I-NavR have greater sodium conductance density, indicating a greater concentration of
channels per cell. Given the peripheral localization of expression of I-NayP and I-NavR in the
sensory epithelia (Meredith and Rennie 2020), and that sustained-firing VGN have larger Nav
conductance, we hypothesized that regularly firing VGN are most likely to express resurgent

currents but have no way to assess this.

The Nav1.6 currents in calyceal afferent endings have also been determined to be
composed of transient, persistent, and resurgent components (Meredith and Rennie, 2020). Both
TTX- and 4,9-ah-TTX-sensitive NayP current was found in immature and mature calyces, from
both the central and peripheral zones. It increased in amplitude with age, going from 0.6% to 2.5%
of the peak NavT current. Time-dependent decay of NavP slowed with age, reflecting possible
changes to the underlying channel subunits (Meredith and Rennie, 2020). Resurgent current also
increased in frequency and amplitude with age. I-NavR was detected more frequently and with
greater amplitudes in the second/third postnatal weeks, and with greater frequency in peripheral

calyces, coinciding with increased expression of Nay1.6 currents in the peripheral zones.

Nav currents impact spike waveform and excitability
Using the AP clamp method, we showed that Nav current flow is related to the initial
depolarization phase of the AP in VGNs. In transient VGNSs, more sodium current flowed by the

time of the peak rate of depolarization relative to sustained VGN. This may reflect differences in
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the underlying Nav current kinetics, where sustained VGNs may have greater slowly or non-
inactivating current or differences in AP waveform. We show in Chapter 3 (Figure 3.1) that
sustained VGNs have, on average, taller APs with faster rates of depolarization. A combination of

factors is likely since the depolarization of the AP and the kinetics of Nav currents interdependent.

Previous work suggests that, with age, step-evoked firing patterns of isolated VGNs from
rats and mice become more homogeneous, such that there are fewer fully sustained-A VGNs as
Kvv currents grow with developmental upregulation of Kv7 channels (Iwasaki et al., 2008; Kalluri
et al., 2010; Meredith and Rennie, 2015; Ventura and Kalluri, 2019), while regularity differences
become crisper. In vestibular calyx terminals in peripheral zones, there is little low-voltage-
activated potassium current in the first postnatal week (Songer and Eatock, 2013) but these currents
increase through the third week (Meredith and Rennie, 2015; Ramirez et al., 2018). By the third
postnatal week, cultured rat VGNs are likely to exhibit sustained-B or transient firing patterns,

with only a tiny percentage still showing a full sustained-A spike train (Ventura and Kalluri, 2019).

Experiments have shown that the increasing Krv current with development makes VGNs
less excitable, with firing in response to current steps showing increased threshold current for
spiking and fewer spikes upon reaching threshold. In the computational model of VGNs presented
here, the amount of K_v current was key in determining the effect of Nav currents on firing patterns
and regularity. Step-evoked firing patterns showed that transient (irregular) model VGNs, which
have the highest KLy conductance, were unaffected by resurgent and persistent NaV currents.
Larger and larger decrements in Kpv conductance progressively changed the firing pattern from
transient to sustained-C to sustained-B to sustained-A. With these changes, there was also a graded

increase in the effect of NavR and NavP currents on firing patterns, with the greatest effect on
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sustained-A model VGNs for which NavR and NavP currents reduced refractory periods, increased

spike rate, and reduced spiking threshold during step current injections.

All model VGNs were influenced by increased I1-NayT. When stimulated with current step
injections, excitability increased: spike height increased, current threshold decreased, and number
of spikes per current step increased. Sustained model VGNs became ever more sustained, but
transient model VGNs remained transient. In response to EPSC injections, increasing I-NayT
increased spike rate in all model VGNs. Spike train regularity also increased independent of
changes in firing rate, showing that, at a set KLv conductance, increasing Nay conductance drives
changes in spike timing regularity. Even transient model VGNs increased in regularity but were
less sensitive to the effects of increasing Nav conductance density, and remained irregular relative
to sustained-A, -B, and -C model VGNSs. This makes sense given that, in whole-cell recordings,
KLv remains the driving factor in regularity in transient VGNs, regardless of the amount of Nay

current present (Hight and Kalluri, 2016).

Role of sodium currents in spike timing regularity

Many factors may contribute to spike timing regularity, but ion channel mechanisms are
likely to have significant influence (Eatock et al., 2008). We found great variance in the maximum
Nav conductance density in VGNs. Sustained-A firing VGNs had consistently high Nav
conductance density. Transient VGNs had the highest and the lowest amount of Nay conductance
density. We originally expected sustained VGNSs to have the highest Nayv conductance densities
given their large APs and fast firing rates in vivo. Indeed, sustained-A VGNs had the tallest APs
which had the fastest rates of depolarization (peak dV/dt) on average. These two AP waveform

parameters positively correlated with larger Nayv conductance densities, suggesting that larger Nay
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currents are related to taller and quickly depolarizing APs. Transient VGNs with large Nav
conductances densities also had taller APs and moderately high rates of depolarization compared

to those with smaller Nay conductance densities.

In summary, we have found that Nav currents directly impact AP waveform: AP height,
rate of depolarization, and afterhyperpolarization are reduced by Nav channel blockers. Spiking
was likewise influenced as blocking or enhanced Nav currents altered current threshold and spike
rate. Our VGN simulations produced a dissociation of Nav current effects on excitability and
regularity: where large inactivating currents impact both excitability and spike timing regularity,
small non-inactivating Nav currents only influenced spike excitability, as reflected in refractory
periods and spike latencies. This suggests that once spiking is initiated, regularity requires the
interplay of KLv and HCN conductances with robust Nav currents (Ventura and Kalluri, 2019), but
the dominant factor producing the two regularity populations of VGNSs is variation in the

expression of KLy and HCN conductances.
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Appendix

Table 7 — Figure 2.6B statistical analysis: Voltage dependence of activation between I-Nayv with
different components

One-way ANOVA

DoF 2,27
F 5.95
p 0.008

Statistical Significance  **

Power 0.83

Tukey’s HSD Mean Diff Prob Summary
[-NaVT vs. [-NaVT+P 1.93 082 ns
[-NaVT vs. [-NaVT+P+R 12.76 0.007 **
[-NaVT+P vs. I-NaVT+P+R  -10.82 002 *

Table 8 — Figure 2.6B statistical analysis: Voltage dependence of inactivation between I-Nav
with different components

One-way ANOVA

DoF 2,26
F 0.38
p 0.68

Statistical Significance  ns

Power 0.10

Tukey’s HSD Mean Diff Prob Summary
[-NaVT vs. I-NaVT+P -3.69 066 ns
[-NaVT vs. I-NaVT+P+R -2.62 0.86 ns
[-NaVT+P vs. I-NaVT+P+R  -1.06 0.97 ns

93



Table 9 — Figure 2.6C statistical analysis: Nav Gwmax between I-Nav with different components

One-way ANOVA

DoF 2,70
F 6.65
p 0.002

Statistical Significance  **

Power 0.90

Tukey’s HSD Mean Diff Prob Summary
[-NaVT vs. I-NaVT+P -0.75 0.25 ns
[-NaVT vs. -NaVT+P+R -3.03 0.002 **
[-NaVT+P vs. [-NaVT+P+R  2.27 002 *

Table 10 — Figure 2.7B statistical analysis: Voltage dependence of activation between 4,9-ah-
TTX sensitive and non-sensitive current

One-way ANOVA

DoF 2,14
F 1.95
p 0.176

Statistical Significance ns

Power 0.34

Tukey’s HSD Mean Diff Prob Summary
Control vs. Residual 5.87 0.25 ns
Control vs. Blocked 0.35 0.99 ns
Residual vs. Blocked -6.21 0.21 ns
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Table 11 — Figure 2.7B statistical analysis: Voltage dependence of inactivation between 4,9-ah-

TTX

One-way ANOVA

DoF 2,16

F 4.4

P 0.03

Statistical Significance  *

Power 0.66

Tukey’s HSD Mean Diff Prob Summary
Control vs. Residual 13.90 0.06 ns
Control vs. Blocked -0.73 0.93 ns
Residual vs. Blocked 14.63 0.04 *

Table 12 — Figure 2.9 statistical analysis: ATX-II effects on voltage dependence of NavT or
NavP currents

N=7 Act Vyp Act S Inact Vy/, Inact S G density Na, T amplitude NayP amplitude NayP peak voltage
(mv) (nS/pF) (pA) (pA) (mv)

Control -37.7+1.2 53+05 -60.0+21.3 11.2+0.8 2.1+0.7 3053.3+610.5 27.4+14.4 -38.8+4.2

Drug -38.7+13 58+0.1 -80+29 163+16 19+04 2599.4 +458.9 163.5+45.9 -30.6+2.9

Significance 0.37 0.42 0.29 0.009 0.55 0.25 0.01 0.11

(paired t-test)

Effect size 0.17 0.15 0.36 0.85 0.05 0.19 0.93 0.42

(Hedges’ g)

Power 0.13 0.11 0.16 0.88 0.08 0.19 0.81 0.33

Table 13 — Figure 3.1A: Summary of firing pattern properties

Viest (MV) Current threshold (pA)  R;,(MQ)
(n=)
Sustained-A -60.0 £2.2 133.3+16.7 1020.0 £ 247.8
(6) (3) (5)
Sustained-B 641+ 18 295.5+34.7 852.2 £+ 280.6
(13) (11) (9)
Sustained-C -635 +£1.3 261.1+26.1 475.3+128.8
(10) (9) (7)
Transient -65.7 £ 0.9 426.8+339 464.9+73.8
(33) (28) (20)
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Table 14 - Figure 3.1A statistical analysis (Current threshold)

Current threshold is significantly different between firing patterns.

One-way ANOVA Tukey’s HSD Mean Diff Prob Summary
DoF 3, 50 Sustained-B vs Sustained-A 162.12 0.35 ns
F 6.11 Sustained-C vs Sustained-A 127.78 0.58 ns
P 0.001 Sustained-C vs Sustained-B -34.34 0.95 ns
Statistical Significance *E Transient vs Sustained-A 29345 0.01 *
Power 0.94 Transient vs Sustained-B 131.22 0.08 ns
Transient vs Sustained-C 165.67 0.02 *
Table 15 — Figure 3.1A statistical analysis (Vrest)
V'rest IS not significantly different between firing patterns.
DoF 3,61 Sustained-B vs Sustained-A -4.15 0.40 ns
F 2.11
Sustained-C vs Sustained-A -3.50 0.58 ns
p 0.11
Sustained-C vs Sustained-B 0.65 0.99 ns
Statistical Significance ns
Transient vs Sustained-A -5.70 0.09 ns
Power 0.51
Transient vs Sustained-B -1.54 0.81 ns
Transient vs Sustained-C -2.20 0.67 ns
Table 16 — Figure 3.1A statistical analysis (Rin)
Rin is not significantly different between firing patterns.
. =l Sustained-B vs Sustained-A -167.8 0.93 ns
F 2.44
Sustained-C vs Sustained-A -544.7 0.28 ns
p 0.08
Sustained-C vs Sustained-B -376.9 0.47 ns
Statistical Significance ns
Transient vs Sustained-A -§55.2 0.15 ns
Power 0.56
Transient vs Sustained-B -387.4 0.25 ns
Transient vs Sustained-C -10.4 1.00 ns
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Table 17 — Figure 3.1C: AP waveform of different firing patterns

Time-to-peak AHP Vap Current threshold Voltage threshold Peak dV/dt Nay G, Den
(ms) (mv) (mv) (PA) (mv) (mV/ms) (ns/pF)
Sustained-A 45104 11.0+2.0 110.0£6.2 1333+16.7 -41.0+33 208.3+£52.2 9.6+0.7
Sustained-B 47103 6.0£0.8 83.5£64 2955+347 443111 166.3134.2 80t1.4
Sustained-C 45+03 41+09 80.0+7.7 261.1+261 -440+13 123.7+283 7.0+12
Transient 4.2+0.2 29+0.6 75.1+40 426.8+339 -429+13 786+125 75+09
Table 18 — Figure 3.1C statistical analysis (Vap)
One-way ANOVA Tukey’s HSD Mean Diff  Prob Summary
DoF 3,58 Sustained-B vs Sustained-A -26.54 0.08 ns
F 4.25 Sustained-C vs Sustained-A -30.00 0.05 ns
p 0.009 Sustained-C vs Sustained-B -3.46 0.98 ns
Statistical Significance *%k Transient vs Sustained-A -34.93 0.004 * %
Transient vs Sustained-B -
Power 0.83 8.39 0.66 ns
Transient vs Sustained-C -4.93 092 ns
Table 19 — Figure 3.2C statistical analysis (peak rate of depolarization)
One-way ANOVA Tukey’s HSD Mean Diff  Prob Summary
DoF 3,55 Sustained-B vs Sustained-A -42.02 0.79 ns
F 4.83 Sustained-C vs Sustained-A -84.67 0.31 ns
p 0.005 Sustained-C vs Sustained-B -42.64 0.71 ns
Statistical Significance *% Transient vs Sustained-A -129.69 0.01 *
Transient vs Sustained-B - *
Power 0.88 87.66 0.03
Transient vs Sustained-C -45.02 0.58 ns
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Table 20 — Figure 3.1C statistical analysis (time-to-peak)

One-way ANOVA Tukey’s HSD Mean Diff Prob Summary

DoF 3,49 Sustained-B vs Sustained-A 0.22 0.97 ns

F 0.89 Sustained-C vs Sustained-A 0.05 0.99 ns

p 0.45 Sustained-C vs Sustained-B -0.17 0.98 ns

Statistical Significance ns Transient vs Sustained-A -0.31 091 ns

Power 023 Transient vs Sustained-B -0.53 0.42 ns
Transient vs Sustained-C -0.36 0.78 ns

Table 21 — Figure 3.1C statistical analysis (voltage threshold)

One-way ANOVA Tukey’s HSD Mean Diff  Prob Summary

DoF 3,49 Sustained-B vs Sustained-A 333 0.60 ns

F 0.60 Sustained-C vs Sustained-A -3.00 0.71 ns

p 0.61 Sustained-C vs Sustained-B 0.33 0.99 ns

Statistical Significance ns Transient vs Sustained-A -1.91 0.86 ns

Power 0.16 Transient vs Sustained-B 1.42 0.89 ns
Transient vs Sustained-C 1.09 0.96 ns

Table 22 — Figure 3.1C statistical analysis (AHP)

One-way ANOVA Tukey’s HSD Mean Diff  Prob Summary
DoF 3,43 Sustained-B vs Sustained-A 498 0.009 *k
F 11.55 Sustained-C vs Sustained-A -6.88 0.0005 *okok ok
p 0.00001 Sustained-C vs Sustained-B -1.90 0.46 ns
Statistical Significance KKk ok Transient vs Sustained-A _8.05 0.000006 F kK ko
Transient vs Sustained-B - *
Power 0.99 3.08 0.04
Transient vs Sustained-C -1.17 0.77 ns
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Table 23 — Figure 3.1B statistical analysis (Nav Gmax)

One-way ANOVA Tukey’s HSD Mean Diff  Prob Summary
DoF 3,46 Sustained-B vs Sustained-A -1.59 0.89 ns
F 0.50 Sustained-C vs Sustained-A 257 0.69 ns
p 0.68 Sustained-C vs Sustained-B -0.97 0.96 ns
Statistical Significance ns Transient vs Sustained-A -2.10 0.69 ns
Power 014 Transient vs Sustained-B -0.50 0.99 ns
Transient vs Sustained-C 0.47 0.99 ns
Table 24 — Figure 3.4 statistical analysis (4,9-ah-TTX effects on Vrest)
(n=5) (n=11)
Control -57.6+x3.1 -59.5+1.4
Drug -66.8+3.0 -63.8+2.7
Significance 0.03 0.16
(paired t-test)
Effect size 0.67 0.39
(Hedges’ g)
Power 0.68 0.27
Table 25 — Figure 3.5: Summary of 4,9-ah-TTX effects on AP waveform
peak (ms) (ms) (mV) (mV) threshold (mV) (mV/ms)
Control -58.7+1.6 4.09+0.3 29105 54+1.0 73.0+59 -42.3+23 102.0+£23.8
Drug -649+2.2 48+04 39+06 6.8+1.2 55.1+6.8 -43.3+3.2 64.4+21.1
Significance p=0.01 p=0.05 p=0.13 p=0.40 p=0.01 p=0.90 p=0.03
(paired t-test)
Effect size 0.56 0.42 0.18 0.10 0.49 0.05 0.41
(Hedges’ g)
Power 0.79 0.53 0.31 0.12 0.76 0.05 0.62
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Table 26 — Figure 3.5: Summary of ATX-II effects on AP waveform

N=7 Viest (MV) Time-to-peak  Spike Width AHP Vap Voltage Peak dVv/dt
(ms) (ms) (mV) (mV) threshold (mV) (mV/ms)

Control -59.2+0.9 3.8+0.3 1.2+0.1 48+0.8 92.7+5.9 -49.7+2.1 228.5+31.7

Drug -64.0+2.2 55+0.8 24106 41+15 92.8+6.3 -52.2+3.5 208.6+55.0

Significance p=0.07 p=0.07 p =0.09 p=0.58 p=0.97 p=0.60 p=0.41

(paired t-test)

Effect size 0.83 0.45 0.35 0.10 0.01 0.23 0.14

(Hedges’ g)

Power 0.45 0.45 0.41 0.07 0.05 0.07 0.11

Table 27 — Figure 4.4A statistical analysis: Nay1.6 and non-Nayv1.6 current densities during AP

Clamp
One-way ANOVA Tukey’s HSD Mean Diff Prob Summary
DoF 2,23 Control vs. Residual 0.14 0.02 *
F 6.32 Control vs. Blocked -0.02 0.94 ns
P 0.007 Residual vs. Blocked -0.16 0.01 ¥
Statistical Significance **
Power 0.85

Table 28 — Figure 4.4B statistical analysis: Nav1.6 and non-Nay1.6 current percent flow before

peak during AP Clamp

DoF
F

p

Statistical Significance

Power

2,23 Control vs. Residual 9.65 0.20 ns
3.90 Control vs. Blocked -5.34 0.59 ns
0.04 Residual vs. Blocked -14.99 0.03 E
*

0.64
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Table 29 — Figure 4.5: Interaction between Nay1.6 and non-Nav1.6 currents and firing patterns

TWO-WEIV ANOVA Current Firing Pattern Interaction

DoF 1 1 1

F 26.9 0.00003 0.41

p 0.0002 0.99 0.53

Statistical Significance =~ *** ns ns

Power 0.99 0.05 0.14

Tukey's HSD Mean Diff Prob Summary
Current Firing Pattern Current Firing Pattern

NaV.16 Transient NaV.16 Sustained —-0.08 0.96 ns
Resident Sustained NaVv.16 Sustained -0.76 0.01 *
Resident Sustained NaVv.16 Transient -0.68 0.01 *
Resident Transient NaVv.16 Sustained -0.68 0.01 *
Resident Transient NaV.16 Transient -0.59 0.01 *
Resident Transient Resident Sustained 0.08 0.97 ns
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