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Abstract

Temporal lobe epilepsy (TLE) is a common form of adult epilepsy involving the limbic structures
of the temporal lobe. Subiculum neurons act to provide a major output from the hippocampus and
consist of a large population of endogenously bursting excitatory neurons. In TLE, subiculum
neurons are largely spared, become hyperexcitable and show spontaneous epileptiform activity.
The basis for this hyperexcitability is unclear, but is likely to involve alterations in the expression
levels and function of various ion channels. In this study, we sought to determine the importance
of sodium channel currents in facilitating neuronal hyperexcitability of subiculum neurons in the
continuous hippocampal stimulation (CHS) rat model of TLE. Subiculum neurons from TLE rats
were hyperexcitable, firing a higher frequency of action potentials after somatic current injection
and action potential (AP) bursts after synaptic stimulation. Voltage clamp recordings revealed
increases in resurgent (Iyar) and persistent (Ingp) Sodium channel currents and pro-excitatory
shifts in sodium channel activation and inactivation parameters that would facilitate increases in
AP generation. Attenuation of Ingr and Ingp currents with 4,9-anhydro-tetrodotoxin (4,9-ah TTX;
100 nM), a toxin with increased potency against Na, 1.6 channels, suppressed neuronal firing
frequency and inhibited AP bursting induced by synaptic stimulation in TLE neurons. These
findings support an important role of sodium channels, particularly Na, 1.6, in facilitating
subiculum neuron hyperexcitability in TLE and provide further support for the importance of Iyar
and Ingp currents in establishing epileptiform activity of subiculum neurons.
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Introduction

Temporal lobe epilepsy (TLE) is a common type of adult epilepsy and is characterized by
the occurrence of spontaneous, recurrent seizures that originate from limbic structures of the
temporal lobe (Spencer and Spencer, 1994). Seizures associated with TLE can be difficult to
treat with up to 30% of patients being considered therapy resistant (Kwan and Sander,
2004). While the hippocampus proper and the entorhinal cortex have been extensively
examined in TLE (Buckmaster and Dudek, 1997; Hargus et al., 2013; Hargus et al., 2011;
Sanabria et al., 2001), the subiculum remains largely understudied in the disease. The
subiculum receives input from the CA1 and entorhinal cortex layer 1I/111. In turn, the
subiculum provides excitatory input to CA1, deep layers of the entorhinal cortex and other
subcortical and cortical regions (O’Mara et al., 2001; Shao and Dudek, 2005; Swanson and
Cowan, 1977; Witter and Groenewegen, 1990). In addition to propagating information out
the hippocampus proper, the subiculum can also prevent neuronal signaling from spreading
and acting as a gate, via GABA, receptor signaling, to control hippocampal and
parahippocampal interactions. This characteristic has even been shown to shunt epileptiform
activity, preventing it from spreading to the entorhinal cortex in /77 vitro models of TLE
(Benini and Avoli, 2005). A large population of subiculum neurons are endogenously
bursting (Staff et al., 2000). This bursting characteristic, along with the many reciprocating
inputs between the subiculum, the hippocampus proper and the entorhinal cortex have
implicated the subiculum in not only amplifying synaptic information received, but to also
provide loop circuits within the hippocampal/entorhinal cortex network, facilitating neuronal
synchronization (Harris and Stewart, 2001; Naber et al., 2001).

Several lines of evidence support a role for the subiculum in initiating seizure generation in
both human patients and animal models of TLE. Firstly, subiculum neurons are spared in
patients with TLE and may even increase in density (Alonso-Nanclares et al., 2011; Dawodu
and Thom, 2005; Fisher et al., 1998), unlike hippocampal neurons where significant
neuronal loss occurs (Bernasconi, 2003; Houser, 1990; Mathern et al., 1995). Recordings
from resected brain tissue obtained from patients with refractory TLE revealed synchronous
spontaneous inter-ictal like epileptiform bursts within the subiculum, but not the
hippocampus (Cohen et al., 2002; Wozny et al., 2005). Studies using animal models of TLE
support the human patient observations, demonstrating early preictal increases in action
potential (AP) firing of subiculum excitatory and inhibitory neurons (Fujita et al., 2014;
Toyoda et al., 2013). An increase in the number of bursting subiculum neurons along with
augmented post-burst after depolarizations has also been reported in TLE, (Wellmer et al.,
2002), although this may be region specific (Knopp et al., 2005). Increased sprouting from
surviving CA1 neurons onto subiculum neurons could lead to a further enhancement of
synchronized epileptiform activity (Cavazos et al., 2004; de Guzman et al., 2006).

In addition to alterations in synaptic connectivity, intrinsic alterations are also likely to occur
in TLE, driving neuronal network hyperexcitability. Alterations in voltage gated sodium
channel physiology have been implicated in facilitating and maintaining increases in
neuronal excitability in epilepsy (Agrawal et al., 2003; Aronica et al., 2001; Hargus et al.,
2013; Hargus et al., 2011; Ketelaars et al., 2001; Vreugdenhil et al., 2004; Whitaker et al.,
2001) and subiculum neurons isolated from patients with intractable TLE exhibit increased
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persistent sodium currents (Vreugdenhil et al., 2004). The sodium channel isoform, Na,1.6,
has received much attention in the development of neuronal hyperexcitability since it is
highly expressed along the axon initial segment (AIS) (Hu et al., 2009) where it plays a
significant role in the initiation of APs (Royeck et al., 2008) and also along nodes of
Ranvier, facilitating saltatory conduction (Boiko et al., 2001; Kaplan et al., 2001). Increases
in Na,1.6 activity have been implicated in facilitating neuronal hyperexcitability in
entorhinal cortex neurons (Hargus et al., 2013; Hargus et al., 2011) and is increased in
kindled animals (Blumenfeld et al., 2009). Moreover, reducing Na, 1.6 levels impairs the
initiation and development of kindled seizures (Blumenfeld et al., 2009), inhibits
spontaneous firing and chemically induced seizures, and reduces firing frequencies in
various neurons (Makinson et al., 2014; Raman and Bean, 1997; Royeck et al., 2008; Van
Wart and Matthews, 2006). Furthermore, gain-of-function mutations of Na,1.6 lead to pro-
excitatory alterations in channel function (Barker et al., 2016) and spontaneous seizures in
human patients and in a knock-in mouse model (Veeramah et al., 2012; Wagnon et al.,
2015).

The importance of sodium channels in facilitating increases in subiculum neuron excitability
in epilepsy has yet to be determined. In the current study we investigated if sodium channel
function was altered in subiculum neurons in TLE using the continuous hippocampal
stimulation (CHS) rat model. Additionally, we wanted to see if persistent (Inzp) and
resurgent (Ingr) sodium channel currents were increased in TLE. Ingp currents are slow
inactivating currents that arise in subthreshold voltage ranges and are capable of amplifying
a neuron’s response to synaptic input (Stafstrom, 2007). Ingr currents occur from channel
re-opening during the repolarization phase of the AP and both Ingr and Inap have been
shown to facilitate bursting APs and high frequency AP firing (Lewis and Raman, 2014;
Raman and Bean, 1997; Stafstrom, 2007; van Drongelen et al., 2006; Yue et al., 2005) Here
we show that bursting subiculum TLE neurons are hyperexcitable and display increased
persistent (Inap) and resurgent (Inar) sodium currents. Pro-excitatory alterations in sodium
channel activation and inactivation gating were also detected. Using a tetrodotoxin
metabolite, 4,9-anhydro-TTX to inhibit mainly Na,1.6 channels (Rosker et al., 2007), we
show that inhibition of Ingp and Inar currents leads to attenuation of subiculum neuronal
hyperexcitability and burst firing associated with TLE. We propose that increases in Inp and
Inar currents and pro-excitatory changes in sodium channel physiology, together with
synaptic network changes, contribute to the hyperexcitability of subiculum neurons in TLE,
which aid in seizure initiation and seizure spread throughout the temporal lobe.

Materials and Methods

Animals

All animal experiments were conducted in accordance with the guidelines established by the
National Institutes of Health guide for the Care and Use of Laboratory Animals and were
approved by the University of Virginia’s Institute of Animal Care and Use Committee. Adult
male Sprague—-Dawley rats (250-300 grams) received a bipolar twisted pair of stainless steel
electrodes to either hemisphere unilaterally in the posterior ventral hippocampus for
stimulation and recording (coordinates from bregma AP~-5.3 mm, ML~4.9 mm, DV~5.0
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mm, bite at ~—3.5 mm) (Paxinos and Watson, 2006). Electrodes were attached to Amphenol
connectors and secured to the skull with jeweler’s screws and dental acrylic. One week
following surgery, rats were stimulated through the hippocampal electrode to induce limbic
status epilepticus using a protocol previously described (Lothman et al., 1989). In brief,
animals were stimulated for 90 min with 10-s trains of 50 Hz, 1 ms biphasic square waves
with a maximum intensity of 400 pA peak to peak delivered every 11 s. Following the
induction of and recovery from limbic status epilepticus, rats were placed in standard
laboratory housing. Three months after the induction of status epilepticus, animals were
evaluated for the presence and frequency of spontaneous temporal lobe seizures (Bertram
and Cornett, 1994). During the monitoring phase, rats were placed in specially designed
cages, which allowed full mobility of the animals, good visualization for video monitoring,
and a stable recording environment. Animals had free access to food and water, as well as a
standard 12 h light-dark cycle. Seizures were recorded and documented using a commercial
computerized EEG program (Harmonie, Stellate Systems). All data were reviewed at an
offline reading station connected to the vivarium computers via a local area network. The
time of occurrence, behavioral severity (Racine 5 point scale) and duration for all seizures
were noted.

Seizure determination

Electrographic seizures in the rats were characterized by the paroxysmal onset of high
frequency (greater than 5 Hz) increased amplitude discharges that showed an evolutionary
pattern of a gradual slowing of the discharge frequency and subsequent post-ictal
suppression. Seizure duration was measured from the onset of the high frequency activity or
initial spike to the cessation of the terminal regular electrographic clonic activity.

Brain Slice Preparation and Action Potential Recordings

Horizontal brain slices (300 um) were prepared from adult male Sprague—Dawley rats (350—
450 grams). Rats were euthanized with isoflurane, decapitated, and brains rapidly removed
and placed in chilled (4°C) artificial cerebrospinal fluid (ACSF) containing (in mM): 125
NaCl, 2.5 KCl, 1.25 NaH,POy, 2 CaCl,, 1 MgCly, 0.5 L-Ascorbic acid, 10 glucose, 25
NaHCO3, and 2 Pyruvate (oxygenated with 95% O, and 5 % CO,, osmolarity adjusted to
310 mosM with sucrose). Slices were prepared using a Vibratome (Vibratome 1000 Plus),
transferred to a chamber containing oxygenated ACSF, incubated at 37°C for 45 minutes,
and then stored at room temperature. For recordings, slices were held in a small chamber
and superfused with heated (32°C) oxygenated ACSF. Subiculum bursting neurons were
found to be in high density in the distal pyramidal layer just adjacent to the presubiculum.
The subiculum pyramidal layer was identified by infra-red video microscopy (Hamamatsu,
Shizouka, Japan) using a Zeiss Axioscope microscope. Whole-cell voltage and current
clamp recordings were performed using an Axopatch 700B amplifier ()cCLAMP 10
software, Molecular Devices) and a Digidata 1322A (Molecular Devices). Electrodes were
fabricated from borosilicate glass using a Brown-Flaming puller (model P97, Sutter
Instruments Co) and had resistances of 3.5-4.0 MQ when filled with an intracellular
recording solution containing (in mM): 120 potassium-gluconate, 10 NaCl, 2 MgCl,, 0.5
K,EGTA, 10 HEPES, 4 Nay,ATP, 0.3 NaGTP (pH adjusted to 7.2 with KOH, osmolarity
adjusted to 300 mosM with sucrose). Currents were amplified, low-pass filtered (2 kHz), and

Neurobiol Dis. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barker et al.

Page 5

sampled at 33 kHz. APs were evoked with a series of current injection steps from —20 pA to
470 pA in 10 pA steps for 300 ms at 5 sec inter-pulse intervals. To standardize our tests the
resting membrane potential (RMP) was recorded and then maintained at —65 mV by
injection of DC current. Cell input resistance (IR) was calculated by dividing the steady-
state voltage response evoked by varying current injections (AV/Al) from —20 pA until the
current pulse just prior to that which evoked an AP. Data points were then fit with a linear
line to determine IR values. Threshold was determined as the voltage at which the slope of
the AP exceeded > 20 Vs~1. AP amplitudes were measured from threshold to the AP peak.
Width was the duration of the AP at the half way voltage between threshold and AP peak.
Upstroke velocity was determined from phase plots using the maximum of the first
derivative (dV/dt). In some experiments APs were evoked using a bipolar platinum iridium
stimulating electrode (WPI, Sarasota, FL, USA) placed in the pyramidal layer CA1
approximately 5 cm proximal to the subiculum-CA1 border. A 400 ps stimulus of varying
current amplitude (1 to 3.2 mA) was applied every 15 sec via a digital stimulator (Digitimer
Ltd, Hertfordshire, UK). In order to consistently evoke APs the stimulus amplitude was
increased 1.5 times from threshold.

Sodium Channel Electrophysiology

All sodium channel current recordings, except for persistent sodium currents (Iygp) and
resurgent sodium currents (Ingr), Were recorded using the outside-out recording
configuration of the patch clamp recording technique. Currents were amplified, low-pass
filtered (2 kHz), and sampled at 33 kHz. Glass pipettes had resistance of 1.8 — 2.5 mQ when
filled with the following electrode solution (in mM): 140 CsF, 2 MgCl,, 1 EGTA, 10
HEPES, 4 Na,ATP, and 0.3 NaGTP (pH adjusted to 7.3 with CsOH, osmolarity adjusted to
310 mosM with sucrose). Outside-out patches were superfused with solution containing the
following composition (in mM): 150 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,POy, 0.5
L-Ascorbic acid, 2 Pyruvate, 10 Glucose, 25 NaHCO3 (pH adjusted by bubbling CO5/O5,
osmolarity adjusted to 320 mosM with sucrose). All experiments were performed at 32 °C.
Capacitive and leak currents were subtracted using the P/N-4 protocol. The current-voltage
relationship was determined using a 100 ms voltage pulse from —80 to +5 mV in steps of 5
mV from a holding potential of —120 mV at 2 sec intervals. Conductance as a function of
voltage was derived from the current-voltage relationship and fitted by a Boltzmann function
as previously described (Hargus et al., 2011)

For steady-state inactivation, neurons were held at =120 mV and test potentials from —115
mV to —25 mV for 500 ms at 5 mV increments were applied. The second pulse to =10 mV
for 40 ms was used to assess channel availability. Currents during the second pulse were
normalized for each cell with the largest current as 1.0 and fit to the Boltzmann function.

Persistent sodium currents (Inap) Were determined in brain slice preparations using voltage
ramps from —100 mV to =10 mV at a rate of 65 mV/s. Inap Was recorded in bath solution
containing (in mM): 30 NaCl, 120 TEA-CI, 10 NaHCO3, 1.6 CaCl,, 2 MgCl,, 0.2 CdCl,,
and 5 4-AP, 15 Glucose (pH 7.4 when oxygenated with 95% O, and 5% CO,; temperature
32°C, osmolarity adjusted to 310 mosM with sucrose) and a pipette solution containing (in
mM): 140 CsF, 2 MgCl,, 1 EGTA, 10 HEPES, 4 Na,ATP, and 0.3 NaGTP (pH adjusted to
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7.3 with CsOH, osmolarity adjusted to 300 mosM with sucrose). Ramp voltage recordings
displayed an inward current that was referred to as Ingp. To determine the peak Ingp current,
voltage ramp protocols were repeated in the presence of tetrodotoxin (TTX; 1 uM). Traces
obtained in the presence of TTX were subtracted from those obtained in its absence. TTX
was reconstituted in ACSF.

Resurgent sodium currents (Inag) Were also recorded in brain slice preparation using a bath
solution containing (in mM): 100 NaCl, 26 NaHCO3, 19.5 TEA-CI, 3 KClI, 2 MgCly, 2
CaCly, 2 BaCl,, 0.1 CdCl,, 4 4-AP, and 10 glucose (pH 7.4 when oxygenated with 95% O,
and 5% CO»; osmolarity adjusted to 310 mosM with sucrose; temperature 32°C) using the
same pipette solution as that for recording Iyap. Neurons were held at —100 mV and
depolarized to +20 mV for 20 ms, followed by either a single repolarizing step to -30 mV
for 100 ms to determine the peak Inag, Or by using a series of repolarizing steps from —100
mV to —10 mV to determine the voltage dependence of Inr. Protocols were again repeated
in the presence of TTX (1 uM) to determine Iyar current amplitudes and gating.

Immunohistochemistry

TLE and aged matched WT rats (4 rats for each group, 350-450 grams) were euthanized
with isoflurane, decapitated, and brains rapidly removed and placed in chilled (4°C) ACSF.
Horizontal 500 pum thick sections were prepared using a Vibratome, and transferred to a
chamber containing oxygenated ACSF at 37°C and incubated for 35 minutes. Slices were
then embedded in OCT Compound in cryomolds and snap-frozen on dry ice-chilled
isopentane, and kept on dry ice. Cryostat sections (16 um) were prepared and thaw-mounted
onto Superfrost Plus slides (Fisher Scientific) and stored at —80 °C for no more than 3 days
prior to further processing. Slices were fixed in ice-cold acetone-ethanol mixture for 5 min,
air-dried, washed with KPBS and then placed for 60 min in KPBS blocking solution (5%
fish skin gelatin, 5% normal goat serum, 0.25% Triton X 100, and 0.65% w/v BSA),
followed by incubation in blocking solution containing the pair of primary antibodies for 48
h at 4 °C (rabbit anti-Na,1.6, 1:500, Alomone labs), and monoclonal mouse anti-Ankyrin G
(1:500, NeuroMab). The slides were then washed with KPBS, incubated in blocking solution
containing a pair of secondary antibodies (Alexa 488-conjugated goat anti-mouse 1gG and
Alexa 555-conjugated goat anti-rabbit 19G, both at 1:1000, Thermo Fisher Scientific). Slides
were washed in KPBS, incubated in Nuclear Blue (1 drop/ml, Invitrogen), washed, air-dried,
and cover slipped in Polymount (Polysciences Inc.).

Confocal images were captured of subiculum neurons using a Zeiss LSM 710 confocal
microscope (Zeiss, Oberkochen, Germany) with a 63x oil immersion objective and ZEN
Zeiss LSM Imaging software. The settings of the laser intensities and image capture were
initially optimized but then not changed during the scanning of the slides. Quantification and
analysis was performed using Image J software. For analysis of Na,1.6 expression, a line
scan representing the length of the AlS, as determined by Ankyrin G staining, was drawn,
and the mean relative optical density (R.O.D) determined. The mean R.O.D for Ankyrin G
was unaltered between WT and TLE preparations and allowed for standardization of the
immunolabeling as a ratio of Na, 1.6 to Ankyrin G staining for each AlS.
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Data Analysis

Results

Electrophysiology data analysis was performed using Clampfit software (v10, Molecular
Devices) and Matlab (Mathworks). Data represent means + standard error of the mean
(SEM). Statistical significance was determined using a Student’s t-test with Welch’s
Correction. (GraphPad Prism 6).

Subiculum bursting neurons are hyperexcitable in TLE

Subiculum bursting neurons were found to be in high density in the distal pyramidal layer
just adjacent to the presubiculum, and WT neurons were distinguished by their propensity to
produce a burst of APs at the onset of depolarization, followed by more tonic spiking

(Figure 1A; WT) (Mattia et al., 1993; Petersen et al., 2017; Staff et al., 2000; Stewart and
Wong, 1993; Taube, 1993). In contrast, subiculum neurons from TLE animals were
hyperexcitable, firing more than a single burst of APs at lower current injection steps
compared to WT (Figure 1A; TLE). Over a series of depolarizing current injection steps (50
pA to 470 pA) TLE neurons fired a significantly greater number of APs than WT (P<0.05,
Figure 1A-B). We measured the maximal negative repolarizing voltage between APs for
those evoked by a current injection step of 270 pA (Figure 1C). In TLE subiculum neurons
the maximal negative voltage attained after the completion of repolarization was
significantly depolarized compared with WT neurons (P<0.01 for APs 1, 3 and 4 and P<0.05
for APs 2 and 5; Figure 1C). These data indicate the presence of an increased sustained
depolarizing current in TLE neurons that would drive neurons to spiking thresholds,
accounting for the earlier AP initiation in TLE neurons. Analysis of AP properties revealed a
significantly hyperpolarized threshold, a significant increase in input resistance (IR) and AP
width in TLE neurons compared to WT. No significant differences were seen in resting
membrane potential (RMP), AP amplitude or AP upstroke velocity (Table 1).

Brief stimulation of the pyramidal layer of CA1 consistently evoked AP bursts in both
control and TLE subiculum neurons (Figure 1D & E). In TLE neurons, the average number
of APs evoked was 3.2 £ 0.1 (n=8). In contrast, WT neurons were less excitable and evoked
2.1+ 0.1 APs, (n=8; P<0.01). Synaptically evoked bursts in TLE neurons were also longer
lasting than those recorded in WT neurons (Figure 1D & F). To better quantify this increase
in burst duration, we measured the area under the curve (AUC) for AP trains evoked by
synaptic stimulation in both WT and TLE subiculum neurons. Compared to WT neurons,
TLE neurons showed a significant increase in AUC (P<0.01; Figure 1F) further suggesting
the presence of a greater depolarizing current in TLE neurons.

Pro-excitatory shifts in sodium channel activation and inactivation gating in subiculum
TLE neurons

To explore if pro-excitatory alterations in sodium channel physiology play a significant role
in increased subiculum hyperexcitability in TLE, sodium channel currents were recorded
using outside-out patches from visually identified subiculum pyramidal neurons in brain
slice preparations. Representative macroscopic sodium currents from WT and TLE
subiculum neurons are shown in Figure 2A. Sodium channel current densities from outside-
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out recordings were not significantly different between genotypes (Data not shown).
Analysis of current-voltage (I-V) curves revealed a significant 6.3 mV hyperpolarizing shift
in the V1, of activation in TLE neurons (n=14) compared to WT (n=19, P<0.05; Figure 2B
& C; Table 2). Slope factor (k) was also increased in TLE subiculum neurons compared with
WT (P<0.05, Figure 2D, Table 2). In addition to alterations in activation parameters,
inactivation parameters were also altered in TLE neurons with a 5.7 mV depolarizing shift in
the V12 (n=18) compared to WT neurons (n=12, P<0.05; Figure 2E & F, Table 2). Slope
factor (k) was not changed (Figure 2G, Table 2). Window currents were estimated from the
area under the overlapping normalized activation and inactivation curves. Predicted window
currents for TLE subiculum neurons were increased 2.6-fold and were persistent over a
greater voltage range than WT cells (Figure 2H).

Subiculum bursting TLE neurons have increased persistent (Iyap) and resurgent (Inar)

currents

Persistent sodium currents (Ingp) are thought to be a major contributor to the generation of
AP bursts and have been recorded from a portion of isolated subiculum neurons from TLE
patients (VVreugdenhil et al., 2004). Ingp currents were recorded using slow voltage ramps
using brain slice preparations. Ramp recordings displayed a robust inward current that was
abolished by application of 1uM TTX. The peak Inap Was calculated by subtracting traces
obtained in the presence of TTX from those obtained in the absence of the toxin. In TLE
subiculum neurons, we observed a significant increase in Ingp currents compared to WT
cells (Figure 3A-C). Ingp currents from WT subiculum neurons had a peak amplitude of
-160 + 35 pA (n=7). In contrast, peak Ingp currents from TLE neurons were increased 7.5
fold to —1206 + 104 pA (n= 6, P<0.01; Figure 3A-C). No significant differences were seen
in the voltage-dependence or time course of activation of Iygp (data not shown).

Resurgent sodium currents (Iyar) are depolarizing currents that play a significant role in
enhancing firing frequency or bursting activity (Raman and Bean, 1997). It is believed that
Inar Occurs from channel re-opening during the repolarization phase of the AP that arises
from the electrostatic repulsion of an open-channel blocker (Lewis and Raman, 2014; Patel
et al., 2016). Peak Iyar currents were elevated by 92% in TLE subiculum neurons (-1208

+ 122 pA, n= 6) compared with WT (=629 £ 62 pA, n=9, P<0.01; Figure 3D-F). Similar to
Inap, NO significant differences were seen in the voltage-dependence or time course of
activation of Iyar (data not shown).

The Nay1.6 isoform is considered to be one of the most significant contributors to both Inar
and Ingp (Hargus et al., 2013; Raman and Bean, 1997). The observed increase in both Inar
and Ingp in TLE subiculum bursting neurons could be accounted for by pro-excitatory
alteration in Na, 1.6 physiology function that could facilitate neuronal hyperexcitability. To
test this hypothesis, we used the TTX metabolite 4,9 anhydro-tetrodotoxin (4,9-ah-TTX),
which has a greater affinity for Na, 1.6 over other sodium channel isoforms, making the
toxin a valuable tool for studying Nay1.6 in neuronal physiology (Hargus et al., 2013;
Rosker et al., 2007). Previous studies have shown that at a concentration of 100 nM, 4,9-ah-
TTX inhibits approximately 50% of Na, 1.6 channels stably expressed in HEK 293 cells
without any effect on Nay1.2 channels (Hargus et al., 2013). We tested the effects of 100 nM
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4,9-ah-TTX on both Inar and Ingp currents. 4,9-ah-TTX (100 nM) significantly reduced
Inap iN TLE subiculum neurons by 64.5% (from —1206 + 104 pA, n=6 to —428 + 74 pA,
n=6, P<0.01; Figure 3B & C). In WT subiculum neurons, 4,9-ah-TTX (100 nM) caused a
small decrease in Ingp, by 37.5% (from 160 + 35 pA, n=7 to —100 + 25 pA, n=7, Figure 3A
& C). 4,9-ah-TTX had no effect on Iy,p activation parameters (data not shown).

In a similar manner to effects observed with Ingp currents, 4,9-ah-TTX (100 nM) also
reduced Ingag currents in TLE subiculum neurons by 48.5% (from —1208 + 122 pA, n=6 to
—622 + 103 pA, n=6, P<0.01; Figure 3E & F). Inar currents were also reduced in WT
neurons by 4,9-ah-TTX (100 nM; from —629 + 62.6 pA, n=9 to —344.5 + 34.4 pA, n=9,
P<0.05; Figure 3D & F). Once again, 4,9-ah-TTX had no effects on Inggr activation
parameters (data not shown).

Inhibition of Nay1.6 suppresses neuronal excitability

Both Inar and Ingp currents are important for controlling neuronal excitability and
reductions in Iyar and Ingp currents by 4,9-ah-TTX should modulate neuronal excitability.
To test this hypothesis we determined the effects of 4,9-ah-TTX (100 nM) on APs evoked by
both somatic current injection and by synaptic stimulation. 4,9-ah-TTX (100 nM)
significantly reduced AP frequency in both WT and TLE subiculum bursting neurons
(Figure 4A,C & E). At a current injection step of 470 pA, 4,9-ah-TTX (100 nM) decreased
AP frequency in TLE neurons by 49.1% (from 44.4 £ 1.0 Hz, n=12 to 22.6 + 1.0 Hz, n=6,
P< 0.05; Figure 4C & E). In WT subiculum neurons 4,9-ah-TTX (100 nM) decreased AP
frequency by 37.4% (from 36.6 + 1.3 Hz, n=16 to 22.9 +1.2 Hz, n=8, p< 0.05; Figure 4A &
E).

Morphology of the first AP elicited by a depolarizing current injection step was
characterized by phase plots of dV/dt vs voltage in WT and TLE neurons before and after
the administration of 4,9-ah-TTX (100 nM; Figure 4B & D; Table 1). In WT neurons, AP
thresholds were depolarized in the presence of 4,9-ah-TTX. In TLE subiculum neurons, 4,9-
ah-TTX (100 nM) also depolarized AP thresholds and reduced upstroke velocity.
Measurement of the maximal negative repolarizing voltage between APs at a current
injection of 270 pA revealed a decreasing trend in both WT and TLE neurons, most likely
the effect of inhibiting Inap and Ingag currents. In WT, 4,9-ah-TTX (100 nM) significantly
hyperpolarized inter AP voltages for the 24 AP (P<0.05; Figure 4F). For TLE neurons, 4,9-
ah-TTX (100 nM) significantly hyperpolarized inter AP voltages for the 15t AP (P<0.05;
Figure 4G).

We determined the role of Na, 1.6 on synaptically evoked APs (Figure 5). Application of
4,9-ah-TTX (100 nM) significantly reduced synaptically evoked firing in TLE subiculum
neurons from 3.2 £ 0.1 to 1.3 £ 0.2 APs in the presence of the toxin (n=8, P<0.01; Figure 5C
& E). In WT subiculum neurons, synaptically evoked APs were also reduced by 4,9-ah-TTX
(100 nM), reducing firing from 2.1 £ 0.1 to 1.5 + 0.3 APs after application of the toxin (n=7;
Figure 5A & E). However, the reduction in spiking did not reach significance (P<0.06). In
addition to decreasing AP number, 4,9-ah-TTX (100 nM) significantly reduced the area
under the curve (AUC) for TLE subiculum neurons, but not for WT cells (Figure 5F).
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Na, 1.6 staining levels are not increased in TLE subiculum neurons

Increased staining for Na, 1.6 has been observed in TLE mEC neurons, suggesting an
increase in Nay1.6 expression levels (Hargus et al., 2013). To determine if Na,1.6 staining
was increased in subiculum neurons immunofluorescence experiments were performed.
Robust Na, 1.6 staining was observed at the AIS and was co-localized with Ankyrin G (Ank
G) staining, a marker for the AIS (Figure 6). Surprisingly, we saw no differences in the
staining pattern for Na, 1.6 between WT and TLE subiculum neurons along the AlS.

Discussion

In this study, we investigated the importance of sodium channels in facilitating subiculum
neuron hyperexcitability in TLE, the hallmark of seizures. The principal findings of this
study are that subiculum neurons from TLE rats are 1) hyperexcitable, firing bursts of APs
2) exhibit pro-excitatory shifts in sodium channel activation and inactivation gating
parameters, leading to an increase in the estimated sodium channel window current, 3) have
increased resurgent (Inar) and persistent (Ingp) sodium currents, two currents known to
facilitate AP bursts, 4) pharmacological reduction of Na,1.6 reduces both Iyar and Inap
sodium channel currents and attenuates neuronal firing frequency and AP bursts after
synaptic stimulation. These findings provide new knowledge regarding the importance of
sodium channels, particularly Na,1.6, as a mechanism, in part, for the increases in neuronal
excitability observed in epileptic subiculum bursting neurons.

The dramatic increases in Iyar and Iyap currents were a striking feature of epileptic
subiculum neurons. Ingp currents are non-inactivating currents that play a significant role in
establishing repetitive neuronal discharge behavior (Stafstrom, 2007; van Drongelen et al.,
2006; Yue et al., 2005). In naive animals, CA1 Iygp currents generate the somatic AP after
depolarization potential (ADP), which is critical for controlling the firing mode of a neuron
intrinsically (Yue et al., 2005). Non-inactivating currents recorded after the rapid transient
sodium current and labeled as Iygp currents, have been recorded from subiculum neurons in
patients with intractable TLE (Vreugdenhil et al., 2004). Increases in lyap currents would
significantly impact AP frequencies, providing a persistent depolarizing current on which
APs would be initiated. In addition, greater Iy,p currents would contribute to lower firing
thresholds and increased AP widths reported in TLE neurons, all of which were modulated
by 4,9-ah-TTX. Although input resistances was also increased in TLE neurons, contributing
to increased excitability, it is unlikely that increases in Ingp currents played a major role
since the addition of 4,9-ah-TTX caused a small, but non-significant reduction in R; (Crill,
1996), suggesting involvement of additional ion channels.

Resurgent sodium currents (Iyar) are depolarizing currents thought to play a significant role
in enhancing firing frequency or bursting activity (Raman and Bean, 1997). It is believed
that Iyar occurs from channel re-opening during the repolarization phase of the AP that
arises from the electrostatic repulsion of an open-channel blocker (Lewis and Raman, 2014;
Patel et al., 2016). Our studies revealed large increases in Iy, currents in TLE neurons,
which in combination with increased Ingp currents, would facilitate AP bursting in epilepsy.
Increases in these two current types may provide a common mechanism by which a
sustained and continuous depolarization could be achieved, leading to AP initiation.
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Reducing Ingp and Inagr currents with 4,9-ah-TTX suppressed neuronal excitability and
hyperpolarized the inter AP repolarizing voltage potentials. Since 4,9-ah-TTX at a
concentration of 100 nM inhibits approximately 50% of Na,1.6 channels (Hargus et al.,
2013), these findings suggest a role for Nay 1.6, and particularly Ingp and Ingr currents in
generating AP bursts (Rush et al., 2005). Inar and Inap currents were also increased in
medial entorhinal cortex neurons of TLE rats and likely accounted for the increased AP
frequency and neuronal hyperexcitability observed in that study (Hargus et al., 2013).
Furthermore, increases in Iyagr currents are also an important feature for missense gain-of-
function mutations of Na, 1.6, known to be responsible for epileptic encephalopathy in
patients (Patel et al., 2016), speculating a causative role for this unique current in epilepsy.

The Na,1.6 isoform is believed to be the main contributor of Iyzr and Iygp (Rush et al.,
2005) and CA1 pyramidal neurons from Scn8a™ed mice show significant reductions in Inar
and Ingp currents (Royeck et al., 2008). In agreement with those studies, inhibiting both Iygp
and Ingr currents with 4,9-ah-TTX suppressed neuronal firing frequency and AP bursting in
subiculum neurons. 4,9-ah-TTX is a TTX metabolite and has been reported to exhibit a
<200 fold greater selectivity against Na, 1.6 over other TTX-sensitive isoforms when tested
on sodium channels expressed in Xenopus oocytes (Rosker et al., 2007). However, in
mammalian expression systems 4,9-ah-TTX is less selective for Na, 1.6 (Hargus et al.,
2013). Using a concentration of 4,9-ah-TTX that is likely to inhibit approximately 50% of
Nay1.6 channels (100 nM) we found that 4,9-ah-TTX suppressed neuronal excitability to a
greater degree in TLE subiculum neurons than WT neurons. The reductions in firing rates in
TLE neurons were accompanied by significant depolarization of the resting membrane
potential and AP threshold, an increase in AP width, and a decrease in AP upstroke velocity.

Our studies revealed pro-excitatory alterations in TLE subiculum neuron sodium channel
physiology. Hyperpolarizing shifts in activation gating were coupled with depolarizing shifts
in inactivation gating extending the voltage range where channels would be available for
activation and have a finite probability of opening. The current established over this range is
commonly referred to as the window current and an enhancement in this range, or
“window,” would increase the probability of channel opening, resulting in a reduction in AP
thresholds, facilitating AP firing and potentially initiating seizure generation and spread.
Increases in window currents have been associated with increased persistent sodium current
activity and epileptogenesis in animal models of TLE (Ellerkmann et al., 2003; Ketelaars et
al., 2001). In agreement, the voltage range of Ingp currents reported in this study is
consistent with the voltage range for the estimated window current.

A surprising finding was a lack of difference in Na, 1.6 staining intensity along the AIS
between WT and TLE subiculum neurons. Previous studies in mEC neurons detected
increases in Na, 1.6 staining, initiating as early as 7 days post-status epilepticus and
continuing after 3 months, a time point where animals are in the chronic stage of epilepsy
(Hargus et al., 2013; Hargus et al., 2011). These differences between studies suggest
heterogeneity between neurons in TLE. It is possible that post translational modifications of
Na,1.6 in subiculum TLE neurons accounts for the increases in Iyar and Inap currents and
also alterations in activation and inactivation gating parameters. Downregulated
phosphorylation coupled with increased methylation resulted in a 3-fold increase in Na, 1.2
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channel current in a kainic acid model of TLE (Baek et al., 2014). Sodium channels are
modulated by auxiliary subunits g subunits that notonly modulate surface expression, but
also channel gating (Patino and Isom, 2010). The B4 subunit specifically plays a significant
role in the generation of Ingg current (Grieco et al., 2005). Modifications in 4 subunit
expression or activity could occur in TLE, affecting Inar current physiology.

The subiculum receives dual afferent inputs from the CA1 pyramidal neurons as well as
projections from neurons in the entorhinal cortex layers I1/111 (Stafstrom, 2005; M. P. Witter
et al., 2000; M.P. Witter et al., 2000b). Conversely, the subiculum projects to a wide array of
cortical and subcortical structures including recurrent projections back into the trisynaptic
circuit via synapses with the entorhinal cortex (O’Mara et al., 2001; Shao and Dudek, 2005;
Swanson and Cowan, 1977; Tang et al., 2016; Witter and Groenewegen, 1990). With its role
as the output of the hippocampus and the presence of a large population of endogenously
bursting neurons, the subiculum is perfectly predisposed to play a significant role in
initiating and propagating epileptiform activity in TLE hippocampal circuitry (Harris and
Stewart, 2001; Staff et al., 2000). In a study examining seizure initiation in a rat pilocarpine
model of TLE, the subiculum was commonly the site of seizure initiation, and the site where
ictal activity dissipated (Toyoda et al., 2013). Epileptiform activity originating in the
subiculum can propagate to the CA1, driving hyperexcitability in hippocampal circuitry
(Harris and Stewart, 2001). In human TLE patients, spontaneous rhythmic APs and
epileptiform field potentials often originated in the subiculum before propagating into the
hippocampus proper. This epileptiform activity persisted even when the subiculum was
isolated, further supporting an intrinsic capability of the structure (Cohen et al., 2002).

Conclusion

In human patients and animal models of TLE, subiculum neurons are spared and become
hyper-excitable leading to increased excitability within key hippocampal circuitry. As the
output of the hippocampus, a hyperexcitable subiculum has the potential to both initiate and
propagate epileptiform activity out of the temporal lobe leading to generalized ictal activity.
Our findings support a role for sodium channels in facilitating subiculum neuronal
hyperexcitability in TLE. We show that pro-excitatory shifts in sodium channel activation
and inactivation parameters, as well as increases in Iyar and Ingp currents are prevalent in
epileptic subiculum neurons. We suggest an important role for Na,1.6 in facilitating these
pro-excitatory alterations. Future intervention strategies that selectively target the Na, 1.6
isoform may be advantageous over current anticonvulsant therapies for seizure suppression.
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Highlights

. In a rat model of temporal lobe epilepsy (TLE), subiculum neurons are
hyperexcitable.

. TLE subiculum neurons show pro-excitatory alterations in sodium channel
physiology.

. Increased resurgent and persistent sodium currents are seen in the subiculum
in TLE.

. Inhibiting Na,1.6 attenuates neuronal hyperxcitability in the subiculum in
TLE.
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Figure 1. Subiculum neurons are hyperexcitable in TLE
(A) Representative traces of APs elicited by 300 ms current injection steps of increasing

amplitude from a holding potential of —65 mV. (B) AP frequency versus injected current plot
shows higher neuronal firing frequency in TLE (n=12) neurons compared to control (n=16).
(C) Plot of maximal hyperpolarizing voltages reached between APs evoked by a 270 pA
depolarizing current injection step. (D) Brief stimulation of the CA1 pyramidal layer elicited
synaptically evoked AP bursts in WT (n=8) and TLE neurons (n=8). Right; superimposed
traces of WT, black and TLE, red synaptically evoked responses shows increased response
duration and spiking in TLE subiculum neurons compared with WT. (E) Scatter plot
showing AP spiking frequency in response to synaptic stimulation. (F) Scatter plot showing
area under the curve (AUC) for synaptically evoked APs. Data represent mean + S.E.M.
Statistical significance: *P<0.05; **P<0.01 Student’s T-Test with Welch’s correction.
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Figure 2. TLE subiculum neurons exhibit pro-excitatory alterations in sodium channel
physiology
(A) Representative current traces recorded using the outside-out patch clamp configuration

for WT and TLE subiculum neurons. (B) Voltage dependence of channel activation for WT
(black, n=19) and TLE (red, n=14) subiculum neurons. Lines correspond to the least-squares
fit when average data were fit to a single Boltzmann equation. (C) Scatter plot of voltage at
half-maximal activation (V1) for WT and TLE subiculum neurons. (D) Scatter plot of the
slope factor (k) of activation in WT and TLE subiculum neurons. (E) Voltage dependence of
channel inactivation for WT (black, n=12) and TLE (red, n=18) subiculum neurons. Lines
correspond to the least-squares fit when average data were fit to a single Boltzmann
equation. (F) Scatter plot of voltage at half-maximal inactivation (V1) for WT and TLE
subiculum neurons. (G) Scatter plot of the slope factor (k) of inactivation. (H) Window
current predicted by overlapping normalized activation and inactivation curves. Estimated
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window current is elevated in TLE subiculum neurons (red checkered area) compared to WT
(black checkered area). Data represent mean + S.E.M. Statistical significance: *P<0.05
Student’s T-Test with Welch’s correction.

Neurobiol Dis. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Barker et al.

WT TLE

—_

-10mV 400 pA
65 mV/s 50 ms

-100 mV

Inap Peak Current (pA)
]
BHH

Inar Peak Current (pA)

+20 mV/ 20 ms

-30 mV
100 ms
-100 mV-

Figure 3. TLE subiculum neurons show increased persistent (Inap) and resurgent (Ingr) sodium
currents that are attenuated by 4,9-anhydro-tetrodotoxin

Ingp currents were elicited by applying a voltage ramp at a rate of 65 mV/s (inset of A).
Recordings were repeated in the presence of TTX (1 uM). Traces shown are those obtained
after subtracting traces recorded in the presence of TTX. (A) Inap currents in WT subiculum
neurons are reduced by 4,9-ah-TTX (100 nM: WT, black; WT + 4,9-ah-TTX, blue). (B) Inap
currents in TLE subiculum neurons are increased compared with WT and significantly
attenuated by 4,9-ah-TTX (100 nM: TLE, red; TLE + 4,9-ah-TTX, green). (C) Scatter plot
of Ingp peak amplitudes pre and post application of 4,9-ah-TTX in WT and TLE subiculum
neurons (WT, black, n=7; TLE, red, n=6; WT + 4,9-ah-TTX, blue, n=7; TLE + 4,9-ah-TTX,
green, n=6). Iar currents recorded from subiculum neurons using the voltage protocols
shown. Traces shown were obtained after subtraction of recordings obtained in the presence
of TTX (1 uM). (D) Ingr currents in WT neurons were reduced by 4,9-ah-TTX (100 nM:
WT, black; WT + 4,9-ah-TTX, blue). (E) Inar currents in TLE neurons were larger than
those recorded in WT neurons and significantly attenuated by 4,9-ah-TTX (100 nM: TLE,
red, TLE + 4,9-ah-TTX (100 nM), green). (F) Scatter plot of In,r peak amplitudes before
and after bath application of 4,9-ah-TTX (100 nM) for WT (WT, black, n=9; WT + 4,9-ah-
TTX (100 nM), blue, n=9) and TLE neurons (TLE, red, n=6; TLE + 4,9-ah-TTX (100 nM),
green, n=6). Data represent mean + S.E.M. Statistical significance: *p<0.05; **p<0.01
Student’s T-Test with Welch’s correction.
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Figure 4. Inhibition of Na,1.6 currents by 4,9-ah-TTX decreases neuronal excitability in
subiculum bursting neurons

(A) Representative traces of APs elicited by 300 ms current injection steps of increasing
current amplitude in WT (A) (WT, black, WT + 4,9-ah-TTX (100 nM), blue) (B)
Representative phase plot analysis of the first elicited AP in WT neurons before and after the
application of 4,9-ah-TTX (WT, black; WT + 4,9-ah-TTX (100 nM), blue) (C)
Representative traces of APs elicited by 300 ms current injection steps of increasing current
amplitude in TLE neurons (TLE, red; TLE + 4,9-ah-TTX (100 nM), green) (D)
Representative phase plot analysis of the first elicited AP in TLE neurons before and after
the application of 4,9-ah-TTX (TLE, red; TLE + 4,9 ah-TTX (100 nM), green). (E) Effects
of 4,9-ah-TTX (100 nM) on AP frequency for WT and TLE subiculum neurons (WT, black,
n=16; WT + 4,9-ah-TTX, blue, n=7; TLE, red, n=12; TLE + 4,9-ah-TTX, green, n=6).
Effects of 4,9-ah-TTX (100 nM) on maximal hyperpolarizing voltages between the first 3
APs evoked by a 270 pA current injection in WT (F) and TLE subiculum neurons (G). Data
represent mean = S.E.M. Statistical significance: *P<0.05 Student’s T-Test with Welch’s
correction.
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Figure 5. Inhibition of Nay,1.6 currents by 4,9-ah-TTX attenuates synaptically evoked burst
firing in TLE subiculum neurons

(A) Application of 4,9-ah-TTX (100 nM) reduces synaptically evoked AP bursts in WT and
(C) TLE subiculum neurons. Superimposed traces for WT (B) and TLE (D) subiculum
neurons illustrate effects of 4,9 ah-TTX (100 nM) on evoked responses. (E) Scatter plot
showing AP frequency in response to synaptic stimulation before and after application of
4,9-ah-TTX (100 nM: WT, black, n=8; WT + 4,9-ah-TTX, blue, n=8; TLE, red, n=8; TLE
+ 4,9-ah-TTX; green, n=8). (F) Scatter plot showing area under the curve (AUC) for
synaptically evoked APs. Data represent mean + S.E.M. Statistical significance: **P<0.01
Student’s T-Test with Welch’s correction.
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Figure 6. Nay1.6 AlS staining is not increased in TLE subiculum neurons compared to WT
Na, 1.6 staining along the AIS of WT (A;) and TLE (B;) subiculum neurons (Ank G, green;

Na,1.6, red; Merge; yellow). Graphs showing the localization and relative optical density
(R.O.D) of Ank G and Na,/1.6 staining along the length of the AIS for WT (A;;) and TLE
(Bii) subiculum neurons (WT, n=191 AIS from 4 animals; TLE, n=140 AIS from 4 animals).
Scale bars represent 5 um. Data represent mean + S.E.M.
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