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Editorial on the Research Topic
Channel Modulation in Neurodegeneration and Neuroprotection

Ion channels are critically important for the normal function of the brain and excitable tissues.
The Research Topic “Channel Modulation in Neurodegeneration and Neuroprotection” focused
on the role of ion channel function or dysfunction in neurological and neurodegenerative
conditions. Convergent efforts to establish a link between clinical neurology, genetics, loss of
function of important proteins and channelopathies in neurological disorders have become an
intense area of research interest. Several ion channels have been implicated as important players
in these diseases. This research topic therefore includes ten key research articles and two up-to-
date review papers in the field of ion channels, their structural features and their proposed modes
of action, through the analyses of their structural characteristics, structure-function relationship,
therapeutic modulation and neuropharmacology.

In this collection, several authors focused on exploring and further elaborating on glutamate
receptor channels and their role in the development and treatment of neurological disorders.
Gale et al. investigated whether glutaminergic N-methyl-D-aspartate (NMDA) receptor channel
antagonists, other than memantine, are able to treat patients with GRIN mutations on the
GluN2A subunit of the NMDA receptor by attenuating neurotoxicity associated with GluN2A-
P552R expression. The authors found that treatment with ketamine does not effectively block
GluN2A-P552R-mediated dendrotoxicity, despite the fact that both memantine and ketamine
act as open NMDA receptor channel blockers binding at the phencyclidine binding site. These
findings suggest that GluN2A-P552R induced dendrotoxicity is mediated through two distinct
mechanisms that are yet to be elucidated. The group of Sebih et al. synthesised the glutathione
(GSH) metabolite gamma-L-glutamyl-L-glutamate (y-Glu-Glu) and explored its effects on
activation of NMDA receptors. They observed that y-Glu-Glu partially activated NMDA
receptors and exhibited better efficacy for NMDA receptors containing the GluN2B subunit.
y-Glu-Glu was also found to potentiate glutamate responses on NMDA receptors. Further
experiments revealed that extracellular y-Glu-Glu concentration was directly linked to GSH
metabolism, suggesting that y-Glu-Glu could exert excitatory effects when GSH production is
enhanced, leading to the overactivation of neuronal NMDA receptors. The research article by
Dron et al. described the effect of different anticonvulsants on native glutaminergic calcium-
permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) receptors
(CP-AMPARSs) and calcium-impermeable AMPA receptors (CI-AMPARs) using a whole cell
patch-clamp method. Amongst the ten anticonvulsants evaluated, phenytoin was the only one
with significant ability to reversibly inhibit CP-AMPARs and Cl-AMPARs. The authors have
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shown, for the first time, that AMPA receptor inhibition by
phenytoin may contribute to its anticonvulsant ability, as well
as to its side effect profile.

Dysregulation of Ca®* and Na' homeostasis has been
described as being central in the etiology of neurodegenerative
and neurological diseases. Much however remains unknown in
the pathogenesis of these disorders and the role of ion exchangers,
ion channels and ion release in the mechanism. In an paper by
Piccialli et al. the authors demonstrate enhanced reverse-mode
Na*-Ca®" exchanger (NCX3) activity, dependent on interaction
with the voltage gated sodium channel, Navl.6, in primary
hippocampal neurons of the Tg2576 mouse model for
Alzheimer’s disease. Even though it is not entirely clear
whether this is the result of a mutation associated with the
Tg2576 mouse or a compensatory mechanism, the authors
propose that the upregulation of NCX3
neuroprotective effect in amyloid beta (AP) induced calcium
dyshomeostasis by enhancing the endoplasmic reticulum (ER)
Ca”" content and thus preventing ER-stress. Katnik and Cuevas,
investigated whether inhibition of the sodium-potassium-
chloride cotransporter-1 (NKCC1) by its antagonists,
bumetanide and ethacrynic acid, would affect Na* and Ca®*
overload following in vitro ischemia-acidosis. They concluded
that it is the inhibition of voltage-gated Ca** and Na* channels by
these loop diuretics, and not the inhibition of NKCCI, that results
in the reduction of [Ca**]i overload in neurons during ischemia-
acidosis. A review paper by Li et al. describes the post-
translational modification of the Cavl.2 channel and its
functions in neurodegenerative diseases. The authors expand
on the potential of dihydropyridine Cavl.2 inhibitors that
have recently been repurposed for the treatment of
Parkinson’s- and Alzheimer’s disease.

Sodium and potassium channels are of significant interest in
conditions such as neuropathic pain, neuroinflammation,
migraine and epilepsy. Wang et al. report that the flavonoid
Gastrodin, the bioactive ingredient of Gastrodia, a Chinese
Herbal medicine used as an analgesic, effectively treats
vincristine induced thermal and mechanical hyperalgesia in
rats. These effects seem to be mediated by inhibition and/or
suppression of expression of Navl.7- and Navl.8 channels in
dorsal root ganglion neurons. Further in silico modeling showed
possible direct binding of Gastrodin to the Nav1l.7- and Nav1.8
channel in active sites previously associated with its inhibition. In
the manuscript by Yao et al, the authors performed a genetic
screen of 26 patients who suffer from febrile seizures through de
novo sequencing and identified a novel missense mutation of the
high-conductance calcium- and voltage-dependent K" (BK)
potassium channel gene KCNMA1 (E155Q).
Electrophysiological characterization of different KCNMAL1
mutants in HEK293T cells, the previously-reported R458T and
E884K variants, and the newly-found E155Q variant, revealed
characteristics of loss-of-function. Transcriptomic analysis on the
hippocampus and cortex of BK knock-out and wild-type mice
showed differentially expressed genes distributed in
neuroinflammation, astrocyte activation, and epilepsy-related

exerts a
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signal pathways. Eren-Kocak and Dalkara wrote a review on
the possible contribution of ion channels to excitation-inhibition
imbalance and neuroinflammation as a common mechanism for
ion channel dysfunctions in migraine and depression. Finally, in
an interesting opinion piece by Gascoigne et al. the authors are of
the opinion that If chloride channels and/or GABAA receptors
become dysfunctional, a lack of inhibitory control over neuronal
activation is accompanied by a weakened hemodynamic
response. Furthermore, they imply that such dysfunction is an
important molecular hallmark of neurodegenerative and
neurological disorders.

Two papers, published by Pesti et al. and Lukacs et al. describe
unique approaches to identify the biophysical properties and
detailed mechanism of action of voltage-gated sodium channel
(VGSC) blockers using automated high-throughput screening
compatible microfluidics-based patch clamp methods. The group
showed that with their methods, they are able to distinguish state-
dependent association, dissociation kinetics and identify
concentration independent effects of VGSC blockers on time
scales ranging from milliseconds to seconds. These two examples
of automated patch clamp analysis may assist in the assessment of
potential therapeutic agents for sodium channel induced
hyperexcitability-related neurological disorders.

In summary, this Research Topic contributes to an “in-depth”
knowledge of ion channels, their dysregulation and their effects in
neurological conditions, opening the way to new attractive
research in neuropharmacology, in parallel with the
identification of new candidate drugs. We believe that this
collection of articles will inspire many researchers and
clinicians worldwide to continue working in or enter the field
of ion channel research associated with neurological disorders.
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Characterization of
Compound-Specific,
Concentration-Independent
Biophysical Properties of Sodium
Channel Inhibitor Mechanism of
Action Using Automated Patch-Clamp
Electrophysiology

Krisztina Pesti"?", Métyas C. Féldi>'", Katalin Zboray®, Adam V. Toth®, Peter Lukacs*™ and
Arpad Mike®"*#

"Department of Biochemistry, ELTE Eétvés Lorand University, Budapest, Hungary, School of Ph.D. Studies, Semmelweis
University, Budapest, Hungary, SPlant Protection Institute, Centre for Agricultural Research, Martonvasar, Hungary

We have developed an automated patch-clamp protocol that allows high information
content screening of sodium channel inhibitor compounds. We have observed that
individual compounds had their specific signature patterns of inhibition, which were
manifested irrespective of the concentration. Our aim in this study was to quantify
these properties. Primary biophysical data, such as onset rate, the shift of the half
inactivation voltage, or the delay of recovery from inactivation, are concentration-
dependent. We wanted to derive compound-specific properties, therefore, we had to
neutralize the effect of concentration. This study describes how this is done, and shows
how compound-specific properties reflect the mechanism of action, including binding
dynamics, cooperativity, and interaction with the membrane phase. We illustrate the
method using four well-known sodium channel inhibitor compounds, riluzole, lidocaine,
benzocaine, and bupivacaine. Compound-specific biophysical properties may also serve
as a basis for deriving parameters for kinetic modeling of drug action. We discuss how
knowledge about the mechanism of action may help to predict the frequency-dependence
of individual compounds, as well as their potential persistent current component selectivity.
The analysis method described in this study, together with the experimental protocol
described in the accompanying paper, allows screening for inhibitor compounds with
specific kinetic properties, or with specific mechanisms of inhibition.

Keywords: automated patch-clamp, sodium channel inhibitor, binding kinetics, riluzole, lidocaine, benzocaine,
bupivacaine

Abbreviations: EIP, effective inhibitor potency; RFI, “recovery from inactivation” protocol; SDO, “state-dependent onset”
protocol; SSI, “steady-state inactivation” protocol; TTX, tetrodotoxin.
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INTRODUCTION

In silico prediction of drug effects can save a tremendous amount
of time and resources, and can accelerate drug discovery. To
predict the therapeutic action of sodium channel inhibitors, an
elementary knowledge about the mechanism of action is essential.
These drugs show state-dependent accessibility and affinity to
binding sites and can have radically different binding/unbinding
kinetics. These properties determine their effect, as they
dynamically bind and unbind depending on the activity
pattern of individual cells.

In silico prediction is especially useful for multi-target drugs,
where targets are not independent of each other but interact in a
complex way. Voltage-gated ion channels both affect and are
affected by the membrane potential. Similarly, they both affect
and are affected by intracellular ion concentrations. This creates
an intricate network of interactions, the outcome of which is
difficult to predict without modeling. Ion channels also happen to
be the most promiscuous drug targets, therefore multi-target
effects among therapeutic drugs are much rather the rule, than
the exception (Martin et al., 2004; Kramer et al., 2013; Crumb
etal., 2016; Kramer et al., 2020). Predicting the effect of a specific
drug - either to achieve therapeutic effects or to avoid adverse
effects - in most cases requires considering its interaction with
several ion channel and other targets, together with the complex
network of interactions between the targets themselves. The best-
studied example for this is the torsadogenic effect of certain
compounds in the human heart, where in silico modeling of
multi-target effects is now a generally accepted directive (Sager
et al.,, 2014). This initially has been done by determining the ICs,
value of a specific drug to all relevant ion channel targets, from
which the inhibited fraction of specific ion channels can be
determined at  specific drug concentrations. These
conductances then were reduced according to the inhibited
fraction in the simulations. However, as it has been first
shown by Di Veroli et al. (2013), Di Veroli et al. (2014), the
predicted effect can be seriously underestimated if one does not
consider the mechanism of action; most importantly the
dynamics of perpetual state-dependent binding/unbinding.
Indeed, simulated compounds at their ICsy concentration
could have widely different effects on the action potential
duration depending on their state preference and binding
kinetics (Lee et al., 2017). Some of the more recent, improved
models, therefore, include Markov models of hERG channels,
where state-dependence and binding/unbinding dynamics is also
simulated (Dutta et al., 2017; Lee et al., 2017; Li et al., 2017). The
same approach should be applied for modeling drug effects on
sodium channels, not only in the context of cardiac safety
pharmacology, but in predicting therapeutic efficacy for all
hyperexcitability-related conditions including neuromuscular
disorders, pain syndromes, epilepsies, and cardiac arrhythmias.
A dependable model should include several processes, such as
aqueous phase — membrane phase partitioning, state-dependent
access [as described by the guarded receptor hypothesis (Starmer
et al., 1984)], and state-dependent affinity, which is inevitably
linked with allosteric modulation of channel gating [as described
by the modulated receptor hypothesis (Hille, 1977)]. The

Concentration-Independent NaV Inhibitor Properties

mechanism of inhibition for most sodium channel inhibitor
drugs is not known in sufficient detail to allow the
construction of adequate models, and a comprehensive
analysis of mechanisms for a reasonable number of sodium
channel inhibitors is still lacking. In the accompanying study,
we aimed to develop a protocol by which an initial assessment of
these processes can be completed with reasonably high
throughput. In this study, our aim was to characterize the
mechanism of action of individual drugs, not a specific
concentration of a specific drug. For example, one may
observe that the onset of effect for compound “A” is faster
than for compound “B,” or that compound “B” delays
recovery more effectively than compound “A.” Does this tell
anything about their specific mechanisms of action? Not
necessarily. It is possible that if we increase the concentration
of compound “B", the onset will be just as fast as that of
compound “A.” It is also possible that if we increase the
concentration of compound “A,” it will delay recovery just as
effectively as compound “B.” We aimed to find compound-
specific  (and  concentration-independent)  properties of
inhibition, and it turned out that each compound did have
such properties, not only resting and inactivated state affinities
(Kg and Kj), but more importantly the kinetics of approaching Ky
upon hyperpolarization, and approaching K; upon depolarization
were also such compound-specific properties.

MATERIALS AND METHODS

Cell Culture and Automated Patch-Clamp
Electrophysiology

Cell culture and electrophysiology were done as described in the
accompanying paper (Lukacs et al, 2021). The recombinant
rNaV1.4 channel-expressing cell line was generated as
described before (Lukacs et al., 2018). Transfected HEK 293
cells were maintained in Dulbecco’s Modified Eagle Medium,
high glucose supplemented with 10% v/v fetal bovine serum,
100 U/ml of penicillin/streptomycin, and 0.4 mg/ml Geneticin
(Life Technologies, Carlsbad, CA). For experiments, cells were
dissociated from culture dishes with Accutase (Corning), shaken
in serum-free medium for 60 min at room temperature, then
centrifuged, and resuspended into the extracellular solution to a
concentration of 5 x 10° cells/mL. Voltage-clamp recordings were
performed on an IonFlux Mercury instrument (Fluxion
Biosciences). The composition of solutions (in mM) was:
Intracellular solution: 50 CsCl, 10 NaCl, 60 CsF, 20 EGTA,
and 10 HEPES; pH 7.2 (adjusted with 1M CsOH).
Extracellular solution: 140 NaCl, 4 KCI, 1 MgCl,, 2 CaCl,,
5 D-Glucose, and 10 HEPES; pH 7.4 (adjusted with 1M
NaOH). The osmolality of intra-and extracellular solutions
was set to ~320 and ~330 mOsm, respectively. Data were
sampled at 20 kHz, and filtered at 10 kHz. Experiments were
carried out at room temperature.

The 384-well IonFlux microfluidic plates are divided into four
“zones”, typically each zone was used for a separate experiment
(one particular set of compounds on one particular cell line).
Each zone consists of 8 separate sections, which are distinct

Frontiers in Pharmacology | www.frontiersin.org

August 2021 | Volume 12 | Article 738460


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Pesti et al. Concentration-Independent NaV Inhibitor Properties

A RFI SDO RFI Ssi
A A A,
4 4 N\ r N\ Y
123 4 5 6789 10 11 12 13 14 15 16 17
mv0
-50
-100
-150 —
0 100 200 300 400 500  ms
B riluzole SDO plots
SDO 300 puM 1
Pulses #1 to #5 100 M K .
30 uM gos
o 0.4 30 uyM
] 100 uM
= O'S 300 tM
A A A A A 01 1 10 ms
RFI plots
RFI
Pulses #1, and #6 to #12 10 1)
30 uM
100 uM
300 uM
SSI
Pulses #12 to #17
10 uM
30 uM
: 100 uM
. 300 uM
A A A A A . \ A 120 -100 -80 mV
concentration- drug/control ratios
inhibition curves SDO ratios
1 1
0.75 0.75 \x_"
30 [M
0.5 0.5 3od
0.25 0.25 300 uM
0 0
1 10 100 pM 01 1 10 ms
1 1
0.75 \ 0.75 >F
0.5 0.5
0.25 0.25
0 0
1 10 100 pm ms
1 1
0.75 0.75
0.5 ( 0.5 10 pl
. 30 u
0.25 5 0.25 o0
0 < e mV 0 300 yf
1 10 100 pMm -120 -100 -80 mV
D effective inhibitor potency (IC-,) values
DO Ssi
1000 1000 ~_1000
S s S
E_ 100 Enmo 2 100
o & ) =
w10 “ 10 10
01 1 10 ms 1 10 100 ms -130-110 -90 -70mV

FIGURE 1 | The sequence of analysis to obtain effective inhibitor potency plots. The process is illustrated in an example of an experiment, where four
concentrations of riluzole were applied to a cell ensemble (10, 30, 100, and 300 pM). (A) Schematic picture of the voltage protocol, which was repeated at 1 Hz
frequency. The color of pulses match the color of amplitude plots in panel (B), the color of concentration-inhibition curves in panel (C), left column, and the color of open
circles in EIP plots in panel (D). The number of pulses, and the three main sections of the protocol: SDO, RFI, and SSI, are indicated. (B) Left column: Amplitude
plots throughout the four riluzole applications, for the three main sections. Grid size: 1 nA (vertical), 100 s (horizontal). Arrowheads show the time points, from where data
were collected to construct plots in the right column. Right column: SDO, RFI, and SSI plots for four different concentrations of riluzole, and four sets of control data
(Continued)
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and holding potential (SSI).

FIGURE 1 | before drug application. The color of curves match the color of arrowheads in the left column. (C) Middle column: 3D plots of drug/control ratios for each of
the four concentrations (front axis), and for each of the 17 pulses (three different right-side axes at the three main sections). Left column: Concentration-inhibition plots for
each of the 17 pulses (Projection of middle column 3D plots to the front plane). Thick lines show experimental data, thin lines show fits of the Hill equation to the data.
Right column: Drug/control ratios shown on the same abscissae as SDO, RFI, and SSI plots in panel (B}, left column (Projection of middle column 3D plots to the right
side plane). (D) Effective inhibitor potency plots show how EIP of riluzole was found to change depending on conditioning pulse duration (SDO), interpulse interval (RFI),

functional units, containing 12 wells: one well for the cell
suspension, one well for the waste, two cell “traps”
(intracellular solution-filled wells under negative pressure to
establish high resistance seals and then whole-cell
configuration), and eight compound wells. We kept one
compound well for cell-free extracellular solution and typically
used the remaining seven compound plates for two different
compounds one of them in three, the other in four different
concentrations. Two kinds of microfluidic plates are
manufactured: In single-cell plates, each cell trap contains a
single hole and therefore catches a single cell. In “ensemble
plates” there are 20 holes in each cell trap, and 20 cells are
recorded simultaneously. We wused ensemble plates for
experiments because success rate was higher. From the 16 cell
ensembles of each zone, we chose n = 6 ensembles for analysis. At
this sample size, an effect greater or equal to 2 standard deviations
can be detected with a power of 0.8 at p < 0.05 significance level.
Cell ensembles were excluded if: 1) the control sodium current
amplitude was less than 2 nA, 2) the average seal resistance of the
cells was less than 80 mOhm, 3) a larger than 20% gradual loss of
seal resistance was observed during the experiment, 4) a sudden
drop of amplitude with a concurrent drop of seal resistance was
observed (indicating loss of one of the cells from the ensemble).
From the remaining cell ensembles, the six with the highest and
most stable seal resistances were included in the analysis.

We used a complex 17-pulse voltage protocol (Figure 1A),
described in detail in the accompanying paper (Lukacs et al,
2021), which allowed the assessment of gating kinetics and gating
equilibrium in the absence and the presence of inhibitor/
modulator compounds. The protocol investigated the effect of
different durations of depolarizations: 2.5, 7.5, 22.5, and 67.5 ms
with 2.5ms hyperpolarizing gaps between them; this section
(pulses #1 to #5) is shown by different shades of green in
Figure 1, and was named “state-dependent onset” (SDO).
Next, pulses #6 to #12, as well as #1 investigated the effect of
different durations of hyperpolarizations (1, 2, 4, 8, 16, 32, 64, and
498 ms, separated by 5 ms depolarizations) in the section shown
by different shades of blue, and named “recovery from
inactivation” (RFI). Finally, pulses #12 to #17 assessed the
resting-inactivated  equilibrium at  different ~membrane
potentials in the section named “steady-state inactivation”
(SSI). The three sections were similar to protocols we used in
previous studies (Lukacs et al., 2018; Foldi et al., 2021).

Data Analysis

In addition to automatic fitting, described in the accompanying
paper (Lukacs et al.,, 2021), in this study we used a different
approach to process SDO, RFI, and SSI data. This analysis focused
on deriving compound-specific but concentration-independent

descriptors of the mechanism of action, which can lead to a more
thorough understanding of the sub-processes involved in drug
action, and which can later serve as a basis for constructing
kinetic models for the simulation of drug-specific effects. All data
analysis was done in Microsoft Excel (RRID:SCR_016137)
environment, using VBA routines to accelerate repetitive data
management tasks. For each of the 17 pulses peak amplitudes
were measured after removing capacitive artifacts and subtracting
the leak.

Inhibition of 1st and 17th pulse-evoked current amplitudes
were used to obtain estimates of resting-state-, and inactivated-
state-affinities (Kz and Kj;). We constructed concentration-
inhibition curves for both the 1st and 17th pulse-evoked
currents, and fitted them with the Hill equation:

cc'a

Inh= ———,
cc'i + IC50”H

1)
where Inh is the inhibited fraction of the current, cc is the drug
concentration, and ny is the Hill coefficient. Kp was
approximated with the ICsy value for first pulse-evoked
currents. For the calculation of K;, we used the equation from
Bean et al. (1983):

1 h 1-h
L - ®)
Kyp Kr K

where K,,,, was the ICs, for the 17th pulse, and (I1-h) was the ratio
of 17th/first pulse evoked current amplitudes (from the average of
the last 5 s before drug application; see pink traces (pulse #17) and
black traces (pulse #1) in Figure 1B). Kz and K; were the extreme
values between which the potency of inhibition continuously
fluctuated, depending on the voltage protocol. A detailed
description of the analysis of dynamic changes in potency is
found below in Results.

RESULTS

In the accompanying paper (Lukacs et al., 2021) we describe how
different degrees of inhibition observed in the 17-pulse protocol
can be interpreted as revealing the state-dependent onset (SDO;
how the inhibition depended on the length of depolarizations),
the recovery from inactivation (RFI; how the inhibition depended
on the length of hyperpolarizations), and steady-state
inactivation (SSI; how the inhibition depended on the
membrane potential). We have distinguished “macro-
dynamics,” which was the onset/offset upon drug perfusion
and removal, and occurred on the second-timescale; and
“micro-dynamics,” which was the onset/offset upon
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TABLE 1 | Main parameters of inhibition by four compounds. Hill coefficients are shown in parentheses. K| was calculated as described in Methods. Micro-association and
micro-dissociation could not be fit with a single exponential, therefore we give the range within which the effective inhibitor potency was observed to change.

Riluzole Lidocaine

ICs0 #1 (estimated
Kr) (M)

ICsp #5 (after

65.7 ms depol.) (UM)
ICso #7 (after 1 ms
hyperpol.) (M)

1,362 = 205 (1.38 + 0.06) 1,283 + 461 (0.79 + 0.07)

27.4 + 6.44 (0.63 + 0.06) 31.9 + 2.28 (1.05 = 0.04)

421 + 362 (1.47 + 0.12)  71.7 + 5.83 (0.85 + 0.05)

ICs0 #17 6.86 + 4.36 (0.73 + 0.13) 22.8 + 2.04 (1.47 + 0.10)
(=70 mV) (um)

K| (calculated) (uM) 5.63 + 3.35 184 + 1.52

Kr/K; ratio 242 + 147 69.7 + 20.9
macro-offset time 13.6 + 0.71 1.72 + 0.05
constant (s)

micro-onset 1-10 1-100

range (ms)

micro-offset 2-10 10-500

range (ms)

Bold values serve to highlight the most important data.

conformational transitions of the channel population, and
occurred on the millisecond timescale. In this study we focus
on micro-dynamics. We first explain the sequence of analysis on
the example of riluzole (in four different concentrations) using
data from a single cell ensemble. Then we show the same analysis
on examples for three additional compounds in order to
demonstrate how similar compounds may radically differ in
their micro-dynamics. Finally, we show how these compound-
specific biophysical properties may affect their action at actively
firing excitable cells.

Sequence of Analysis, and the Concept of

“Effective Inhibitor Potency”

The 17-pulse protocol is shown in Figure 1A; it was repeated at
each second (1 Hz). For the sake of clarity, we show the sequence
of analysis on a single measurement (the ensemble of 20
simultaneously recorded cells) for different concentrations of
riluzole. Peak amplitude plots for all 17 pulse-evoked currents
are shown in Figure 1B, left panel; peak amplitudes were
arranged into three separate groups as shown in Figure 1A,
this allowed us to construct SDO, RFI, and SSI plots. In this
procedure of analysis, we did not use every sweep of the
experiment, only constructed one set of plots right before the
start of each drug perfusion period (controls), as well as one set of
plots at the end of each drug perfusion period (in this case 10, 30,
100, and 300 uM riluzole), as shown by the arrowheads in
Figure 1B. The constructed plots are shown in Figure 1B,
right panel.

It is obvious that the same concentration of riluzole differently
affected currents evoked by different depolarizations. For
example, the effect of 100 uM riluzole fluctuated between
almost full inhibition (pulses #7 and #17) and no inhibition
(pulses #1, #6, and #12). We termed this process “micro-
dynamics,” to distinguish from the onset and offset of drug
effects upon perfusion and washout of riluzole (“macro-
dynamics”), which occurred on a ~1000-fold slower time scale

2,245 + 299 (1.58 + 0.11)
1,302 + 142 (1.09 + 0.06)
290 + 22.3 (0.89 + 0.05)

170 + 10.3 (1.42 + 0.06)

Benzocaine Bupivacaine Tetrodotoxin

94.6 + 10.7 (0.94 + 0.05) 0.028 + 0.002 (1.27 + 0.03)

27.3 £ 1.45(1.38 + 0.06) 0.015 + 0.002 (1.27 + 0.10)
33.5 +2.32 (1.21 £ 0.04) 0.018 + 0.002 (1.58 + 0.22)

16.3 + 1.70 (1.28 + 0.05)  0.018 + 0.002 (1.39 + 0.07)

79.4 + 3.9 127 £ 1.22 0.017 + 0.002

28.3 + 3.8 7.48 + 0.68 1.7 £ 0.11

1.42 + 0.59 3.56 + 0.43 229 +1.50
0.1-2 100-1,000 1-100
0.1-4 100-1,000 1-10

(Figure 1B, left panel; Table 1). For a more detailed discussion of
micro- and macro-dynamics see the accompanying paper
(Lukacs et al., 2021).

The term “apparent affinity” has been used to reflect
different degrees of inhibition at different membrane
potentials (Kuo and Bean, 1994; Lenkey et al., 2011). We
have previously extended the use of this term to non-
equilibrium conditions (such as during the course of
recovery from inactivation) (Foldi et al., 2021), however, for
discussing non-equilibrium conditions we consider it better to
introduce the term “effective inhibitor potency” (EIP). The
term “affinity” in itself conveys that the effect is the
consequence of a binding/unbinding equilibrium. During the
onset of inhibition, or recovery from inhibition, however, there
is no equilibrium, and there is a complex combination of
different processes beyond simple binding/unbinding, such
as modulation of gating, access into/egress from the central
cavity, aqueous phase-membrane partitioning, deprotonation/
protonation, etc. The term “potency,” on the other hand, makes
no reference to the mechanism, it simply expresses what
fraction of the channel population can a certain
concentration of a certain compound inhibit at a certain
point in time. EIP, just like affinity, can be quantified by
constructing concentration-response curves and determining
the ICsq values. We found that the EIP kept changing
dynamically, it increased (i.e., ICso values decreased) with
longer conditioning pulses (SDO), and decreased with longer
interpulse intervals (RFI). To calculate EIP for different
conditions, we calculated drug-treatment/control ratios for
all 17 pulses, and for all drug concentrations: we divided the
amplitude of each 17 evoked currents in the presence of all four
concentrations of riluzole by the corresponding control
amplitude. The results are shown in Figure 1C. All three
columns show the exact same set of amplitude ratios. The
middle column of 3D plots shows drug-treatment/control
ratios both as a function of riluzole concentration, and as a
function of conditioning pulse duration (SDO, upper row),
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FIGURE 2 | Summary of EIP plots for the four compounds, and the significance of micro-dynamics. (A) The micro-dynamics (EIP plots for SDO and RFl), and
voltage-dependence of EIP are compared for n = 6 measurements for each of the four compounds. Thin lines show data from individual measurements, thick dashed
lines show the geometric mean. For SSI data the calculated Kg and K| values are also shown on the right side of the figures (thin crosses for individual measurements, and
thick crosses for the geometric mean). (B) One example of how micro-dynamics is translated into frequency-dependent inhibition. The activity pattern of a
simulated neuron is shown in the background, SDO-EIP and RFI-EIP plots are shown under the activity pattern, these are identical to the ones shown in dashed lines in
panel (A), upper and middle row, but on a linear time scale. Horizontal grid: 10 ms. SDO-EIP plots were aligned with the upstroke of the first action potential because
state-dependent onset is triggered by depolarization. RFI-EIP plots were aligned with the repolarization because hyperpolarization triggers recovery from inhibition. The
intensity of red coloring illustrates how EIP is expected to change throughout the repetitive firing, and therefore what dynamics of inhibition is expected to be caused by

the presence of the four compounds.
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FIGURE 3| Construction of EIP plots for lidocaine. The figure illustrates how EIP plots are constructed on the example of a single measurement of the effect of three
concentrations of lidocaine (100, 300, and 1,000 pM). (A) Peak amplitudes of currents evoked by the 17-pulse protocol were grouped into three sections: SDO (upper
row), RFI (middle row), and SSI (lower row). Grid size: 5 nA (vertical), 100 s (horizontal). (B) Amplitudes in control sections and during lidocaine perfusion were plotted
against conditioning pulse duration (SDO), interpulse interval duration (RFl), and membrane potential (SSI). (C) Drug/control ratios were calculated for all three
sections. (D) The same drug/control ratios were used to construct concentration-inhibition plots, as it was explained in Figure 1 (thick lines), which were then fitted by the
Hill equation (thin lines). (E) The resulting ICs, (EIP) values are plotted against the same abscissae as in the (B) and (C) columns: conditioning pulse duration (SDO),
interpulse interval duration (RFI), and membrane potential (SSI).

interpulse interval (RFI, middle row), and membrane potential
(SSI, lower row). The right column illustrates the projection of
the 3D plot to the right side plane (as seen from the right side,
shown by the teal, indigo, and purple arrows). These plots are
rather similar to the ones shown in the right column of
Figure 1B, but current amplitudes evoked by each pulse
have been normalized, each to its own control. The left
column (thick lines) illustrates the projection of the 3D plot
to the front plane (as seen from the front; shown by the green,
blue, and red arrows), thus forming 17 concentration-response
plots. Note that all 17 concentration-response curves were
different. From the fitted Hill equations (thin lines) the ICs,
values were determined and plotted against conditioning pulse
duration (SDO), interpulse interval (RFI), or membrane
potential (SSI) (Figure 1D). Hill coefficients (ny) ranged
between 0.5 and 2.0; some of the reasons why Hill
coefficients may have diverged from unity will be discussed
below. EIP plots for the SDO and RFI sections of the protocol
show the major parameters of micro-dynamics for individual
compounds: how fast its effect develops, and how fast it is
terminated, depending on the conformational dynamics of the
channel protein. We can observe that riluzole showed fast
micro-dynamics: essentially both the onset and the offset of

its effect were complete within ~10 ms. Micro-dynamics data
from n = 6 cell ensembles will be shown below in Figure 2A.

Comparison of Compound-Specific
Properties of Five Different Compounds

We chose three additional compounds in order to illustrate
differences in micro-dynamics, even among closely related
compounds, which showed similarly fast macro-dynamics.
Lidocaine, benzocaine, and bupivacaine are all well-known
local anesthetics. In addition, we also included tetrodotoxin
(TTX) as a reference compound. TTX is a well known channel
blocker toxin, that binds to a distinct binding site at the outer
vestibule of the channel (Fozzard and Lipkind, 2010; Tikhonov
and Zhorov, 2018). Examples of peak amplitude plots for all 17
pulses, SDO, RF], and SSI plots, amplitude ratios, concentration-
inhibition curves for all 17 pulses, and EIP plots are shown for
these additional four compounds in Figures 3-6. For each of the
five compounds, we also calculated Kr and K; estimates as
described in Methods. Table 1 shows major parameters of
inhibition, including Ky and K; estimates, as well as Ky/Kj ratios.

Lidocaine (Figure 3) showed a slower micro-onset than
riluzole. SDO ratio plots indicate that at 100 and 300 uM the
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FIGURE 4 | Construction of EIP plots for benzocaine. The figure illustrates how EIP plots are constructed on the example of a single measurement of the effect of
three concentrations of benzocaine (100, 300, and 1,000 pM). (A) Peak amplitudes of currents evoked by the 17-pulse protocol were grouped into three sections: SDO
(upper row), RFI (middle row), and SSI (lower row). Grid size: 5 nA (vertical), 100 s (horizontal). (B) Amplitudes in control sections and during benzocaine perfusion were
plotted against conditioning pulse duration (SDO), interpulse duration (RFl), and membrane potential (SSI). (C) Drug/control ratios were calculated for all three
sections. (D) The same drug/control ratios were used to construct concentration-inhibition plots (thick lines), which were then fitted by the Hill equation (thin lines). (E) The
resulting ICsq (EIP) values are plotted against the same abscissae as in the (B) and (C) columns.

onset did not reach its maximum even at the longest
depolarization (67.5 ms) of the 17-pulse protocol. The recovery
was also slower, substantial recovery only started after ~10 ms of
hyperpolarization, and continued up to ~500 ms.

The fastest micro-dynamics we have encountered thus far was
shown by benzocaine (Figure 4). Recovery in fact was so fast that
it compromised the measurement of SDO. At 2 ms gap duration,
~70-90% of the channels have already recovered, therefore the
2.5 ms gap used in the SDO protocol was unable to reveal most of
the inhibition caused by benzocaine binding. Although the plots
of SDO ratios show the onset only on the remaining ~10-30% of
channels, it is still discernible that the full onset has been
completed within the shortest (2.5 ms) pulse. Calculation of K;
from SSI data (see Table 1) indicates that in fact more than half of
the channels are inhibited by 100 uM of benzocaine, but this
inhibition is difficult to detect whenever we use a hyperpolarizing
gap before the test pulse.

When we tried to determine the kinetic behavior of bupivacaine
(Figure 5) we encountered the exact opposite of the problem with
benzocaine: Even though the macro-dynamics was fairly fast (the
time constant of macro-offset was 3.56 + 0.43 ms), the micro-onset
did not reach its maximum during the longest depolarization, and
the micro-offset also could not reach equilibrium during the
longest hyperpolarization. For this reason estimates of K and

Kj are probably both incorrect, Kr was underestimated (i.e., resting
affinity would be less, if sufficient time was allowed for recovery)
and K; was overestimated (i.e., inactivated affinity would be higher,
if there was sufficient time for association).

Tetrodotoxin is probably the most widely used inhibitor toxin of
sodium channels, which shows selectivity towards certain isoforms,
including the Nay1.4. It is known to bind to a completely different
site, in the outer vestibule of the channel (Fozzard and Lipkind,
2010; Tikhonov and Zhorov, 2018), therefore it can serve as a
reference compound that should show no noticeable micro-
dynamics upon conformational changes. However, inhibition by
TTX has been found to display some use-dependence, frequency-
dependence, and voltage-dependence (Cervenka et al., 2010),
indicating that the outer vestibule also must reflect the overall
conformational transitions of the channel. Our results with TTX
are shown in Figure 6. We found that EIP of TTX did change
during the SDO, RFI, and SSI sections of the protocols (p < 0.01 for
all three sections), although the extent of change was small, less
than 2-fold (Table 1).

In summary, we could detect radical differences between the
micro-dynamics of four well-known sodium channel inhibitors.
Summary of EIP values for the four compounds (n = 6 and their
geometric mean for each one) are shown in Figure 2A. On the
EIP - SSI plots we also show Ky and K| estimates for individual
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FIGURE 5 | Construction of EIP plots for bupivacaine. The figure illustrates how EIP plots are constructed on the example of a single measurement of the effect of
three concentrations of bupivacaine (10, 30, and 100 pM). (A) Peak amplitudes of currents evoked by the 17-pulse protocol were grouped into three sections: SDO
(upper row), RFI (middle row), and SSI (lower row). Grid size: 5 nA (vertical), 100 s (horizontal). (B) Amplitudes in control sections and during bupivacaine perfusion were
plotted against conditioning pulse duration (SDO), interpulse duration (RFl), and membrane potential (SSI). (C) Drug/control ratios were calculated for all three
sections. (D) The same drug/control ratios were used to construct concentration-inhibition plots (thick lines), which were then fitted by the Hill equation (thin lines). (E) The
resulting ICsq (EIP) values are plotted against the same abscissae as in the (B) and (C) columns.

measurements (thin crosses), and their geometric mean (thick
crosses). We propose that EIP values are the best means of
characterizing micro-dynamics for individual compounds. In
the Discussion, we examine why micro-dynamics is significant
in predicting the effect of a compound on an active excitable cell.
Table 1 shows all major concentration-independent, compound-
specific parameters of inhibition, including Ky and K; estimates,
Kg/K; ratios, time constants of macro-offset (7o), and time
ranges of micro-onset and micro-offset. (Micro-onset and micro-
offset could not be adequately described by exponentials;
therefore instead we give the time range when the most
substantial changes occur.)

DISCUSSION

Micro-Dynamics and Frequency-Selectivity
Riluzole has been originally described as an anti-epileptic
compound (Mizoule et al., 1985), and has been found to be an
especially efficient inhibitor at high firing frequencies (Urbani
and Belluzzi, 2000; Wu et al., 2005; Desaphy et al., 2014). In
addition, it has been shown to selectively inhibit the persistent
component (In,p) of the sodium current (Urbani and Belluzzi,
2000). We believe that both Iyn,p selectivity and selective

inhibition at high firing frequencies can be explained by its
special micro-dynamics. We propose that preclinical
assessment of sodium channel inhibitors should include
evaluating their kinetic properties since these are important
determining factors of their therapeutic potential.

To elucidate this, and to illustrate the significance of micro-
dynamics, we chose four well-known compounds, with different
micro-dynamics, and show their dynamically changing potency
over a simulated firing of a simple, single-compartment neuron
model (Figure 2B). Our sole aim here is to illustrate how micro-
dynamics of any compound can be interpreted, therefore we
chose to visualize the EIP of the four compounds on the same
firing pattern. We supposed that micro-onset is started upon
depolarization, therefore the EIP plot from the SDO experiments
was aligned with the upstroke of the action potential, and that
micro-offset is started upon repolarization, therefore the EIP plot
from the RFI experiments was aligned with the repolarization
phase. The EIP plots are identical to the geometric mean curves
shown in Figure 2A, but here we use a linear time axis. The rates
derived from non-physiological voltage patterns (square pulses
between —130 and —10 mV) of course do not exactly match the
rates under physiological membrane potential patterns, but they
provide a rough estimate of the overall behavior of individual
drugs. These estimates must be later verified by constructing
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FIGURE 6 | Construction of EIP plots for TTX. The figure illustrates how EIP plots are constructed on the example of a single measurement of the effect of three
concentrations of TTX (30, 100, and 300 nM). (A) Peak amplitudes of currents evoked by the 17-pulse protocol were grouped into three sections: SDO (upper row), RFI
(middle row), and SSI (lower row). Grid size: 4 nA (vertical), 100 s (horizontal). (B) Amplitudes in control sections and during TTX perfusion were plotted against
conditioning pulse duration (SDO), interpulse duration (RFI), and membrane potential (SSI). (C) Drug/control ratios were calculated for all three sections. (D) The
same drug/control ratios were used to construct concentration-inhibition plots (thick lines), which were then fitted by the Hill equation (thin lines). (E) The resulting ICso
(EIP) values are plotted against the same abscissae as in the (B) and (C) columns. Data from the other five cell ensembles are shown in thin black lines. For the SSI plots
the calculated Kr and K; values are also shown on the right side of the figure (thin crosses for individual measurements, and thick crosses for the geometric mean).

models for their individual mechanisms of action, incorporating
drug effects into the neuron model, and studying the interaction
between different activity patterns and drug micro-dynamics.

In Figure 2B we show two subsequent action potentials of a
cell that was induced to fire at ~25Hz by a constant current
injection. Changes in the intensity of red color illustrate dynamic
changes in EIP during repeated action potentials. Dark red
indicates high EIP (i.e., ICsy approaches Kj), white indicates
low EIP (i.e., ICso approaches Kg).

In the case of riluzole, we observed a massive state-
dependence: with Ky = 1,362 + 205puM and K; = 5.63 +
3.35 uM, the Kp/K; ratio was 242. The rate of micro-onset was
somewhat slower than the action potential itself. This means that
even if riluzole was present at a high concentration during an
action potential, it would be ineffective: by the time riluzole could
reach its maximal potency, the action potential would already be
over. After the action potential riluzole stays very potent for
~10 ms, then it rapidly loses its potency again [for an explanation
of this particularly fast micro-offset see Foldi et al. (2021)]. This
means that compounds with such micro-dynamics would be very
potent inhibitors of high-frequency firing while being mostly
ineffective at low frequencies. This is exactly what has been
observed experimentally. For example, Desaphy et al. (2014)

compared the frequency-dependent inhibition of seven
compounds. Six of the compounds showed higher in vitro
potency when the frequency of depolarizations was increased
from 0.1 to 10 Hz but did not change much between 10 and
50 Hz. Riluzole, on the other hand, only started to “realize its
potential” above 10 Hz, the apparent affinity increased 48-fold,
from IC50 = 43 pM (10 Hz) to IC50 = 0.9 uM (50 Hz). Inhibition
of Iy,p may also contribute to inhibition of high-frequency burst
firing (Wu et al.,, 2005). As for In,p selectivity, we assume that it
requires both a moderate micro-onset rate (not too fast so that it
would miss the action potential, but not too slow so that it can
inhibit Iy,p afterward) and a relatively fast offset rate (so that by
the time of the next action potential it would lose its potency).

While the potency of riluzole could both fully develop and
fully fade away within 10 ms, changes in the EIP of lidocaine
required more than 100 ms (for both the micro-onset and the
micro-offset). This micro-dynamics, when plotted over the firing
pattern (Figure 2B), suggests that compounds with properties
similar to lidocaine would follow firing frequencies with their
micro-dynamics only up to ~5 Hz. Because micro-offset would
require 100-200 ms, we would expect that for such compounds
selective inhibition of the persistent component would best
manifest itself in the 5-10 Hz range of firing frequencies. At
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higher frequencies, the extent of inhibition would simply depend
on the average membrane potential in the course of firing activity.

Benzocaine is known as one of the fastest-acting sodium
channel inhibitors, due to its small size and neutrality. Indeed,
it is one of the few compounds, for which the whole process of
partitioning, entry through the fenestration, and binding to the
local anesthetic site has been observed in molecular dynamics
simulations (Boiteux et al., 2014; Martin and Corry, 2014). In our
experiments we found extremely fast micro-offset kinetics, the
offset was complete within 4 ms, and even the shortest interpulse
interval (1 ms) already showed decreased potency (291 + 22 uM,
while the calculated K; was 79.4 + 3.9 uM). This was the reason,
why the SDO protocol only detected a small fraction of the onset
of drug action. Even though depolarization must have caused a
definite increase in EIP, as we can see from the membrane
potential dependence of EIP (Figure 4), the 2.5ms
hyperpolarizing gap between pulses was enough to allow
almost full recovery. Experimental results (which failed to
detect the onset) are shown by open circles connected by a
dotted line (Figure 2B), while we suppose that the actual
dynamics of micro-onset must have been complete within a
few milliseconds (dashed line in Figure 2B). It follows that
significant frequency-dependence cannot be expected in the
case of benzocaine, only at extremely high (>100 Hz) firing
frequencies.

While benzocaine is a smaller, neutral compound that acts
much faster than lidocaine, bupivacaine is larger, and has a higher
pKa than lidocaine (therefore a somewhat larger fraction is
charged at neutral pH). In an earlier comparative study, we
found it to have higher potency, and slower onset/offset
kinetics (only macro-dynamics was studied) (Lenkey et al,
2010). In this study, we found that although its macro-
dynamics was still relatively fast (macro-offset time constants
were 1.72 + 0.05 s for lidocaine, and 3.56 + 0.43 s for bupivacaine,
see Table 1), its micro-dynamics was slow, and therefore its EIP
varied within a strikingly shallow range (between 27.3 + 1.45 and
94.6 + 10.7 uM). The Kr/K; ratio was only 7.48 (while for riluzole,
lidocaine, and benzocaine, it was 242, 69.7, and 28.3,
respectively). This can also be seen on the concentration-
inhibition curves (Figure 5), where the 17 different curves are
very close to each other. The reason for a shallow micro-dynamics
may be either that complete micro-onset of inhibition would
require a depolarization even longer than 64 ms, or that the
complete micro-offset would require a hyperpolarization even
longer than 498 ms. Considering estimations of Ky and K; from
the literature [Kr = 317.4 uM, and K; = 18.6 uM (Vladimirov
et al,, 2000); Kg = 618.9 uM, and K; = 5.85 uM (Lenkey et al.,
2010)], both could be the case for bupivacaine, therefore a more
accurate assessment of its range of EIS values would require a
protocol containing both longer depolarizations and longer
hyperpolarizations. We presume that micro-onset and micro-
offset both must be complete within 2-3 s since these processes
cannot be slower than macro-offset, for which we observed a
time constant of 3.56 s (Table 1). In the case of the simulated
neuron firing at ~25Hz, we suppose that development of
inhibition would require several tens of action potentials,
and cells would not substantially recover from inhibition

Concentration-Independent NaV Inhibitor Properties

between two action potentials unless the firing rate was less
than 1 Hz.

Micro-Dynamics and Persistent Current
Selectivity

Micro-dynamics is a major determinant of the therapeutic profile.
This is well known for the case of Class 1 antiarrhythmics, but the
same principle can be applied to neuronal and skeletal muscle
sodium channels, which can fire at a much higher rate. Micro-
dynamics will determine which firing frequencies will be
selectively inhibited, and it will also determine persistent
current selectivity, as we have discussed above. Several
compounds have been shown to selectively inhibit the
persistent component of the sodium current (In.p) over the
transient component (In,r) (Spadoni et al., 2002; Kahlig et al.,
2010; Belardinelli et al., 2013; Terragni et al., 2016; El-Bizri et al.,
2018), riluzole being one of them (Urbani and Belluzzi, 2000).
The mechanism by which this selectivity is achieved, however, is
not clear. It is not due to selectivity between sodium channel
isoforms, but selectivity between conformations of the same
channel isoforms may be part of the explanation. If an
inhibitor compound has a higher affinity to the inactivated
state, then Iy, will be less affected because at the peak of the
transient current there are few inactivated channels, but by the
time Iy, is over, and Iy,p is the only remaining sodium current,
almost all channels have reached inactivated state. This is how
Inap preference of riluzole was explained by (Ptak et al., 2005).
However, almost all small molecule sodium channel inhibitors
show higher affinity to inactivated state, and only a few of them
are selective inhibitors of Iy,p. We propose that — at least in the
case of riluzole - micro-dynamics may be the key. Both micro-
onset and micro-offset rates are crucial. Delayed micro-onset
ensures that the transient component Iy,r is “missed” by the
drug. Fast micro-offset, on the other hand, ensures, that upon
hyperpolarization the inhibition is rapidly relieved, therefore I,
will be minimally affected at the next action potential. Obviously,
there must be other possible mechanisms of Iy,p selectivity
because this property is shared by compounds with much
slower micro-dynamics, like e.g., ranolazine or phenytoin
(Kahlig et al., 2010; Terragni et al., 2016). Details of these
mechanisms still remain to be explored.

Hill Coefficients

We found that the best way to express dynamic changes in
potency is by constructing concentration-inhibition curves for
all depolarizing pulses and determining ICs, values. In principle,
potency could be calculated from even a single concentration, if
we supposed: 1) one-to-one binding (i.e., the ny = 1), and 2) that
binding is equivalent with inhibition (channel block). In practice,
however, for three out of the four compounds described here
(riluzole, lidocaine, and benzocaine) we found Hill coefficients to
vary widely, between ~0.5 and ~2 (Table 1, Figures 1C, 3-5).
Steady-state availability data at different inhibitor concentrations
can be converted to concentration-inhibition curves at different
holding potentials [Lenkey et al. (2011) - see Figures 1A,B of the
cited paper]. In a study by Balser et al. (1996) this conversion was
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done on data with five different concentrations of lidocaine
[Balser et al. (1996) - see Figure 6 and Figure 7 of the cited
paper], and the results gave ny values ranging from 0.64 to 1.83
(not given in the original paper, but could be reconstructed by
fitting the data). Similarly to our results, ny < 1 values were
observed at more negative holding potentials (-110 to —90 mV),
where the potency was low (ICsy between 1,900 and 2,500 pM);
while ny > 1 values were observed at less negative holding
potentials (=70 to —50 mV). We assume, that ny < 1 values
might reflect binding to multiple low-affinity binding sites which
do not all cause full inhibition of conductance. Values greater
than one, on the other hand, indicate positive cooperativity,
which may come from multiple possible mechanisms, as has
been discussed by Leuwer et al. (2004). They fitted V,, shift vs.
concentration plots using a Hill-type exponent, which was found
to range from 1.6 to 2.1. These and our own data show that
although ny may vary depending on the experimental protocol, it
is quite common to find ny > 1 for sodium channel inhibitors,
indicating that more than one inhibitor molecule is needed for
effective inhibition, at least under certain experimental
conditions. The binding of one molecule may induce or
stabilize a conformation that is more favorable for binding of
the second molecule. Alternatively, it is also possible that two or
more bound molecules are required to effectively inhibit channels
either by channel block or modulation. Even if we disregard
modulation, channel block may in itself be more effective with
two bound lidocaine molecules, as shown in a recent molecular
dynamics simulation (Nguyen et al.,, 2019).

CONCLUSION

Therapeutic usefulness of sodium channel inhibitor drugs
depends on their ability to selectively inhibit pathological
activity of cells, which often manifests in hyperexcitability.
Pathological hyperexcitability is involved in a number of
disorders, including pain syndromes, epilepsies, muscle
spasms, or arrhythmias. Each of the different types of
hyperexcitability-related ~ diseases has its characteristic
dynamics of firing. To counteract them it is best to choose an
inhibitor that has the precise dynamics that can selectively inhibit
that certain pathological pattern of activity. We have
demonstrated how much dynamic properties can differ even
in the case of closely related compounds. Prediction of drug
effects in an excitable tissue requires a thorough understanding
of their mechanism of action, which includes the kinetic aspects
of their state-dependent effects. In this study we aimed to derive
compound-specific but concentration-independent descriptors
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Loop Diuretics Inhibit
Ischemia-Induced Intracellular Ca?"
Overload in Neurons via the Inhibition of
Voltage-Gated Ca®* and Na* Channels

Christopher Katnik and Javier Cuevas *

Department of Molecular Pharmacology and Physiology, Morsani College of Medicine, University of South Florida, Tampa, FL,
United States.

One conseguence of ischemic stroke is disruption of intracellular ionic homeostasis.
Intracellular overload of both Na™ and Ca®* has been linked to neuronal death in this
pathophysiological state. The etiology of ionic imbalances resulting from stroke-induced
ischemia and acidosis includes the dysregulation of multiple plasma membrane transport
proteins, such as increased activity of sodium-potassium-chloride cotransporter-1
(NKCC-1). Experiments using NKCC1 antagonists, bumetanide (BMN) and ethacrynic
acid (EA), were carried out to determine if inhibition of this cotransporter affects Na*™ and
Ca”* overload observed following in vitro ischemia-acidosis. Fluorometric Ca®* and Na*
measurements were performed using cultured cortical neurons, and measurements of
whole-cell membrane currents were used to determine target(s) of BMN and EA, other
than the electroneutral NKCC-1. Both BMN and EA depressed ischemia-acidosis induced
[Ca®*]; overload without appreciably reducing [Na']; increases. Voltage-gated Ca®*
channels were inhibited by both BMN and EA with half-maximal inhibitory
concentration (ICsg) values of 4 and 36 UM, respectively. Similarly, voltage-gated Na*
channels were blocked by BMN and EA with I1Csq values of 13 and 30 uM, respectively.
However, neither BMN nor EA affected currents mediated by acid-sensing ion channels or
ionotropic glutamatergic receptors, both of which are known to produce [Ca®*]; overload
following ischemia. Data suggest that loop diuretics effectively inhibit voltage-gated Ca®*
and Na™ channels at clinically relevant concentrations, and block of these channels by
these compounds likely contributes to their clinical effects. Importantly, inhibition of these
channels, and not NKCC1, by loop diuretics reduces [Ca®*]; overload in neurons during
ischemia-acidosis, and thus BMN and EA could potentially be used therapeutically to
lessen injury following ischemic stroke.

Keywords: bumetanide, ethacrynic acid, voltage-gated channels, sodium, calcium, neurons, ischemia, acidosis

INTRODUCTION

Preservation of neuronal [Ca®']; and [Na']; homeostasis is dependent on ATPases, ion exchangers
and cotransporters, and disruption of these during ischemia has a major impact on cell survival. For
example, the Na*-K"-Cl cotransporter 1 (NKCC1) (X. Chen et al., 2008; Luo et al., 2008) promotes
neuronal [Na']; overload upon reoxygenation, triggering reverse-mode operation of the Na*/Ca**
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exchanger, NCX1, Ca®" influx, and cell death (Pignataro et al.,
2004; Shono et al, 2010). In contrast, upregulation of the
endoplasmic reticulum Ca(2+)-ATPases (SERCA2b subtype) in
hippocampal neurons decreases Ca>" store dysfunction and is
neuroprotective during oxygen-glucose deprivation (Kopach
et al., 2016).

Ionic imbalances are also a contributing factor to the
acidotoxicity observed following cerebral ischemia (Siesjo, 1988).
Our laboratory has shown that acidosis synergistically potentiates
the intracellular Ca** dysregulation evoked by ischemia in cortical
neurons, enhancing neuronal death (Mari et al., 2010). The acid-
sensing ion channel, ASICla, contributes to this potentiation, but
these channels alone cannot account for the long-lived synergy
(Mari et al., 2010), since ASICla rapidly inactivates and release of
Ca®" from intracellular stores was also observed following ASICla
activation (Herrera et al., 2008; Mari, Katnik, and Cuevas, 2010). It
is of significant interest to identify other contributors to this
synergistic potentiation of [Ca®']; dysregulation during ischemia
and acidosis since these may, in part, account for the expansion of
the ischemic lesion following stroke.

One possible molecular mechanism for this long-lived ionic
imbalance during ischemia-acidosis is the prolonged activation of
NKCCI. The role of NKCCI1 during stroke and ischemia has been
previously studied using the NKCCl-selective inhibitor,
bumetanide. Bumetanide was shown to reduce reperfusion
injury following focal cerebral ischemia in rats, presumably
due to the inhibition of NKCC1 (Wang, Huang, He, Ruan,
and Huang, 2014). Chronic bumetanide treatment following
stroke has been shown to enhance neurogenesis and
behavioral recovery in rats, although this effect was not
unequivocally linked to NKCC1 (Xu et al, 2016). In vitro
experiments have shown bumetanide can inhibit ischemia-
induced [Na']; and [Ca®']; dysregulation in both neurons and
astrocytes (X. Chen et al, 2008; Kintner et al., 2007; Lenart,
Kintner, Shull, and Sun, 2004). These effects of bumetanide were
suggested to be due to block of NKCC1.

Experiments were carried out to determine if inhibition of
NKCC1 with bumetanide or ethacrynic acid alters ischemia-
acidosis evoked [Na']; and [Ca®']; overload in neurons.
Fluorometric Na® and Ca** measurements showed that
bumetanide and ethacrynic acid inhibited ischemia-acidosis
induced [Ca®*];, but not [Na’];, overload. The effects of
bumetanide and ethacrynic acid were sufficiently different to
suggest that these compounds were acting on distinct off-target
sites. Whole-cell membrane current measurements indicated that
both bumetanide and ethacrynic acid inhibit voltage-gated
calcium and voltage-gated sodium channels, but that neither
affects glutamatergic ionotropic receptors or acid-sensing ion
channels. Ethacrynic acid was found to be a more efficacious
inhibitor of VGCC than bumetanide, which may explain why it
has a greater effect on ischemia-acidosis evoked [Ca®']; overload.
The effects of bumetanide on ischemia-acidosis evoked [Ca*'];
overload may in part explain the benefits of this compound
following stroke. However, results presented here suggest that
ethacrynic acid may be a superior compound for reducing stroke

injury.

Diuretics Inhibit Neuronal Ca®* Overload

METHODS

Primary Rat Cortical Neuron Preparation
Cortical neurons from embryonic (E18) rats were isolated and
cultured as previously described (Katnik,
Pennypacker, Herrera, and Cuevas, 2006). Briefly, excised
brains were digested with 0.25% trypsin. Isolated cells were
suspended in DMEM supplemented with fetal bovine serum
(FBS, 10%, heat inactivated), penicillin (100 IU/ml),
streptomycin (100 ug/ml) and amphotericin B1 (0.25 ug/ml)
(Antibiotic/Antimycotic) and plated on poly-L-lysine coated
coverslips. Following 24-h incubation, the DMEM solution was
replaced with Neurobasal media supplemented with B-27 (2%)
and 0.5mM L-glutamine. Cells were used after 10-21 days
in vitro. All procedures were done in accordance with the
regulations of the University of South Florida Institutional
Animal Care and Use Committee.

Guerrero,

Calcium Imaging Measurements

Changes in intracellular Ca®* concentrations, [Ca®*];, were
measured in isolated cortical neurons using fluorescent
imaging techniques and the Ca** sensitive dye, fura-2. Cells
were loaded using the membrane permeable ester form of
fura-2, fura-2 acetoxymethyl ester (fura-2 AM), as previously
described (DeHaven and Cuevas, 2004). Cells plated on coverslips
were incubated for 1 h at room temperature in Neurobasal media
with 4 uM fura-2 AM and 0.4% dimethyl sulfoxide (DMSO). The
coverslips were then washed in fura-2 AM free physiological
saline solution (PSS) prior to experiments being performed. Cells
(20-60 per field of view), visualized using a 40x Achroplan
objective (Zeiss Microscopy, White Plains, N.Y.), were
alternately illuminated with 340 and 380 nm light at 0.8 Hz
(Lambda DG-4, Sutter Instruments, Novato CA) and
fluorescent emissions at 510nm were collected using a
Sensicam digital CCD camera (Cooke Corp., Auburn Hills, MI).

Sodium Imaging Measurements

Changes in intracellular Na™ concentrations were measured in
isolated cortical neurons using fluorescent imaging techniques
and the Na' sensitive dye, SBFL Cells were loaded using the
membrane permeable ester form of SBFI, SBFI acetoxymethyl
ester (SBFI-2 AM). Cells plated on coverslips were incubated for
2 h at room temperature in Neurobasal media with 10 uM SBFI
AM, 0.4% DMSO, 0.5% bovine serum albumin (BSA) and 0.1%
pluronic. The coverslips were then washed in SBFI AM free
physiological saline solution (PSS) prior to experiments being
performed. The same microscope, objective, filter set, light source
and camera as used for Ca®" imaging were used. Images were
acquired at 0.3 Hz.

Electrophysiological Measurements

Membrane currents were recorded using the conventional and
perforated, whole-cell patch clamp configurations as previously
described (Cuevas, Harper, Trequattrini, and Adams, 1997).
The conventional (dialyzing configuration) was only used to
record voltage-gated sodium channel currents to prevent space-
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clamp. Briefly, glass coverslips plated with neurons were
transferred to a recording chamber and continuously
perfused with external solution at a rate of 350 uL/min. Patch
electrodes were pulled from thin-walled borosilicate glass
(World Precision Instruments Inc., Sarasota, FL) using a
Sutter Instruments P-87 pipette puller (Novato, CA) and had
resistances of 2.0-3.0 MQ) for conventional whole-cell patches
and 1.0-1.5 MQ for perforated patches. Access resistances (R;)
were monitored throughout experiments for stable values
<30 MQ and were compensated at 40% (lag, 10 us). When
using the perforated-patch whole-cell configuration, electrical
access was achieved with a pipette solution containing
amphotericin B (Rae, Cooper, Gates, and Watsky, 1991). An
amphotericin B stock solution (60 mg/ml in DMSO) was made
fresh daily and diluted to 240 pg/ml (0.4% DMSO) in pipette
solution immediately prior to use. To prevent current rundown
when using the conventional whole-cell configuration, 3 mM
ATP (disodium) was added to the internal solution. To isolate
calcium currents, intracellular potassium was replaced with
cesium, 70mM external sodium was replaced with
tetraethylammonium (TEA) and 2 pM tetrodotoxin (TTX)
was added to the bathing solution. Perforated-patches were
used to prevent clamping the intracellular calcium
concentration by the pipet solution. To activate voltage-gated
calcium currents, cells were held at —=70 mV and stepped from
—-60 to +40 mV for 500 msec in 10 mV increments. To isolate
sodium currents, intracellular potassium was replaced with
cesium and 70 mM external sodium was replaced with TEA.
5mM BaCl, and 400 uM CdCl, were added to a Ca®'-free
bathing solution. The internal solution contained 10 mM
NaCl (replacing 10 mM KCI), 5mM TEA, 5mM MgCl, and
1 mM ethylene glycol tetraacetic acid (EGTA), requiring the use
of conventional whole-cell patches to allow diffusion into the
clamped cells. To activate voltage-gated sodium currents, cells
were held at -70 mV and stepped from —-50 to +5mV for
50 msec in 5mV increments. All membrane currents were
amplified and filtered at 5kHz with an Axon 200 amplifier,
digitized at 10 kHz with a Digidata 1322A, and acquired using
Clampex 10 (Axon) software. Currents were leak subtracted
using the Clampex P/4 protocol.

Solutions and Reagents

The control bath solution for all experiments was PSS, which
contained (in mM): 140 NaCl, 5.4 KCl, 1.3 CaCl,, 1.0 MgCl,, 20
glucose, and 25 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH to 7.4 with NaOH). Acidosis was produced
using this solution adjusted to pH 6.0. Ischemia-acidosis was
produced using glucose-free PSS with 4 mM sodium azide
added and adjusting the solution to pH 6.0. The control
pipette solution consisted of (in mM): 75 K,SO,4, 55 KCl, 5
MgSO,, and 10 HEPES (titrated to pH 7.2 with N-methyl-d-
glucamine). External solutions were applied using a rapid
application system as previously described (Cuevas and Berg,
1998). To account for any rundown of responses, a paired
protocol was used wherein cells were washed for 20 min
between an initial control 2 min ischemia-acidosis application
and the second 2 min ischemia-acidosis application in the

Diuretics Inhibit Neuronal Ca®* Overload

absence or presence of bumetanide or ethacrynic acid, with
second responses being normalized to the first responses
(Katnik et al., 2006; Herrera et al., 2008). Bumetanide and
ethacrynic acid were applied for 10 min prior to second
ischemia-acidosis activations.

Materials

All chemicals used in this investigation were of analytical grade.
The following reagents were used: TEA (Acros Organics,
Waltham, MA); TTX (Alomone Labs, Jerusalem, Israel);
Antibiotic/Antimycotic, BSA, DMEM, DMSO, FBS (Fisher
Scientific, Fair Lawn, NJ); B-27, Fura-2 AM, Neurobasal (Life
Technologies, Carlsbad, CA); Ethacrynic Acid (MP Biomedicals,
LLC, Solon, OH); and Bumetanide, EGTA, HEPES, L-Glutamine,
Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO).

Data Analysis

Imaging data files were collected with SlideBook 4.02 (Intelligent
Imaging Innovations, Inc.). Fluorescence emission intensities of
individual fluorescent cells, measured using circular regions of
interest (ROIs) placed over cell bodies, were collected as functions
of time. For calcium imaging experiments, emission intensities
were exported to SigmaPlot11, ratioed (Rs49/R3g0) and converted to
[Ca*"); using the Grynkewicz equation with constant parameters
Rinin>» Rmax and f3 determined using calibration solutions containing
fura-2 salt. Differences in the values of these parameters from those
obtained using an in situ protocol are controlled for by normalizing
responses in the same cell. However, since [Ca®*]; is not a linear
function of Rz49/Rsg, this calculation is necessary to preserve the
dynamic changes produced in the cell. For sodium imaging
experiments, because the emission intensity of SBFI excited by
340 nm light is highly pH sensitive (Diarra, Sheldon, and Church,
2001), changes in [Na']; were depicted as changes in Repgy, the
emission intensity produced by 340 nm excitation of the cell at time
0 when pH = 7.4, 1349(0), divided by the emission intensity of the
cell excited by 380 nm light as a function of time, I350(t) (Rsprr =
I540(0)/I5g0(t)). Analyses of [Ca**];, Reppy and electrophysiological
recordings were performed wusing Clampfit 10.5 (Axon
Instruments). Statistical analysis was conducted using SigmaPlot
11 and SigmaStat 3 software (Systat Software, Inc.). Statistical
differences were determined using paired and unpaired t-tests
for within group and between group experiments, respectively,
and were considered significant if p < 0.05. For multiple group
comparisons 1- and 2-way ANOVAs, with or without repeat
measures, were used, as appropriate. When significant
differences were determined with an ANOVA, post-hoc
analyses were conducted using a Dunn Test to determine
differences between individual groups.

RESULTS

Our laboratory has shown that the concurrence of ischemia and
acidosis, which occurs during stroke, results in a synergistic
[Ca**]; overload in neurons and concomitant cell death (Mari
et al., 2010). Given that NKCC1 has been implicated in [Ca®];
overload during reperfusion following oxygen-glucose
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FIGURE 1 | Ischemia-acidosis evoked [Ca?*];increases in cultured rat cortical neurons are inhibited by bumetanide and ethacrynic acid. A, Representative traces of
[Ca?*]; as a function of time recorded from a single neuron in response to an initial 2-min ischemia-acidosis insult (Isc. pH 6; Control 1, black trace) and a second
application of the Isc. pH 6 solution following a 20-min recovery period (Control 2, gray trace). Representative traces of [Ca?*] recorded from two neurons using the same
protocol as in (A), in the absence and presence of 100 uM bumetanide [(B); Control, black trace; 100 pM BMN, blue trace] or 100 uM ethacrynic acid [(C); Control,
black trace, 100 UM EA, red trace]. (D), Relative mean [Ca®*]; (+SEM) responses obtained using the paired protocol with the second response, in the absence (Control,
n =59) and presence of 100 UM bumetanide (BMN, n = 156) or 100 uM Ethacrynic Acid (EA, n = 140), normalized to the first control response. Peak [Ca®*];increase was
measured immediately after application of the ischemia-acidosis solution. Sustained [Ca*]; was measured just prior to washout of the Isc. pH 6 solution. Rebound [Ca®*];
was the maximum [Ca®*]; measured following washout of Isc. pH 6 solution. The percent recovery (%Rec) was calculated as the final [Ca®*); normalized to the maximum
[Ca?*); after the initial transient peak ([final-baseline]/[rebound peak-baseline]). Total [Ca*]jincreases were calculated by integrating beneath the traces of [Ca*]; vs. time.
(E), Same data in (D) with ratios normalized to Control/Control ratios. Asterisks denote significant difference from Control (o < 0.05) and pound symbols indicate
significant difference between BMN and EA (p < 0.05). Bars above (A), (B) and (C) indicate duration of ischemia-acidosis (Isc. pH 6.0).

deprivation (X. Chen et al., 2008), we examined the effects of the
NKCCI inhibitors, bumetanide and ethacrynic acid, on the
[Ca*']; burden produced by simultaneous ischemia and
acidosis in neurons. Consistent with previous studies, in vitro
ischemia-acidosis (Isc. pH 6) induced a rapid, transient increase
in [Ca”"]; in cortical neurons followed by a slow steady rise in the
continued presence of the Isc. pH 6 solution. Upon washout of the
solution, the [Ca®"]; rebounded to a second, slower decaying
peak, before returning to near baseline levels (Figure 1A).
Application of 100 uM bumetanide (Figure 1B, blue trace) or
100 pM ethacrynic acid (Figure 1C, red trace) resulted in a
reduction in [Ca®*]; elevations produced by ischemia-acidosis.
Additionally, [Ca®']; recovered more slowly in the presence of
these inhibitors. Combined data from identical experiments
showed both bumetanide and ethacrynic acid reduced the
initial peak increases and the sustained levels of [Ca®'];
triggered by ischemia-acidosis. However, ethacrynic acid
produced a statistically greater reduction in both of these
[Ca®*]; increases relative to bumetanide. Furthermore,
ethacrynic acid, but not bumetanide, reduced the peak
rebound increase in [Ca®']; observed upon washout of

ischemia-acidosis (Figures 1D,E). While the loop diuretics
inhibited the transient increases, they also decreased the rate
of recovery from the elevated [Ca®'], resulting in an elevated
[Ca®*]; at the end of the recording period (9 min) relative to
Control (Figures 1D,E). The total increase in [Ca®*]; induced by
ischemia-acidosis, as measured by integrating under the traces
(Total [Ca®"];), is dependent on the transient increases and as well
as the degree of recovery during the recording period. For cells
incubated in bumetanide, the decreased elevations in [Ca®'];
occurring during ischemia-acidosis were offset by the reduced
recovery during washout. Thus, bumetanide failed to reduce net
[Ca®*]; increases relative to Control. In contrast, ethacrynic acid,
which produced a similar degree of inhibition of recovery as
bumetanide, but a greater block of initial peak, sustained and
rebound peak [Ca®*]; than bumetanide, reduced the net [Ca®'];
increase produced by ischemia-acidosis (Figures 1D,E).

In addition to affecting [Ca®*];, NKCC1 has been implicated in
elevations in [Na']; during post-ischemia reperfusion (X. Chen
et al., 2008). This [Na']; overload causes cellular edema and
promotes cell death. Thus, it was of interest to determine if
NKCCI1 plays a significant role in intracellular Na* homeostasis
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FIGURE 2| Increases in [Na*], depicted by Rsgr, evoked by concurrent ischemia and acidosis are not inhibited by NKCC1 inhibitors. (A), Representative traces of
Rsgr as a function of time recorded from a single neuron during two, 2-min ischemia-acidosis insults with a 20 min recovery period in between. (B), Representative
traces of Rggr s a function of time recorded from a single neuron in response to two, 2-min ischemia-acidosis applications, first in the absence (Control, black trace) and
20 min later in the presence of 100 uM bumetanide (100 pM BMN, blue trace). (C), Representative traces of Rggp as a function of time recorded from a single
neuron in response to two, 2-min ischemia-acidosis applications, first in the absence (Control, black trace) and 20 min later in the presence of 100 uM ethacrynic acid
(100 uM EA, red trace). (D), Relative mean Rsgr (+SEM) measured in the absence (Control) and presence of 100 uM bumetanide (100 uM BMN, n = 108) or 100 uM
ethacrynic acid (100 uM EA, n = 49). Responses were normalized to control responses in the same cells. Baseline and Initial Peak represent Rsgr values measured
immediately prior to and 15 s after initiation of ischemia-acidosis. Max Peak represents highest Rsgs measured during ischemia + acidosis. Recovery was calculated as
(final-baseline)/(maximum-baseline). (E), Same data presented in (D) but normalized to the Response2/Response ratio for Control. Asterisks denote significant
difference from Control (o < 0.05) and pound symbol indicates significant difference between BMN and EA (p < 0.05). Bars above (A) and (B) indicate duration of
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during ischemia-acidosis and during reperfusion. SBFI loaded
cultured cortical neurons were imaged to determine the effects of
ischemia-acidosis on intracellular Na® by monitoring Rgpgr.
Ischemia-acidosis was found to produce an immediate rapid
rise in [Na']; followed by a slow steady increase that persisted
for approximately 1min following washout of the ischemia-
acidosis solution before [Na']; returned towards baseline
(Figure 2A). Application of either 100 pM bumetanide or
100 uM ethacrynic acid failed to significantly alter increases in
[Na*]; produced by ischemia-acidosis, but both effected recovery
from these [Na']; elevations (Figures 2B,C). Compiled data
showed that basal [Na']; not affected by either
bumetanide or ethacrynic acid (Figures 2D,E). Similarly,
neither the initial peak [Na']; nor the maximum peak [Na'];
were significantly affected by the NKCC1 inhibitors (Figures
2D,E). However, opposite effects on the recovery from these
induced [Na®]; increases were noted for the two NKCCl1
inhibitors, with bumetanide slowing down recovery and

was

The fact the two NKCCI antagonists, bumetanide and
ethacrynic acid, failed to block elevations in [Na'l]; observed
following ischemia-acidosis suggests that NKCC1 is not the site
of action responsible for the mitigation of [Ca>"]; overload by these
drugs under these conditions. Our laboratory has previously shown
the initial, transient rise in [Ca*']; following ischemia-acidosis is
dependent on activation of acid-sensing ion channels (ASIC) (Mari
et al, 2010). Since this rise was BMN- and EA-sensitive, we
examined the effects of these loop diuretics on ASIC-mediated
whole-cell currents in isolated cortical neurons. Application of
acidic PSS (pH 6.0) evoked transient inward currents in neurons
voltage-clamped at —70 mV, consistent with ASIC activation
(Figure 3A). Bumetanide (100 uM) was found to increase peak
current amplitudes by 13% and decay times by 25% which resulted
in no significant difference in the net inward current induced by
10 s acidosis compared to control (Figures 3B,D,E). In contrast,
while ethacrynic acid (100 uM) did not statistically alter the peak
inward current amplitude or the time constant of its decay, the

ethacrynic acid accelerating return to baseline [Na'];  small apparent decrease in both resulted in a 10% block of the net
(Figure 2D). inward current produced by 10 s acidosis (Figure 3C,D,E). These
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FIGURE 3 | Peak inward ASIC-mediated currents are not inhibited by bumetanide or ethacrynic acid. (A), Representative traces of inward currents activated by two

10 s applications of acidic solution (pH 6.0) onto a single cell voltage clamped at —70 mV. (B), Representative traces of inward currents activated by 10 s applications of
PSS at pH 6.0 onto a single cell voltage-clamped at =70 mV in the absence (Control, black trace) and presence of 100 uM bumetanide (100 pM BMN, blue trace). (C),
Representative traces of inward currents activated by 10 s applications of PSS at pH 6.0 onto a single cell voltage-clamped at —70 mV in the absence (Control,
black trace) and presence of 100 uM ethacrynic acid (100 uM EA, red trace). (D), Mean peak inward currents, rates of current decay (r) and net current (area under
current trace) (+SEM) measured in the absence (Control, n = 16) and presence of 100 uM bumetanide (BMN, n = 6) and 100 uM ethacrynic acid (EA, n = 10) normalized
toinitial control responses (absence of drugs). (E), Data in (D) normalized to Response2/Response1 ratio for Control. Asterisks denote significant difference from Control
(o < 0.05) and pound symbols indicate significant difference between BMN and EA (p < 0.05). Bars above (A), (B), and (C) indicate duration of low pH application (pH
6.0). In all experiments, second low pH solution application was carried out after a 5 min washout of the initial acid stimulation.
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results, however, are not consistent with the 10 and 20% blocks of
initial [Ca®']; increases by BMN and EA, respectively (see
Figure 1), which suggests that these drugs are modulating Ca**
influx pathways distinct from ASIC.

Activation of NMDA receptors has also been shown to occur
during ischemia-acidosis and produces increases in neuronal [Ca®"];
(Mari et al., 2010). To determine if bumetanide and/or ethacrynic
acid inhibit jonotropic glutamatergic currents, whole cell currents
were recorded in neurons voltage clamped at -70 mV and perfused
with 20 uM glutamate in the absence and presence of the two drugs
(Figures 4A-C). The NCCK1 inhibitors did not produce appreciable
changes in jonotropic glutamatergic responses (Figures 4B,C).
Figure 4D shows bar graph of mean peak, steady-state and net
inward currents (Charge Influx) recorded from multiple neurons
during 10 s glutamate applications. Neither 100 uM bumetanide nor
100 uM  ethacrynic acid significantly inhibited any of the
components of the glutamate-evoked currents (Figures 4D).

The inability of bumetanide to inhibit acidosis- and glutamate-
evoked inward currents in cultured cortical neurons raises the
possibility that the reduction of ischemia-acidosis induced [Ca®*);
increases produced by this NCCK1 inhibitor might be due to block
of Ca** influx through voltage-gated Ca** channels (VGCC).

Previous studies in our laboratory have shown VGCC are
activated downstream of ASIC following ischemia-acidosis
(Mari et al, 2010). Neurons were voltage-clamped at -70 mV
and depolarizing membrane pulses applied to -10 mV, in the
presence of TTX and TEA, to isolate currents through VGCC.
Figure 5A shows representative membrane currents recorded from
a single neuron in response to membrane depolarizations in the
absence (Control) and presence of 10 pM bumetanide (BMN). At
this concentration, bumetanide decreased the peak current
amplitude by approximately 40%. Figure 5B shows
representative membrane currents recorded from a single
neuron in response to membrane depolarizations in the absence
(Control) and presence of 56 pM ethacrynic acid (EA). In this cell,
56 uM ethacrynic acid produced an approximately 60% reduction
in the VGCC-mediated current. Using identical methods,
concentration-response relationships were constructed for
bumetanide and ethacrynic acid inhibition of VGCC-mediated
currents (Figure 5C). Data points were best fit with a single-site
Langmuir-Hill equation (Cuevas and Adams, 1997) with half-
maximal inhibitions (ICsy), Hill coefficients and non-reducible
current (asymptotic minimum) values of 8 uM, 0.41 and 0.37,
respectively for BMN (blue circles and line) and 36 uM, 0.75 and
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FIGURE 4 | Glutamate activated inward currents are not inhibited by bumetanide or ethacrynic acid. (A), Representative traces of whole-cell currents recorded

from a single neuron voltage clamped at =70 mV in response to two 10 s applications of 20 uM glutamate. (B), Representative traces of whole-cell currents recorded
from a single neuron voltage clamped at =70 mV in response to a 10 s application of 20 uM glutamate in the absence (Control, black trace) and presence of 100 uM
bumetanide (100 uM BMN, blue trace). (C), Representative traces of whole cell currents recorded from a single neuron voltage clamped at =70 mV in response to a

10 s application of 20 uM glutamate in the absence (Control, black trace) and presence of 100 uM ethacrynic acid (100 uM EA, red trace). (D), Bar graph of compiled
data from experiments identical to those in A (n = 5), B (n = 4) and C (n = 4). Data are shown as the ratio of second responses to first responses in the absence (Control)
and presence of drug (BMN or EA). Data shown are mean response ratios (+SEM) of holding current, initial peak and steady state (measured at the end of the 10 s
application) inward currents, and charge influx during glutamate application (Glut Dependent) and throughout the recording (Total). No significant differences were noted

for any of the parameters measured (p > 0.12 for all). Bars above traces in A-C denote times of glutamate application.

0.0 for EA (red circles and line) (Figure 5C). Thus, ethacrynic acid
has lower affinity for the channel, but greater efficacy than
bumetanide for blocking VGCCs in cortical neurons.

Our laboratory has shown that elevations of [Ca®']; triggered
by acidosis can also be reduced via the inhibition of voltage-gate
Na" channels (VGSC). Furthermore, blocking of VGSC has been
shown to lessen neuronal [Ca®']; increases observed after oxygen-
glucose deprivation (LoPachin, Gaughan, Lehning, Weber, and
Taylor, 2001; Herrera et al., 2008). Thus, we examined if the loop
diuretics, bumetanide and ethacrynic acid, also effected VGSC in
cortical neurons. Inward VGSC currents were activated by
stepping voltage clamped neurons from =70 mV to —30 mV in
the presence of TEA, Ba** and Cd**. Representative VGSC
currents recorded from a single neuron are shown in

Figure 6A and demonstrate BMN inhibit VGSC. Similarly,
VGSC currents were reduced by micromolar concentrations of
EA (Figure 6B). Concentration-response relationships were
constructed using measurements from 86 neurons and
concentrations of bumetanide ranging from 0.3 to 1,000 uM
and on 46 neurons using concentrations of ethacrynic acid
ranging from 3 to 1,000 pM. Figure 6C shows the data points
were best fit with a single-site Langmuir-Hill equation with ICsq,
Hill coefficient and non-reducible current (asymptotic
minimum) values of 19 uM, 0.46 and 0.21, respectively for
BMN (blue circles and line) and 36 uM, 0.72 and 0.22,
respectively for EA (red circles and line). These results
indicate nearly 20% of the VGSC current is BMN and EA-
insensitive.
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FIGURE 5 | Bumetanide and ethacrynic acid inhibit voltage-gated calcium channels in a dose-dependent manner. (A), Representative traces of whole-cell VGCC
currents recorded from a single neuron in response to a 500 msec step from a holding potential of =70 mV to —10 mV in the absence (Control, black trace) and presence
of 10 uM bumetanide (10 uM BMN, blue trace). (B), Representative traces of whole-cell VGCC currents recorded from a single neuron in response to a 500 msec step
from a holding potential of -70 mV to =10 mV in the absence (Control, black trace) and presence of 56 uM ethacrynic acid (56 uM EA, red trace). (C),
Concentration-response relationships of relative peak inward VGCC currents (mean + SEM) activated by voltage steps from =70 mV to —10 mV. Currents were
normalized to control peak currents measured in the absence of bumetanide or ethacrynic acid. Data points (oumetanide blue circles; ethacrynic acid red circles) were
best fit (oumetanide blue line, ethacrynic acid red line) using a single-site Langmuir-Hill equation with an asymptotic minimum (dashed line for BMN). n > 7 for each data
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It should also be noted that the blocks of these voltage-gated
currents by the loop diuretics were not voltage dependent. There
were no observable shifts in the voltages for maximal current
amplitude (Supplementary Figure S1) in the presence of half-
maximal concentrations of BMN or EA compared to control.

The 70% block of VGSC currents by maximal concentrations
of bumetanide only occurred in a fraction of the neurons tested.
Of the 103 cells used to measure bumetanide inhibition of VGSC
currents, 31 were found to be inhibited by ~20% by millimolar
concentrations of bumetanide. A concentration-response
relationship for VGSC currents in bumetanide-resistant
neurons failed to exhibit any concentration-dependence of
block (solid line), in contrast to the dose-response relationship
observed in the bumetanide-sensitive neurons (dashed line)
(Figure 7A). Figure 7B shows current traces from two
different voltage clamped neurons stepped from a holding
potential of —=70 to —30 mV in the absence and presence of
1 mM bumetanide, 100 nM TTX and 1 mM BMN + 100 nM
TTX. The current traces on the left are from a representative
neuron resistant to bumetanide block, whereas the traces on the
right are from a neuron sensitive to bumetanide block. The data
from 10 cells exposed to this protocol were grouped according to
bumetanide sensitivity and each group analyzed with a two-way
ANOVA to determine if there were interactions between TTX

and bumetanide (Figure 7C). For the bumetanide resistant
currents, there was no interaction between the two
compounds (p = 0.336) (Figure 7C), while, in bumetanide
sensitive neurons there was a statistically significant
interaction between the drugs, such that the response to
bumetanide was dependent on the presence of TTX (p < 0.02)
(Figure 7C). While both BMN and TTX reduced the VGSC
current amplitude relative to control alone (p < 0.001 and p =
0.002, respectively), the combination BMN + TTX was not
significantly different from either BMN (p = 0.981) or TTX
(p = 0.49) alone (Figure 7C). To further facilitate comparison,
we determined the percent block observed for each condition,
BMN, TTX and BMN + TTX. Figure 7D shows the percent
inhibition (mean + SEM) observed for both bumetanide-resistant
(left panel) and bumetanide-sensitive (right panel) neurons. In
bumetanide-resistant neurons, 1 mM BMN inhibited VGSC
currents by only ~26%, while TTX and BMN + TTX inhibited
the responses by over 70% (Figure 7D). In these neurons, there
were statistically significant blocks produced by TTX and BMN +
TTX. The block by BMN alone was significantly different from
inhibition with TTX present (p < 0.001). In contrast, VGSC
currents from the bumetanide-sensitive cells were all blocked by
>70% by BMN, TTX and BMN + TTX (Figure 7C) and these
inhibitions were not significantly different from each other.
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FIGURE 6 | Bumetanide and ethacrynic acid inhibit voltage-gated sodium channels in a dose-dependent manner. (A), Representative traces of whole-cell VGSC
currents recorded from a single neuron in response to 50 msec steps from a holding potential of =70 mV to —30 mV in the absence (Control, black trace) and presence of
30 uM Bumetanide (30 uM BMN, blue trace). (B), Representative traces of whole-cell VGSC currents recorded from a single neuron in response to 50 msec steps from a
holding potential of =70 mV to =30 mV in the absence (Control, black trace) and presence of 100 uM ethacrynic acid (100 uM EA, red trace). (C), Concentration-
response relationship of relative peak inward VGSC currents (mean + SEM) elicited by voltage steps from —70 to —30 mV. Currents were normalized to control peak
currents measured in the absence of bumetanide or ethacrynic acid. Data points (bumetanide blue circles; ethacrynic acid red circles) were best fit (bumetanide blue line,
ethacrynic acid red line) to a single-site Langmuir-Hill equation with an asymptotic minimum (dashed line). n > 15 for all bumetanide data points and n > 6 for all ethacrynic
acid data points. Asterisks and pound symbols denote significant difference from Control for BMN and EA, respectively (p < 0.05). Neurons for these experiments were
electrically accessed using the conventional (dialyzing) whole-cell patch clamp recording configuration.
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DISCUSSION

The primary finding of this study is the loop diuretics bumetanide
and ethacrynic acid inhibit voltage-gated Ca®" and Na* ion
channels that contribute to intracellular Ca®" dysregulation
evoked by ischemia-acidosis in neurons. The ICs, values of
BMN and EA for these channels are consistent with the
concentrations of the loop diuretics required to inhibit the
ischemia-acidosis evoked [Ca®*]; overload. Neither loop diuretic
significantly blocked acidosis- or glutamate-activated whole cell
inward currents, suggesting that the inhibition of ischemia-acidosis
induced [Ca®*]; overload was not due to block of ASIC or
glutamatergic ion channels. In addition, neither BMN nor EA
significantly altered ischemia-acidosis induced increases in [Na'];.
Thus, the increase in [Na']; induced by ischemia-acidosis is not
mediated by Na" influx through either VGSCs or NKCC. These
observations further suggest that loop diuretic suppression of
[Ca®"]; overload during ischemia-acidosis is not a downstream
effect of mechanisms activated to preserve [Na']; homeostasis.
Our laboratory first showed ischemia and acidosis interact to
produce a synergistic increase in neuronal [Ca"]; overload (Mari
et al., 2010). While several ion channels, including acid-sensing ion
channels, VGCC and NMDA receptors were all found to contribute

to the increases in [Ca®'];, use of specific blockers of these channels
suggested additional molecular mechanisms were likely involved in
the ischemia-acidosis evoked [Ca®']; dysregulation. Both
bumetanide and ethacrynic acid inhibited multiple components of
the ischemia-acidosis evoked [Ca®']; overload, including the initial
transient increase, sustained levels and rebound peak increase in
[Ca®"];. This suggested bumetanide and ethacrynic acid are either
inhibiting multiple proteins that cause this [Ca"]; overload or are
affecting mechanisms that directly or indirectly influence [Ca®*];
handling throughout the ischemia-acidosis event. Activation of
ASIC, NMDA and VGCC all produce rapid increases in
neuronal [Ca®']; and impact the initial rapid transient increase in
[Ca2+]i (Mari et al., 2010; Mari, Katnik, and Cuevas, 2015). However,
neither bumetanide nor ethacrynic acid were found to appreciably
block ASIC- or NMDA-mediated currents at concentrations as high
as 100 uM. Thus, it is unlikely inhibition of these channels by the
loop diuretics produces the reduction in ischemia-acidosis evoked
synergistic increases in neuronal [Ca®*]; overload. In contrast, both
bumetanide and ethacrynic acid were found to inhibit VGCC.
These loop diuretics are inhibitors of the renal Na-K-Cl
cotransporters, NKCC1 and NKCC2. Bumetanide has been
shown to inhibit rat NKCC1 and NKCC2 with ICsy values of
~6 uM (Hannaert, Alvarez-Guerra, Pirot, Nazaret, and Garay,
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FIGURE 7 | Sensitivity to inhibition by bumetanide distinguishes two populations of voltage-gated sodium channels in cultured neurons. (A), Normalized peak

inward VGSC currents (mean + SEM) as a function of bumetanide concentration recorded from neurons with VGSC resistant to bumetanide blockade (n > 7). Currents
were activated by voltage steps from a holding potential of —70 mV to —30 mV and normalized to control peak currents measured in the absence of bumetanide at the
indicated concentrations. Data points were best fit (solid line) to a linear equation with a slope of ~0.2 nM~". Dotted line is the single-site Langmuir-Hill equation fit to

the data from the bumetanide-sensitive neurons shown in Figure 6. (B), Representative traces of whole-cell currents evoked by 50 msec voltage steps from a holding
potential of —70 mV to —30 mV recorded from two different neurons, one with primarily VGSC currents resistant to bumetanide (/, Resistant) and one with VGSC sensitive
to inhibition by bumetanide (ii, Sensitive). Currents were elicited from the neurons in the absence of drug (Control, black traces), and in the presence of 1 mM Bumetanide
(BMN, blue traces), 100 nM TTX (TTX, green traces) and 1 mM Bumetanide +100 nM TTX (BMN + TTX, red traces). (C), Peak inward VGSC currents (mean + SEM)
measured from 4 bumetanide-resistant (Resistant, left panel) and 6 bumetanide-sensitive (Sensitive, right panel) neurons using the same protocol as (B). A two-way
ANOVA followed by a post-hoc Tukey Test indicates no significant interaction between BMN and TTX in the Resistant group (p = 0.336), but a significant interaction
between TTX and BMN in the Sensitive group (p < 0.02). A one-way ANOVA followed by a post-hoc Tukey Test on the Resistant group indicates TTX and BMN + TTX are
both significantly different from Control (p < 0.001) and BMN (p < 0.05 and 0.001, respectively) but not each other and BMN was not significantly different from Control
(p = 0.079). (D), Percent block of normalized peak VGSC currents (Percent block = (1-I/lcontro)*100) calculated from the currents measured in (B) for cells Resistant (left
panel) or Sensitive (right panel) to BMN. A one-way ANOVA indicates BMN produces a statistically significant lower block than TTX or TTX + BMN in resistant cells (o <
0.001). No significant differences were noted for block in the BMN-sensitive cells (p = 0.10). Asterisks indicate significant difference from Control, pound sign indicates

significant difference from BMN determined by Two-Way ANOVA (**o < 0.05: *#*p < 0.001).

2002). The IC5, observed in the current study for bumetanide
inhibition of voltage-gated Ca®* channels, 8 uM, is nearly
identical to that for NKCCI/NKCC2. However, while
bumetanide at the highest concentrations (>50 uM) blocked
nearly all of the activity of both NKCC1 and NKCC2
(Hannaert et al., 2002), over 40% of the VGCC current was
resistant to 300 uM bumetanide. It remains to be determined if
this bumetanide-resistant component represents a specific VGCC
subtype or if the compound has low efficacy for VGCC in general.
While the effects of loop diuretics on neuronal VGCC were
previously unknown, bumetanide can inhibit VGCC in cardiac
myocytes at low uM concentrations (Shimoni, 1991). Inhibition
of VGCC in cardiomyocytes by bumetanide was found to be as
high as 80% of the peak VGCC current and varied significantly
from cell to cell (Shimoni, 1991).

Ethacrynic acid is structurally dissimilar to bumetanide and
higher concentrations are required to inhibit both transporter
subtypes. EA inhibits NKCC1 in avian erythrocytes and NKCC2
in canine renal epithelial cells with ICs, values of 180 and 20 uM,
respectively, (Rugg, Simmons, and Tivey, 1986; Palfrey and
Leung, 1993). Given the ICsy value for EA inhibition of
VGCC is 36 uM, EA is a more potent inhibitor of VGCC than
NKCC. While EA was less potent than bumetanide at inhibiting
VGCC, EA exhibited greater efficacy for these channels, with
178 uM EA blocking ~80% of the VGCC currents in the neurons.
Unlike bumetanide, ethacrynic acid, which is structurally
dissimilar and does not contain a sulfonamide substituent, has
not been previously shown to modulate VGCC in any cell type.

Bumetanide blocked voltage-gated Na" channels with an ICs
(19 pM) similar to its ICso for NKCC1 and NKCC2. In contrast to
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observations of VGCC block by bumetanide in the current study, a
population of cortical neurons expressed VGSC that were resistant to
bumetanide block, even at the highest concentrations (1 mM). In
both bumetanide-sensitive and bumetanide-insensitive cells, VGSC
currents were blocked by >70% by TTX (100 nM). Bumetanide
application did not have an additive effect with TTX, suggesting
bumetanide specifically inhibits one of the TTX-sensitive channel
subtypes expressed in cortical neurons. Cortical neurons express a
variety of TTX-sensitive VGSC, including NaV1.1,NaV1.2, NaV1.3,
NaV1.6 and NaV1.7 and the TTX-insensitive NaV1.9 (Jeong et al,
2000; de Lera Ruiz and Kraus, 2015; Rubinstein et al., 2016). Thus,
bumetanide does not appear to affect NaV1.9. The specific TTX-
sensitive NaV subtype affected by bumetanide remains to be
determined.

The ethacrynic acid block of VGSC (IC5 = 36 M) was more
potent than its block of NKCC1 but comparable to its block of
NKCC2. Like bumetanide, EA failed to completely block VGSC
currents, with approximately 20% of the current remaining at
1 mM EA.

Inhibition of voltage-gated sodium channels by BMN and EA did
not alter [Na']; accumulation caused by ischemia-acidosis. Neither
the initial rapid rise in [Na']; due to ischemia-acidosis, nor the slow
rise in [Na']; during the ischemic event were reduced by either
compound at concentrations that significantly inhibit VGSC
(100 uM). Both ischemia and acidosis are known to evoke
increases in [Na']; resulting in reverse-mode activity of the Na'/
Ca®" exchanger (Lenart et al,, 2004; Kintner et al,, 2007; Luo et al,
2008). Extrusion of Na* by NCX produces Ca*" influx and [Ca®'];
elevations. Given [Na']; is not affected by the loop diuretics, it does
not appear a reduction in [Na*]; produced by inhibition of VGSC and
concomitant lessening of Ca®* influx via NCX can explain the ability
of these loop diuretics to mitigate ischemia-acidosis evoked [Ca®'];
overload. NKCC activity has been implicated in the [Na'l;
accumulation that precedes NCX activity and [Ca®*]; overload in
astrocytes (Lenart et al., 2004; Kintner et al., 2007; Luo et al., 2008).
Neither bumetanide nor ethacrynic acid reduced the [Na']; elevation
in neurons suggesting NKCC is not a major conduit for ischemia-
acidosis induced Na* influx which leads to [Ca®*]; overload. The lack
of NKCC contribution to [Na']; increases may be due to reduced
activity of the cotransporter during ischemia-acidosis. It was
previously reported the activity of NKCC1 is reduced by ~80%
when extracellular pH approaches 6.0 (Hegde and Palfrey, 1992).

Stroke-induced gray and white matter injury in mice was shown
to be reduced in NKCC knockout animals (H. Chen, Luo, Kintner,
Shull, and Sun, 2005). Similarly, bumetanide was shown to reduce
infarct volume in a rat middle cerebral artery occlusion stroke model
(O’Donnell, Tran, Lam, Liu, and Anderson, 2004). NKCCI effects on
[Na']; in neurons and astrocytes appeared during re-oxygenation
rather than during the ischemic event (H. Chen et al, 2005),
consistent with our observation that bumetanide does not reduce
[Na']; accumulation during ischemia-acidosis. While reduced edema
associated with NKCC1 inhibition by bumetanide may lessen stroke
injury (O'Donnell et al., 2004), the blunting of [Ca®"]; overload in
response to ischemia-acidosis by BMN would also improve outcomes
in stroke. Similarly, inhibition of voltage-gated channels may explain
how bumetanide reduces glutamate-mediated excitotoxicity (Beck,
Lenart, Kintner, and Sun, 2003).

Diuretics Inhibit Neuronal Ca®* Overload

Bumetanide has been shown to decrease seizure activity in
humans (Kahle and Staley, 2008). Results from the current study
suggest this effect may be due to the inhibition of voltage-gated
channels. The inhibition of voltage-gated Ca** channels is known to
contribute to the actions of antiepileptic drugs, such as
levetiracetam (Niespodziany, Klitgaard, and Margineanu, 2001;
Yan et al, 2013). Similarly, inhibiting TTX-sensitive sodium
channels, such as NaV1.6 has been shown to blunt seizure
activity in rat epilepsy models (Hargus, Nigam, Bertram, and
Patel, 2013; Shao et al., 2017). Finally, loop diuretics, including
bumetanide, have been shown to promote direct vasorelaxation in
the concentration range shown here to be effective for VGCC and
VGSC block (Pickkers, Russel, Thien, Hughes, and Smits, 2003).
Therefore, direct inhibition of these channels which contribute to
vascular tone may explain these effects.

Clinically, bumetanide and ethacrynic acid, are used in edematous
states, such as heart failure, to promote diuresis and natriuresis
(Somberg and Molnar, 2009). This effect is due to the ability of these
compounds to block the NKCC2 cotransporter, primarily in the
Loop of Henle, and prevent the reuptake of Na*, K*, and Cl” from the
tubular fluid. Loop diuretics have additional effects, such as the
lowering of blood pressure, which is often observed even prior to
diuresis (Gabriel, 1983). The effective concentrations of bumetanide
and ethacrynic acid reported here are consistent with clinically
relevant doses (Ward and Heel, 1984; Lacreta et al., 1994; van der
Heijden et al,, 1998), and thus may contribute to the systemic effects
of these compounds. It will be important to determine if other off-
target effects of these loop diuretics contribute to the decrease in
[Ca®"]; overload reported here.

In conclusion, the loop diuretics, bumetanide and ethacrynic acid
effectively suppress ischemia-acidosis induced [Ca®*]; overload in
neurons at concentrations near their respective ICs, values for NKCC
inhibition. These effects appear to be in part mediated via the
inhibition of voltage-gated Ca®* and Na* channels and are not
due to any direct effects on ionotropic glutamatergic receptors or
acid-sensing ion channels. Furthermore, the inability of the loop
diuretics to reduce ischemia-acidosis evoked [Na']; elevations suggest
NKCC cotransporters are not involved in neuronal ionic imbalances
during ischemia-acidosis; and inhibition of these transporters does
not account for the beneficial effects of bumetanide and ethacrynic
acid under these conditions. However, the ability of these loop
diuretics to lessen ischemia-acidosis induced [Ca®*]; overload
suggests that they may be useful for reducing stroke injury and
that their effect on Ca** and Na' channels may in part explain
observations made in previous studies.
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Standard high throughput screening projects using automated patch-clamp instruments
often fail to grasp essential details of the mechanism of action, such as binding/unbinding
dynamics and modulation of gating. In this study, we aim to demonstrate that depth of
analysis can be combined with acceptable throughput on such instruments. Using the
microfluidics-based automated patch clamp, lonFlux Mercury, we developed a method for
arapid assessment of the mechanism of action of sodium channel inhibitors, including their
state-dependent association and dissociation kinetics. The method is based on a complex
voltage protocol, which is repeated at 1 Hz. Using this time resolution we could monitor the
onset and offset of both channel block and modulation of gating upon drug perfusion and
washout. Our results show that the onset and the offset of drug effects are complex
processes, involving several steps, which may occur on different time scales. We could
identify distinct sub-processes on the millisecond time scale, as well as on the second time
scale. Automated analysis of the results allows collection of detailed information regarding
the mechanism of action of individual compounds, which may help the assessment of
therapeutic potential for hyperexcitability-related disorders, such as epilepsies, pain
syndromes, neuromuscular disorders, or neurodegenerative diseases.

Keywords: automated patch-clamp, sodium channel inhibitor, binding kinetics, epilepsy, pain, neuromuscular
disorders, lidocaine, riluzole

INTRODUCTION

Most small-molecule sodium channel inhibitors bind to the local anesthetic binding site, and they are
strongly state-dependent, showing ~10-fold-1,000-fold higher affinity to inactivated channels
(Lenkey et al., 2011). For this reason, as it has long been recognized, determining an ICs, value
with a single voltage protocol means practically nothing. Radically different ICs, values can be
measured at different holding potentials (as an example, a roughly hundredfold difference was found
in the case of fluoxetine (Lenkey et al., 2006)), and a shift of the steady-state availability curve caused
by drug binding is a common phenomenon. These two phenomena are not only related, but they
both are manifestations of state-dependent affinity. Determining concentration-response curves at

Abbreviations: E,, relative error; %RMSE, percentage root mean square error; RFI, “recovery from inactivation” protocol;
SDO, “state-dependent onset” protocol; SSI, “steady-state inactivation” protocol.
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different holding potentials, and determining the shift of steady-
state availability curves at different drug concentrations are
essentially equivalent experiments, as it has been discussed
before—see Figure 1 of Lenkey et al. (2011). It is a general
practice, therefore, that instead of a single ICs, value, the
resting-state-, and inactivated-state-affinities (Kz and Kj) are
given for individual compounds. Once Kz and K; are known,
the potency at any membrane potential can be estimated.
Excitable cells, however, do not keep a constant membrane
potential, but fire action potentials regularly. Whenever an
action potential is fired, sodium channels undergo a series of
conformational transitions, and sodium channel inhibitors
dynamically associate and dissociate depending on the actual
conformational distribution of the channel population. The final
effect of the inhibitor will depend on how the firing rate (the
temporal pattern of the membrane potential) and binding/
unbinding kinetics relate to each other. This is the basis of the
well-known difference between subclasses of class I
antiarrhythmics, but binding/unbinding kinetics is equally
important in the therapy of hyperexcitability-related skeletal
muscle disorders (Simkin, 2011; Cannon, 2018), as well as
diseases of the peripheral and central nervous system, such as
certain pain syndromes and epilepsies. When assessing the onset/
offset kinetics of a sodium channel inhibitor, one must consider
the special position of the local anesthetic binding site: it is located
within the central cavity of the channel, accessible only through
the lipid membrane. The onset/offset process, therefore, cannot
be simplified into a single-step binding/unbinding reaction
(Vauquelin, 2016). The onset is often not diffusion-limited,
but hindered by other possible rate-limiting steps:
deprotonation of charged nitrogens (evidenced by the pH-
dependence of onset rates (Lazar et al, 2015)), partitioning
into the membrane (evidenced by the correlation between
lipophilicity and potency (Lenkey et al, 2010; Lenkey et al,
2011)), access to the central cavity through the fenestrations
and the activation gate (these open up only at depolarized
conformations (Yan et al., 2017)), and formation of the high-
affinity binding site (the whole binding pocket is thought to be
rearranged at depolarized conformations). Rate limiting steps
during offset may include delayed conformational rearrangement
of the protein, unbinding, egress from the central cavity, and
partitioning of the drug molecule into the extracellular aqueous
phase. The last process may be further delayed if the compound
has accumulated within intracellular lipid compartments, the
depletion of which might require a longer time.

The development of the automated patch-clamp technique has
made it possible to directly test the effect of multiple compounds
on ion channels. However, in the case of sodium channel
inhibitors, determination of an ICs, value, or even Ky and K;
values will not predict the therapeutic potential of specific
compounds. One should achieve a comprehensive
characterization of the mechanism of action for each
compound. This, however, usually requires several months of
experiments and analysis in a conventional manual patch clamp
lab. Our aim was to design a method that could give us a detailed
picture of the processes involved in the mechanism of action for
individual compounds, without increasing the required time or
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the cost of measurements. We attempted to reconcile high
throughput screening with detailed analysis of the mechanism
of action, by maximizing useful information obtained during a
rapid test of the compounds.

MATERIALS AND METHODS

Cell Culture and Expression of

Recombinant Sodium Channels

The recombinant rNaV1.4 channel-expressing cell line was
generated as described before (Lukacs et al, 2018) by
transfection of rNaV1.4 BAC DNA constructs into HEK 293
cells (ATCC CRL-1573, RRID:CVCL_0045) by Fugene HD
(Promega, Fitchburg, WI, United States) transfection reagent
according to the manufacturer’s recommendations. Cell clones
with stable vector DNA integration were selected by the addition
of Geneticin (Life Technologies, Carlsbad, CA, United States)
antibiotic to the culture media (400 mg/ml) for 14 days. HEK293
cells were maintained in Dulbecco’s Modified Eagle Medium,
high glucose supplemented with 10% v/v fetal bovine serum,
100 U/ml of penicillin/streptomycin, and 0.4 mg/ml Geneticin
(Life Technologies, Carlsbad, CA, United States). T175 — T25 For
experiments cells were plated onto T25 (for Port-a-Patch
experiments) or T175 (for IonFlux experiments) flasks, and
cultured for 24-36 h. Before experiments cells were dissociated
from the dish with Accutase (Corning), shaken in serum-free
medium for 60 min at room temperature, then centrifuged, and
resuspended into the extracellular solution to a concentration of
5 % 10° cells/ml.

Automated Patch Clamp Electrophysiology
Ensemble voltage-clamp recordings were performed on an
IonFlux Mercury instrument (Fluxion Biosciences, Alameda
CA, United States). Cell suspension, intracellular solution, and
drug-containing extracellular solution were pipetted into the 384-
well TonFlux microfluidic ensemble plates. Ensemble plates, in
contrast to single-cell plates, contain not one but 20 holes in each
cell trap, and current recording is done from 20 cells
simultaneously. While this arrangement provides a higher
success rate, seal resistances or series resistances cannot be
measured for individual cells (for example if the seal resistance
for the ensemble is 10 MOhm, it may mean that all 20 cells have
an equal seal resistance of 200 MOhm, but may also mean that 19
of the cells have seals in the GOhm range, while one hole missed
its cell, and thus its resistance remained ~10 MOhm). Because of
this uncertainty, we performed quality control experiments,
repeating some of the experiments under single-cell, gigaohm
seal conditions, and compared the results (see below). Plates are
divided into four “zones,” typically each zone was used for a
separate experiment (one particular set of compounds on one
particular cell line). Each zone consists of eight separate sections,
which are distinct functional units, containing one well for the cell
suspension, one well for the waste, two cell “traps” (intracellular
solution-filled wells under negative pressure to establish high
resistance seals and then whole-cell configuration), and eight
compound wells. The composition of solutions (in mM) was:
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FIGURE 1 | Schematic picture of the voltage protocol. Pulses are numbered for reference.
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Intracellular solution: 50 CsCl, 10 NaCl, 60 CsF, 20 EGTA, 10
HEPES; pH 7.2 (adjusted with 1 M CsOH). Extracellular solution:
140 NaCl, 4 KCl, 1 MgCl,, 2 CaCl,, 5 D-Glucose and 10 HEPES;
pH 7.4 (adjusted with 1 M NaOH). The osmolality of intra- and
extracellular solutions was set to ~320 and ~330 mOsm,
respectively. All solutions were filtered with a 0.22 um syringe
filter right before the experiment. In the design of voltage
protocols, the calculated 8.1 mV junction potential was taken
into account. Data were sampled at 20 kHz, and filtered at
10 kHz. Experiments were carried out at room temperature.
Cell ensembles were excluded if 1) the control sodium current
amplitude was less than 2 nA, 2) the overall seal resistance of the
cell ensemble was less than 5 MOhm, 3) a larger than 20% gradual
loss of seal resistance was observed during the experiment, 4) a
sudden drop of amplitude with a concurrent drop of seal
resistance was observed (indicating loss of one of the cells
from the ensemble). From the remaining cell ensembles of
each zone, six cell ensembles were chosen for quantitative
analysis, based on the stability of seal resistances. Mean seal
resistances were 8.75 + 0.30 MOhm, peak current amplitudes
were 9.54 + 0.51 nA (calculated for six-six chosen cell ensembles
from 10 randomly chosen experiments).

Single-Cell Electrophysiology

Port-a-Patch (Nanion, Munich, Germany) experiments were
used to validate the automated patch-clamp protocol and
experimental data. Whole-cell currents were recorded using an
EPC10 plus amplifier and the PatchMaster software (HEKA
Electronic, Lambrecht, Germany, RRID:SCR_000034). During
cell catching, sealing and whole-cell formation, the
PatchControl software (Nanion) commanded the amplifier and
the pressure control unit. The resistance of borosilicate chips was
between 2.0 and 3.5 MQ. The composition of solutions was
identical to the ones used in IonFlux Mercury experiments.

Rationale for the Automated Patch Clamp

Voltage- and Drug Perfusion-Protocol

In excitable cells sodium channels continuously change their
conformations depending on the membrane potential. On the
one hand, binding and unbinding of drugs are conformation-
dependent, on the other hand, drug binding alters
conformational transitions (gating) of channels. These
interactions produce a special dynamics of continuously
changing drug potency: it does not only depend on the actual
value of membrane potential, but also on its recent history. To
assess both membrane potential dependence and time

dependence, we used the protocol illustrated in Figure 1. We
choose to study three aspects of membrane potential-dependent
dynamics of drug potency: First, the effect of inhibitors often
needs some time to develop. In the first section of the protocol
(pulse #1-#5), therefore, we intended to assess how fast the effect
of the drug develops upon depolarization. We used progressively
lengthened depolarizations and monitored the inhibition.
Second, inhibitors most often dissociate from hyperpolarized
(resting) channel conformation, therefore, drug potency
gradually decreases upon prolonged hyperpolarization. In the
second section of the protocol (pulses #6-#12) we assessed the
dynamics of this recovery using progressively lengthened
hyperpolarizations. Third, we assessed quasi-equilibrium
conditions: we investigated in this section (pulses #13-#17)
how the extent of inhibition depended on the membrane
potential. The three sections of the protocol correspond with
the protocols “state-dependent onset” (SDO), “recovery from
inactivation” (RFI), and “steady-state inactivation” (SSI) we used
in previous studies (Lukacs et al, 2018; Foldi et al, 2021),
although with some significant differences. Our priority with
this current protocol was high time resolution.

For this reason, the duration of the whole 17-pulse protocol
was only 522 ms, and it was repeated every second throughout the
experiment. A standard experiment included seven different drug
applications, 40 s long each, with 60 or 80 s wash periods between
them, then the whole sequence was repeated. This means that the
experiment lasted for 28-30 min, during which ~1,700-1,800
sweeps were recorded.

The microfluidic plate used in experiments contains eight
compound wells, thus it would allow perfusion of eight different
compounds. However, we found that solution exchange was
faster and more reliable if we used compound well #1 to
perfuse control extracellular solution throughout the experiment.

In the SDO section of the protocol (pulses #1-#5), we tested
the effect of four depolarization durations (besides the control):
2.5, 7.5, 22.5, and 67.5ms. We used a cumulative arrangement,
not allowing full recovery between depolarizations (only 2.5 ms at
hyperpolarized potential between depolarizations). We used
Port-a-Patch  experiments (i, gigaseal, single-cell
recordings) to verify the effects observed in IonFlux
experiments (i.e., in multi-cell recordings with varying seal
resistance); and also to compare the effect of this cumulative
arrangement of the protocol with the conventional multi-sweep
protocol, where all sweeps are started with the whole channel
population in resting state. Protocols similar to this one are often
used to study slow inactivation. It is important to note that in our
experiments the SDO protocol was not intended for the study of
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FIGURE 2 | Comparison with single-cell electrophysiology, and with conventional protocols. (A) lllustration of the voltage protocols under three different
experimental conditions. (i) The 17-pulse cumulative protocol used in lonFlux experiments, as described in Figures 1, 3. (ii) The three cumulative protocols used in Port-
a-Patch experiments. Colors of pulses indicate corresponding pulses in the lonFlux protocol. The SDO protocol was exactly the same as in the lonFlux protocol The SSI
section contained an extra 40 ms interpulse interval at —120 mV. The interpulse intervals of the RFI section were: 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512 ms. In
contrast, the interpulse intervals in the lonFlux protocol were: 1, 2, 4, 8, 16, 32, 64 ms (preceding the shorter intervals), and 498 ms (time between sweeps). (iii) The three
conventional protocols used in Port-a-Patch experiments. (B) Results obtained by the protocols. This series of experiments was designed to address two questions: Are
there differences between results obtained using ensemble recordings (lonFlux—lines with no circles) and single-cell recordings (Port-a-Patch—lines with closed
circles)? Are there differences between results obtained using cumulative (Port-a-Patch—lines with closed circles) and conventional (Port-a-Patch—lines with open
circles) protocols? Black color indicates control in all figures; Green—300 pM lidocaine; Red—100 pM riluzole.

slow inactivation, but the study of drug effect onset, upon
depolarization-induced conformational change. Depolarized

conformations

(open and inactivated) provide

increased

affinity, and/or increased accessibility to the binding site,

thereby allowing the development of a new binding/unbinding
equilibrium. The protocol investigates how fast this new
equilibrium is reached. Slow inactivation may only play a
minor role in the development of the effect, since even the
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longest duration (64 ms) is insufficient to induce substantial slow
inactivation. The interpulse interval (2.5 ms) was chosen so that it
would not allow full recovery even from fast inactivation. This
way we maximized sensitivity to drug effects: if any drug stayed
bound for at least 2.5 ms then it produced either channel block or
delayed recovery by modulation; in both cases, the effect was sure
to be detected. Thus far we have encountered only one single
compound that could fully dissociate within 2.5 ms, and thus its
effect was undetected in the SDO protocol (see the accompanying
paper (Pesti et al., 2021)). In order to assess the reliability and
quality of measurements in the IonFlux Mercury instrument, we
performed similar experiments using the Port-a-Patch
instrument. The first question was, whether the results
obtained by ensemble recording reliably reproduce data
measured in single-cell, gigaseal recording. The second
question was, whether cumulative protocols are as informative
and as sensitive as conventional protocols. The protocols used in
the Port-a-Patch experiments are shown in Figure 2A. The
comparison in the case of SDO protocols (Figure 2B, SDO)
showed that the overall patterns were reproduced, although the
effect of prolonged depolarizations was somewhat compromised
in IonFlux experiments, resulting in slightly less inhibition both
in control and in the presence of inhibitor drugs. This may be due
to the imperfect voltage control, when some of the cells in an
ensemble are imperfectly sealed. The difference between the
conventional multi-sweep protocol, and the cumulative
protocol (both measured under single-cell conditions),
however, was negligible.

In the case of the RFI protocol, we used 8 hyperpolarization
durations: 1, 2, 4, 8, 16, 32, 64, and 498 ms. The 64 ms
hyperpolarization also served to separate the SDO and RFI
sections of the protocol (to allow time for recovery). In the
case of slowly acting drugs, where state-dependent binding
equilibrium was not reached within 64 ms, we occasionally
observed non-monotonous recovery (see the legend of
Supplementary Figure S1 for discussion). The longest
(498 ms) hyperpolarization was not recorded (except its first
10 ms after the last pulse and its last 10 ms before the first
pulse of the next sweep). In Figure 2B (RFI), we can observe,
that results obtained with the cumulative protocol were
practically identical in ensemble recordings (IonFlux) and
single-cell recordings (Port-a-Patch). The conventional
protocol allowed a slightly faster recovery in control, while in
the presence of inhibitor drugs there was either a definite
difference (300 uM lidocaine) or no significant difference
(100 uM riluzole), depending on the properties of the drug
(see below). The higher sensitivity of the protocol to the
effects of certain drugs does not make it irrelevant regarding
in  wvivo effects, fact, the prolonged inter-sweep
hyperpolarizations of the conventional protocol are non-
physiological, and the pattern of the cumulative protocol
resembles high-frequency trains of action potentials more closely.

Instead of a conventional SSI protocol, where full recovery to
resting state is allowed between sweeps of the protocol, we used an
accelerated procedure to assess membrane potential dependence,
which did not include hyperpolarizations. This means, that
resting/inactivated equilibrium was approached from a fully

in
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inactivated channel population, not from a fully resting
population. If there was a true steady-state, this would make
no difference. We used 40 ms pre-pulse duration, which allowed
~90% recovery from fast inactivation at —130 mV membrane
potential, and somewhat less at less negative potentials.
Consequently, this “no-hyperpolarization” protocol gave
similar results to the conventional protocol under control
conditions (see Figure 2C, SSI), although the steady-state
availability curve was slightly left-shifted (by less than 5mV).
Recording from cell ensembles could cause an additional <5 mV
shift, probably because of the contribution of imperfectly sealed
cells. (On the one hand, the leakage itself may weaken voltage
control; on the other hand, imperfectly sealed cells may
themselves show left-shifted availability curves, which is a
sensitive marker of cell stress (Morris and Joos, 2016)). The
effect of inhibitor compounds, nevertheless, was similar to the
data recorded in single-cells. The cumulative protocol was more
sensitive to drug effects: it detected a larger V,, shift because the
effect of shifted equilibrium was accompanied by the effect of
delayed recovery from inactivation. The difference was small for
riluzole but much larger for lidocaine, because the extent of
difference depended on drug onset/offset dynamics (see
below). Although this specific protocol is admittedly a result
of compromise for the sake of high temporal resolution, we
believe that a series of depolarizations occurring at 22.2 Hz
from membrane potentials that are close to the resting
membrane potential of excitable cells is more relevant with
regard to physiological effect than a protocol with prolonged
<—100 mV hyperpolarizations. There was an additional practical
advantage of the “no-hyperpolarization” protocol: It eliminated
the problem of sub-threshold activation during pre-pulses due to
poor space clamp. This is important when seal resistance and
series resistance values for individual cells are poorly controlled.

Data Analysis

Using the data acquisition software, all data traces were exported
in csv file format. A custom software was developed in Octave
(RRID:SCR_014398) to automatically process raw data. All traces
were read in from the DataAcquisition*.ISD files containing the
raw data. Separate csv files contained the description of the
voltage protocol. First, 2 ms sections were selected after each
of the 34 voltage steps. No online (P/n) leak subtraction was
employed. Capacitive artifacts were removed by calculating the
sum of the section recorded at the beginning and after the end of
the pulse, and then subtracting the offset so that all currents
started at zero current level. Although other voltage-gated
channels were present in the cells, their contribution to the
fast transient inward current was small (the peak amplitude of
the TTX-resistant fraction of the fast transient inward current
was 5.17 + 3.44% of the full amplitude), thus allowing reasonably
accurate assessment of the extent of sodium channel inhibition.
For all ~1,700 sweeps, and for all 17 pulses, the minima (peak
amplitudes) were extracted and saved in 64 csv files for the 64 cell
ensembles. These data (all 17 peak amplitudes for each second of
a ~1,700 s experiment plotted against time) are shown for one
particular cell ensemble in Figure 3. From each of the four zones
(separate experiments), we chose n = 6 ensembles for analysis,
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FIGURE 3 | An example for the plot of current amplitudes throughout the experiment. The experiment included two repetitions of seven different compound

applications: 30 uM riluzole, 10 and 30 uM imipramine, 30 and 100 uM trazodone, 10 and 30 uM chlorpromazine. Currents evoked by all 17 depolarizations are shown,
grouped into three functional assays, as described in the text. (A) Peak amplitude plot for pulse #1-evoked current throughout the experiment. (B) Currents evoked by
pulses #1 and #6-#12; these allow second-to-second reconstruction of recovery from inactivation (RFl; see Materials and Methods) throughout the experiment.

(C) Currents evoked by pulses #1-#5; these allow reconstruction of the SDO plots (see Materials and Methods). (D) Currents evoked by pulses #1 and #13-#17; these
allow reconstruction of the SSI plots (see Materials and Methods). Insets show the schematic picture of the voltage protocol, where colors match the color of the
corresponding amplitude plot. (E) Results of the automated analysis. Automated fitting of 8SI and RFI data was done as described in Materials and Methods. The plot
shows the changes in half inactivated voltage (V/;,,) and slope (k) values from SSI data, and the value (r;) and contribution (A;) of the fast time constant from RFI data.

based on the stability of amplitude and seal resistance throughout ~ evaluated by comparing them to visually controlled fits of SSI
the experiment. and RFI plots, as shown in Results. At the end of all drug

SSI and RFI plots for each sweep were fitted by the Octave  perfusion periods, as well as at the end of control periods
script. Fitting 64 x 1,700 plots could not be individually visually ~ before and after them, we fitted data using the Solver add-in
supervised, but parameters of the automated fitting were  of Microsoft Excel (RRID:SCR_016137). The precision of the
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automated fit and the adequacy of the equation used were
evaluated; if we found the fitting inadequate, either the
equation or the constraints were modified. To evaluate the
precision of the fit we calculated the root mean square error
(RMSE) values for each fit, as well as relative error (E,,;) values for
each point, were recorded and saved in a separate csv file. The
following formulas were used to calculate the extent of error:

1< 2
RMSE =y~ ;(IW, ) (1)
E,= M )
exp

where # is the number of points fitted, I, is the experimentally
measured amplitude, and I, is the fitted amplitude. We expressed
RMSE values as a percentage of the maximal amplitude (for each
sweep, the amplitude of the current evoked by pulse #1 of that
particular sweep). The advantage of automated fitting of all SSI
and RFI plots throughout the experiment was, that second-to-
second changes in V5, k, A;, and 7 values reveal the dynamics of
development/removal of modulatory drug effect more accurately;
furthermore, even minimal effects were detectable, because the
tests were repeated several times before, during, and after drug
applications.

Peak amplitudes of currents evoked by pulses #12-#17 were
used to construct SSI curves, which were fit using the Boltzmann

function:
1
I = Imux* 1 - —_ b
( 1+ eXP(VP_‘k/m)>

where V), is the pre-pulse potential, V;,, is the voltage where the
curve reached its midpoint and k is the slope factor. Currents
evoked by pulses #1, and #6-#12 were used to construct RFI plots,
which were fitted with a bi-exponential function:

I= I,..% <A1*<1 - exp(?) + <A2*<1 - exp(?))), (4)
1 2

where 7; and 7, are the fast and slow time constants, A; and A,
are their respective contribution to the amplitude, and ¢;, is the
duration of the interpulse interval. We routinely used constrains
T; < Ty and A; + A, = 1; and for automated fitting we also
constrained the slow time constant. We found that in the
presence of riluzole Eq. 4 could not adequately fit RFI plots,
therefore we used an extended equation:

~tp\ —ti
I= I, * <A1 * <1 - exp< P) + <A2*<1 - exp(—p>> + A3>, (5)
T T2

where Aj; represents the unmodulated fraction of channels at low
riluzole concentrations which recover as control channels, and
the exponent “x” was needed because recovery in the presence of
riluzole has been repeatedly found to be steeper than exponential.
(This has been addressed either by including a time delay
parameter in the equation (Benoit and Escande, 1991; Hebert
et al., 1994), or by using an equation where the fast exponential
component was on the x™ power (Lukacs et al., 2018; Foldi et al.,

(©)
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2021). We prefer the latter, because introducing a delay
parameter results in negative numbers at short time intervals.)

We did not perform an automated fit of SDO plots, because
fitting often required different functions for different drugs.
Analysis of SDO data is described in the accompanying paper
(Pesti et al., 2021).

The microfluidics of the IonFlux instrument could provide
complete solution exchange within the 498 ms hyperpolarization
(478 ms of which was unrecorded), therefore solution exchange
rate did not compromise kinetic analysis of data. Complete
solution exchange between sweeps was verified using high
Ca®" ion concentration (35 mM) containing solution (which
blocks sodium channels).

In a regular experiment, only the first set of compound
applications were evaluated, repetition of the experiment
served as an internal control: it helped to detect incomplete
recovery (see e.g. after 30 uM chlorpromazine in Figure 3), and
to verify onset and offset rates (see e.g. the offset after 30 uM
imipramine, where some disturbance obscured the offset
process). It also helped to assess the extent of the
spontaneous leftward shift of the steady-state availability
curve by observing the ratio of the 17th/12th pulse evoked
current amplitudes (pink and darkest red traces in Figure 3D).

RESULTS

Initial Examination of Data

In order to better explain how to interpret our data, we will
first show an example for a single experiment, and make
a few important general observations. After explaining the
interpretation of results, we will describe how quantitative
analysis  from  multiple experiments with  multiple
concentrations is performed, on the example of lidocaine and
riluzole.

Figure 2 illustrates the results of a single experiment. In this
example, we perfused the following compounds: riluzole (30 uM),
imipramine (10 and 30 uM), trazodone (30 and 100 pM), and
chlorpromazine (10 and 30 uM). The full voltage protocol
(Figure 1) is described in the Methods section, in the interest
of clarity here we will discuss it as if it was built up step-by-step.

Let us first consider what would happen if we gave only single
depolarizing pulses at every second (Figure 3A). The peak
amplitude plot shows that the amplitude was fairly stable
throughout the ~30-min experiment. Riluzole at 30 uM caused
no inhibition whatsoever, trazodone inhibited peak amplitudes
only minimally (~5% inhibition at 100 pM), the other two
compounds caused concentration-dependent  inhibition.
Imipramine seemed to be the most potent compound, causing
~50-55% inhibition at 30 uM.

Let us now consider the section of the experiment in which we
tested the rate of recovery from inactivation (RFI). Current
amplitudes evoked by the highlighted part of the voltage
protocol are plotted throughout the experiment in Figure 3B.
Colors in the voltage protocol match colors in the current
amplitude plot. We applied consecutive depolarizing pulses
with increasing interpulse intervals between them within a
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FIGURE 4 | Reconstruction of SDO, RFI, and SSI plots from the current amplitude plots. (A) The voltage protocaol (for reference). (B) Evoked currents in control, and
in the presence of 30 uM riluzole, shown on the same time scale as the scheme of the protocol. Note the difference in the potency of riluzole between subsequent
depolarizations. Scale bars: 1 nA, 10 ms. (C) Evoked currents on an expanded time scale for visibility, before, and during the perfusion of riluzole, imipramine, trazodone,
and chlorpromazine. Scale bars: 1 nA, 1 ms. (D) Reconstruction of SDO, RFI, and SSI plots before, and during the perfusion of the indicated compounds.

single sweep (i.e., within a single uninterrupted period of data
acquisition). Interpulse intervals were 1, 2, 4, 8, 16, 32, 64, and
498 ms (not in this sequence, see colors in the protocol, as
described in more details in Methods). Peak amplitudes
evoked after 1 ms hyperpolarization are shown as a light blue
line, currents evoked after progressively longer interpulse
intervals are shown by increasingly darker shades of blue. The

black line indicates the current evoked after 498 ms
hyperpolarization, it is identical to the one shown in
Figure 3A. We can observe that, in contrast to what we saw
in Figure 3A, riluzole (30 uM) and trazodone (100 uM) did
produce a massive inhibition, only the inhibition by these
compounds was transient, re-appearing and disappearing
within each 1s cycle. We can observe in the case of riluzole
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FIGURE 5| The effect of four different concentrations of lidocaine on peak amplitudes. (A) An example of peak amplitude plots for all 17 pulse-evoked currents,

grouped into the SDO, RFI, and SSI groups as shown in Figure 2. Scale bars: 2 nA, 50 s. Arrowheads indicate the time points immediately before, and at the end of
drug perfusion periods. At each point, indicated by the arrowheads, the average of three consecutive data points was taken to construct the plots shown in panel
(C). (B) Parameters of Boltzmann, and bi-exponential automated fits throughout the four drug application periods. Colored circles indicate the values obtained

by visually controlled fitting of n = 6 curves; the same data that is shown in panel (C). (C) Reconstructed SDO, RFI, and SSl plots for n = 6 cell ensembles. Colors
match the colors of arrowheads in panel (A). Dotted lines show the average of the six cell ensembles. (D) Parameters obtained by visually controlled fitting of RFl and
SSl plots. (E) The error of fitting throughout the four drug application periods. RMSE values are expressed as the percentage of the peak amplitude evoked by pulse
#1 of the same sweep. Relative errors are shown for pulses #6—#12 and #1 (shades of blue and black, as shown in panel (A)), as well as for pulses #12—-#17 (shades

of red, as shown in panel (A)).

-130-110 -90 -70mV

-130-110 -90 -70mV

that inhibition already started to ease off at the 4 ms interpulse
interval, and it almost completely disappeared by the end of the
16 ms interpulse. Inhibition by trazodone disappeared
incrementally, some residual inhibition was present even at
498ms. In contrast, inhibition by imipramine or
chlorpromazine recovered minimally within 64 ms, substantial

recovery only occurred during the longest (498 ms) interpulse
interval. Note that two fundamentally different processes can be
observed in Figure 3B: One can discern a dynamics of onset and
recovery within individual sweeps, on a millisecond time scale
(see Figure 4, below), in the continuous presence of the drug;
we will call this “micro-dynamics.” The dynamics of onset
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FIGURE 6 | The effect of four different concentrations of riluzole on peak amplitudes. (A) An example of peak amplitude plots for all 17 pulse-evoked currents,
grouped into the SDO, RFI, and SSI groups as shown in Figure 2. Scale bars: 4 nA, 50 s. Arrowheads indicate the time points immediately before, and at the end of
drug perfusion periods. At each point, indicated by the arrowheads, the average of three consecutive data points was taken to construct the plots shown in panel (C). (B)
Parameters of Boltzmann, and bi-exponential automated fits throughout the four drug application periods. Colored circles indicate the values obtained by visually
controlled fitting of n = 6 curves; the same data that is shown in panel (C). (C) Reconstructed SDO, RFI, and SSl plots for n = 6 cell ensembles. Colors match the colors of
arrowheads in panel (A). Dotted lines show the average of the six cell ensembles. (D) Parameters obtained by visually controlled fitting of RFI and SSI plots. For RFI plots
Eq. 5 was used, with the constraint of x = 1. (E) The error of fitting throughout the four drug application periods. RMSE values are expressed as the percentage of the
peak amplitude evoked by pulse #1 of the same sweep. Relative errors are shown for pulses #6-#12 and #1 (shades of blue and black, as shown in panel (A)), as well as
for pulses #12-#17 (shades of red, as shown in panel (A)).

and offset upon drug application and removal, on the
other hand, occurred on the time scale of seconds, we will
call that “macro-dynamics.” Macro-dynamics provides
valuable information regarding the physicochemical
properties of individual compounds, which determine their
in vivo pharmacokinetics, and the extent of their

accumulation within the plasma membrane and intracellular
compartments. Note, however, that it is micro-dynamics that
determines firing frequency-dependent inhibition of excitable
tissues. Macro-dynamics, as observed upon rapid wash-in and
wash-out of drug-containing solution in vitro, does not occur
during in vivo drug delivery.
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Next, let us observe the section of the protocol which
investigates “state-dependent onset” (SDO), ie., the micro-
dynamics of inhibition onset at depolarized membrane
potential (Figure 3C). It shows currents evoked by
depolarizations #1-#5, as shown by the colors of the
highlighted section of the protocol. We can observe that the
micro-dynamics of onset can be rather different from that of
recovery, for example in the case of chlorpromazine, we see a
gradual onset during the 2.5-67.5 ms depolarizations, while we
can observe that most of the recovery occurred between 64 and
498 ms.

Finally, depolarizations #12-#17 assess steady-state
availability at membrane potentials —130, -110, -100, -90,
-80, and —70 mV (Figure 3D).

Parameters of the automatized fitting of SSI and RFI plots are
shown in Figure 3E. We can observe again that different
compounds behaved differently. Riluzole, which seemed to
have no effect at all in Figure 3A, was the most potent of all
drugs in terms of shifting the V;,, value. Trazodone was the only
compound that did not affect the slope of the availability curve
(k). Delayed recovery from inactivation in the case of riluzole and
trazodone was predominantly due to an increase in the fast time
constant, while in the case of imipramine and chlorpromazine,
the fast time constant was unchanged, but its contribution was
decreased. The accuracy of fits throughout the experiment can be
monitored by automated calculation of RMSE and E,,; values
(Supplementary Figure S1).

Let us call attention to a few important points: Note that some
of the inhibitors cause widely different extents of inhibition,
depending on which of the 17 traces we consider. Figure 4
illustrates micro-dynamics that took place within a single
522 ms long sweep. The voltage protocol is shown again for
reference in Figure 4A, evoked currents are illustrated on the
same time scale in Figure 4B, right before the first application of
30 uM riluzole (black traces), and at the end of riluzole perfusion
(red traces). Black and red triangles in Figure 2 indicate the exact
time of the sweep from which original currents were taken.
Figure 4C shows currents on an expanded time scale, we
illustrate micro-dynamics during the perfusion of 30uM
riluzole (red traces), 30 uM imipramine (blue traces), 100 uM
trazodone (purple traces), and 30 uM chlorpromazine (green
traces). Conventional plots of RFI, SDO, and SSI (see e.g
(Lukacs et al., 2018; Foldi et al, 2021)) with the four
compounds are shown in Figure 4D.

Note also in Figure 3, that the observed macro-dynamics
(onset time constants upon drug application and offset time
constants upon washout) can also be different depending on
which of the 17 pulse-evoked currents we monitor. Let us
consider for example the SDO section of the protocol
(Figure 3C) during the onset and offset of inhibition by
30 uM chlorpromazine. Channels activated by pulses #1
(amplitudes plotted in black) to #5 (amplitudes shown in light
green) encounter the same exact concentration of the same
compound during drug perfusion and subsequent washout.
We know from calibration experiments that solution exchange
in the extracellular aqueous phase is complete between two
sweeps, however, the buildup and depletion of drug

Sodium Channel Inhibitor Binding Dynamics

concentration within the membrane phase can be much
slower, and it is the intramembrane concentration that the
channel can perceive (contribution of the hydrophilic pathway
is probably negligible for these strongly lipophilic compounds).
The difference in potency and dynamics between traces (e.g. the
light green trace and the black trace in Figure 3C) reflects
different sensitivities of the channel, depending on its recent
gating history.

If we compare the pattern produced by 100 pM trazodone and
30 uM chlorpromazine, we can observe an obvious difference not
only between their macro-dynamics (both onset and offset were
clearly slower for chlorpromazine) but also between their micro-
dynamics. In both cases we see a gradually deepening inhibition
in the SDO section, indicating that the onset of inhibition
occurred within the investigated time window (2.5-67.5 ms).
Recovery, however, was different: the effect of trazodone
recovered rapidly, mostly within 64 ms (see pulse #6 in
Figure 4C); while inhibition by chlorpromazine was not much
relieved throughout the whole 17-pulse sweep, and substantial
recovery only occurred during the 498 ms inter-sweep intervals.

Riluzole and trazodone showed intensive micro-dynamics:
during the inter-sweep intervals, much of the inhibition was
relaxed, while it was repeatedly re-established upon
depolarizations. Imipramine, in contrast, showed minimal
micro-dynamics, once the inhibition was established (by the
end of the SDO section), the hyperpolarizations within the
sweep (up to 64 ms) were not long enough to allow significant
recovery. Even the 498 ms inter-sweep hyperpolarization was
enough only for partial recovery. For this reason, SSI data
could not be correctly measured, much longer periods would
be required for establishing equilibrium. This protocol was
optimized for the study of compounds with fast micro-
dynamics, therefore it was inaccurate for slower micro-
dynamics compounds. Chlorpromazine was similar to
imipramine, with somewhat faster micro-dynamics, but slower
macro-dynamics. A larger fraction of channels recovered during
inter-sweep intervals, but during each sweep, after the inhibition
was re-established (by the end of pulse #5), all pulses were
inhibited similarly, because of the insufficient time for
equilibration.

From the initial examination of this single experiment, it is
apparent that different drugs have their own characteristic
“signature” pattern of inhibition. This is evident from the
similarity of repeated drug application effects, as well as from
the effect of different concentrations of the same drug.
When different concentrations of the same compound were
applied, we could observe different extents of inhibition,
different onset rates, but the offset rates were similar, and
there was a uniform overall pattern (ie. which of the
17 pulse-evoked currents were affected to what extent). It is
clear that the voltage protocol we used could only appropriately
characterize drugs with fast micro-dynamics; this protocol was
intended to characterize compounds that could selectively inhibit
pathological high-frequency firing. Similar protocols, with longer
hyperpolarization and depolarization durations (and, therefore,
necessarily with less temporal resolution) can be used for
compounds with slower micro-dynamics.
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In summary, initial examination indicated that these four
compounds acted in four different ways. In the next section,
we will show an example for an initial analysis of the effect of two
well-known drugs, lidocaine, and riluzole in different
concentrations. The accompanying paper (Pesti et al., 2021)
will discuss how to derive compound-specific biophysical
properties from this initial analysis.

Quantitative Analysis

We illustrate quantitative analysis in the case of two well-known
sodium channel inhibitors, lidocaine (30, 100, 300, and 1,000 pM;
Figure 5), and riluzole (10, 30, 100, and 300 uM; Figure 6).
Figures 5A, 6A show an example of the effect of both drugs on all
17 pulse-evoked current amplitudes. From the 17 peak
amplitudes of each sweep, SDO, RFI, and SSI plots were
reconstructed, but only RFI and SSI plots were fitted. Two
different methods were used for fitting: automated fitting was
performed for each sweep of the ~1,700 sweep experiment, and to
validate the (uncontrolled) automated fitting, we fitted RFI and
SSI plots with visual control only for pairs of control and drug-
treated cell ensembles, as marked by the arrowheads in Figures
5A, 6A. For all visually controlled fits three consecutive sweeps
were averaged; the last three before each drug perfusion period,
and the last three at the end of each drug perfusion. The SDO,
RFI, and SSI plots, constructed from these three-point averages
for six cell ensembles as well as the average of the six
measurements (dashed lines)are shown in Figures 5C, 6C.
Light to dark color of plots (teal for SDO, indigo for RFI, and
purple for SSI plots) indicate increasing concentration, these
colors match the colors of corresponding arrowheads in Figures
5A, 6A, as well as the colors of columns in Figures 5D, 6D, where
parameters from the visually controlled fitting are summarized.
Six parameters are shown, 7;, 75, A;, and A, values for RFI fits,
V12> and k for SSI plots. In the automated fitting procedure, the
slow time constant (typically between 100 and 400 ms) was fixed,
because there were few data points in this time range. We
calculated the mean slow time constant from the visually
controlled fitting and then used this fixed value throughout
the automated fitting procedure. In addition, we used the
constrain of A; + A, = 1. For this reason, only four
parameters are shown, 7;, and A; values for RFI fits (blue
dots), V5, and k for SSI plots (pink dots) (Figures 5B, 6B).
For the sake of comparison, parameters obtained from the
visually controlled fitting are also shown in these figures, as
large circles. We can observe that the automated fitting
procedure quite reliably reproduced data from the visually
controlled fitting, except in the case of 10 and 30uM of
riluzole (see below for an explanation). The overall quality of
the fit could be monitored by observing the % RMSE values; from
the E,,; values, we could see which particular point contributes
most to the error. In the case of both riluzole and lidocaine E,.;
values were quite low, except for pulses #7, #8, and #17; where
peak amplitudes were the smallest. Small amplitudes necessarily
result in a higher relative error, both because of the decreased
signal-to-noise ratio and because the fitting procedure minimizes
absolute, not relative, squared errors.

Sodium Channel Inhibitor Binding Dynamics

In the RFI plots, lidocaine caused a slowing of the fast time
constant of recovery, which was moderate at lower
concentrations (30 and 100 uM) but was substantial at 300
and 1000 uM  concentrations (~4-fold and ~7-fold,
respectively). More importantly, the contribution of the slow
time constant gradually overcame the contribution of the fast one,
increasing from 8.8 + 2.1% at control, to 68.8 + 1.4% at 1,000 uM,
while the value of the slow time constant did not change with
concentration (Figure 5D). In contrast, riluzole caused no change
in either the contribution or the value of the slow time constant
but caused a radical ~8-fold increase in the fast time constant. The
extent of this increase did not change significantly with
concentration (ranging from 7.4- to 8.9-fold), but at lower
concentrations there seemed to be an unmodulated fraction of
the channel population, as it can be seen on the contribution of A,
at concentrations 10 and 30 uM (Figure 6D).

In the SSI plots, both compounds caused a concentration-
dependent hyperpolarizing shift in the half inactivation voltage,
while the slopes did not change significantly.

In summary, it was possible to perform automated fitting of
~1,700 RFI and SSI plots on 64 channels, with reasonable
accuracy. RMSE values remained below 4%, except for RFI
plots in the presence of riluzole, where the conventional bi-
exponential equation was clearly inadequate for fitting the
data. In this special case recovery data have been consistently
found to be steeper than exponential, and therefore either have
been fit with an equation that included a time delay parameter
(Benoit and Escande, 1991; Hebert et al., 1994), or with an
equation where the fast exponential component was on the n'"
power (Lukacs et al., 2018; Foldi et al., 2021). Visually controlled
fits confirmed the parameters of automated fitting and gave
somewhat better RMSE values (between 0.44 and 1.56% for all
SSI fits, and between 1.12 and 2.27% for RFI fits in control, and in
the presence of lidocaine). In the case of RFI plots in the presence
of riluzole, visual control allowed us to identify the source of
error, and to modify the equation accordingly. Fitting the RFI
plot with the simple bi-exponential equation gave RMSE values
3.54,2.97, 1.79, and 2.76%, for 10, 30, 100, and 300 uM riluzole,
respectively. To improve these, we introduced the extended
equation (Eq. 5) in two steps: in the first step, we allowed A;
to be different from zero. Allowing a non-zero unmodulated
fraction was important in the case of 10 and 30uM
concentrations, and improved their RMSE values to 0.64 and
0.67, respectively, but did not change the RMSE values for 100
and 300 pM riluzole. The parameters obtained with this
modification are shown in Figure 5D. In the next step, we
also allowed the exponent “x” to be different from 1. This
improved RMSE values for all four concentrations: to 0.50,
0.64, 1.04 and 1.11% for 10, 30, 100, and 300 uM riluzole,
respectively. By allowing the exponent to vary, however, we
lost the comparability of fast time constants, because the time
constant and the exponent are interdependent, as we have
discussed before (Lukacs et al., 2018). This is the reason why
in Figure 5D we show time constants from the fit when non-zero
A; of Eq. 5 was allowed, but the exponent was not allowed to
differ from 1.
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DISCUSSION

To understand the effect of drugs on ion channels, one must study
the complex kinetics of ion channel gating, the complex dynamics
of drug distribution (which includes partitioning between
aqueous and membrane phases, entering/exiting the central
cavity, and binding/unbinding), as well as the multiple
interactions between the two (which come from state-
dependent access, state-dependent binding, and drug-induced
modulation of gating). Sodium channels undergo a fast but
extensive conformational rearrangement during gating, which
radically alters the accessibility and affinity of the binding site.
Individual inhibitor compounds can react differently to these
changes, which may confer them with unique abilities to
selectively inhibit specific activity patterns. For example,
riluzole is especially effective at high-frequency firing
(Desaphy et al, 2014; Foldi et al, 2021), phenytoin at
prolonged depolarizations (Kuo and Bean, 1994; Liu et al,
2011; Terragni et al, 2016). The significance of functional
selectivity, and the importance to test the effectiveness of
sodium channel inhibitors under different conditions, has been
recognized before, and adapting this approach to automated
patch clamp instruments has been attempted. Three-pulse and
four-pulse protocols have been used to study sodium channel
inhibitors in order to address different aspects of functional
selectivity (Liu et al, 2011; Liu, 2014). An initial attempt to
study macro- and micro-dynamics in parallel, together with the
effect on gating equilibrium has been made by our group earlier
(Lenkey et al., 2010). In that case, however, we only used a simple
5Hz train, which gives very limited information on micro-
dynamics. In addition, the 0.05Hz time resolution (the trains
were repeated every 20s) was inadequate for fast-acting drugs.
Our method described here is novel in two aspects: First, it is able
to give a simple, but complete assessment of state-dependent
onset/offset dynamics of individual compounds, as well as the
assessment of their effect on the conformational equilibrium of
the channel, all within a single sweep of voltage steps. Second, it is
able to provide this kinetic and equilibrium information at an
unprecedented time resolution (1 Hz), which allowed us to
monitor the development and decline of these effects upon
drug application and removal.

The first important observation that this protocol allowed us
to make was the obvious existence of two completely different
processes, named micro- and macro-dynamics. This emphasizes
the often unappreciated complexity of the processes which
underlie the onset and offset of drug effect. Macro-dynamics is
often studied using single pulses delivered at a certain fixed
frequency, while the compound is washed in and then washed
out. Macro-onset and macro-offset time constants are commonly
interpreted as reflecting association and dissociation, and
therefore are used to determine the affinity of binding.
However, these processes never occur in vivo, and most likely
do not reflect purely association and dissociation (only if
partitioning into the membrane and access into the central
cavity are relatively unobstructed, and therefore the rate-
limiting step of onset is diffusion itself).

Sodium Channel Inhibitor Binding Dynamics

In contrast, micro-dynamics keeps going on incessantly all the
time, in all excitable cells of the organism. Micro-offset is
conventionally studied using the recovery from inactivation
(RFI) protocol (using different interpulse intervals in separate
sweeps). This recovery is also commonly interpreted as
dissociation. Therefore, it is important to point out that for
many inhibitor compounds micro- and macro-dynamics differ
by several orders of magnitude, therefore it is not clear whether
unbinding itself contributes to one, to the other, or both. For most
compounds, we suppose that macro-onset may reflect
deprotonation (as evidenced by the pH dependence of macro-
dynamics (Lazar et al, 2015)), accumulation within the
membrane phase, and state-dependent access to the central
cavity. Macro-offset may reflect state-dependent egress from
the central cavity and depletion of the membrane phase (and
intracellular ~compartments). Micro-dynamics, for most
inhibitors, probably reflects genuine binding/unbinding, but
may also represent modulated gating (Foldi et al., 2021) or the
process of access/egress (diffusion between the central cavity and
the membrane phase). Micro-dynamics is always dependent on
conformational states, and in turn, it also affects the distribution
of conformational states (by altering the rates of transitions
between them).

Interestingly, although micro-dynamics obviously cannot be
slower than macro-dynamics, the two are in fact not strongly
correlated. We have found compounds with fast micro-dynamics
but relatively slow macro-dynamics (e.g. riluzole, with more than
1,000-fold difference between micro- and macro-dynamics rates),
and also some with relatively slow micro- but fast macro-
dynamics (like bupivacaine, with less than 10-fold difference).

For slow micro-dynamics compounds, we will need to prolong
the experimental protocol with both longer depolarizations and
hyperpolarizations. Of course, this can only be done at the
expense of time resolution, but for drugs, with slow dynamics,
this seems acceptable. Allowing close-to-full equilibration of
micro-onset and micro-offset should not compromise macro-
dynamics.

In summary, automated analysis of data obtained using a
complex voltage- and drug application protocol for an
automated patch clamp instrument allowed us to assess the
complex dynamics of drug-ion channel interaction, and to
identify multiple sub-processes that constitute the onset and
offset of drug effects during and after drug perfusion. Dynamics
of drug binding/unbinding, access/egress, protonation/
deprotonation, as well as the extent of modulation and
channel block are crucial determinants of therapeutic
effectiveness. We expect that a comprehensive assessment of
the mechanism of action can provide a better prediction of
therapeutic potential than the assessment of resting and
inactivated affinity only.
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INTRODUCTION

The brain is a metabolically demanding organ and its health directly depends on maintaining tissue
oxygen that is sufficiently high to prevent hypoxia. Focal increases in oxygen demand, in response to
sensory signals, motor output, etc., are supported by transient increases in cerebral blood flow via the
hemodynamic response (Aksenov et al., 2016). Traditionally, specific products of glutamatergic and
astrocytic pathways (i.e., nitric oxide (NO), arachidonic acid metabolites, calcium (Ca*") and
potassium (K") ions) have been proposed as mechanistic contributors to the hemodynamic
response (Archer et al., 1994; Attwell et al., 2010; Ross, 2012; Nippert et al., 2018). However,
these mechanisms may not be sufficient drivers of the hemodynamic response. For example, a recent
review (Nippert et al., 2018) concluded that, although NO must be present for vasodilation to occur
in the cerebral cortex, it is not the active signaling molecule, arteriole vasodilation can occur in the
absence of astrocyte Ca** increases, Ca** signals are characterized by long latencies occurring after
the initiation of vasodilation and K* siphoning through astrocytes does not always play a major role
in neurovascular coupling. Moreover, hemodynamic modulatory pathways can have differing levels
of influence across various structures. For instance, studies have shown that NO can be an active
signaling molecule in the cerebellum (Akgoren et al, 1996; Yang and Iadecola 1997) and
hippocampus (Lourenco et al., 2014).

A possible addition to this conventional approach are chloride channel-dependent
mechanisms of neurovascular coupling, which may participate in neurovascular deficiency
and neurodegeneration. Prominent pathways which employ such chloride channels are gamma
aminobutyric acid (GABA) ergic interneuron pathways, which operate via GABA-gated chloride
channels (GABA 4 receptors) and provide a means of rapid signaling. The role of GABAergic
interneurons and GABA, receptors in inhibition of neuronal activity is well-known.
Interneurons suppress excessive neuronal activity and spatially limit neuronal responses by
instigating the hyperpolarization of the cell membrane which has the added benefit of decreasing
local oxygen consumption. Additionally, GABA-gated chloride channels can directly participate
in regulating cerebral blood flow. GABA 4 receptors can be found along arterioles (Vaucher et al.,
2000) where interneurons make direct morphological connections (Cauli et al., 2004; Tremblay
et al., 2016). These chloride channels on brain vessels are functionally active and are able to
facilitate substantial vasodilation in response to stimulation, attributable to the
hyperpolarization of arteriolar smooth muscles with their subsequent relaxation. Multiple
studies have shown that GABAergic interneurons are essential for the full expression of the
hemodynamic response in the presence of chemical or electrical stimulation (Kocharyan et al.,
2008), during epileptiform discharges (Saillet et al., 2016) as well as in response to both sensory
(Aksenov et al,, 2019) and optogenetic stimulation (Anenberg et al., 2015). Arteriolar GABA-
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gated chloride channels, can therefore play an important role
in the hemodynamic response due to their fast and profound
effect on vasodilation.

In essence, GABA-gated chloride channels can function to
prevent hypoxia by both upregulating oxygen supply and
downregulating oxygen consumption. Thus, it is our
perspective that if the number of these channels or their main
biochemical properties are affected, the combination of decreased
inhibition and a weakened hemodynamic response can induce
local hypoxia, which will alter the intracellular and extracellular
environment with neurodegeneration evident thereafter. In
support of this perspective, we will briefly review chloride
channel dysfunction and neurodegeneration in different
diseases, and then provide our interpretation regarding the
role of neurovascular deficiency as a medium between chloride
channel dysfunction and neurodegeneration.

NEURODEGENERATION AND CHLORIDE
CHANNEL DEFICIENCY

Chloride channel deficiency accompanies many
neurodegenerative diseases. For example, in Alzheimer’s
disease,  which  is  characterized by  progressive

neurodegeneration starting in hippocampus and entorhinal
cortex, the neurotransmission of GABA and GABAergic
terminals have been shown to be significantly disrupted in
areas neighboring beta-amyloid plaques (Li et al, 2016).
Subsequent analysis has shown abnormal upregulation and
downregulation of the a2, pl, yl, and al, y2 subunits of
GABA, receptors respectively (Limon et al., 2012). Another
example Parkinson’s  disease. = This  progressive
neurodegenerative disorder is strongly associated with
neuronal cell loss in the substantia nigra and striatum (Fahn
and Sulzer, 2004). Although Parkinson’s disease mostly
corresponds with the loss of dopaminergic neurons, GABA
and GABA, receptor deficiency has also been shown to play
an important role in the early and non-motor symptoms of
Parkinson’s disease (Murueta-Goyena et al, 2019). These
changes in GABAergic pathways are different from those
observed in Huntington’s disease. In Huntington’s disease
GABAergic interneurons undergo specific morphological
alterations (i.e., reduced somatic areas and dendritic field
complexity) which accompanies aggressive neurodegeneration
in the striatum (Bano et al.,, 2011).

The etiologies of Alzheimer’s, Parkinson’s and particularly
Huntington’s diseases, are often attributed to genetics, however,
some diseases (for example, epilepsy) can be independent of such
substantial genetic factors. Distinctly, Drug-Resistant Epilepsy
(DRE), which occurs in 40% of people with epilepsy (Engel,
2016), has been shown to cause neurodegeneration, often in the
temporal lobe. Evidence has elucidated the association between
the increased internalization of GABA 4 receptors and symptoms
in DRE (Goodkin et al., 2005; Naylor et al., 2005; Goodkin et al.,
2007).

Even complex psychiatric disorders can present with chloride
channel affiliated neurodegeneration. For instance, patients with

is
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schizophrenia exhibit progressive bilateral neurodegeneration in
the grey matter of the temporal and parietal lobes (Whitford et al.,
2006), and can exhibit significant under-expression of the o5
subunit of GABA, receptors, the degree of which is correlated
with the symptom severity (Marques et al., 2020). Furthermore,
autism spectrum disorder (ASD) has demonstrated similar
patterns of neurodegeneration to that of schizophrenia.
Individuals with ASD have exhibited reduced grey matter
volumes in the mirror neuron system (Hadjikhani et al., 2006;
Marques et al., 2020). The severity of grey matter thinning in this
area was further correlated with the severity of symptoms
experienced by those with ASD. Moreover, genetic studies
have identified copy number variations and entire locus
duplications of the 15p11-q13 chromosomal region in patients
with ASD, which lead to under and dysfunctional expression of
the B3, a5, and y3 subunits of GABA, receptors (Hadjikhani
et al, 2006). This indicates the potential of chloride channel
deficiency to both precede cases of ASD, and have further
downstream consequences of neurodegeneration.

Chloride channel dysfunction and neurodegeneration can also
occur as an acquired iatrogenic condition; the most notable
example of which is neonatal exposure to anesthesia (Aksenov
etal,, 2020a). Anesthetics that are classified as GABA agonists and
glutamate antagonists (Aksenov et al., 2019), have consistently
been shown to produce significant neuroapoptosis that is directly
correlated with dosage and duration of the anesthesia delivery
(Hadjikhani et al., 2006; Zheng et al., 2015; Liu et al., 2018).
Moreover, the severity of apoptosis can create a loss of cortical
neurons, of which a significant proportion are GABAergic
inhibitory interneurons (Istaphanous et al, 2013), and a
further study has shown general anesthesia to directly disturb
chloride channels (Cabrera et al., 2020) thereby broadening the
known contributory effects of anesthesia on neurodegeneration
(Aksenov, 2021). These neurodegenerative and apoptotic
processes can alter the delicate excitatory/inhibitory balance of
cortical networks (Aksenov et al., 2020a). This imbalance can
account for, at least in part, the negative developmental changes
(Johnston et al., 2002; Aksenov et al., 2020a; Aksenov et al.,
2020b) and impeded GABAergic system development (Young
et al., 2012; Nisimov et al., 2018) following neonatal anesthesia.
This disproportionate cell death leading to a shift in the
excitatory/inhibitory balance requires further research in terms
of occurrence of the local chronic hypoxia in later years, and how
this shift caused by anesthesia, adapts throughout development.

DISCUSSION

We suggest that, in the absence of normal GABA, receptor
functioning, neurovascular deficiency could manifest where a
weakened hemodynamic response, in combination with
decreased inhibition, would be insufficient to support the
present metabolic demand. Although this type of
neurovascular deficiency does not result in actual ischemic
stroke, it engenders chronic intermittent hypoxia which
produces neurodegeneration. This clear sequence of events
explains the importance of normal chloride channel
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functioning for preventing chronic hypoxia. Therefore,
dysfunctional chloride channels could be a contributory factor
to the neurodegeneration in the aforementioned diseases which
are epiphenomenal with chloride channel dysfunction.

Indeed, the dangers of hypoxia on the intracellular and
extracellular compositions of brain tissue have been well
documented. It is known that insufficient oxygen for basic
metabolic processes can lead to cell death (Mariotti et al,
2016). Although the neuronal damage is especially severe in
sudden onset hypoxia-ischemia, such as in the case of an
ischemic stroke, it can also occur as a result of chronic
hypoxia (Dheer et al, 2018; Mahakizadeh et al, 2020).
Depending on the severity, hypoxia has been shown to
increase the production of reactive oxygen species which can
accumulate beyond the protective abilities of anti-oxidative
systems, causing oxidative stress (Chen et al., 2018). Oxidative
stress has a high propensity to interact with macromolecules
within cells (e.g, DNA/RNA oxidation, protein oxidation,
nitration of tyrosine residues, and lipid peroxidation), leading
to cell debilitation (Moreira et al., 2005). Other consequences of
hypoxia include a reduction in intracellular and extracellular pH
(Rolett et al., 2000; Yao and Haddad, 2004), phosphocreatine
(Rolett et al., 2000), inorganic phosphate (Nioka et al., 1990;
Rolett et al., 2000) and a buildup of NADH (Rolett et al., 20005
Shetty et al., 2014). These distinct alterations to the intracellular
and extracellular environment significantly impair normal
cellular functioning and have been shown to be biochemical
indicators of neuroapoptosis. Such hypoxia-related events not
only demonstrate the ability of insufficient cerebral blood flow to
produce neurodegeneration in the immediate undersupplied
tissues, but that it can also harmfully affect neighboring tissues
as well.

Brain functioning and its metabolic support is a highly
integrated process, and embedded within this complex system
are GABAergic interneurons and the hemodynamic response.
When neurodegeneration is present, determining if
neurovascular deficiency precedes this process and exacerbates
the neurodegeneration, or suffers as a direct consequence of an
unbalanced excitatory/inhibitory system, remains a challenge.
These two possibilities are accompanied by respective
hypotheses and can therefore be examined by future studies in
a controlled environment. A possibility of how one may address
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Imprecision in Precision Medicine:
Differential Response of a
Disease-Linked GIuUN2A Mutant to
NMDA Channel Blockers

Jenna R. Gale, Gabrielle J. Kosobucki, Karen A. Hartnett-Scott and Elias Aizenman*

Department of Neurobiology and Pittsburgh Institute for Neurodegenerative Diseases, University of Pittsburgh School of
Medicine, Pittsburgh, PA, United States

Mutations in N-methyl-p-aspartate receptors (NMDAR) subunits have been implicated in a
growing number of human neurodevelopmental disorders. Previously, a de novo mutation
in GRIN2A, encoding the GIUN2A subunit, was identified in a patient with severe epilepsy
and developmental delay. This missense mutation, which leads to GIUN2A-P552R,
produces significant dendrotoxicity in transfected rodent cortical neurons, as
evidenced by pronounced dendritic blebbing. This injurious process can be prevented
by treatment with the NMDA antagonist memantine. Given the increasing use of FDA
approved NMDA antagonists to treat patients with GRIN mutations, who may have
seizures refractory to traditional anti-epileptic drugs, we investigated whether additional
NMDA antagonists were effective in attenuating neurotoxicity associated with GIUN2A-
P552R expression. Intriguingly, we found that while treatment with memantine can
effectively block GIuN2A-P552R-mediated dendrotoxicity, treatment with ketamine
does not, despite the fact that both drugs work as open NMDAR channel blockers.
Interestingly, we found that neurons expressing GIUN2A-P552R were more vulnerable to
an excitotoxic insult—an effect that, in this case, could be equally rescued by both
memantine and ketamine. These findings suggest that GIUN2A-P552R induced
dendrotoxicity and increased vulnerability to excitotoxic stress are mediated through
two distinct mechanisms. The differences between memantine and ketamine in halting
GIuN2A-P552R dendrotoxicity could not be explained by NMDA antagonist induced
changes in MAP or Src kinase activation, previously shown to participate in NMDA-
induced excitotoxicity. Our findings strongly suggest that not all NMDA antagonists may be
of equal clinical utility in treating GRIN2A-mediated neurological disorders, despite a
shared mechanism of action.

Keywords: GRIN2A gene, GIuN2A subunit, memantine, ketamine, precision medicine, N-methyl-p-aspartate
receptor, channelopathy
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INTRODUCTION

N-methyl-p-aspartate receptors (NMDARs) are ligand-gated,
ionotropic glutamate receptors that are widely expressed in the
brain, where they play key roles in neuronal developmental,
synaptic plasticity, and survival. NMDARs are heterotetramers
composed of three main subtypes: GluN1, which are obligatory,
GluN2 of which there are four subunit types (A-D), and GluN3
subunits of which there are two subunit types (A-B) (Traynelis
et al., 2010; Paoletti et al, 2013). The majority of NMDARs
express two glycine-binding GluN1 subunits and two glutamate-
binding GIluN2 subunits (Kohr, 2006). The GluN2 subtype
dictates many of the NMDAR’s characteristics such as its
biophysical, pharmacological, and signaling properties, as well
as its spatiotemporal pattern of expression (Monyer et al., 1992;
Watanabe et al., 1994; Paoletti et al., 2013; Vieira et al., 2020).

Mutations in NMDAR subunits have been increasingly
implicated in neurological and neurodevelopmental diseases,
including intellectual disability, autism spectrum disorders,
developmental delay, and epilepsy (Myers et al, 2019). The
identification of GRIN variants in pediatric patients is
significant, as individuals GRIN mutations and epilepsy
refractory to standard anti-convulsants have been successfully
treated with the FDA-approved NMDAR antagonists
memantine, ketamine, and dextromethorphan (Pierson et al,
2014; Li et al, 2016; Amador et al, 2020; Xu et al,, 2021).
Although mutations in four genes encoding NMDAR subunits
(GRINI, GRIN2A, GRIN2B, and GRIN2D) have been linked to
human disease (Carvill et al., 2013; Li et al., 2016; Liu et al., 2017;
Li et al., 2019; Bahry et al,, 2021; Xu et al., 2021), mutations in
GRIN2A account for the majority of disease-linked variants
(46%) (Myers et al., 2019; Strehlow et al., 2019). Pathogenic
variants cluster in the highly conserved agonist binding domains
as well as transmembrane and linker domains, which are highly
intolerant to genetic variation (Swanger et al., 2016; Ogden et al.,
2017; Strehlow et al., 2019).

Recently, a de novo missense mutation in the pre-M1 helix
region—the linker between the agonist binding domain and the
first transmembrane domain—was identified in a patient with
profound intellectual disability, developmental delay, and
epilepsy (de Ligt et al., 2012). This mutation, which results in
a substitution of arginine for proline at amino acid 552 (P552R),
was further characterized as leading to neurotoxicity when
expressed in cultured rat cortical neurons, as evidenced by
pronounced dendritic swelling (Ogden et al, 2017). This
neurotoxicity could be rescued by treatment with memantine.
Given the superiority of ketamine as compared to memantine in
treating some GRIN mutations (Li et al., 2016), and its widespread
use in treating status epilepticus in adult and pediatric
populations (Mewasingh et al, 2003; Ilvento et al, 2015;
Zeiler, 2015), we sought to determine whether ketamine
treatment was equally effective as memantine in abrogating
GluN2A-P552R induced neurotoxicity in vitro. Surprisingly,
our data indicate that the P552R mutation exerts neurotoxicity
through two separate mechanisms, dendritic blebbing and
increased susceptibility to excitotoxic injury—both responsive
to treatment with memantine but only the latter responsive to
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treatment with ketamine, despite a shared mechanism of action
between these two drugs.

METHODS

Materials

Primary antibodies used: rabbit anti-p38 MAPK (Cell Signaling,
92128, 1:1,000), mouse anti-phospho-p38 MAPK (Cell Signaling,
92168, 1:1,000), mouse anti-ERK (pan-ERK) (BD Transduction
Lab, 610,123, 1:2000), rabbit anti-phospho-p44/42 MAPK (ERK
1/2) (Cell Signaling, 910, 1:1,000), mouse anti-JNK (Santa Cruz,
sc-7345, 1:1,000), rabbit anti-pSAPK/JNK (Cell Signaling, 4668S,
1:1,000), rabbit anti-Src (Cell Signaling, 2108S, 1:1,000), rabbit
anti-phospho-Src (Tyr416) (Cell Signaling, 2101S, 1:1,000), and
mouse anti-B-actin (Sigma, A5441, 1:10,000). Mouse or rabbit
secondary antibodies used: Li-cor IRDye 700 CW and Licor
IRDye 800CW (LI-COR Biosciences). Chemicals were
obtained from Sigma-Aldrich unless otherwise specified.

Neuronal Cultures

All procedures involving the use of animals were reviewed and
approved by the University of Pittsburgh TACUC. Primary
cortical cultures were prepared from embryonic day
16-17 Sprague-Dawley rats as previously described (Hartnett
et al., 1997). Briefly, pregnant rats (Charles River Laboratories)
were sacrificed via CO, inhalation. Embryonic cortices were
dissociated with trypsin and cells were plated on 12-mm, poly-
L-ornithine coated glass coverslips in six-well plates at a density
of 670,000 cells per well. On day 14 in vitro (DIV 14) cytosine
arabinoside (1-2pM) was used to inhibit nonneuronal cell
proliferation. Cultures were used at DIV 18-25.

Transfections

Transfections were performed using Lipofectamine 2000
(Thermo Fisher). Neurons were transfected with the following
plasmid mixtures (total of 1.5ug DNA/0.5 ml): for confocal
imaging, cells were transfected with a GFP-expressing plasmid
(pEGFP-N1; BD Biosciences), pCI-neo vector, human wild-type
GluN2A, or human GIluN2A-P552R (gifts from Drs. Hongjie
Yuan and Stephen Traynelis). Plasmid mixtures (per well)
contained either 0.9 ug pEGFP-N1 + 0.6 ug pCl-neo vector,
0.9 ug pEGFP-N1 + 0.3 pg pCl-neo empy vector + 0.3 ug
GluN2A plasmid, or 0.9 ug pEGFP-N1 + 0.3 ug pCI-neo empy
vector + 0.3 pug GluN2A-P552R plasmid (Ogden et al., 2017). For
luciferase viability experiments, cells were transfected with a
firefly luciferase-expressing plasmid (pUHC13-3 Luciferase, gift
of Dr. H. Buchard) instead of one expressing GFP. Plasmid
mixtures (per well) contained either 0.375ug pUHCI13-3
Luciferase + 1.125ug pCl-neo vector plasmid, 0.375ug
pUHCI13-3 Luciferase + 0.525pg pCl-neo vector + 0.6ug
GluN2A plasmid, or 0.375 pg pUHCI13-3 Luciferase + 0.525 ug
pClI-neo vector plasmid + 0.6 pg GluN2A-P552R plasmid.

Confocal Imaging and Bleb Analysis
To analyze the effect of the GluN2A-P552R mutation on dendrite
morphology, cells were imaged 24h after transfection. All
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treatments were added to the cell media at the time of
transfection. Images were obtained on a Nikon Al+ confocal
microscope using a x20 water immersion objective. Three
separate culture dates were used per experiment, and three
coverslips were transfected with each plasmid mixture per
condition. Each coverslip was divided into four quadrants, and
one field of view was randomly selected from each quadrant
resulting in four images per coverslip. Bleb counts per field were
added to determine a bleb count per coverslip (blebs/CS). For
these experiments, n refers to the number of coverslips. Laser
power was sometimes adjusted between coverslips due to
differences in transfection efficiency of the GFP-expressing
plasmid. Nikon Instruments Software Basic Research (NIS-
Elements BR) was used for non-biased analysis of dendritic
blebs. All images were subjected to intensity thresholding
before analysis. The object count feature was used to quantify
the number of blebs in each image field. Area was restricted to
0-5 um® and circularity was set to 0.5-1.0. The smooth, clean, and
separate features were used to reduce background noise and
settings were consistent between control, ketamine, and MK-
801 groups. Settings had to be adjusted once due to the
installation of a new laser in our system.

Lactate Dehydrogenase Assays

Cortical neurons were treated with 10 pM glycine, 10 uM glycine
+ 30 uM NMDA, or 10 uM glycine + 30 uM NMDA with either
50 uM memantine or 10 uM ketamine for 30 min in HEPES-
buffered minimal essential media with 0.01% BSA (MHB). After
30 min, cells were washed with fresh MHB and then incubated
with MHB or MHB containing memantine or ketamine. Twenty-
four hs following glycine + NMDA treatment, medium was
collected for lactate dehydrogenase (LDH) assays. Toxicity is
represented by increased OD490 values. Three experiments from
separate culture dates were performed, each in quadruplicate.

Luciferase Viability Assays

Cortical cultures were transfected with plasmid mixtures
containing a luciferase-expressing. Twenty-four hs following
transfection, cells were either left untreated, treated with
45uM  DL-threo-p-Benzyloxyaspartate ~ (TBOA)  (Tocris
Bioscience), or co-treated with 45 uM TBOA and either 50 uM
memantine or 10 uM ketamine. TBOA is a glutamate uptake
inhibitor that induces an excitotoxic injury in vitro (Bonde et al.,
2003). Twenty-four hs after drug treatment, firefly luciferase
expression was measured using the SteadyLite Plus
Luminescence Gene Reporter Assay System (PerkinElmer)
(Aras et al, 2008). Results for TBOA-treated groups were
normalized to the luminescence values (counts per second) of
their respective untreated groups. This assay was performed a
minimum of four times with neurons from separate culture dates.

Immunoblotting

Cortical cultures were left untreated, treated with 50 uM
memantine, or treated with 10pM ketamine for 45 min.
Control, memantine treated-, and ketamine treated neurons
were collected from the same 6 well plate for each experiment.
Following treatment, neurons were rinsed twice with ice-cold
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FIGURE 1 | GIuN2A-P552R expression exerts dendrotoxicity in rat
primary cortical cultures which can be rescued by treatment with memantine.
Representative images of cortical neurons transfected with GFP and either
pCl-neo (empty vector), GIUN2A, or GIuUN2A-P552R. Top row shows
untreated neurons and bottom row shows neurons co-treated with 50 uM
memantine (A). Quantification of dendritic blebs per coverslip (blebs/CS)
revealed significantly more blebs in GIUN2A-P552R transfected neurons as
compared to those transfected with pCl-neo or GIuUN2A (B). This difference is
abolished by treatment with 50 uM memantine (C). Data are expressed as
mean + SEM from three independent experiments with three coverslips per
transfection condition in each experiment (*p < 0.01, **p < 0.001, one-way
ANOVA/Tukey post-hoc, n = 9).

PBS, exposed to cell lysis buffer (Invitrogen) supplemented with
protease inhibitor cocktail (Roche Diagnostics) and
phenylmethlysulfonyl fluoride, and scraped off dishes. Debris
was pelleted by centrifugation at 14,000 g for 10 min. The
remaining lysates were stored at —80°C. Protein concentration
of lysates was determined (Pierce BCA Protein Assay Kit; Thermo
Fisher). Samples were prepared by incubating 30 pg of protein
with a reducing sample buffer at 100°C for 5 minutes. Samples
were loaded onto a 7.5% SDS-PAGE gel and proteins were
separated using the Mini Protean 3 System (Biorad). Gels were
transferred onto 0.2 um nitrocellulose membranes and blocked at
room temperature for 1 h with 1% BSA in PBS containing 0.05%
Tween 20 (PBST). Membranes were incubated overnight at 4°C in
primary antibody. After washing 3x in PBST, membranes were
probed with Li-Cor IRDye-conjugated secondary antibodies
labeled with IRDyes 700CW (685 nm) and 800CW (780 nm),
at 1:10,000 for 1 h at room temperature. Fluorescent signals were
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FIGURE 2 | Ketamine treatment does not rescue GIuUN2A-P552R-mediated dendritic blebbing. Representative images of cortical neurons transfected with GFP

and either pCl-neo, GIUN2A, or GIuN2A-P552R and co-treated with 50 M ketamine show that GIuUN2A-P552R transfected neurons exhibit pronounced blebbing that is
not rescued by the open-channel blocker (A). Quantification of dendritic blebbing confirmed significantly more blebs in the GIUN2A-P552R group (B) (***p < 0.0001,
one-way ANOVA/Tukey post-hoc, n = 9). LDH assays of untransfected primary cortical neurons treated with 10 uM glycine (control) or 10 M glycine + 30 uM
NMDA (NMDA) confirmed that ketamine is protective against excitotoxic injury (C) (**p < 0.01, two-way ANOVA/Sidak post-hoc, n = 3). Therefore, the failure of ketamine
to rescue GIUN2A-P552R dendrotoxicity is not due to inefficacy of the drug in our culture system. Data are expressed as mean + SEM from three independent
experiments. Three transfections per condition were analyzed from each independent imaging experiment.
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acquired (Odyssey Infrared Imaging System; LI-COR) and
quantified using Fiji software.

Statistical Analysis

Data are presented as means + SEM. All statistical analyses were
performed using GraphPad Prism 9 (GraphPad). Prior to
analyses, data were tested for normality using a Shapiro Wilk
test. For comparison of two sample means, a two-tailed ¢-test was
used. For comparison of more than two sample means, a one-way
analysis of variance (ANOVA) with Tukey’s test for multiple
comparisons was used. For LDH assays, a two-way ANOVA with
Sidak’s multiple comparison test was used to compare the effect
of drug treatments on viability between control and treatment
groups.

RESULTS

A previous characterization of the GluN2A-P552R mutation
found that the mutant NMDAR subunit exerted profound
dendrotoxicity when expressed in primary neurons, as
evidenced by dendritic swelling (blebbing) (Ogden et al,
2017). GluN2A-P552R mediated dendritic blebbing could be
rescued by treating neurons with the FDA-approved NMDAR
antagonist memantine (50 uM), consistent with clinical reports of
NMDAR receptor antagonists being used to treat refractory

epilepsy in patients with GRIN mutations (Pierson et al., 2014;
Liet al., 2016; Amador et al., 2020). Given that ketamine, another
FDA-approved NMDAR antagonist, is currently widely used to
treat status epilepticus (Ilvento et al., 2015; Zeiler, 2015; Pribish
et al.,, 2020), and has been used to treat refractory epilepsy in
patient with a GRIN2D mutation (Li et al., 2016), we evaluated its
neuroprotective  profile in  GluN2A-P552R  mediated
neurotoxicity.

We first confirmed our previous findings from the initial
characterization of the GluN2A-P552R mutation (Ogden et al.,
2017). As noted earlier, cortical neurons transfected with
GluN2A-P552R  displayed pronounced dendritic blebbing
(Ogden et al, 2017) (Figures 1A,B). This effect was not
observed in neurons transfected with the empty vector (pCI-
neo) or, importantly, the wild-type subunit (GluN2A). GluN2A-
P552R-mediated dendrotoxicity was attenuated by treatment
with 50 pM memantine (One-way ANOVA, p = 0.3025, n
9) (Figures 1A,C), as previously shown, confirming that FDA-
approved NMDAR antagonists may be a viable treatment strategy
for individual(s) with this mutation. Surprisingly, although
ketamine and memantine share the same mechanism of
action, similar pharmacodynamic profiles, and overlapping
binding sites within NMDA receptors (Song et al., 2018;
Zhang et al, 2021; Emnett et al, 2013), we found that
ketamine treatment did not rescue GluN2A-P552R mediated
dendritic blebbing (One-way ANOVA, p < 0.0001; Multiple
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comparisons, pCl-neo vs. GluN2A, p = 0.9407, pCl-neo vs.
GluN2A-P552R, p < 0.0001, GluN2A vs. GluN2A-P552R, p <
0.0001, n = 9) (Figures 2A,B). Indeed, an unpaired t-test revealed
that there was no difference in the number of dendritic blebs per
coverslip between untreated neurons and those treated with
50 uM ketamine (p = 0.7819, n = 9). Although there are some
reports of ketamine induced neurotoxicity in neurons exposed to
the drug for prolonged periods (Liu et al.,, 2013; Wang et al,
2017), empty vector transfected neurons and GluN2A transfected
neurons, which were also treated with ketamine in parallel with
GluN2A-P552R transfected neurons, did not display any
dendrotoxicity, suggesting that the dendritic blebbing observed
in GluN2A-P552R group was not a result of the ketamine
treatment itself. It is noteworthy that ketamine’s ability to
inhibit GluN1/GluN2A-P552R-mediated ionic currents does
not significantly differ from its ability to block GluN1/GluN2A
wild type channels. Ketamine’s maximum blocking efficacy for
GluN1/GluN2A-P552R channels is 96% as compared to 98% for
wild-type channels. Furthermore, the GIuN2A-P552R mutation
enhances the potency of ketamine (ICsy =1.3 uM for GluN2A-
P552R; ICsyp = 4.7uM for wild type GluN2A), without
significantly affecting memantine’s blocking actions at the
receptor (ICso = 3.7 uM for GluN2A-P552R; IC5, = 4.8 for
wild type GluN2A) (Ogden et al, 2017). As such the lack of
ketamine’s ability to protect from the observed dendrotoxicity
could not be accounted by an inability to antagonize the mutant
channels.

Given these data, we sought to confirm that ketamine was
indeed protective against canonical excitotoxic insults in our cell
culture system. To this end, we exposed untransfected cortical
cultures to either 10 pM glycine (control) or 10 uM glycine and
30 uM NMDA for 30 min and co-treated with either vehicle or
ketamine (10 uM, 30 uM, or 50 uM). Cell viability was assessed
using LDH assays 24 hs after the exposure. Cells not treated with
ketamine displayed a significant loss of viability when exposed to
glycine + NMDA as compared to the control, whereas no
significant differences were found between the control and
glycine + NMDA groups when cells were co-treated with
ketamine (Two-way ANOVA, p = 0.0158 for interaction;
Multiple comparisons, glycine vs glycine + NMDA: 0puM
ketamine, p = 0.0021, 10 uM ketamine, p = 0.9997, 30 uM
ketamine, p = 0.9820, 50 uM ketamine, p = 0.8645, n = 3)
(Figure 2C). Furthermore, comparison of control neurons in
these assays confirmed that ketamine treatment is not neurotoxic
in our system (One-way ANOVA, p > 0.05). These results
indicate that ketamine 1is an effective excitotoxicity
neuroprotectant in our preparation.

As the above data indicate that the inability of ketamine to
rescue of GluN2A-P552R mediated dendrotoxicity is not due to a
loss of potency or innate toxicity, we next aimed to determine
whether memantine’s ability to rescue this phenotype was
through its classically defined role as an NMDA receptor
channel antagonist or through an undefined, alternative
mechanism. To this end, we exposed GluN2A-P55R
expressing neurons to the open-channel blocker MK-801,
which binds to the same pocket of the NMDAR as memantine
and ketamine (Song et al., 2018; Zhang et al., 2021). Treatment

Imprecision in Precision Medicine

with 10uM MK-801 similarly abolished GluN2A-P552R
mediated dendritic blebbing (One-way ANOVA, p > 0.05)
(Figures 3A,B), strongly suggesting that memantine rescues
GluN2A-P552R  through its known mechanism of
pharmacological action.

Having established the NMDAR blockade is sufficient to
rescue GluN2A-P552R mediated dendrotoxicity, we next
investigated downstream pathways that may be either
activated or inhibited by ketamine, but not by memantine,
which could account for the differential responses observed.
Activation of MAP kinases (MAPKs) have previously been
shown to be part of signaling cascades initiated downstream of
NMDAR activation (Kawasaki et al., 1997; Chen et al., 2003),
including those implicated in excitotoxicity (Kawasaki et al.,
1997; Cao et al., 2004; Choo et al, 2012; Liu et al., 2014;
Engin and Engin, 2021). Therefore, we assessed via western
blot whether there were differences in kinase phosphorylation
in primary cortical neurons treated with either ketamine or
memantine. No significant differences were found between
memantine and ketamine groups in levels of phosphorylated
ERK1/2 or NK (Paired #-test, p > 0.05, n = 5-6) (Supplementary
Figure S1F and S1G). A small but significant reduction in
phosphorylated p38 (p-p38) was found in ketamine treated
neurons as compared to those treated with memantine (Paired
t-test, p = 0. 0.0036, n = 5) (Supplementary Figure S1E).
However, given that phosphorylation of p38 has been
implicated in excitotoxic neuronal apoptosis (Kawasaki et al.,
1997; Chen et al,, 2003; Liu et al., 2014), it is unlikely that the
reduction of p-p38 in the ketamine treated group is the
mechanism underlying the persistent dendritic blebbing in
ketamine treated GluN2A-P552R expressing neurons. As Src
kinase has been shown to upregulate NMDAR activity
(Manzerra et al., 2001; Zhao et al., 2015; Scanlon et al., 2017),
we also assessed whether memantine and ketamine treatment
differentially affected Src phosphorylation. However, no
differences were found between groups (Paired t-test, p > 0.05,
n = 5) (Supplementary Figure S1H). Thus, the mechanism
underlying the inability of ketamine to rescue GluN2A-P552R-
induced dendritic blebbing is yet to be identified. Nonetheless, the
data presented thus far strongly suggests that human disease-
linked GRIN mutations may be differentially responsive to
NMDAR antagonists.

Because the GluN2A-P552R mutation results in increased
agonist potency and mean channel open time (Ogden et al,
2017), we hypothesized that neurons that express this mutant
subunit may show enhanced vulnerability to excitotoxic injury,
perhaps due to exaggerated calcium influx upon activation. To
test this, we transfected neurons with a plasmid expressing firefly
luciferase along with the either the empty vector, GluN2A, or
GluN2A-P552R. Co-transfection of the firefly luciferase construct
allowed us to compare viability of cells expressing the mutant
subunit as compared to wild-type GluN2A or the empty vector
(Aras et al,, 2008). Twenty-four hs after transfection, neurons
were exposed to a mild excitotoxic insult (treatment with a
sublethal concentration of the glutamate uptake inhibitor
TBOA, 45uM) for an additional 24 hs. Indeed, following
TBOA exposure, we found a significant difference in viability
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FIGURE 3 | Dendritic blebbing is attenuated by treatment with the channel blocker MK801. Representative images of rat cortical neurons transfected with pCl-neo
empty vector, GIUN2A-WT, and GIuN2A-P552R and co-treated with 10 uM MK801 (A). GIuN2A-P552R expressing neurons treated with 10 pM MK801 show a
significant reduction in blebbing (B) (one-way ANOVA, p > 0.05, n = 9). Data are + SEM from three independent experiments with three coverslips analyzed per
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measure of cell viability. Rat cortical neurons were co-transfected with a plasmid expressing firefly luciferase and pCl-neo vector, GIUN2A-WT, or GIuN2A-P552R.
Treatments were applied 24 h after transfection and Iuciferase assays were performed 48 h following transfection. Neurons expressing GIUN2A-P552R showed
significantly reduced viability after exposure to 45 uM TBOA as compared to those expressing the empty vector or wild-type receptor (A) (‘o < 0.05, **p < 0.001,
one-way ANOVA/Tukey post-hoc, n = 8). However, this reduction in viability was rescued by co-treatment with 50 pM memantine (B) (one-way ANOVA, p > 0.05) or
10 uM ketamine (C) (one-way ANOVA, p > 0.05). Luciferase values for TBOA treated neurons were normalized to their relevant vehicle-treated vector group. Data
represent mean + SEM from 4-8 independent experiments performed in triplicate or quadruplicate.

of GluN2A-P552R transfected neurons as compared to those
transfected with the empty vector or the wild-type subunit (One-
way ANOVA, p = 0.001; Multiple Comparisons, pCl-neo vs
GluN2A, p = 0.3983, pCI-neo vs GluN2A-P552R, p = 0.0008,
GluN2A vs GluN2A-P552R, p = 0.0181). (Figure 4A). Co-
treatment with memantine rescued the loss of viability
observed in GIluN2A-P552R expressing neurons (One-way
ANOVA, p > 0.05), consistent with its effect on GluN2A-
P552R mediated dendrotoxicity (Figure 4B). In contrast to
ketamine’s failure to attenuate dendritic blebbing, co-
treatment with this channel blocker also completely rescued
TBOA-induced cell death in GIluN2A-P552R expressing
neurons (One-way ANOVA, p > 0.05) (Figure 4C). These
data strongly suggest that the P552R mutation exerts
dendrotoxicity and enhances vulnerability to excitotoxic
stress through two separate cell injurious signaling pathways.

DISCUSSION

The rise of next-generation and whole exome sequencing (WES)
has led to the increasing identification of clinically relevant gene
variants and molecular diagnoses in patients with neurological
diseases. Indeed, in one large observational study, WES was able
to provide a molecular diagnosis for approximately 27% of
patients with neurological and developmental disorders (Yang
etal, 2014). In a smaller cohort of pediatric neurological patients,
WES provided a presumptive diagnosis in 41% of patients.
Importantly, the results of WES affected the management of
all patients with a presumptive diagnosis in this cohort including,
but not limited to, the cessation and initiation of medication
(Srivastava et al.,, 2014). Thus, genetic testing has both a high
diagnostic yield and significant implications for personalized
clinical management for neurological patients.
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The clinical utility of genetic sequencing is especially
significant for patients with epileptic encephalopathies. It is
estimated that the diagnosis yield for these disorders is 15-20%
(EpiPM Consortium, 2015). Intriguingly, GRIN mutations
make up a high proportion of these disease-linked
mutations, and GRIN2A mutations, specifically, have been
identified as key drivers of epilepsy aphasia spectrum
disorders (Carvill et al., 2013; Li et al., 2020; Lemke et al.,,
2013; Lesca et al., 2013). The identification and in vitro
characterization of human disease-linked GRIN mutations
has led to the successful implementation of personalized
medicine for several pediatric patients. More specifically,
patients with GRIN mutations and intractable epilepsy have
been treated with FDA-approved NMDAR blockers, including
ketamine, memantine, and dextromethorphan
(Supplementary Table S1), which led to a reduction in
seizure burden in the majority of patients treated with these
targeted therapies (Pierson et al., 2014; Li et al., 2016; Platzer
etal., 2017; Amador et al., 2020; Xu et al., 2021). The results of
these n of one clinical trials have important clinical
implications for patients with GRIN-associated epileptic
encephalopathies, as refractory epileptic activity in these
disorders is thought to contribute to the co-morbid, and
often progressive, cognitive impairments (Khan and Al
Baradie, 2012; Auvin et al., 2016).

The increasing number of individuals with identified GRIN
mutations along with the in vitro characterization of NMDAR
subunit variants has led to an attempt by some to predict clinical
phenotypes based upon molecular diagnoses. For example, it has
been suggested that GRIN2A mutations predominantly lead to an
epileptic phenotype while GRIN2B variants are more likely to lead to
neurodevelopmental disorders (Myers et al., 2019). However, while
this may be true in broad strokes, GRIN2B has been identified as a
causative gene in encephalitic encephalopathies (Epi4K Consortium
et al., 2013; Lemke et al., 2014). Moreover, the characterization of
GRIN2B mutations in two patients with missense mutations at the
same amino acid residue revealed a divergence in multiple aspects
of both the patient phenotypes and the functional properties of the
mutant channels (Kellner et al., 2021), underscoring the complexity
of the NMDAR and the need for complete characterizations of
GRIN variants for targeted therapies. Similarly, characterizing
GRIN mutations as gain-of-function or loss-of-function based
on their location in the protein domain may be overly simplistic
and lead to improper pharmacological treatment strategies. While a
large cohort analysis of individuals with GRIN2A variants
identified two phenotypic groups based on whether mutations
occurred within the N-terminal or agonist binding domains versus
the transmembrane or linker domains, with the former
corresponding to loss-of function (LOF) and the latter gain-of-
function (GOF) (Strehlow et al., 2019), functional analysis of
disease-linked mutations within the pre-M1 linker domain of
GluN2A receptors identified both LOF and GOF variants
(Ogden et al., 2017). Thus, a full functional characterization of
GRIN mutations is warranted before the initiation of treatment
with channel-blockers.

Imprecision in Precision Medicine

In this work, we uncover another layer of complexity in the
application of precision medicine to GRIN mutations: the
differential response of a mutant subunit to channel blockers
that do not differ in their potency or maximal inhibition of the
receptor. Specifically, we found that a missense GRIN2A variant
resulting in a substitution of arginine for proline at amino acid
552 (P552R) exerts neurotoxicity through two distinct
mechanisms—increased sensitivity to excitotoxic insults,
which is sensitive to rescue by the channel blockers
memantine and ketamine, and pronounced dendrotoxicity
that is sensitive to rescue by memantine and MK801, but not
ketamine.

Previous characterizations of GRIN mutations have found
differential responses to channel blockers. For example,
treatment with dextromethorphan results in increased
inhibition of the NMDA channel as compared to memantine
in the NMDA receptor GluN2AN-N615K variant (Marwick
et al, 2019). However, memantine binds to the pore by
interacting with the amino acids that cluster around the area
of this mutation (N612, N613, and N614) (Song et al., 2018),
while dextromethorphan is thought to interact with residues in
a more extracellular portion of the vestibule (LePage et al,
2005). Thus, increased inhibition of GIuN2A-N615K
containing receptors by dextromethorphan is consistent with
the understanding of its binding site, while differences in
binding sites cannot explain the observed differential dendro-
protective response of GluN2A-P552R-containing NMDA
receptors to memantine and ketamine, as these channel
blockers bind to an overlapping site in the pore (Emnett
et al, 2013; Zhang et al, 2021). To account for the noted
changes, we explored whether memantine and ketamine
differentially activate or inhibit kinases downstream of
neurotoxic NMDAR signaling. However, these experiments
did not reveal significant differences between treatment
groups. Given that memantine has been found to stabilize
GIuN1/GluN2A receptor desensitization in a calcium-
dependent manner (Gao al., 2017), one possible
explanation for the discrepancy between memantine and
ketamine’s ability to rescue GluN2A-P552R mediated
dendrotoxicity is that the mutation enhances calcium influx
through NMDARs thereby enhancing memantine’s potency.
However, preliminary experiments showed that the IC50 of
memantine in the presence of high and low intracellular calcium
did not differ between wild-type and mutant receptors,
suggesting this phenomenon does not account for our results
(M. Phillips and J. Johnson, personal communication). Thus,
the mechanism underlying the differential response of GIuN2A-
P552R containing NMDARs to memantine and ketamine
remains to be elucidated. Nonetheless, our findings are
significant in the context of personalized medicine for
patients with neurological disorders attributable to GRIN
mutations as they suggest that in addition to a functional
characterization of the mutation, in vitro drug screening and
investigation of rescue pharmacology may be necessary to
identify the most appropriate therapeutic strategies to follow.

et
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Migraine and major depression are debilitating disorders with high lifetime prevalence
rates. Interestingly these disorders are highly comorbid and show significant heritability,
suggesting shared pathophysiological mechanisms. Non-homeostatic function of ion
channels and neuroinflammation may be common mechanisms underlying both
disorders: The excitation-inhibition balance of microcircuits and their modulation by
monoaminergic systems, which depend on the expression and function of membrane
located K*, Na*, and Ca*™ channels, have been reported to be disturbed in both
depression and migraine. lon channels and energy supply to synapses not only
change excitability of neurons but can also mediate the induction and maintenance of
inflammatory signaling implicated in the pathophysiology of both disorders. In this respect,
Pannexin-1 and P2X7 large-pore ion channel receptors can induce infllmmasome
formation that triggers release of pro-inflammatory mediators from the cell. Here, the
role of ion channels involved in the regulation of excitation-inhibition balance, synaptic
energy homeostasis as well as inflammatory signaling in migraine and depression will be
reviewed.

Keywords: ATP1A2, HCN, KCNQ, CACNA, TREK, Pannnexin-1, P2X7R, neuroinflammation

INTRODUCTION

Migraine and depression are comorbid diseases (Amiri et al., 2019; Karsan and Goadsby, 2021).
Migraine is a risk factor for depression, whereas migraine attack prevalence and intensity
increase during depression. Despite this well-established epidemiological data, the biological
basis of this comorbidity is unclear. Emerging data from animal models and human imaging
studies suggest that neuroinflammation could be a common pathway in the pathophysiology of
both disorders (Mueller and Schwarz, 2007; Richards et al., 2018; Albrecht et al., 2019;
Hadjikhani et al., 2020; Afridi and Suk, 2021). However, how neuroinflammatory signaling
is initiated without an injury to the brain tissue is unknown. A non-homeostatic synaptic
transmission has been suggested as an initiator of neuroinflammatory signaling (Dalkara and
Kilic, 2013; Kilic et al., 2018; Afridi and Suk, 2021; Petit et al., 2021). In this regard, some ion
channels and activation of cellular stress sensors such as pannexinl (Panx1) and P2X7 channels
and the downstream inflammatory cascade may play a role. Here, we review the recent evidence
suggesting that a non-homeostatic ion channel activity or a mismatch between synaptic energy
supply and glutamatergic transmission can activate the inflammatory pathway in migraine and
depression. Since we limit the scope of the review to these potentially common central
mechanisms in both disorders, we will not be able to cover recent developments regarding
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FIGURE 1 | Rises in extracellular glutamate and K+ caused by ion channel and transporter mutations or transcriptional changes induced by migraine triggers create

susceptibility to migraine with aura. Facilitation of excitatory synaptic transmission by either promoting glutamate release (red arrows) due to gain of function mutations in
P/Q type presynaptic calcium channels (purple) encoded by CACNA1A in FHM1 or decreasing its uptake along with K+ (red arrow) due to mutations in alpha2 subunit of
Na+/K + ATPase (green) encoded by ATP1A2 in FHM2, increases susceptibility to CSD and migraine with aura. Glutamate released during synaptic activity is taken

up to astrocyte processes (amber) by excitatory amino acid transporters (pink, EAATS), which is driven by the Na + gradient created by Na+/K + ATPase, hence,
glutamate and K+ uptakes are coupled. Excess K+ released from overactive GABAergic terminals (red arrow) due to gain of function mutations in Nay 1.1 type sodium
channels (blue) encoded by SCN1A in FHM3 also creates susceptibility to CSD and migraine with aura. Glycogen granules in peri-synaptic astrocyte processes instantly
provide glycosyl units to meet the rapidly escalating energy demand during excitatory synaptic transmission (e.g., by Na+/K + ATPase), whereas glucose transported
from circulation to astrocytes via GLUT1 is primarily used in replenishing glycogen. Insufficient glycogen breakdown due to transcriptional changes induced by migraine
triggers such as sleep deprivation, which promote glycogen synthesis while reducing glycogen breakdown, hinders glutamate and K+ uptake as seen in FHM2, creating
susceptibility to CSD and migraine in non-familial common migraine. The illustration is prepared by Dr. Zeynep Kaya. Cellular templates are copied from Servier Medical
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the success of CGRP antagonists as novel anti-migraine drugs
and their implications for peripheral nociceptive mechanisms
of migraine headache.

Lessons Learned From Familial Migraine

Mutations

Most of our knowledge about the potential role of ion channels
and glutamate in migraine comes from the discovery of mutant
genes causing familial hemiplegic migraine (FHM) (Moskowitz
et al., 2004; Russell and Ducros, 2011; Pietrobon and Moskowitz,
2014; Dalkara and Moskowitz, 2017; De Boer et al., 2019;
Pietrobon and Brennan, 2019). FHM patients suffer from
typical migraine with aura episodes along with transient
hemiplegic or hemiparetic attacks (Russell and Ducros, 2011).
Some patients may also experience confusion, memory loss,
seizures and coma episodes and, rarely, persistent deficits like
ataxia. However, these severe phenotypes are typical of FHM1
and 2 but not of FHM3 (Mantegazza, 2018) and, other than
episodic attacks, majority of FHM 1 and 2 patients are healthy
except being more sensitive to head trauma. Hemiplegic attacks

and an autosomal dominant inheritance pattern distinguish them
from non-familial, common forms of migraine (Sutherland H. G.
et al., 2019). Although they are rare and the mutations have yet
been detected in less than half of the cases (Sutherland et al.,
2020), the three genes identified so far have provided insight into
how a migraine attack can be initiated in an otherwise healthy
brain (Moskowitz et al., 2004; Pietrobon and Brennan, 2019).
Mutations in CACNAIA, ATPIA2, and SCNIA genes, which
encode a P/Q-type voltage-gated calcium channel (Cay2.1), an
astrocytic Na/K pump (a2 Na/K-ATPase) and the al subunit of
voltage-gated Nay1.1 sodium channel, account for FHM1, FHM2
and FHMS3, respectively (Figure 1). Of these, CACNAIA,
ATPIA2 mutations have been comprehensively studied with
regard to their effects on cortical excitability (for review,
(Pietrobon and Brennan, 2019). In vitro and in vivo evidence
suggests that CACNAIA mutations can lead to enhanced
glutamate release during excitatory synaptic activity because
gain-of-function mutations on the pore-forming al-subunit of
the presynaptic P/Q type calcium channels enable them to open
at more hyperpolarized membrane potentials than normal,
allowing more calcium influx to the terminal during action
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potential trains (Tottene et al., 2009). Interestingly, the P/Q type
calcium channels on terminals of GABAergic neurons are not
affected by these mutations (Vecchia et al., 2014). This causes a
shift in cortical excitation/inhibition balance towards excitation
(Vecchia and Pietrobon, 2012; Tottene et al., 2019), which is
thought to account for the vulnerability to cortical spreading
depolarization (CSD), the putative cause of migraine aura and,
for the hyperexcitability seen in FHM1 brain (Takizawa et al,,
2020a). Given the presence of glutamatergic synapses driving
the feed-forward and feed-back inhibitory neurons, one may
expect an increased inhibitory control as well. However, this is
probably not the case owing to the fact that short-term
depression develops faster in these glutamatergic synapses
than does in glutamatergic synapses terminating on principal
neurons (Tottene et al., 2019). Although the net effect of the
excitation/inhibition balance might be different in various
neuronal circuits depending on the organization of neuronal
interconnections and release kinetics of synapses, including
pain-transmitting/processing networks, it has been clearly
shown that the CSD threshold is decreased in transgenic
knock-in mice harboring human CACNAIA mutations (Van
Den Maagdenberg et al., 2004). In fact, the threshold was found
to be even lower in S218L compared to R192Q knock-in mouse
in parallel with the clinical severity of FHM symptoms in
patients carrying these mutations (Van Den Maagdenberg
et al., 2010). However, some FHM1 and FHM2 patients also
suffer from epileptic seizures suggesting that excitation/
inhibition imbalance has also potential to generate epileptic
discharges (Marconi et al., 2003; Lebas et al., 2008; Costa et al.,
2014).

Cortical spreading depolarization is considered the
electrophysiological correlate of migraine aura (Takizawa et al,
2020a). First discovered by Leao in 1944 on the rabbit brain, it is
caused by intense depolarization of neurons and astrocytes,
propagating along the cortical gray matter at a speed of
2-6 mm per minute (Leao, 1944). As it spreads, it depresses
the ongoing electrical activity (e.g., the EEG as originally
observed), hence, named spreading depression by Leao.
However, cortical spreading depolarization is increasingly used
instead of cortical spreading depression because of the confusion
the term “depression” causes. Leao was the first to note the
similarity between the propagation rate of visual aura in migraine
and CSD (Leao, 1947). However, it only became possible to show
the presence of CSD in migraineur brain in the past 4 decades
with advances in imaging technologies that enabled detection of
the CSD-induced cerebral blood flow changes (Olesen et al., 1982;
Cao et al,, 1999; Hadjikhani et al., 2001).

High extracellular levels of glutamate and K" are thought to
be responsible for ignition and propagation of CSD (Pietrobon
and Moskowitz, 2014). Rising extracellular glutamate levels
along with K" concentration exceeding 15 mM appear to be
necessary for synchronized depolarization of an aggregate of
neurons involving, at least partly, the NR2 type NMDA
receptors (Tang et al., 2014; Takizawa et al., 2020a; Bu et al,,
2020). During CSD, K" levels further rise to 30-60 mM, which
contribute to spread of the depolarizing wave to neighboring
gray matter (Pietrobon and Moskowitz, 2014). Accordingly,

Channel Dysfunction in Migraine and Depression

application of glutamate, NMDA or high K" to the cortex all
ignites CSD. Therefore, increased glutamate release in
FHM1 knock-in mice is consistent with the enhanced
susceptibility to CSD (Pietrobon and Brennan, 2019).
Indeed, foci of glutamate “plumes” spontaneously bursting
in the cortex of awake ATPIA2 knock-in mice, a model of
FHM2, have recently been demonstrated by expressing a
fluorescent glutamate reporter in the cortex (Parker et al,
2021). The same study also showed that a surge of
glutamate plumes preceded the onset of CSD as
hypothesized before.

Astrocytic Na/K pump (a2 Na/K-ATPase) clears K" spilling
out of the synaptic cleft during synaptic activity (Cholet et al.,
2002). The transmembrane Na" gradient it creates as it takes up
K" is essential for uptake of glutamate by astrocyte processes
around excitatory synapses (Cholet et al., 2001; Petit et al., 2021).
Accordingly, ATP1A2 hypofunction caused by FHM2 mutations
leads to reduced K" and glutamate uptake as demonstrated both
in vitro and in knock-in mice, in vivo (Capuani et al., 2016; Parker
et al,, 2021). As with CACNAIA mutations, GABA release is not
affected in FHM2 because a2 Na/K-ATPase is not appreciably
expressed on astrocyte processes around GABAergic terminals
(Cholet et al., 2002; Capuani et al., 2016). Consistent with these
findings, FHM2 knock-in mice have a low CSD induction
threshold and spontaneously generate the glutamate plums
mentioned above (Leo et al., 2011; Parker et al., 2021).

Although the pathophysiological phenotype for FHM1 and
FHM2 converge on the glutamatergic synapse, this is not the
case for SCNIA gene mutations underlying FHM3 (Desroches
et al., 2019; Chever et al.,, 2021; Lemaire et al., 2021). SCN1A
encodes the al subunit of the neuronal voltage-gated sodium
channel Navl1.1, which contributes to the action potential firing
on primarily GABAergic interneurons. Indeed, hundreds of
loss-of-function SCNIA mutations have been reported in
various epileptic syndromes caused by reduced GABAergic
inhibition (Hedrich et al., 2014; Sutherland HG. et al., 2019;
Mantegazza et al, 2021). In FHM3, however, mutations are
gain-of-function, causing increased firing of GABAergic
interneurons. Increased GABAergic activity may sound at
odds with CSD generation but recent studies have shed light
on the mechanism of CSD initiation by documenting that
hyperactive GABAergic interneurons discharging at high
frequencies can cause significant elevations in extracellular
K" (over 12mM), hence, increase CSD susceptibility as
discussed above (Desroches et al., 2019; Chever et al., 2021;
Lemaire et al,, 2021). Supporting this view, knock-in mice
bearing L263V or L1649Q human mutation exhibit a low
CSD induction threshold (Jansen et al., 2020; Auffenberg
et al, 2021) as well as spontaneous CSDs (Jansen et al,
2020) and hyperexcitable GABAergic neurons (Auffenberg
et al., 2021).

Another gain of function change in glutamatergic
transmission secondary to impairment of frequency-dependent
presynaptic adaptation has been reported for mutations in casein
kinase 1 delta, which cause a non-hemiplegic form of familial
migraine along with disrupted sleep phases (Brennan et al., 2013).
Knock-in mice harboring this mutation have also a reduced CSD
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induction threshold (Suryavanshi et al., 2019). Knock-in mouse
models have been instrumental to study various aspects of
migraine although they basically model familial migraines. In
addition to enhanced susceptibility to CSD, these mice also
exhibit heightened sensory perceptions such as hypersensitivity
to light, consistent with sensory abnormalities reported by
patients (Russell and Ducros, 2011; Chanda et al, 2013;
Brennan and Pietrobon, 2018). They also seem to suffer from
headaches and periorbital allodynia (Langford et al, 2010;
Chanda et al., 2013). Mutations associated with severe clinical
phenotypes additionally lead to spontaneous seizures or ataxia in
FHM 1 and 2 knock-in mice (Van Den Maagdenberg et al., 2010;
Kros et al., 2018).

Non-Familial Common Migraine

The mutations detected in familial migraine are usually not
found in non-familial common migraine cases although
migraine has been established to have a complex polygenic
genetic heritability estimated to be as high as 60% (Sutherland
H. G. et al,, 2019). Meta analysis of several GWAS studies
encompassing 59,674 patients and 316,078 controls reveled 44
susceptibility loci (Gormley et al., 2016). Most of them are
associated with vascular and neuronal function, ion channels
and circadian rhythm (Sutherland H. G. et al., 2019). Three of
them are near ion channels (TRPM8 and KCNKS5) or an ion
transporter (sodium/potassium/calcium exchanger3 SLC24A3).
TRPMS is expressed on type C- and A-delta nociceptors and is
activated by cold temperatures (Dussor and Cao, 2016).
Although migraine is generally initiated by intrinsic brain
mechanisms, it can also be triggered by some volatile
irritants such as umbellulone emanating from the leaves of
headache tree (umbellularia californica), which is thought to
cause headache by stimulating TRPA1 channels on meningeal
nociceptors (Edelmayer et al., 2012). KCNK5 belongs to the
superfamily of potassium channel proteins containing two pore-
forming P domains as does KCNKI18 (Reyes et al., 1998).
Although the neuronal function of KCNK5 is unclear,
TRESK potassium channels encoded by KCNKI8 regulates
neuronal excitability in the dorsal root and trigeminal ganglia
(Enyedi and Czirjak, 2015). Supporting a role for two-pore-
domain potassium channels in migraine, KCNK18 mutations
cause non-hemiplegic familial migraine with aura.
F139Wfsx24 KCNKI8 frame-shift mutation has been shown
to result in hyperexcitability of cultured trigeminal ganglion
neurons as well as allodynia in rodent migraine models
(isosorbide dinitrate injection) by a negative dominant effect
on TREKI and 2, two other two-pore-domain potassium
channels with which TRESK channels form functional
heterodimers (Liu et al., 2013; Royal et al.,, 2019). Suggesting
a suppressive role of TRESK over trigeminal ganglia excitability,
KCNK18 knockout mice reportedly exhibit mechanical and
thermal hyperalgesia in response to systemic glyceryl
trinitrate treatment (a migraine model) (Pettingill et al,
2019) and exaggerated nocifensive behaviors in response to
dural application of inflammatory soup (Guo et al., 2019). Of
note, these families with KCNK18 mutations exhibit migraine
with aura, suggesting that reduced control over neuronal

Channel Dysfunction in Migraine and Depression

hyperexcitability due to hypofunction of TRESK channels in
cortical neurons may also create susceptibility to CSD.

Initiation of Inflammatory Signaling That

Causes Headache

CSD has been shown to activate neuronal pannexinl channels
and initiate the downstream inflammatory signaling following
formation of the inflammasome complex (Karatas et al., 2013;
Ghaemi et al., 2016; Takizawa et al., 2016; Chen et al., 2017; Eising
et al., 2017; Ghaemi et al., 2018; Bu et al., 2020; Takizawa et al.,
2020b). Inflammasome formation causes release of pro-
inflammatory mediators such IL1-8 and HMGB1 from
neurons, which triggers translocation of inflammatory
transcription factor NF-kappaB to the nucleus in astrocytes
(Karatas et al., 2013; Takizawa et al., 2016; Dehghani et al,
2021). NF-kappaB induces hundreds of transcripts including
tens of inflammatory mediators such as iNOS, COX2, and
cytokines (https://www.bu.edu/nf-kb/gene-resources/target-
genes/). This is thought to cause release of prostanoids, NO,
cytokines and other algesic mediators to CSF and, hence, to
activate meningeal nociceptors and inflammatory cells,
culminating in a sterile meningeal inflammation that can
sustain migraine headache for hours to days (Karatas et al,
2013; Erdener and Dalkara, 2014; Dalkara and Moskowitz,
2017). With a single CSD, microglia do not switch to a pro-
inflammatory state, which is only seen a few days after exposure
to multiple CSDs (Takizawa et al., 2017), suggesting that aura
(CSD)-triggered parenchymal inflammatory signaling is mainly
mediated by astrocytes, whereas microglia may take part in
inflammatory signaling in patients suffering from frequent
migraine with aura attacks. Supporting this formulation, a
recent PET/MRI study using a sensitive inflammatory tracer
("'C-PBR28) taken up by active glia, has documented the
presence of parenchymal as well as meningeal inflammatory
signaling in 13 patients suffering from repeated migraine with
aura attacks in the past month (Albrecht et al., 2019; Hadjikhani
et al., 2020).

Interestingly, in the absence CSD, it has been shown that
parenchymal inflammatory signaling pathway can be initiated via
activation of neuronal Panxl channels, this time, by migraine
triggers such as sleep deprivation (Kilic et al, 2018). Sleep
deprivation induces transcriptional changes favoring glycogen
synthesis over its breakdown (Petit and Magistretti, 2016; Petit
et al,, 2021). Insufficient glycogen breakdown within astrocyte
processes around glutamatergic terminals can lead to Panxl
channel activation due to inadequate glutamate and K'
clearance. This is because glycogen-derived ATP is
preferentially used for glutamate and K" uptake even in the
presence of sufficient glucose owing to more favorable kinetics
of the enzymes involved in metabolizing the glycosyl units
liberated from glycogen over glucose, whereas glucose is
quickly metabolized to replenish glycogen (Petit et al., 2021).
Thus, extracellular glutamate and K accumulation during
intense glutamatergic synaptic activity create a favorable
extracellular milieu, first, for activation of Panx1 channels, and
then, for CSD ignition upon further rise in extracellular glutamate
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FIGURE 2| Opening neuronal Panx1 channels after CSD initiates a neuroinflammatory signaling cascade, characterized by inflammasome formation and caspase-

1 activation in neurons followed by release of HMGB1 and IL-1p, which trigger NF-kB nuclear translocation in astrocytes. Red labels show agents used to inhibit each
step in the inflammatory cascade and red circles represent propidium iodide (Pl) influx through open Panx1 (Px1) large-pore channels. NF-«xB induces transcription of
several pro-inflammatory genes including cytokines and prostanoids, which are thought to be released to CSF through glia limitans and meningeo-glial network and
activate the nociceptive nerves around pial and dural vessels, causing headache. Modified from Karatas et al., 2013 with permission.
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and K* (Kilic et al, 2018; Petit et al., 2021). This proposed
mechanism could explain why migraine with and without aura
attacks exist in the same person and how CSD can emerge in the
absence of monogenic mutations but with transcriptional
changes triggering the same mechanisms in non-familial
migraine.

Master Switch of Inflammatory Signaling:

Pannexin Channels

Pannexins are large-pore membrane channels similar to
connexins but, unlike connexins, they do not form gap
junctions (Macvicar and Thompson, 2010). Panxl and Panx2
are widely expressed in the central nervous system on all main cell
types (Yeung et al., 2020). In vitro studies have disclosed that
Panx1 can open in three different states; a low conductance Cl-
selective opening at positive membrane potentials (in vivo
function unknown); large conductance, non-selective opening
allowing calcium, ATP and molecules up to 900 Dalton to pass
through; and a persistent opening due to caspase-mediated
cleavage of the C-terminal domain, leading to cell death (Dahl,
2018). Panx1 channels can be physiologically activated in large-
pore state by increases in extracellular K', glutamate and
intracellular Ca®" concentration, NMDA and P2X7 receptor
stimulation, swelling (membrane stretch), c-Jun N-terminal
kinases and Src family of tyrosine kinases (Whyte-Fagundes
and Zoidl, 2018). Most of the Panx1 activating conditions are
present during CSD as well as when glycogen breakdown, hence,
K" and glutamate uptake is reduced as discussed above (Karatas

et al,, 2013; Kilic et al,, 2018; Petit et al., 2021). Opening of
neuronal Panx 1 channels can be monitored in vivo and in vitro
by using membrane-impermeant fluorescent dyes like propidium
iodide or YoPro-1 (Macvicar and Thompson, 2010), which flux
into cells through Panx 1 channels opened in large conductance
state (Karatas et al., 2013; Bu et al, 2020) (Figure 2). CSD-
induced dye uptake to neurons was suppressed with several
Panxl inhibitors such as carbenoxolone, probenecid, '°Panx
peptide and inhibition of Panxl expression by siRNA,
supporting the view that the dye fluxed in neurons through
Panxl channels (Karatas et al, 2013; Bu et al, 2020). Large
pore opening of P2X7 receptors can also mediate the dye influx
(Bhaskaracharya et al., 2014). However, recent transcriptomics
studies consistently show that P2X7 receptors are not expressed
in adult neurons unlike macrophages where they are closely
coupled with Panxl channels (Illes et al, 2017; Kaczmarek-
Hajek et al, 2018). Further supporting opening of Panxl
channels with CSD or insufficient glycogen breakdown,
formation of the inflammasome complex and activation of
caspase-1 along with HMGBI release have also been
demonstrated (Karatas et al., 2013; Takizawa et al., 2016; Kilic
et al, 2018). These advances open the exciting possibility of
developing Panx1 inhibitors as migraine prophylactic drugs;
especially considering some Panxl inhibitors such as
carbenoxolone, probenecid and mefloquine are already
clinically registered medicines (Yeung et al, 2020). Similarly,
agents acting on downstream steps in the inflammatory cascade
including inhibitors of inflammasome, caspase-1 or interleukins
may be promising drug targets for migraine treatment. Successes
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of anakinra in relieving severe migraine headaches seen in
cyropyrin-associated periodic syndromes characterized by IL1-
B8 over production due to inflammasome mutations (Parker et al.,
2016) and, the relief obtained by NSAIDs in treating common
migraine headaches support this view.

ION CHANNEL DYSFUNCTIONS IN STRESS
AND DEPRESSION

As proposed for migraine, changes in the excitation/inhibition (E:
I) balance resulting in increased excitability have also been
implicated in major depression (Fee et al., 2017). Ion channels
are important regulators of excitability, network activity as well as
plasticity. Changes in ion channel attributes alter GABAergic and
glutamatergic neuron excitability and firing, hence, modify the E:
I balance in microcircuits. A recent transcriptomic analysis
revealed that out of 1,153 differentially expressed genes
(DEGs) in the hippocampi of chronically stressed rats, a
rodent model of depression; 46 DEGs were related to
potassium channels, calcium channels, sodium channels, and
chloride channels on plasma membrane (Ren et al, 2021).
This finding supports the hypothesis that changes in the
expression or function of ion channels may disrupt the E: I
balance throughout the brain regions relevant for depression, and
contribute to the development of depression. Indeed, a recent
paper reported that global inactivation of y2 subunit gene of
GABA-A receptors on somatostatin interneurons (SST-IN)
disinhibited effects of SST-IN on pyramidal cells, resulting in
an anxiolytic and antidepressant phenotype (Fuchs et al., 2017).
On the other hand, ionotropic P2X7 receptors can additionally
trigger formation of the inflammasome complex, activating
interleukin-1f3 and downstream inflammatory signaling, as do
Panx1 channels. Indeed, several lines of evidence implicate the
involvement of P2X7 receptors and inflammatory signaling,
including inflammasome formation in the pathophysiology of
stress and depression (Dowlati et al., 2010; Iwata et al., 2016;
Wohleb et al., 2016; Yue et al., 2017). Accordingly, in the second
part of the article, we will review the potential roles of purinergic
P2X7 receptors along with hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels, M-type K" (KCNQ)
channels, TWIK-related K" channels (TREK) and Ca®?
channels in the pathophysiology of depression, dysfunction of
which are also implicated in migraine.

P2X7 Receptor

The purinergic P2X7 receptor (P2X7R) is a ligand gated ion
channel activated by binding of adenosine triphosphate (ATP)
(Khakh and North, 2006). ATP is released from the presynaptic
terminal as a co-transmitter as well as from astrocytes (Bezzi and
Volterra, 2001; Burnstock, 2007). Its release is increased in
response to physical stressors and cellular injury as part of an
adaptive response. Psychological stressors like acute restraint
stress, in which restriction of the movement of animals leads
to stress, also have been shown to increase extracellular ATP
concentrations in rat hippocampus and prefrontal cortex (PFC)
(Iwata et al., 2016), which then can activate low affinity P2X7R
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(Donnelly-Roberts et al., 2009). Mice susceptible to chronic social
defeat stress (CSDS), on the other hand, displayed lower ATP
concentrations in hippocampus and PEC (Cao et al., 2013). In
line with the latter finding, intracerebroventircular
administration of ATP or its nonhydrolyzable analog, ATP-
y-S, for 7-days or 28-days reverses social avoidance caused by
CSDS and anhedonia caused by chronic unpredictable mild stress
(CUMS) (Cao et al.,, 2013) (Table 1). Inhibition of ATP release
selectively from astrocytes by genetic knockout of inositol 1,4,5-
trisphosphate (IP3) receptor type 2 (IP3R27") lead to increased
behavioral despair and anhedonia (Cao et al., 2013) (Table 1).
These findings suggest that increased ATP release from astrocytes
in the hippocampus and PFC in response to stressors is an
important mediator in developing adaptive responses to stress.

However, the story is more complex: Intra-PFC, but not
intrahippocampal injections of ATP or ATP-y-S reversed the
depression-like behavior (Cao et al, 2013); whereas chronic
(3weeks) intrahippocampal injections of ATP or BzATP, a
P2XR agonist, induced depression-like behavior to a similar
extent as chronic unpredictable stress (CUS) (Table 1). Long-
term blockade of P2X7R for 3-4weeks by systemic
(intraperitoneal, ip.) or intrahippocampal injections of
selective P2XR7 antagonists Brilliant Blue G (BBG), A438079,
A-804598, reversed depressogenic behavior, specifically
behavioral despair, anhedonia and anxiety-like behavior caused
by CUMS in rats (Iwata et al., 2016; Yue et al., 2017) (Table 1).
Subacute (1 week) but not acute systemic treatment of mice with
BBG also caused a reduction in behavioral despair (Csolle et al.,
2013a) (Table 1). Further complicating understanding the role of
P2X7R in depression, preinfusions of a non-selective P2XR
antagonist, pyridoxal phosphate-6-azophenyl-2'-4’-disulphonic
acid, and P2X2R shRNA into the mPFC blocked the
antidepressant-like effect of ATP (Cao et al, 2013) (Table 1).
These findings altogether suggest that; 1) ATP and P2XR
signaling exhibit an inverted U-shaped relationship in mood
regulation; i.e., both very low and very high doses of ATP and
P2XR signaling are involved in the development of depression-
like behavior whereas moderate doses are necessary to maintain
euthymia (Figure 3); 2) effects of ATP and P2XR signaling are
region-specific.

Genetic tools, in which control of the “dose effect” is far
limited compared to pharmacological approaches, have
confirmed the important role of P2XR signaling in the
pathophysiology of depression but the net consequnce of their
effect was also model-dependent. Studies using P2RX7 '~ KO
mice reported a decrease in behavioral despair, ie. an
antidepressant effect (Basso et al., 2009; Csolle et al., 2013a;
Csolle et al., 2013b) (Table 1). In human genetic studies,
polymorphisms of P2RX7 the gene encoding P2X7R has been
reported to be associated with increased risk/severity of mood
disorders (Lucae et al., 2006; Mcquillin et al., 2009; Halmai et al.,
2013; Vereczkei et al., 2019). As a more precise model of the
human condition, a humanized transgenic mouse line was
generated in which exon 2-13 of murine P2X7R was
substituted by either human wild-type (WT) hP2X7R or
hP2X7R-GIn460Arg variant. Intriguingly, the ion channel
function of hP2X7R-GIn460Arg variant was not different than
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TABLE 1 | Behavioral effects of interventions to P2X7R expression and functions.
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Genetic interventions Species Results References
P2RX7 7/~ C57BL/6 Decreased immobility time in TST and FST.Reduced anhedonia in SPT after Basso et al.,
mice stimulation with a bacterial endotoxin, lipopolysaccharide (2009),
Csolle et al.
(2013a),
Csolle et al.
(2013b)
hP2X7R/hP2RX7-GIn460Arg homozygotes C57BL/6 Basal levels of depressive-like behavior were unaltered. CSDS induced increased Metzger et al.
and heterozygotes mice social avoidance, decreased time spent in open arms in EPM in all genotypes studied.  (2017)
hP2RX7-WT-hP2RX7-GIn460Arg C57BL/6 Decreased slow wave activity&§NREM sleep duration and increased number of REM  Metzger et al.
heterozygotes mice sleep bouts (2017)
IP3R27/~ C57BL/6 Selective inhibition of astrocytic ATP release lead to increased behavioral despairand  Cao et al. (2013)
mice anhedonia
P2X7R AGONISTS
ATP/ATP-y-S (icv) C57BL/6J Reversed social avoidance caused by CSDS and anhedonia caused by CUMS Cao et al. (2013)
mice
ATP/ATP-y-S (intra mPFC) Reversed the increase in immobility time in FST
ATP/BzATP (intrahippocampal, 3 weeks) SD rats Increased immobility time in FST Yue et al. (2017)
P2X7R ANTAGONISTS
BBG/A438079 (3 weeks, intrahippocampal,  SD rats Reversed increased immobility caused by CUS Yue et al. (2017)
with CUS)
A-804598 (4 weeks, ip with CUS) SD rats Reversed CUS-induced deficits in SPT, NSFT and EPM Iwata et al. (2016)
Brilliant Blue G (1 week, ip) C57BL/6 Decreased immobility time in TST Csolle et al.
mice (2013a)
PPADS into mPFC C57BL/6 Blocked the antidepressant-like effect of ATP on immobility time in FST Cao et al. (2013)
mice

ATP, adenosine triphosphate; CSDS, chronic social defeat stress; CUMS, chronic unpredictable mild stress; CUS, chronic unpredictable stress; EPM, elevated plus maze; FST, forced
swim test; icv, intracerebroventricular; IP3R2, inositol 1,4,5- trisphosphate receptor type 2; ip, intraperitoneal; mPFC, medial prefrontal cortex; NSFT, novelty suppressed feeding test; SD,

Sprague-Dawley; SPT, sucrose preference test; TST, tail suspension test.
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FIGURE 3 | ATP and P2XR signaling displays a reverse U-curve. Both

very low and very high doses of ATP and P2XR signaling are involved in the
development of depression-like behavior, whereas moderate doses are
necessary to maintain euthymic mood.

that of the WT, but it was impaired when hP2X7R-GIn460Arg
variant was co-expressed with WT P2X7R (Aprile-Garcia et al.,
2016). Contrary to P2x7R KO mice, mice homozygous or
heterozygous for hP2X7R-GIn460Arg allele displayed no
change in depression-like behavior at basal conditions, but
they showed increased depression- and anxiety-like behavior
following social defeat stress (Metzger et al., 2017) (Table 1).
These findings indicate that P2X7R polymorphism creates
vulnerability to stress and depression and supports the

involvement of gene X environment interactions in the
development of mood disorders. Interestingly sleep quality was

disturbed in heterozygous mice (WT hP2X7R/hP2X7R-
GIn460Arg), but not in homozygous mice (hP2X7R-
GIn460Arg/hP2X7R-GIn460Arg)  (Metzger et al, 2017).

Specifically, slow wave activity and NREM sleep duration were
reduced and the number of REM sleep bouts was increased in
heterozygous mice (Metzger et al, 2017) (Table 1), which is
similar to sleep disturbances seen in depressive patients (Nutt
et al., 2008). These findings have led to a randomized, placebo-
controlled, double blinded clinical trial in order to evaluate the
antidepressant efficacy of P2X7R antagonists in the treatment of
major depression (ClinicalTrials.gov Identifier: NCT04116606).

Potential Mechanisms Underlying P2X7R’s

Effects on Mood Regulation

P2X7R mediates several physiological neural functions,
disturbances of which may be involved in the pathophysiology
of depression:

1. P2X7R increases the release of neurotransmitters
noradrenaline (NA), serotonin (5-HT), glutamate and GABA
(Sperlagh et al., 2002; Papp et al., 2004; Alloisio et al., 2008;
Marcoli et al, 2008; Goloncser et al, 2017). These
neurotransmitters long implicated in the pathophysiology of
depression also modulate astrocytic ATP release by altering
intracellular Ca™ levels (Hirschfeld, 2000; Arcuino et al., 2002;
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Luscher et al., 2011; Marpegan et al., 2011; Duman et al., 2019;
Fogaca and Duman, 2019). Indeed, selective inhibition of ATP
release from astrocytes by genetic knockout of IP3R2 mediating
intra-astrocytic Ca* rise induces depression-like behavior (Cao
et al, 2013), which may be related with the resulting
dysregulation of the release of neurotransmitters.

2. P2X7R regulates synaptic plasticity. Chronic stress has been
reported to decrease synaptic plasticity, which is thought to be
involved in depression-like phenotype by limiting adaptive
responses. In P2RX7 '~ KO mice, whole genome microarray
analysis disclosed changes in expression of genes involved in
synaptic plasticity (Csolle et al., 2013a). P2X7R ligand ATP has
been shown to alter synaptic plasticity by several mechanisms,
including glutamate release and regulation of NMDA receptor
expression and function (Pankratov et al., 2002; Sperlagh et al.,
2002; Csolle et al., 2013b; Guo et al., 2015; Otrokocsi et al., 2017).
ATP and BzATP application evoked glutamate efflux in
hippocampal slices obtained from WT mice, which was
abolished in hippocampal slices of P2RX7 '~ mice (Sperlagh
et al.,, 2002; Csolle et al., 2013b). There is an ongoing debate
on the presence of P2X7R in adult neurons (Illes et al., 2017;
Miras-Portugal et al., 2017). P2X7R was proposed to modulate
presynaptic release of glutamate, however, recent transcriptomic
studies report that neurons isolated from adult rodents do not
express P2X7R unlike the in vitro preparations prepared from
young or embryonic animals (Illes et al., 2017; Kaczmarek-Hajek
et al., 2018). Therefore, the glutamate efflux induced by ATP and
P2X7R agonists in adult animals can also be attributed to the
astrocytic release (Parpura et al., 1994; Savtchouk and Volterra,
2018). The basal and stress-induced expression of the NR2B
subunit of NMDA receptor was found to be upregulated in
P2RX7”'~ mice both in vitro and in vivo (Csolle et al., 2013b;
Otrokocsi et al., 2017), possibly as a compensatory response to
decreased glutamate release. As P2X7R ijon channel has
considerable Ca*? permeability, when expressed at the synapse,
P2X7R can modulate synaptic plasticity. Indeed, in hippocampal
slices prepared from 3-week old rats, ATP blocked induction of
long-term potentiation (LTP) with low frequency stimulation at
the CA3-CA1l synapse by inhibiting NMDA-mediated currents
through Ca*?-dependent inactivation of NMDA receptors. At
higher frequencies of stimulation, owing to desensitization of P2X
receptors, ATP loses its inhibitory effect on LTP (Pankratov et al.,
2002). In accordance with these observations inhibition or
desensitization of P2XR with pyridoxal phosphate-6-
azophenyl-2'-4’-disulphonic acid or nonhydrolyzable ATP
analog a,p-methylene ATP facilitated LTP at the CA3-CAl
synapse (Pankratov et al., 2002).

3. P2X7R can induce neuroinflammation. Binding of ATP to
P2X7R trigger NLRP3 inflammasome cascade resulting in the
activation of caspase-1, which converts pro-IL-1{3 and pro-IL-18
to their active forms: IL-188 and IL18 (Guo et al.,, 2015). As
mentioned above, psychological stressors increase extracellular
ATP levels, which reportedly lead to activation of caspase-1 and
IL-183 release by binding to P2X7R on microglia (Iwata et al.,
2016; Yue et al, 2017). This may be related to the increased
peripheral levels of cytokines, acute phase proteins and
chemokines detected in depressed patients (Levine et al., 1999;
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Lanquillon et al., 2000; Alesci et al., 2005; Pace et al.,, 2006;
Dowlati et al., 2010; Milenkovic et al., 2019). Indeed, increased
microglial activity in the prefrontal cortex, anterior cingulate
cortex and insula of major depression patients was visualized by
positron emission tomography (Setiawan et al., 2015).

The role of microglia in sculpturing synapses is well
documented. Microglial processes in close contact with
dendritic spines can function in both the elimination and
formation of spines, suggesting that they play important roles
in synaptic plasticity (Paolicelli et al., 2011; Zhan et al., 2014;
Miyamoto et al., 2016; Weinhard et al., 2018; Cangalaya et al,,
2020). Stress is known to cause a decrease in dendritic length and
branching in apical dendrites of layer II/III and layer V pyramidal
neurons of the medial prefrontal cortex as well as apical dendrites
of CA3 pyramidal neurons (Mcewen, 1999; Mcewen, 2001; Cook
and Wellman, 2004; Liston et al., 2006; Radley et al., 2006; Czeh
et al., 2008; Goldwater et al., 2009). On the other hand, chronic
stress increases the length of apical dendrites in the ventral orbital
subregion of the orbitofrontal cortex as well as the dendritic
arborization and spine density in the basolateral amygdala spiny
neurons (Vyas et al., 2003; Dias-Ferreira et al., 2009). Recent work
showed that microglia activated after chronic unpredictable stress
were involved in pruning of spines both in the Layer-1 of mPFC
and hippocampus (Milior et al., 2016; Wohleb et al., 2018).
Interestingly, deletion of P2X7R gene inhibited the decrease in
synapse numbers in dorsal dentate gyrus (DG) following
inescapable footshock, a rodent model of depression
(Otrokocsi et al., 2017), indicating a possible role of P2X7R in
pruning of synapses, which needs to be addressed in future
studies.

In conclusion, as with ATP release, ATP-P2X-mediated
microglial activation may exert depressant or anti-depressant
effect possibly depending on the intensity of the stimulus and
brain region, which may yield contrasting results in in vitro and in
vivo experiments. Further studies are needed to document the
prevailing mechanisms involved under in situ conditions as well
as in patients.

Hyperpolarization-Activated Cyclic
Nucleotide-gated Channels and M-type K*
(KCNQ) Channels

Hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels are nonselective cation channels located mainly at
dendrites, but also present at axons and the neuronal soma.
They open at membrane voltages more negative than —40 mV
and when HCN channels open, membrane resistance decreases
(Biel et al., 2009; Kase and Imoto, 2012). Thus, HCN channels
can counteract both membrane hyperpolarization and
depolarization allowing both neuronal excitation as well as
inhibition (Kase and Imoto, 2012; Benarroch, 2013). Four
subtypes of HCN’s have been identified: HCN1 to HCN4.
HCN1 and HCN2 were reported to be highly expressed in
brain regions known to be involved in the pathophysiology
of major depression, namely prefrontal cortex, hippocampus,
ventral tegmental area (VTA) and nucleus accumbens (NAc)
(Notomi and Shigemoto, 2004).
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TABLE 2 | Effects of modulating HCN2 expression and function on depression-like behavior.

HCN channels

Decreased time spent immobile in TST and FST; increased social interaction

References

Zhong et al. (2018)

Cao et al. (2010)
Chaudhury et al.
(2013)

Cheng et al. (2019)

Lewis et al. (2011)

Intervention Affected brain Results
region

CUMS VTA Decreased DA neuronal firing and I(h)
Increased depression-like behavior

CSDS VTA Increased DA neuronal firing and I(h)
Increased depression-like behavior

CSDS NAc Decreased HCN 2 expression and I(h) in ChIN

P11~ Increased depression-like behavior

HCN17/~ Global knockout

HCN2™~

TRIP8b™~

HCN2 antagonist

Reverse CSDS-induced social avoidance

Reversed CSDS-induced social avoidance and decrease in sucrose preference

Reversed social avoidance in CSDS susceptible mice as well as depressogenic behavior

Cheng et al. (2019)
Cao et al. (2010)

Friedman et al.
(2014)
Cheng et al. (2019)

in SPT, TST and FST in p11‘/‘ mice

Reverse CSDS- and CUMS-induced depression- and anxiety-like behaviors in SPT,
FST, NSFT and social interaction test

Decreased sucrose preference in SPT, increased immobility time in FST, increased

Zhong et al. (2018)
Friedman et al.
(2014)

Zhong et al. (2018)

latency to feed in NSFT and decreased time spent in open arms of EPM

ZD7288 (on NAc slices) NAc Decrease ChIN firing
ZD7288 (into VTA) VTA
DK-AH 269 (into VTA)
I(h) potentiator
Lamotrigine (into VTA, for 5 VTA
days)
HCN2 overexpression NAc ChIN
HSV-LS1L-HCN2-eYFP/AAV2-
FLEX-HCN2
AAV2-HCN2-eGFP/HSV-LS1L- VTA DA
HCN2
HCN2 knockdown
AAV2-HCN2shRNA-eGFP VTA DA
HCN1 knockdown
LV-HCN1-shRNA Dorsal

hippocampus

Increased the time spent in the centre of OFT and in the open arms of EPM, decreased
time spent immobile in FST

Kim et al. (2012)

ChIN, cholinergic interneurons; CUMS, chronic unpredictable mild stress; DA, dopamine; I(h), cationic current through HCN channels; FST, forced swim test; NAc, nucleus accumbens;
NSFT, novelty suppressed feeding test; OFT, open field test; SPT, sucrose preference test; V'TA, ventral tegmental area.

HCN’s interact with cyclic adenosine monophosphate
(cAMP), which modulates voltage dependence of their
activation kinetics and facilitate their opening. Signaling
through several neuromodulators like noradrenaline and
dopamine, whose dysfunction may contribute to the
pathophysiology of depression, alter cAMP levels in the
dendrites and thus HCN channel functioning, especially of
HCN 2, the subtype most strongly modulated by cAMP (Biel
et al., 2009). HCN also interacts with tetratricopeptide repeat-
containing Rab8b interacting protein (TRIP8b), which regulates
trafficking of HCN to dendrites (Biel et al., 2009).

Global knockout of HCN1, HCN2, or TRIP8b genes (leading to
a decrease in both HCN1 and HCN2 protein levels) in mice
resulted in a reduction in behavioral despair, an antidepressant-
like effect (Lewis et al., 2011) (Table 2). Studies showed that
HCNss regulate neuronal excitability and plasticity in response to
stress, depending on the brain region and cell type that they are
expressed in, as well as the duration and type of the stressor. For
example, VTA dopamine (DA) neurons in the brain reward
circuit has important role in regulation of the stress response.
Evidence indicates that there are disturbances in the brain reward
circuitry in major depression, which is associated with anhedonia,

one of the 2 cardinal symptoms of major depression (Nestler and
Carlezon, 2006; Russo and Nestler, 2013; Nestler, 2015; Hoflich
et al., 2019). Recent evidence showed that the social stress
susceptible mice display increased VIA DA neuronal firing
and increase in HCN mediated I(h) currents (Cao et al., 2010;
Chaudhury et al, 2013), whereas mice exposed to chronic
unpredictable mild stress show a reduction in I(h) and DA
neuronal firing (Zhong et al., 2018) (Table 2). In NAc, one of
the major targets of VTA DA neurons, both HCN 2 expression
and function [I(h)] were reduced in cholinergic interneurons
(ChIN) in two different mice depression models, namely chronic
social defeat stress and p11 knockout mice (Cheng et al., 2019)
(Figure 4). Because decreased activity of ChIN in NAc was found
to be related to depressive behavior, the possible involvement of
HCN2 channels in regulating ChIN activity was studied by
pharmacological and genetic interventions. Decreased tonic
firing of ChIN by pharmacological blockade of HCN2
channels (ZD7288) suggest that dysfunction of HCN channels
participates in the diminished ChIN firing rate observed in
depressive mice (Table 2; Figure 4). Intriguingly, selective
overexpression of HCN2 in both NAc ChIN and VTA DA
neurons resulted in antidepressant-like effects (Friedman et al,,
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FIGURE 4 | The decrease in the expression of HCN2 channels in NAc on both dopaminergic terminals projecting from VTA and local ChIN terminals is
depressogenic. Decrease in I(h) currents in ChIN terminals is associated with depression-like phenotype, whereas an increase in I(h) currents on the VTA dopaminergic
terminals is observed in both stress susceptible and stress resilient mice. K* channels are increased only in the stress resilient mice counterbalancing the effects of
increased I(h) currents. Application of an HCN2 antagonist into NAc causes a depressogenic phenotype, whereas it has antidepressant effects when applied into

VTA. Lamotrigine administration for 5-days also reduce depressogenic behaviors. Acute optogenetic stimulation of VTA dopaminergic neurons increase depression-like
behaviors, whereas chronic optogenetic stimulation of VTA dopaminergic neurons shows antidepressant effects. Cellular templates are copied from Servier Medical Art
(smart.servier.com).

2014; Zhong et al,, 2018; Cheng et al., 2019) (Table 2; Figure 4). activity showed that I(h) currents were also amplified in social
Selective knockdown of HCN2 in VTA DA neurons by shRNA  stress resilient mice whose DA neuronal firing rate was
increased anxiety-like and depression-like behaviors (Zhong  comparable to that of controls (Friedman et al, 2014)
et al,, 2018). Intriguingly, knockdown of HCN1 in CAl region  (Figure 4). Recordings in brain slices of VTA DA neuron
of dorsal hippocampus resulted in anxiolytic and antidepressant ~ demonstrated an increase in K" currents and reduction in
effects (Kim et al,, 2012) (Table 2). Whether this effect was firing rate in resilient mice (Friedman et al., 2014). Altogether,
associated with the difference in HCN subtype or the brain region ~ these findings suggest that increase in K' currents is a
studied warrants further research investigating the role of HCN ~ homeostatic plasticity mechanism that stabilizes VTA DA
channels in other brain regions relevant to depression. neuronal activity (Figure 4). In support of this proposition,
HCN?2 channels’ ability to modulate VTA DA neurons depend ~ I(h) was found to have a depolarizing effect on the peak
on the duration of neuronal excitation: Acute phasic optogenetic ~ voltage of weak EPSPs, whereas it exerted a hyperpolarizing
stimulation of VTA DA neurons projecting to NAc (20 Hz,  effect on the peak voltage of stronger, but still subthreshold,
10 min) during a subthreshold social defeat stress increases EPSPs (George et al., 2009). George et al. (2009) showed that
spontaneous and evoked activity that lasts for 8-12h after  blockade of the delayed-rectifier M-type K(+) current resulted in
stimulation in parallel with increased depression-like behaviors  shift of dual I(h) influence on EPSPs to only an excitatory effect,
in social interaction and sucrose preference tests (Chaudhury  suggesting an interaction between M-type K(+) current and I(h)
et al,, 2013) (Figure 4). Repetitive optogenetic stimulation of  (George et al., 2009).
VTA DA neurons for 5 days (20 Hz, 20 min), on the other hand, Intriguingly, M-type K* (KCNQ) channels have been linked to
reduced DA neuron firing rate and displayed antidepressant-like ~ depression-like behavior and identified as a novel antidepressant
effects in social interaction, forced swim and sucrose preference  drug target (Friedman et al., 2016; Li et al., 2017; Tan et al., 20205
tests (Friedman et al., 2014) (Figure 4). In line with these  Ren et al, 2021) (Figure 4). RNA sequencing analysis revealed
observations, both acute injections of HCN channel blockers  that genes encoding K* channels are differentially expressed in
(ZD7288 or DK-AH 269) into VTA (Cao et al., 2010) and chronically stressed rats (Ren et al., 2021). Transcript levels of
repeated infusions of the I(h) potentiator, lamotrigine into =~ KCNQ4 channels that are selectively expressed in VTA DA
VTA for 5days showed antidepressant-like effects (Friedman  neurons were negatively correlated with firing rate of VTA
etal,, 2014) (Table 2; Figure 4). The group treated with repeated =~ DA neurons (Li et al., 2017). Supporting the involvement of
lamotrigine displayed normalization of the hyperactivity of VTA ~ KCNQ channels in the pathophysiology of depression,
DA neurons (Friedman et al., 2014). A more detailed look at the pharmacological activators of KCNQ channels normalized the
mechanisms underlying these opposite effects of acute vs  hyperactivity of VTA DA neurons and alleviated stress-induced
repeated manipulations of HCN channels and DA neuron  depression-like behaviors (Friedman et al., 2016; Li et al., 2017;
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Ren et al., 2021). A recent open-label clinical study conducted in
18 major depression subjects reported that 10 weeks of treatment
with KCNQ channel opener, retigabine, significantly reduced
depressive symptoms and decreased functional connectivity
between ventral caudate and mid-cingulate and posterior
cingulate cortices (Tan et al., 2020).

In contrast to well documented mutations of HCN and KCNQ
channel genes in a spectrum of epileptic diseases (Nappi et al.,
20205 Rivolta et al., 2020), genetic studies in depressed patients
have not conclusively acknowledged a convincing association
between single nucleotide polymorphisms (SNPs) in HCN or
KCNQ channel genes and depression. Polymorphisms in HCN4
gene were reported to be associated with a broad spectrum of
mood disorders including major depression, bipolar affective
disorder and obsessive compulsive disorder (Kelmendi et al,
2011). A study with a larger sample failed to replicate these
findings and reported no association between any HCN channel
genes studied (HCN1-4) and depression (Mcintosh et al., 2012).
Despite the lack of evidence from human genetic studies
supporting the involvement of SNPs in HCN or KCNQ
channel genes, the above summarized findings in animals
suggest that both HCN channels and KCNQ channels are
important players of the physiological adaptations to stress,
perturbations of which can lead to depression.

Voltage-Gated Calcium Channels and

Two-Pore Domain K+ Channels

Voltage-gated calcium channels and two-pore domain K*
channels, the role of which are discussed in the context of
migraine in the previous section are also involved in the
pathophysiology of mood disorders: Genetic variations in
CACNAIC gene, which encodes for the alpha subunit of
L-type calcium channels (Cavl.2) as well as CACNAIE,
which encodes for the alpha 1E subunit of R-type calcium
channel (Cay2.3 channel) were reported in mood disorders
(Ferreira et al., 2008; Psychiatric, 2011; Nurnberger et al., 2014;
Howard et al., 2019). Animal studies have confirmed the
involvement of CACNAIC in the pathophysiolgy of
depression: Following CUMS, Cavl.2 levels were found to
be increased in the PFC (Bavley et al, 2017). The
depression-like  behaviors were decreased in both
CACNAIC"" heterozygous and forebrain specific CACNAIC
KO mice at baseline and after chronic stress (Dao et al., 2010;
Bavley et al., 2017; Kabir et al., 2017; Dedic et al., 2018). In the
NAc, on the other hand, CSDS decreased Cavl.2 channel
expression in stress susceptible mice and selective KO of
CACNAIC in the NAc resulted in an increase in
susceptibility to subthreshold social defeat stress as well as a
reduction in both the time spent sniffing female urine soaked
cotton tips and the time spent in open arms of elevated plus
maze (Terrillion et al., 2017). In line with these observations,
alterations in calcium signaling has long been implicated in the
pathophysiology of mood disorders and a recent metaanalysis
of 21 studies reported that both basal and stimulated Ca*?
levels were found to be higher in platelets and lymphocytes of
bipolar affective disorder patients (Harrison et al., 2019). The

Channel Dysfunction in Migraine and Depression

Ca™® channel blocking properties of mood stabilizer drugs,
lithium, valproic acid, carbamazepine and lamotrigine as well
as efficacy of verapamil, a Ca*? channel blocker as a mood
stabilizing agent support the role of Ca'* in the
pathophysiology of mood disorders and point to the
promising potential of BBB-permeable Ca*? channel
blockers in the treatment of mood disordes (for detailed
reviews please see (Cipriani et al., 2016; Dubovsky, 2019;
Harrison et al., 2020). Intriguingly, mood stabilizers valproic
acid, lamotrigine and carbamazepine also block voltage-gated
Na* channels, raising the possibility that their actions might, in
part, be attributed to Na® channel blockade (Stahl, 2004).
However voltage-gated Na® channels have not been
implicated so far in the pathophysiology of depression
(Mantegazza et al., 2021).

Among two-pore domain K" channels, the involvement of
TWIK-related K" channel-1 (TREK-1) in depression
pathophysiology is the most well documented (for detailed
reviews see (Borsotto et al., 2015; Djillani et al., 2019)). They
are involved in the regulation of plasma membrane potential and
excitability similar to HCN channels (Lesage, 2003; Talley et al.,
2003). SNPs in kcnk2, gene encoding TREK-1 channel, were
reported in major depression patients, and some SNPs were
found to be associated with antidepressant response and
resistance to treatment (Perlis et al., 2008; Liou et al., 2009).
TREK-1 inhibitors reversed behavioral despair and decreased
sucrose preference induced by CUMS in rats when given
intraperitoneously (Ye et al, 2015; Djillani et al, 2017).
Deletion of TREK-1 channels resulted in depression-resistant
phenotype (Heurteaux et al, 2006). Interestingly selective
serotonin uptake inhibitors, fluoxetine, paroxetine and
citalopram were reported to block both TREK-1 and TREK-2
mediated currents in vitro (Kennard et al., 2005; Kim et al., 2017).
Mood stabilizers, lithium, valproic acid and carbamazepine, on
the other hand, increased TREK-1 mediated currents without
affecting TREK-2 mediated currents (Kim et al, 2017). The
therapeutic use of SSRIs in the treatment of both depression
and migraine patients may be in part related to their effects on
TREK-mediated currents.

In conclusion, mutations detected in familial cases of migraine
and polymorphisms creating susceptibility to depression as well
as genetic manipulations in animal models of depression have
provided novel insight to the pathophysiology of these disorders.
Since subtle changes in, for instance, ATP release or K* channel
activity may lead to variable consequences within a microcircuit,
and hence, in network activity depending on the microcircuit
structure and brain region, experimental studies (especially those
using isolated preparations) have yielded to varying, sometimes
contradictory, results. Therefore, identification of overlapping
genetic variants in non-familial forms of migraine and depression
can provide further insight to understand the phenotypic traits
and role of ion channels, E:I balance, metabolic coupling of
astrocytic glycogen to glutamatergic synaptic activity and
neuroinflammation in migraine as well as depression, both of
which display significant heritability and comorbidity. These
findings can also help development of novel therapies for both
conditions.
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Screening for Activity Against AMPA
Receptors Among
Anticonvulsants —Focus on Phenytoin

M. Y. Dron, A. S. Zhigulin, D. B. Tikhonov* and O. Il. Barygin

.M. Sechenov Institute of Evolutionary Physiology and Biochemistry RAS, Saint-Petersburg, Russia

The interest in AMPA receptors as a target for epilepsy treatment increased substantially
after the approval of perampanel, a negative AMPA receptor allosteric antagonist, for the
treatment of partial-onset seizures and generalized tonic-clonic seizures. Here we
performed a screening for activity against native calcium-permeable AMPA receptors
(CP-AMPARSs) and calcium-impermeable AMPA receptors (CI-AMPARs) among different
anticonvulsants using the whole-cell patch-clamp method on isolated Wistar rat brain
neurons. Lamotrigine, topiramate, levetiracetam, felbamate, carbamazepine, tiagabin,
vigabatrin, zonisamide, and gabapentin in 100-uM concentration were practically
inactive against both major subtypes of AMPARs, while phenytoin reversibly inhibited
them with 1C50 of 30 + 4uM and 250 + 60 puM for CI-AMPARs and CP-AMPARS,
respectively. The action of phenytoin on CI-AMPARs was attenuated in experiments
with high agonist concentrations, in the presence of cyclothiazide and at pH 9.0. Features
of phenytoin action matched those of the CI-AMPARSs pore blocker pentobarbital, being
different from classical competitive inhibitors, negative allosteric inhibitors, and CP-
AMPARs selective channel blockers. Close 3D similarity between phenytoin and
pentobarbital also suggests a common binding site in the pore and mechanism of
inhibition. The main target for phenytoin in the brain, which is believed to underlie its
anticonvulsant properties, are voltage-gated sodium channels. Here we have shown for
the first time that phenytoin inhibits CI-AMPARs with similar potency. Thus, AMPAR
inhibition by phenytoin may contribute to its anticonvulsant properties as well as its side
effects.

Keywords: AMPA receptor, pharmacological modulation, patch-clamp technique, screening, anticonvulsants,
phenytoin

INTRODUCTION

Epilepsies are among the most common chronic brain disorders (Scharfman, 2007). They affect
0.5-1% of people around the world (Sirven, 2015). Despite the constant development of new
antiseizure drugs during the last decades (Rho and White, 2018), 20-30% patients cannot control
seizures even with modern medications. Thus, the search for new anticonvulsant drugs and detailed

Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CP-AMPARs, calcium-permeable AMPA
receptors; CI-AMPARSs, calcium-impermeable AMPA receptors.
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understanding of the mechanisms of action of older ones are
extremely important for effective selection of therapy for each
patient. Seizures may produce neurodegeneration within the
brain, and different antiseizure drugs have different potential
to prevent it (Miziak et al., 2020).

According to a recent review by Sills and Rogawski (2020),
there are four major classes of antiseizure drug mechanisms: 1)
modulation of voltage-gated ion channels; 2) enhancement of
GABA-mediated inhibitory neurotransmission; 3) attenuation of
glutamate-mediated excitatory neurotransmission; and 4)
modulation of neurotransmitter release via a presynaptic
action. Combining two or more of these mechanisms in one
drug can be beneficial for seizure control.

Approval of perampanel—a negative allosteric AMPA
receptor antagonist—enhanced the interest in testing whether
older antiseizure drugs can affect AMPA receptors (Fukushima
et al.,, 2020). Indeed, several other anticonvulsants were shown to
affect AMPA receptors. Lamotrigine inhibited postsynaptic
AMPA receptors and glutamate release in the dentate gyrus
(Lee et al, 2008); however, 30 and 100uM lamotrigine
decreased the amplitude of the currents induced by
exogenously applied AMPA by 10% only (Lee et al., 2008).
Topiramate concentrations of 30 and 100 uM inhibited AMPA
and kainate-evoked Ca®* uptake in cultured cerebral cortical,
hippocampal, and cerebellar neurons by up to 60% (Poulsen et al.,
2004). But the effect of topiramate on AMPA receptors might be
indirect (Gibbs al, 2000; Angehagen et al, 2004).
Levetiracetam (200 uM) decreased the amplitude of kainate-
induced current in cultured cortical neurons by about 26%
(Carunchio et al, 2007). Finally, phenytoin inhibited non-
NMDA glutamate receptors expressed in Xenopus oocytes
(Kawano et al, 1994) and in neocortical wedges (Phillips
et al, 1997) with IC50 values >100 uM. These data attract
attention to AMPA receptors as a potential target for different
antiseizure drugs, but it is not clear whether AMPA receptor
inhibition can contribute to their therapeutic and side effects.
Thus, we decided to perform a broad screening for activity against
AMPARs among these and some other antiepileptic agents.

Two major subtypes of AMPARs—calcium-permeable (CP-
AMPARs) and calcium-impermeable (CI-AMPARs)—play
different roles in maintaining the excitation-inhibition balance
in the brain. CP-AMPARs are usually localized in GABA-ergic
interneurons, whereas principal cells in many brain structures
contain CI-AMPARs (Buldakova et al.,, 1999; Samoilova et al.,
1999). Selective blocking of CP-AMPARs may cause disinhibition
and further shift the excitation-inhibition balance toward
excitation. On the other hand, CP-AMPARs are transiently
upregulated in many epilepsy models (Rajasekaran et al., 2012;
Joshi et al., 2017; Amakhin et al., 2018), and their block in this
context may be beneficial. Different AMPA receptor antagonists
differentially affect two main classes of AMPA receptors:
calcium-permeable and calcium-impermeable. For instance,
many polyamine toxins and dicationic adamantane and
phenylcyclohexyl derivatives (Magazanik et al., 1997; Mellor
and Usherwood, 2004; Bolshakov et al., 2005) are more active
against calcium-permeable class, while pentobarbital is more
selective against calcium-impermeable AMPA receptors

et
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(Taverna et al, 1994; Yamakura et al., 1995). In contrast,
perampanel equipotently inhibits CP- and CI-AMPARs
(Barygin, 2016; Fukushima et al., 2020). Thus, we decided to
compare the action of antiseizure drugs on calcium-permeable
and calcium-impermeable AMPA receptors.

In our experiments, lamotrigine, topiramate, levetiracetam,
felbamate, carbamazepine, tiagabin, vigabatrin, zonisamide, and
gabapentin did not demonstrate strong activity against CP- and
CI-AMPARs indicating that these receptors do not play a
significant role in their pharmacological profile. In contrast,
phenytoin inhibited both major AMPA receptor subtypes,
being much more active against CI-AMPARs (IC50 = 30 +
4 uM) than against CP-AMPARs (250 + 60 uM). The main
target for phenytoin in the brain, which is believed to underlie
its anticonvulsant properties, are voltage-gated sodium
channels. Affinity of phenytoin to inactivated states of
sodium channels is in the range of 7-21 uM (Kuo and Bean,
1994; Lenkowski et al., 2007). Thus, affinity of phenytoin to CI-
AMPARSs is only slightly lower than affinity to its primary target.
Analysis of molecular mechanisms of action of phenytoin on
AMPARs demonstrated close similarity with those of
pentobarbital. The hypothesis about a common site is further
supported by 3D similarity between these two compounds. Our
data suggest that inhibition of CI-AMPARs is essential for
phenytoin anticonvulsant effects.

MATERIALS AND METHODS

All experimental procedures were approved by the Animal Care
and Use Committee of the LM. Sechenov Institute of
Evolutionary Physiology and Biochemistry of the Russian
Academy of Sciences. Wistar rats (13-19 days old) were
anesthetized with sevoflurane and then decapitated. Maximum
effort was made to minimize the number of animals used. Brains
were removed quickly and cooled to 2-4°C in an ice bath.
Transverse hippocampal and striatal slices (250 um thick) were
prepared using a vibratome (Campden Instruments Ltd,
Loughborough, United Kingdom) and stored in a solution
containing (in mM) 124 NaCl, 5 KCl, 1.3 CaCl,, 2.0 MgCl,,
26 NaHCO;, 1.24 NaH,PO,, and 10 D-glucose, aerated with
carbogen (95% O, 5% CO,). Single neurons were freed from
slices by vibrodissociation (Vorobjev, 1991). The antagonism of
CP-AMPARs was studied on striatal giant interneurons (Bernard
etal, 1997; Gotz et al., 1997), which were identified by their shape
and size. They have large (>25 um) soma of polygonal shape,
whereas principal cells are significantly smaller and nearly
spherical.  Previous  works  demonstrated  that a
nondesensitizing response to kainate in these neurons is
mediated by GluA2-lacking AMPARs. The sensitivity to
dicationic blockers like IEM-1460, IEM-1925, and polycationic
toxins agrees with the data on recombinant receptors (Bolshakov
etal., 2005; Barygin et al., 2011) The currents demonstrate inward
rectification and significant Ca** permeability (Buldakova et al.,
1999; Samoilova et al.,, 1999). The antagonism of CI-AMPARs
was studied on pyramidal neurons from the CAl area of the
hippocampus. Kainate-induced currents in these neurons are
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TABLE 1 | Action of anticonvulsants on CP- and CI-AMPARs

Anticonvulsant

Lamotrigine 183+3
Topiramate 14+2
Levetiracetam 9+3
Felbamate 10+4
Carbamazepine 15+4
Tiagabin 10+2
Vigabatrin 10+£3
Zonisamide 11+3
Gabapentin 12+5

CP-AMPARs% inhibition at 100 yM

AMPA Receptor Inhibition by Phenytoin

CI-AMPARs% inhibition at 100 uM

+
12 +

5
2
+2
16+ 4
11+£3
+2
1
11+2
20+ 6

+
+

N = 5 for each compound both against CP-AMPARs and CI-AMPARs. The effect of all compounds on CP-AMPARs and CI-AMPARs was significant (p < 0.05, paired t test).

virtually insensitive to cationic blockers (Magazanik et al., 1997;
Bolshakov et al., 2005).

The whole-cell patch-clamp technique was used for
recording of membrane currents generated in response to
applications of kainate. Series resistance of about 20 MQ
was compensated by 70-80% and monitored during
experiments. Currents were recorded using an EPC-8
amplifier (HEKA Electronics, Lambrecht, Germany), filtered
at 5 kHz, sampled, and stored on a personal computer. Drugs
were applied using the RSC-200 perfusion system (BioLogic
Science Instruments, Claix, France) under computer control.
The solution exchange time in the whole-cell mode was
50-60 ms. The extracellular solution contained (in mM)
NaCl 143, KCI 5, MgCl, 2.0, CaCl, 2.5, D-glucose 18, and
HEPES 10 (pH was adjusted to 7.3 with HCI). The pipette
solution contained (in mM) CsF 100, CsCl 40, NaCl 5, CaCl,
0.5, EGTA 5, and HEPES 10 (pH was adjusted to 7.2 with
CsOH). Experiments were performed at room temperature
(22-24°C). Phenytoin sodium (PHR1492) was purchased from
Sigma (St Louis, MO, United States), as well as hydantoin, 5-
benzylhydantoin, primidone, and ethosuximide. Lamotrigine,
topiramate, levetiracetam, felbamate, carbamazepine, tiagabin,
vigabatrin, zonisamide, and gabapentin were purchased from
Tocris Bioscience (Bristol, United Kingdom). Perampanel was
from MedChemExpress (Stockholm, Sweden). Kinetics of
transient processes of more than 20-ms duration was
approximated by exponential functions. Experiments were
performed at —80 mV holding voltage. All experimental data
are presented as mean + SD estimated from at least four
experiments. Significance of the effects was tested with
paired t test. Differences were considered significant at p <
0.05. 3D structures of compounds were calculated by the ZMM
software (zmmsoft.ca).

RESULTS

Screening for Activity Against AMPA

Receptors Among Anticonvulsants
Application of 100 uM kainate on isolated hippocampal CA1

nondesensitizing inward currents. We initially checked if
these kainate-induced currents will be inhibited by different
anticonvulsants at 100-uM  concentrations. In our
experiments, lamotrigine, topiramate, levetiracetam,
felbamate, carbamazepine, tiagabin, vigabatrin, zonisamide,
and gabapentin were practically inactive (inhibition <20%,
Table 1) against both CP-AMPARs and CI-AMPARs. These
data agree well with the results of Fukushima et al. (2020), who
also did not find significant activity of different
anticonvulsants (topiramate, phenobarbital, lamotrigine,
gabapentin, carbamazepine, valproate, levetiracetam, and
lacosamide), except perampanel, against hGluAl-4
receptors. In contrast, phenytoin reversibly inhibited both
CP-AMPARs and CI-AMPARSs in our experiments, and we
decided to study its molecular mechanisms of action in more
detail. Fukushima et al. (2020) did not test phenytoin in
their paper.

Concentration Dependence of Action of
Phenytoin on Calcium-Impermeable and
Calcium-Permeable AMPARs

Representative recordings demonstrating the action of different
phenytoin concentrations on CI-AMPARs of hippocampal
pyramidal neurons and CP-AMPARs of striatal giant
interneurons are shown (Figures 1A,B). At the highest
concentration  tested—500 uM—phenytoin  demonstrated
almost complete inhibition of kainate-induced currents in
hippocampal pyramidal neurons and only 58 + 5% inhibition
in striatal giant interneurons. Because of the poor solubility of
phenytoin in the extracellular solution, we were not able to test
higher concentrations. The IC50 value for CI-AMPARs obtained
using the Hill equation was 30 + 4 uM, and the Hill coefficient
was 0.9 + 0.2. For CP-AMPARs, approximation by the Hill
equation gave IC50 value = 250 + 60 uM and Hill coefficient =
0.7 + 0.2 (Figure 1C). Thus, we have shown for the first time that
phenytoin is more active against CI-AMPARs. Among known
AMPAR antagonists, similar preference for CI-AMPARs
demonstrated pentobarbital (Taverna et al, 1994; Yamakura
et al., 1995; Jackson et al., 2003). So we decided to compare its

pyramidal neurons (CI-AMPARs) and giant striatal  activity in experiments on hippocampal CA1 pyramidal neurons
interneurons (CP-AMPARs) induced weakly or and giant striatal interneurons (Figure 1C). Indeed, in our
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FIGURE 1 | Concentration dependence of action of phenytoin on calcium-impermeable and calcium-permeable AMPARSs. (A,B) Representative examples of Cl-
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(C,D) Concentration-inhibition curves for phenytoin, pentobarbital (C), and major

TABLE 2 | Characteristic features of AMPAR inhibition by different antagonists

Compound/Feature Phenytoin DNQX Perampanel IEM-1925 Pentobarbital
More active against CI-AMPARs Yes Yes No No Yes

IC50 CI-AMPARs 30+4M 0.20 + 0.03 pM 63 + 8nM 180 + 30 pM 14 £ 3uM
IC50 CP-AMPARs 250 + 60 pM 0.31 + 0.06 uM 60 + 6 nM 1.3 +04uM 80 + 13 uM
Activity drop at high (500 pM) kainate concentration Yes Yes Yes No Yes
Activity drop in the presence of cyclothiazide Yes Yes Yes N.D. Yes

Trap in kainate 100 pM Yes N.D. No Yes Yes

Trap in kainate 500 uM ? N.D. No Yes N.D.
Competition with phenytoin for binding site Not applicable  No No N.D. N.D.
Difference in the % of inhibition in coapplication and preapplication protocols  Yes N.D. No Yes Yes
pH-dependence Yes Yes® N.D. N.D. Yes

@Dudic and Reiner, 2019.

experiments, the IC50 values for pentobarbital were 14 + 3 and
80 + 13 uM for CI-AMPARs and CP-AMPARSs, respectively.
Figure 1D illustrates concentration dependencies of action of
representatives of three major types of AMPARs
antagonists—competitive antagonist DNQX (Honore et al,
1988), negative allosteric antagonist perampanel (Hanada
et al, 2011; Chen et al, 2014), and use and voltage-
dependent channel blocker IEM-1925—on CI- and CP-
AMPARs. DNQX was slightly more active against
hippocampal CI-AMPARs, perampanel equipotently inhibited
both receptor subtypes (Barygin, 2016), and IEM-1925 was

dramatically more active against CP-AMPARs. The IC50
values are provided in Table 2.

Action of Compounds Structurally Related
to Phenytoin on CI-AMPARs

Phenytoin is a diphenyl derivative of hydantoin. So we decided to
test whether hydantoin itself or 5-benzylhydantoin will be able to
inhibit CI-AMPARs. Both compounds demonstrated only weak
activity even at high 300-pM concentration (Figures 2A,B).
Primidone and ethosuximide—two anticonvulsant compounds
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structurally related to phenytoin—were only weakly active as well
(Figures 2C,D). The percentage of inhibition by hydantoin, 5-
benzylhydantoin, primidone, and ethosuximide at 300-uM
concentration did not exceed 20%. A representative example
of strong (>80%) inhibition by 300 uM phenytoin is provided
for comparison (Figure 2E). The inhibitory action of compounds
is summarized in the bar graph in Figure 2F.

The Action of Phenytoin Is Attenuated in
Experiments With High Kainate

Concentrations but Is Not Competitive

Kawano et al. (1994) suggested that the action of phenytoin on
AMPA receptors is competitive. So we initially compared the
percentage of inhibition by phenytoin at two different kainate

concentrations—50 and 500 uM (Figure 3). Indeed, in
hippocampal pyramidal neurons, 30 uM phenytoin stronger
inhibited currents induced by 50 uM kainate concentration,
demonstrating 55 + 3% inhibition, against 40 + 7% at 500 uM
kainate concentration (n = 7, p < 0.001). Likewise, 200 uM
phenytoin stronger inhibited currents in striatal giant
interneurons induced by 50uM kainate concentration,
demonstrating 59 + 5% inhibition, against 48 + 2% at 500 uM
kainate concentration (n = 5, p < 0.01, data not shown). In this
and further series of experiments, we used pentobarbital, DNQX,
perampanel, and IEM-1925 as reference agents. The decrease in
inhibitory activity with the increase in kainate concentration in
the range from 50 to 3,000uM was demonstrated for
pentobarbital earlier (Jackson et al., 2003). In our experiments
on hippocampal CI-AMPARs, 20 uM pentobarbital was also
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more active in the case of lower kainate concentration
(Figure 3B), as well as 50 nM perampanel (Figure 3C) and
200nM DNQX (Figure 3D). In contrast, IEM-1925
(Figure 3E) stronger inhibited currents induced by 500 uM
kainate (55 + 5%), then by 50 uM kainate (48 + 3%) on
striatal CP-AMPARs. The bar graph in Figure 3F summarizes
the obtained results. Phenytoin and pentobarbital demonstrated
moderate (10-15%) decrease in the % of inhibition with the
increase in agonist concentration, while for perampanel and
DNQX, the decrease was stronger (30-40%).

To further test whether inhibition by phenytoin is competitive
or not, we studied the kainate concentration dependence in the

absence and in the presence of phenytoin, 30 and 300 pM
(Figure 4A). The EC50 for kainate was 150 + 20puM in
control, and the Hill coefficient was 1.6 + 0.2. The EC50 value
was increased to 250 + 30 uM and 360 + 30 uM in the presence of
30 and 300 uM phenytoin, respectively. Maximal response to
kainate was reduced to 84 + 4% by 30 uM phenytoin and to 46 +
3% by 300uM phenytoin (n = 5 for both phenytoin
concentrations, p < 0.001), clearly indicating that inhibition by
phenytoin is not competitive. Pentobarbital of 14 uM decreased
the maximal response to kainate as well (Figure 4B), while
0.2 uM DNQX did not change it (Figure 4B), which is typical
for competitive inhibitors.
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FIGURE 5 | The effect of phenytoin is attenuated in the presence of cyclothiazide. (A) Enhancement of kainate-induced currents in hippocampal CA1 pyramidal neurons by

100 uM cyclothiazide. (B,C) Representative examples of inhibition by 100 pM phenytoin in the absence (B) and presence (C) of 100 pM cyclothiazide. (D,E) Representative examples of
inhibition by 50 uM pentobarbital in the albbsence (D) and presence (E) of 100 uM cyclothiazide. (F) Summarized results of CI-AMPARs inhibition by different compounds in the absence
and presence of 100 uM cyclothiazide. The inhibitory effect of compounds was significantly attenuated in the presence of cyclothiazide. **-p < 0.001.
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The Effect of Phenytoin Is Attenuated in the
Presence of Cyclothiazide

Next we decided to compare the action of phenytoin in the
presence and absence of cyclothiazide, a positive AMPAR
allosteric modulator. Cyclothiazide is mostly known as an agent
that reduces AMPA receptor desensitization (Partin et al., 1993;
Patneau et al., 1993). It also demonstrates slow onset increase in the
steady-state current amplitudes and lengthens single-channel
openings (Patneau et al., 1993; Fucile et al., 2006). Cyclothiazide
strongly increases AMPAR currents in hippocampal CAl
pyramidal cells but only weakly affects those of giant striatal
interneurons (Buldakova et al., 2000). Thus, we decided to
study the effect of phenytoin (100 pM) at relatively low kainate
concentration (50 uM) in the absence or presence of saturating
concentration of cyclothiazide (100 uM) on hippocampal CAl
pyramidal neurons. Cyclothiazide of 100puM increased the
stationary current induced by 50 uM kainate by 8 + 2 fold
(Figure 5A). Representative examples of inhibition by 100 uM

phenytoin in the absence and presence of 100 uM cyclothiazide are
shown (Figures 5B,C). Phenytoin of 100 uM was drastically more
active in the absence than in the presence of cyclothiazide (74 + 4%
vs. 21 + 7% inhibition, respectively; p <0.001). The inhibitory effect
of 50 uM pentobarbital (Figure 5D) was also significantly
attenuated in the presence of cyclothiazide (Figure 5E) in line
with previous results (Jackson et al., 2003). DNQX was less active in
the presence of cyclothiazide (data not shown), as well as
perampanel (Barygin, 2016). Because cyclothiazide has only
weak effect on CP-AMPARs of giant striatal interneurons, we
decided not to test IEM-1925 in this protocol. The bar graph in
Figure 5F summarizes the obtained results.

Trapping of Phenytoin in AMPAR Channels
Up to this point, the mechanisms of action of phenytoin closely
resembled that of pentobarbital (preference for CI-AMPAR, the
decrease in inhibitory activity in experiments with high kainate
concentrations and in the presence of cyclothiazide). A distinctive
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feature of the open channel blockers of AMPARs, like IEM-1925,
is the trapping effect. The blocked channels can close after agonist
dissociation trapping the blocker molecules inside (Bahring and
Mayer, 1998; Tikhonova et al., 2008). Pentobarbital demonstrated
trapping in closed AMPA receptor channels that was stable over
time but was much weaker in the presence of cyclothiazide
(Jackson et al., 2003).

Here we decided to compare phenytoin trapping in case of CI-
AMPAR activation by 100 and 500 uM kainate using the double-
pulse protocol (Huettner and Bean, 1988; Blanpied et al., 1997).
In this protocol, denoted as protocol 1 (black traces) in Figures 6,
7, we initially apply kainate, then add an antagonist, then
simultaneously remove both kainate and antagonist for a 30-s
pause in the extracellular solution, and finally apply the testing
kainate to study the recovery kinetics. If the response to testing
kainate application resembles that of the first kainate application,
then we can say that the antagonist was not trapped in the closed
channels. If it includes a slower component, we can say that some
molecules of the antagonist were trapped. Recovery kinetics for
the protocol in which the 30-s pause in the extracellular solution

is changed to 30 s in the presence of both kainate and antagonist
(protocol 2, gray traces) is provided for comparison.

Kinetics of control kainate response is single-exponential (7 =
20-50 ms in different conditions). For perampanel (Figures
6A,B), the kinetics of the response to testing kainate
application in the trapping protocol was also single-
exponential, and the time constant (7 = 41 + 12ms, n = 4)
was not significantly different from that of the control kainate
response (7 = 43 £ 9, n = 4, p > 0.05), evidencing the absence of
trapping effect. In contrast, IEM-1925 demonstrated at least
double-exponential kinetics: the fast component was close to
that of the kainate control, while the slow one (1,800 + 400 ms,
n = 4) did not differ significantly from recovery kinetics in
protocol 2 (1,900 + 500ms, n = 4, p >0.05), indicating
trapping (Figures 6C,D).

Phenytoin in 100 uM kainate behaved similar to IEM-1925,
demonstrating at least double-exponential washout kinetics in
the trapping protocol with the fast component coinciding with
the kinetics of the control response (Figures 7A,B). Thus,
phenytoin demonstrated pronounced trapping in case of
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FIGURE 8 | Absence of competition of phenytoin with competitive and
negative allosteric AMPA receptor antagonists. The slow phase of recovery
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AMPAR antagonists.

AMPAR activation with 100 pM kainate. The situation in 500 uM
kainate was markedly different (see Figures 7C,D). The kinetics of
the testing response to kainate was well fitted by a single exponential
function (7 = 81 £ 17 ms, n = 4), which was significantly slower than
the kinetics of control kainate (7 = 39 + 13ms n = 4, p < 0.05).
However, it was fivefold faster than recovery from phenytoin block
in protocol 2 (7 = 390 + 60ms, n = 4, p <0.01). Unambiguous

AMPA Receptor Inhibition by Phenytoin

conclusion is not possible in this situation, but the obvious difference
between Figures 7B,D suggests that phenytoin trapping is
dependent on kainate concentration.

Absence of Competition of Phenytoin With
Competitive Antagonists and Negative

Allosteric Antagonists

In our experiments (Figures 1, 3, 4, 5, 6, 7), phenytoin
demonstrated features that discriminated it from classical
types of AMPAR antagonists (competitive antagonists,
negative allosteric antagonists, CP-AMPARs selective channel
blockers). However, it was somewhat similar to that of
competitive and negative allosteric antagonists because all
these compounds were less active in conditions, resulting in
strong  AMPAR activation (high agonist concentration or
presence of cyclothiazide). To further ensure that this is the
case, we performed direct experiments on competition for the
same site of action with phenytoin and abovementioned types of
ligands using the difference in recovery kinetics. Washout
kinetics for 50 uM phenytoin is relatively slow, T = 1,100 +
200 ms for CI-AMPARs of hippocampal pyramidal neurons.
To study the competition, we used excessive concentrations of
“fast” negative allosteric antagonist GYKI-52466 or “fast”
competitive  antagonist DNQX. Experiments on the
competition of phenytoin with GYKI-52466 (Figure 8A) and
DNQX (Figure 8B) were performed on hippocampal pyramidal
neurons. We initially studied the washout kinetics of each
compound alone and then compared it with washout kinetics
in the complex protocol, where we initially applied 50 uM
phenytoin, and then added a mixture of phenytoin and
excessive concentration of a “fast” antagonist. Indeed, if any
fast antagonist would be able to displace phenytoin or
somehow affect its binding, the washout kinetics in the
complex protocol would be faster than that for phenytoin
alone. Neither 200uM GYKI-52466 nor 10uM DNQX
affected the kinetics of phenytoin washout in this complex
protocol. On the other hand, fast negative allosteric antagonist
GYKI-52466 was able to displace slow negative allosteric
antagonist perampanel in our earlier experiments (Barygin,
2016). These data suggest that the binding site of phenytoin in
CI-AMPARSs is different from that of competitive antagonists and
negative allosteric antagonists. Further studies using site-directed
mutagenesis and cryo-electron microscopy/X-ray crystallography
are needed to map it.

Phenytoin Preferentially Binds to the Open
Channels and Is More Active at pH 7.4
Comparing to pH 9.0

Having shown that the mechanisms of action of phenytoin on
AMPA receptors do not resemble those of competitive
antagonists, negative allosteric antagonists, and CP-AMPARs
selective channel blockers, we decided to further investigate
them. So we compared the action of phenytoin on open
(protocol 1, coapplication with agonist) and closed (protocol
2, preapplication without agonist) AMPAR channels (Figure 9).
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FIGURE 9 | Closed and open channel AMPAR inhibition by phenytoin, perampanel, and IEM-1925. (A,B) Comparison of the effects of 300 pM phenytoin on Cl-
AMPARSs of hippocampal pyramidal neurons (A) and CP-AMPARSs of striatal giant interneurons (B) in case of coapplication with kainate (black traces) and preapplication
without kainate (gray traces). For both receptor types, phenytoin is more effective in the coapplication protocol. (C) Comparison of the effects of 300 nM perampanel on
CI-AMPARs of hippocampal pyramidal neurons in case of coapplication with kainate (black trace) and preapplication without kainate (gray trace). Perampanel is
equally effective in these two protocols. (D) Comparison of the effects of 5 uM IEM-1925 on CP-AMPARSs of striatal giant interneurons in case of coapplication with
kainate (black trace) and preapplication without kainate (gray trace). IEM-1925 is effective only in the coapplication protocol.

In experiments with hippocampal CI-AMPARs, 300uM  washout kinetics in isolated CAl pyramidal neurons (Barygin,
phenytoin was able to inhibit both closed (37 + 7%) and open ~ 2016). An earlier work with perampanel on cultured hippocampal
AMPA receptor channels (87 + 5%), demonstrating preference  neurons, in which AMPA receptors were activated by kainate in
for open channels (Figure 9A, n = 5, p < 0.001). Similar  the absence of cyclothiazide, also demonstrated similar efficiency
preference for open channels was found in experiments with  in preapplication and coapplication protocols (Chen et al., 2014).
CP-AMPARSs of giant striatal interneurons. Phenytoin of 300 uyM ~ IEM-1925 of 5uM inhibited only open channels in a similar
blocked 60 + 6% in case of coapplication with agonistand 24+ 9%  experiment on CP-AMPARs of giant striatal interneurons
in case of preapplication without agonist (Figure 9B, n = 8, p < (Figure 9D). Because of the fast kinetics of washout, we were
0.001). Pentobarbital of 100 uM was also more active in the not able to test DNQX in this protocol.

coapplication protocol in the experiment on hippocampal CI- In addition, we compared the action of 50 pM phenytoin at
AMPARSs (data not shown). In contrast, 300 nM perampanel was  two different pHs: 7.4 and 9.0. The pKa value for phenytoin is 8.3
equally effective in preapplication and coapplication protocolson  (Agarwal & Blake, 1968). Thus, at pH 7.4, it exists mostly in
hippocampal CI-AMPARs (Figure 9C). At a glance, this result ~ uncharged form, while at pH 9.0, it is mostly negatively charged.
contradicts with previous data, suggesting that perampanel binds ~ Phenytoin of 50 pM inhibited currents by 60 + 3% at pH 7.4 and
to the resting receptors more efficiently than to activated ones by 28 + 8% at pH 9.0 (n = 6, p < 0.001, Figures 10A,C). Such a
(Yelshanskaya et al., 2016). However, this conclusion was made  decrease in phenytoin activity in more basic conditions suggests
from experiments with recombinant GluA2 AMPA receptors that  that the uncharged form of phenytoin produces stronger AMPAR
were done in the presence of cyclothiazide. We have shown earlier ~ inhibition. Pentobarbital was also more active at neutral than at
that cyclothiazide dramatically attenuates the effect of  more basic pH (Figures 10B,D), in line with previous results
perampanel (ca. 20-fold reduction in activity) and fastens its (Jackson et al., 2003).
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DISCUSSION common motifs. They have a heterocycle (shown at the bottom)

In the present work, we have shown for the first time that phenytoin is
significantly more active against CI-AMPAR compared to CP-
AMPARs. Among known AMPAR antagonists similar selectivity
demonstrated pentobarbital (Taverna et al., 1994; Yamakura et al,
1995; Jackson et al., 2003). The action of phenytoin on CI-AMPARs
was attenuated in experiments with high agonist concentrations, in the
presence of cyclothiazide and at pH 9.0. However, phenytoin was
more active in the case of coapplication with agonist compared with
preapplication without agonist. Phenytoin demonstrated pronounced
trapping when receptors were activated by relatively low kainate
concentrations (up to 100 uM), but the trapping was questionable
in experiments with higher (500 uM) kainate concentration. This set
of features (Table 2) is intriguing because it discriminates phenytoin
from three main types of AMPA receptor antagonists: competitive
antagonists (e.g., DNQX, CNQX), negative allosteric antagonists (e.g.,
GYKI-52466, perampanel), and CP-AMPARs selective voltage-
dependent channel blockers (eg, IEM-1925, IEM-1755,
argiotoxins, phylantotoxins). Noteworthy, practically the same set
of features was shown earlier for pentobarbital (Jackson et al,
2003) and was confirmed in our experiments.

The 3D structures of the compounds studied in the present work
were calculated by the ZMM software (Figure 11A). They demonstrate
huge structural diversity. However, lamotrigine, phenytoin, primidone,
ethosuximide, and pentobarbital (compounds 1-5) possess some

and aromatic/hydrophobic moieties (shown at the top). Only
phenytoin and pentobarbital demonstrated activity against AMPA
receptors, whereas lamotrigine, primidone, ethosuximide, and
hydantoin were inactive. This structural comparison indicates that
the binding site requirements are rather strong. Both hydrophobic/
aromatic moieties and specific mutual disposition of CO and NH
groups seen in hydantoin ring and in pyrimidine 2-4-6 trion ring are
essential for this type of activity. Figure 11B shows a comparison of
phenytoin and pentobarbital in different orientations. In fact, these 3D
structures are very similar justifying the common mechanism of action
revealed in our experiments.

We have shown that the molecular mechanism of action of
phenytoin and pentobarbital on AMPARs is different from that of
competitive antagonists, negative allosteric antagonists, and CP-
AMPARs selective channel blockers (Table 1). The binding sites
for these classical types of AMPAR antagonists are rather well
characterized (Tikhonov et al, 2002; Balannik et al., 2005;
Yelshanskaya et al., 2016; Twomey et al.,, 2018; Krintel et al.,
2021). But where can the binding site for phenytoin and
pentobarbital be situated? For pentobarbital, it has been
demonstrated that the single mutation of the Q/R site residue
in the GluA2 subunit (R586Q) dramatically decreases the
sensitivity (Yamakura et al, 1995) suggesting binding in the
central pore at the selectivity filter. Cationic blockers
selectively inhibit CP-AMPAR, whereas neutral molecules of
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FIGURE 11 | 3D structures of compounds. (A) Comparison of 3D
structures of the compounds. The structures demonstrate large diversity,
although compounds 1-5 have certain similarity; they have a heterocycle
shown in the bottom and aromatic/hydrophobic moieties shown in the
top. (B) Comparison of 3D structures of phenytoin and pentobarbital in
different orientations. The 3D structures demonstrate close similarity of
orientation of functional groups.

pentobarbital and phenytoin can readily bind to the CI-AMPARs
containing the Arg residue in the selectivity filter. Although
present X-ray and cryo-EM structures seem not precise
enough to characterize atomic-scale details of this site
unambiguously, it obviously contains hydrophobic central
cavity and polar groups serving as proton donors and
acceptors (Tikhonov and Zhorov, 2020). Our structure-activity
data demonstrate that such features are indeed required to
provide inhibitory action of phenytoin and pentobarbital. At a
glance, binding in the inner pore region near the selectivity filter is
inconsistent with attenuation of inhibitory activity at high kainate
concentrations and in the presence of cyclothiazide. However,
there are data suggesting that gating rearrangements of AMPA
receptor channels involve not only the C-part of the M2 segment
but also the selectivity filter (Sobolevsky et al., 2005; Twomey
et al.,, 2017). If it is so, specific drug binding to this site can affect
activation properties of the channels and vice versa.

An apparent paradox of the mechanism of action is that
phenytoin weakly block closed channels if applied without
agonist. However, activation by saturating agonist concentration
or enhancing the activation by cyclothiazide also reduces the
inhibitory activity of pentobarbital and phenytoin. Although we
have no convincing justification for these seemingly controversial
data, double-gate mechanism of activation provides a possible
explanation. Open conformation of the extracellular gate in the
M3 segments is required to free access of external blockers to the
binding site, whereas the open state of the gate at the selectivity
filter can weaken the drug binding. Since the relationships between

AMPA Receptor Inhibition by Phenytoin

the extracellular and the selectivity filter gates are unknown, more
detailed explanations seem impractical and premature.

The voltage-gated sodium channels are generally regarded as
the main target to explain phenytoin’s activity as an anticonvulsant
(Tunnicliff, 1996; Hesselink and Kopsky, 2017a). Affinity of
phenytoin to inactivated states of sodium channels is in the
range of 7-21uM (Kuo and Bean, 1994; Lenkowski et al,
2007). Here we have shown for the first time that phenytoin
inhibits CI-AMPARs with similar potency. Thus, AMPAR
inhibition by phenytoin may contribute to its anticonvulsant
and neuroprotective properties, as well as its side effects. While
the neuroprotective potential of phenytoin has been evaluated for
decades (Stanton and Moskal, 1991; Boehm et al., 1994; Bartollino
etal,, 2018), the exact molecular mechanisms are not yet clear. It is
not yet completely clear even if phenytoin is neuroprotective or
neurotoxic (Hesselink and Kopsky, 2017b).

Voltage-gated sodium channels and AMPA receptors are
important in keeping proper excitation-inhibition balance in
the central nervous system, and the ability of phenytoin to
inhibit both of them can underlie its efficiency in case of
different types of seizures. Phenytoin is an old drug, and its
usage is somewhat limited because of its side effects.
Development of new multitarget compounds with the ability
to inhibit voltage-gated sodium channels and AMPA receptors
seems promising especially for the treatment of drug-resistant
epilepsy. Our findings on the structural determinants of action
provide a template for further design of selective antagonists of
CI-AMPARs.
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The Na*/Ca®" Exchanger 3 Is
Functionally Coupled With the

Nay1.6 Voltage-Gated Channel and
Promotes an Endoplasmic Reticulum
Ca?* Refilling in a Transgenic Model of
Alzheimer’s Disease

llaria Piccialli’, Roselia Ciccone’, Agnese Secondo’, Francesca Boscia’,
Valentina Tedeschi’, Valeria de Rosa’, Pasquale Cepparulo’, Lucio Annunziato? and
Anna Pannaccione ™*

"Division of Pharmacology, Department of Neuroscience, Reproductive and Dentistry Sciences, School of Medicine, Federico Ii
University of Naples, Naples, ltaly, 2IRCSS SDN, Naples, Italy

The remodelling of neuronal ionic homeostasis by altered channels and transporters is a
critical feature of the Alzheimer’s disease (AD) pathogenesis. Different reports converge
on the concept that the Na*/Ca* exchanger (NCX), as one of the main regulators of Na*
and Ca®* concentrations and signalling, could exert a neuroprotective role in AD. The
activity of NCX has been found to be increased in AD brains, where it seemed to correlate
with an increased neuronal survival. Moreover, the enhancement of the NCX3 currents
(Incx) in primary neurons treated with the neurotoxic amyloid g 1-42 (Ap4_42) oligomers
prevented the endoplasmic reticulum (ER) stress and neuronal death. The present study
has been designed to investigate any possible modulation of the Incx, the functional
interaction between NCX and the Nay1.6 channel, and their impact on the Ca2*
homeostasis in a transgenic in vitro model of AD, the primary hippocampal neurons
from the Tg2576 mouse, which overproduce the ABs_4> peptide. Electrophysiological
studies, carried in the presence of siRNA and the isoform-selective NCX inhibitor KB-
R7943, showed that the activity of a specific NCX isoform, NCX3, was upregulated in its
reverse, Ca®" influx mode of operation in the Tg2576 neurons. The enhanced NCX
activity contributed, in turn, to increase the ER Ca®* content, without affecting the
cytosolic Ca®* concentrations of the Tg2576 neurons. Interestingly, our experiments
have also uncovered a functional coupling between NCX3 and the voltage-gated Nay 1.6
channels. In particular, the increased Nay 1.6 currents appeared to be responsible for the
upregulation of the reverse mode of NCX3, since both TTX and the Streptomyces
griseolus antibiotic anisomycin, by reducing the Nay1.6 currents, counteracted the
increase of the Incx in the Tg2576 neurons. In agreement, our immunofluorescence
analyses revealed that the NCX3/Nay1.6 co-expression was increased in the Tg2576
hippocampal neurons in comparison with the WT neurons. Collectively, these findings
indicate that NCX3 might intervene in the Ca®* remodelling occurring in the Tg2576
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primary neurons thus emerging as a molecular target with a neuroprotective potential,
and provide a new outcome of the Nay,1.6 upregulation related to the modulation of the
intracellular Ca®* concentrations in AD neurons.

Keywords: Na*/Ca>* exchanger, NCX3, Nay1.6 channels, hippocampal neurons, Alzheimer’s disease, Tg2576 mice

INTRODUCTION

Alzheimer’s disease (AD) is one of the most common
neurodegenerative disorders, with a clinical symptomatology
ranging from cognitive disabilities to severe dementia
(Querfurth and LaFerla, 2010). Dysfunctional ion channels
and transporters have been implicated in neuronal loss and
network disruption, thus emerging as a potential candidate
responsible for neurodegeneration (Wada, 2006; Chakroborty
and Stutzmann, 2014). Nonetheless, the remodelling of ionic
homeostasis is historically considered a critical feature of the AD
pathogenesis, being involved in neuronal and glial responses to
amyloid P1-42 (AP;_4)-mediated injury (Berridge, 2010).
However, despite the variety of studies aimed at exploring the
role of ionic dyshomeostasis in the AD etiopathogenesis,
including Ca®>* and Na" dysregulation, many issues remain to
be elucidated.

The involvement of the Na*/Ca®" exchanger (NCX) in AD has
been proposed in different studies (Colvin et al., 1991 and, 1994;
Sokolow et al., 2011; Pannaccione et al., 2012; Pannaccione et al.,
2020). Indeed, as a crucial regulator of intracellular Na* and Ca**
concentrations, NCX displays a neuroprotective role in many
pathophysiological conditions affecting the central nervous
system, thus emerging as a key target in neurodegeneration
(Gomez-Villafuertes et al., 2007; Annunziato et al., 2020;
Pannaccione et al., 2020). Although mainly considered as a
Ca®" extrusion mechanism, NCX works in fact in a
bidirectional manner by mediating the Ca** influx along with
the Na* efflux (reverse mode) or, vice versa, the Ca>" efflux and
Na" influx (forward mode) (Blaustein and Lederer, 1999). Of
note, the proximity of NCX to different types of Na* channels,
including the voltage-gated sodium (Nay) channels, may render
the exchanger an important source for Ca** influx (Poburko et al.,
2007; Gershome et al., 2010).

Different reports have provided evidence about a
neuroprotective role of NCX in the AD pathogenesis (Colvin
etal., 1991 and, 1994; Pannaccione et al., 2012; Pannaccione et al.,
2020). First, the increase of the NCX activity observed in
surviving neurons in AD brain areas affected by
neurodegeneration suggested that the exchanger could
participate in the survival mechanisms occurring in AD
neurons (Colvin et al, 1991). On the other hand, the
modulation of the expression pattern of the three NCX
isoforms, NCX1-3, was observed in AD brain tissues, with a
marked loss of NCX3 in the parietal cortex of AD patients and in
the synaptosomes from AD-affected brains (Sokolow et al., 2011).
In agreement, we demonstrated that the upregulation of the
NCX3 activity in primary hippocampal neurons exposed to
Ap;_4, oligomers was involved in neuronal survival in the
early phase of AP;_4, injury (Pannaccione et al, 2012). In

contrast, NCX3 dysfunction in the late phase of AP; 4
exposure determined neuronal death via endoplasmic
reticulum (ER) stress and caspase-12 activation (Pannaccione
etal,, 2012). Intriguingly, a genome wide association study for the
age at onset of AD identified SLC8A3, the gene encoding for
NCX3, as a candidate gene for AD since its rare variants were
shown to affect the age at onset of the disease (Saad et al., 2015).

Notably, we have recently reported that the expression and
activity of the Nay1.6 channel subunit were upregulated in both
primary hippocampal neurons exposed to exogenous Af; 4,
oligomers and those from Tg2576 mice, a well-known
transgenic model of AD (Ciccone et al, 2019). Nayl.6
channels, which are densely clustered at the axon initial
segment (AIS) and at the nodes of Ranvier of myelinated
axons, play a crucial role in the initiation and propagation of
action potentials in excitable cells (Royeck et al., 2008; Akin et al.,
2015; Solé and Tamkun, 2020). In line with several studies, our
results showed that Nay1.6 channels were largely expressed not
only at the AIS but also as somatic nanoclusters and that their
expression was significantly increased in the soma and neurites of
Tg2576 hippocampal neurons, hence determining their
hyperexcitability (Akin et al., 2016; Sikora et al., 2017; Ciccone
et al,, 2019). Several studies have suggested that Nay channels
might collaborate with NCX to constitute a linkage between the
Na* and Ca®" fluxes across the plasma membrane (Pappalardo
et al., 2014; Radwanski et al., 2016; Veeraraghavan et al., 2017;
Torres, 2021). However, whether such cooperation may intervene
in the neuronal Na* and Ca** regulation in AD has not been
explored yet.

Based on these considerations, the purpose of the present
study has been to investigate by means of electrophysiological
studies any possible changes in the NCX activity in primary
hippocampal neurons from the Tg2576 mouse, a transgenic
model overproducing the AB;_4, peptide. In addition, we have
also assessed, through pharmacological and siRNA approaches,
the possible involvement of a specific NCX isoform and
explored the functional interaction between NCX and the
Nay1.6 channel.

MATERIALS AND METHODS

Animals

All the animals were handled according to the International
Guidelines for Animal Research and the experimental
protocols were approved by the Animal Care and Use
Committee of the “Federico II” University of Naples. The
heterozygous male Tg2576 mice and Wild Type (WT) females
were purchased from a commercial source [B6; SJLTg(APPSWE)
2576Kha, model 1349, Taconic, Hudson, NY].
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PCR Analysis

The genomic DNA from embryonic brain tissues was isolated by
salt precipitation. Briefly, embryonic brain tissues were harvested
during cerebral dissection and then thawed and homogenized
with the TRI-reagent (SigmaAldrich, Milan, Italy). After adding
one volume of chloroform to each sample, the DNA was
precipitated with 100% ethanol and centrifuged at 4°C for
5min at 16,000 x g. The DNA pellet was dried at room
temperature and then re-suspended in Tris-EDTA buffer. The
following primers were used to amplify the DNA region with the
human APP Swedish mutation on both types of genomic DNA:
5'-CTGACCACTCGACCAGGTTCTGGGT-3' and 5'GTGGAT
AACCCCTCCCCC AGCCTAGACCA-3' (Eurofins Genomics,
Ebersberg, Germany). The DNA was amplified as previously
described (Ciccone et al., 2019) to detect the transgenic genotype.

Primary Hippocampal Neurons

Primary neuronal cultures were prepared from the hippocampi of
embryonic day 15 WT and Tg2576 mise as described by Ciccone
etal. (2019). The cells were plated on 35 mm culture dishes coated
with poly(p)-lysine hydrobromide Molecular Weight >300,000
(Sigma Aldrich, Milan, Italy), or onto 25 mm glass coverslips
(Glaswarenfabrik Karl Hecht KG, Sondheim, Germany), coated
with 100 ug/ml poly(p)-lysine hydrobromide Molecular Weight
30,000-70,000 (Sigma Aldrich, Milan, Italy), at a density of one
embryo hippocampus/1 ml 10 uM of cytosine
B-p-arabinofuranoside (Sigma Aldrich, Milan, Italy) were
added 3 days after plating to inhibit non-neuronal cell growth.
The neurons were cultured at 37°C in a humidified 5% CO,
atmosphere. The experiments were performed not earlier than
8 days in vitro (DIV).

Electrophysiological Recordings: NCX and

Na* Currents

The NCX and Na' currents (Incx; Ina respectively) were
recorded in primary hippocampal neurons from the Tg2576
and WT mice by means of the patch-clamp technique in a
whole-cell configuration using the commercially available
amplifier Axopatch 200B and the Digidata 1322 A interface
(Molecular Devices) as previously described (Molinaro et al.,
2008; Pannccione et al., 2012; Secondo et al., 2015; Ciccone
et al.,, 2019). The data were acquired and analyzed using the
pClamp software (version 9.0, Molecular Devices). The Iycx
were recorded starting from a —~60 mV holding potential up to
a short-step depolarization at +60 mV as previously described
(Molinaro et al., 2008; Pannccione et al., 2012). In particular,
reverse mode of NCX is represented in rising portion of the
ramp ranging from 0 mV to +60 mV and measured at the end
of +60 mV whereas Forward mode is represented in the
descending portion of the ramp (from —120 to -0 mV) and
measured at the end of —120 mV.The Iycx, sensitive to Ni**,
were isolated by subtracting the Ni**-insensitive components
from the total currents (Incx = Itor-INiResistent). The
tetrodotoxin (TTX)-sensitive Iy, were recorded using low
resistance electrodes (1.4-2.3 MQ), sampled at a rate of
100 kHz and filtered at 5kHz. The neurons were held at

NCX3/NaV1.6 Coupling Promotes ER-Ca2™ Refilling

-120mV and stepped to a range of potentials (-100 to
+30mV in 10mV increments) as reported previously
(Secondo et al.,, 2015; Ciccone et al.,, 2019). The neurons
were perfused with external Ringer’s solution containing the
following (in mM): 126 NaCl, 1.2 NaHPOy, 2.4 KCl, 2.4 CaCl,,
1.2 MgCl,, 10 glucose, and 18 NaHCO;, pH7.4.
Tetraethylammonium (TEA) and nimodipine (20 mM and
10 uM, respectively) were added to the external solution in
order to block the potassium and calcium currents. The
pipettes were filled with 100 K-gluconate, 10 TEA, 20 NaCl,
1 Mg-ATP, 0.1 CaCl,, 2 MgCl,, 0.75 EGTA, and 10 HEPES,
adjusted to pH 7.2 with Cs(OH),. Any possible changes in cell
size were calculated by monitoring the capacitance of each cell
membrane, which is directly related to the membrane surface
area, and by expressing the current amplitude data as current
densities (pA/pF). The capacitive currents were estimated
from the decay of the capacitive transient induced by 5mV
depolarizing pulses from a holding potential of -80 mV and
acquired at a sampling rate of 50 kHz. The capacitance of the
membrane was calculated according to the following equation:
Cm = tcelo/AEm(1-Ico/Io), where Cm is the membrane
capacitance, Tc is the time constant of the membrane
capacitance, Io is the maximum capacitance current value,
AEm is the amplitude of the voltage step, and Ioco is the
amplitude of the steady-state current (Pannaccione et al,
2012).

[Ca®']; Measurement

Hippocampal neurons were incubated with 10 uM Fura-2 AM
for 30 min at 37°C in normal Krebs solution containing
5.5mM KCI, 160 mM NaCl, 1.2 mM MgCl,, 1.5 mM CaCl,,
10 mM glucose, and 10 mM HEPES-NaOH (pH 7.4). At the
end of the loading period, coverslips were placed into a
perfusion chamber (Medical System Co., Greenvale, NY,
United States), mounted onto the stage of an inverted Zeiss
Axiovert 200 microscope (Carl Zeiss, Milan, Italy), equipped
with a FLUAR 40X oil objective lens. The experiments were
carried out with a digital imaging system composed of a
MicroMax 512BFT cooled CCD camera (Princeton
Instruments), LAMBDA10-2 filter wheeler (Sutter
Instruments), and Meta-Morph/MetaFluor Imaging System
software (Universal Imaging). Primary neurons
alternatively illuminated at wavelengths of 340 and 380 nm
by a Xenon lamp. The emitted light was passed through a
512nm barrier filter. Fura-2 fluorescence intensity was
measured every 3s. Fura-2 ratiometric values were
automatically converted by MetaMorph/MetaFluor Imaging
System software (Universal Imaging) to cytosolic Ca*" levels,
by using a preloaded calibration curve obtained in preliminary
experiments, as previously described (Grynkiewicz et al,
1985).

To elicit ER Ca®" release in neurons, ATP (100 puM) and the
irreversible inhibitor of sarco-endoplasmic reticulum Ca**
ATPase (SERCA) pump thapsigargin (1 uM) were added in a
Ca®"-free solution (containing 5.5mM KCl, 160 mM NaCl,
1.2mM MgCl,, 10mM glucose, and 10 mM HEPES-NaOH,
pH 7.4), as indicated by the bar of Figure 3. Specifically, ATP

were
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was able to trigger a rapid ER Ca®" release by activating its
plasmalemmal purinergic receptors coupled to Ggq, while
thapsigargin, by blocking SERCA, inhibits tonic refilling into
ER and determines a progressive and slow ER Ca" release. The
use of both tools allows to recruit all components of ER Ca>* store
(Caputo et al.,, 2012; Criscuolo et al., 2019; Secondo et al., 2019;
Tedeschi et al., 2019; Tedeschi et al., 2021).

Western Blotting

Total lysates for the immunoblotting analyses were obtained as
follows: the primary hippocampal neurons were washed in
phosphate buffered saline (PBS) and collected by gentle
scraping in ice-cold RIPA buffer containing (in mM) 50 Tris
pH 7.4, 100 NaCl, 1 EGTA, 1 PMSF, 1 sodium orthovanadate, 1
NaF, 0.5% NP-40, and 0.2% SDS supplemented with protease
inhibitor cocktail II (Roche Diagnostic, Monza, Italy). The
nitrocellulose membranes were incubated with the following
antibodies: rabbit-polyclonal anti-NCX3, anti-NCXI1, anti-
NCX2 (1:1,000, Alomone Labs, Israel) and anti-p-actin

peroxidase (1:10,000, Sigma-Aldrich, Milan, Italy). The
immunoreactive bands were detected with
thechemiluminescence system (Amersham-Pharmacia-

Biosciences, UK). The films were developed with a standard
photographic procedure and the quantitative analysis of the
bands detected was carried out by densitometric scanning.

Confocal Immunofluorescence Analysis
The confocal immunofluorescence procedures in neuronal
cultures were performed as previously described (Boscia et al.,
2017; de Rosa et al., 2019). The cell cultures were fixed in 4% wt/
vol paraformaldehyde in phosphate buffer for 30 min. After
blocking with 3% BSA, the cells were incubated with
monoclonal anti-NCX3 (1:1,000, Trans Genic Inc., Japan) and
rabbit policlonal anti-Nay1.6 (1:1,000, Alomone Labs, Israel).
Next, the cells were incubated with Alexa594-conjugated anti-
mouse IgGs and biotinylated anti-rabbit antibodies. NCX3 was
detected by using the tyramide signal amplification (TSA)
fluorescein system (Perkin-Elmer, Life Sciences). Hoechst
33258 was used to stain the nuclei. The images were observed
using a Zeiss LSM 700 laser (Carl Zeiss) scanning confocal
microscope. The single images were taken with an optical
thickness of 0.7um and a resolution of 1024 x 1024. The
NCX3 and Nayl.6 fluorescence intensities were quantified in
terms of pixel intensity by using the NIH image software, as
previously described (Boscia et al., 2012). Briefly, digital images
were taken with 63x objective and identical laser power settings
and exposure times were applied to all the photographs from each
experimental set. The co-localization between NCX3 and Nay1.6
was analysed by line profiling the Cy3 (red) and FITC (green)
fluorescence intensities using the ZEN lite software (Carl Zeiss)
(Cammarota et al.,2021).

Statistical Analysis

GraphPad Prism 6.02 was used for the statistical analyses
(GraphPad Software, La Jolla, CA). Thedata are expressed as
the mean + SEM. of the values obtained from individual
experiments. The statistical comparisons between the groups

NCX3/NaV1.6 Coupling Promotes ER-Ca2™ Refilling

were performed by means of the Student’s t-test or one-way
analysis of variance (ANOVA) followed by the Bonferroni post
hoc test or Newman-Keuls’ test. p < 0.05 was considered
significant.

RESULTS

The Activity of NCX Is Significantly
Upregulated in the Reverse Mode of
Operation in the Tg2576 Hippocampal

Neurons

First, we examined any possible changes of the NCX activity in
the Tg2576 hippocampal neurons. We assessed the Iycx in the
forward and reverse modes of operation by patch-clamp
experiments in a whole-cell configuration in both the WT and
Tg2576 cultured hippocampal neurons after 8, 12, and 15 DIV.
Electrophysiological recordings showed that the NCX activity was
significantly modulated in a time-dependent manner only in the
reverse mode of operation in the Tg2576 hippocampal neurons,
while the forward mode was not affected (Figures 1A,B). In
particular, the Incx in theTg2576 neurons were increased at 8, 12,
and 15 DIV in comparison with those recorded in the WT
neurons at the same DIV, with a marked peak at 12 DIV
(Figure 1A,B).

NCX3 Silencing or Pharmacological
Inhibition Prevents the Upregulation of the
Incx in the Tg2576 Hippocampal Neurons

Patch-clamp experiments revealed that the silencing of NCX3
(siNCX3) prevented the upregulation of the Iycx in the reverse
mode in the Tg2576 hippocampal neurons (Figures 2A,B). Of
note, the siRNA directed against NCX3 did not modify the
expression of the other two NCX isoforms, NCX1 and NCX2
(Figure 2C). Moreover, the specific contribution of NCX3 to
the Incx upregulation in the reverse mode was further
confirmed by blocking the exchanger with the 2-{2-[4-(4-
nitrobenzyloxy) phenyl]ethyl}isothiourea mesylate (KB-
R7943). Of note, KB-R7943 was demonstrated to be three-
fold more inhibitory to NCX3 than to NCX1 and NCX2, with
ICs values of 4.9 + 0.4 pM and 4.1 + 0.3 uM for NCX1 and
NCX2, respectively, and of 1.5 + 0.1 uM for NCX3 (Iwamoto
and Shigekawa, 1998). Additionally, KB-R7943 at low
concentrations inhibits the NCX3 activity preferentially in
the reverse mode (ICso = 1.1 + 3.4 uM for the reverse mode
and ICsy > 30uM for the forward mode) (Iwamoto and
Shigekawa, 1998; Watano et al., 1996; Annunziato et al.,
2004). In particular, preliminary concentration/response
experiments revealed that 0.5uMkB-R7943 was the
minimum concentration able to significantly inhibit NCX3
without interfering with NCX1 and NCX2 isoforms.
Importantly, electrophysiological recordings showed that in
the presence of KB-R7943 at the concentration of 0.5 uM, the
upregulation of the Incx in the reverse mode in the Tg2576
hippocampal neurons was completely prevented, with the
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FIGURE 1| Iycx in WT and Tg2576 primary hippocampal neurons. (A) Representative superimposed traces of Iycy in the reverse and forward modes of operation
recorded in WT (black trace) and Tg2576 (gray trace) primary hippocampal neurons at 12 DIV. (B) Quantification of Iycx in the reverse and forward modes of operation
recorded in WT and Tg2576 primary hippocampal neurons at 8, 12, and 15 DIV, expressed as percentage of increase in comparison to WT. Values are expressed as
mean + SEM of 3 independent experimental sessions. Statistical comparisons between groups were performed by one-way ANOVA followed by Newman-Keuls’
test. (p < 0.05 vs. WT). The number of cells used for each experimental condition is noted on the bars.

return of the Iycx to levels similar to those of the WT neurons
(Figures 2D,E). Interestingly, as previously observed in
hippocampal neurons exposed to AP;4, oligomers
(Pannaccione et al.,, 2012), Western blot analyses revealed
that the Tg2576 neurons displayed an upregulation of the
NCX3 truncated band migrating at around 65kDa in
comparison with the WT neurons (Figures 2F,G).

The Enhancement of the NCX3 Activity in
the Reverse Mode Participates to the Filling
State of ER but Not to the Maintenance of
Cytosolic Ca?* Levels in the Tg2576
Hippocampal Neurons

To study the intracellular Ca®" homeostasis and the putative
relationship between NCX3 and the ER Ca®* content in the
Tg2576 hippocampal neurons, we performed Ca** imaging
analyses with the fluorescent Ca** indicator Fura-2AM. The
[Ca®*]; in the Tg2576 hippocampal neurons did not differ from
that measured in the WT neurons (Figures 3A,B) unlike the ER

Ca”" levels (Figures 3A,C). Indeed, the exposure to ATP plus the
SERCA inhibitor thapsigargin, both triggering an ER Ca’" release,
determined a significantly higher increase in [Ca®*]; and in the area
under the curve (AUC) value in the Tg2576 hippocampal neurons
compared with those in the WT neurons (Figures 3A,D).

In particular, we measured a significant difference between
WT and Tg2576 when ATP plus thapsigargin was added to 0 mM
extracellular Ca®", showing that the simultaneous activation of
NCX reverse mode is not necessary to measure changes in ER
Ca®" levels. This suggested that the addition of ATP and
thapsigargin may unmask a tonic and stable ER Ca®*
dysfunction in Tg2576 neurons. Moreover, to study the
putative contribution of NCX3 isoform to the filling state of
ER Ca®* stores, basal and ER Ca** levels were measured in the
absence or presence of the well known NCX inhibitor KB-R7943.
Specifically, KB-R7943 was preincubated for 20 min in a Ca®'-
containing solution at the final concentration of 0.5uM,
selectively inhibiting the NCX3 reverse activity. Under these
conditions, it significantly reduced the amount of Ca®*
released from the ER both in the WT hippocampal neurons and
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FIGURE 2 | Effect of NCX3 silencing or inhibition by KB-R7943 in WT and Tg2576 primary hippocampal neurons. (A) Representative superimposed traces of Inex
in the reverse and forward modes of operation recorded in WT and WT plus siNCX3 (black traces), Tg2576 and Tg2576 plus siNCX3 (grey traces) primary hippocampal
neurons at 12 DIV. (B) Quantification of Incx in the reverse mode of operation represented in A, expressed as percentage of variation in comparison to WT. Values are
expressed as mean + SEM of 3 independent experimental sessions. (C) Representative Western blotting experiments and relative quantifications showing the
effect of NCX3 silencing (sSINCX3) on NCX3, NCX1, and NCX2 protein expression in primary hippocampal neurons (D) Representative superimposed traces of Iycx in the
reverse and forward modes of operation recorded from WT and WT plus 0.5 uM kB-R7943 (black traces), Tg2576 and Tg2576 plus 0.5 pM kB-R7943 (grey traces)
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FIGURE 2 | primary hippocampal neurons at 12 DIV. (E) Quantification of Incx in the reverse mode of operation represented in D, expressed as percentage of variation in
comparison to WT. Values are expressed as mean + SEM of 3 independent experimental sessions. The number of cells used for each experimental condition is noted on
the bars. (F, G) Representative Western blot of NCX3 protein expression and densitometric quantification of NCX3 truncated band in WT and Tg2576 primary
hippocampal neurons at 12 DIV, represented as percentage of WT. Values are expressed as mean + SEM of 3 independent experimental sessions. Statistical
comparisons between groups were performed by one-way ANOVA followed by Newman-Keuls’ test. (o < 0.05 vs. WT; **p < 0.05 vs. Tg2576 mice).
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FIGURE 3| Effect of NCX3 inhibition by KB-R7943 on ER Ca?* content in WT and Tg2576 primary hippocampal neurons. (A) Representative superimposed traces

of [Ca2*]; measured in WT (black trace, N = 36) and Tg2576 (grey trace, N = 34) primary hippocampal neurons at 12 DIV, representative images in panel (A). (B)
Quantification of basal values of [Ca®*],in WT (N = 36) and Tg2576 primary hippocampal neurons at 12 DIV (N = 34). (C) ER Ca®* content quantified as [Ca®*]; increase
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[Ca?*}; calculated for (A). (E) Quantification of ER Ca®* content in WT and Tg2576 primary hippocampal neurons at 12 DIV treated with KB-R7943 at 0.5 uM. Values are
represented as percentage of respective controls, expressed as mean + SEM of 3 independent experimental sessions. Statistical comparisons between groups were
performed by one-way ANOVA followed by Newman-Keuls’ test. ("p < 0.05 vs. WT; *p < 0.05 vs. Tg2576 mice).
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FIGURE 4 | Na,1.6 (left) and NCX3 (right) fluorescence intensities in WT and Tg2576 neurons at 12 DIV. The data are expressed in arbitrary units (o < 0.05 vs. WT). (D)
Confocal microscopic images displaying the distribution of Nay 1.6 (red) and NCX3 (green) immunoreactivities in WT and Tg2576 primary hippocampal neurons at 12 DIV. Arrows in
a—f point to Nay1.6 and NCX3 immunoreactivities along the somatic plasma membrane of both WT and Tg2576 neurons. Panels g and h show higher magnification images of the
frame depicted in ¢ and f, respectively. Nuclei were counterstained with DAPI (blue) (scale bars: in a—f: 10 pm; in gand h: 2 um). Panels i and j show the line profiling of Nay1.6 (red)
and NCX3 (green) fluorescence intensities along the line selected on the somatic plasma membrane of both WT (c) and Tg2576 (f) hippocampal neurons.

in the Tg2576 neurons (Figure 3E). However, this effect was
significantly greater in the Tg2576 neurons than in the WT
neurons (Figure 3E).

The Functional Coupling Between Nay1.6
Channels and NCX3 Exchangers Underlies
the Increased Reverse Activity of NCX3 in
theTg2576 Hippocampal Neurons

We previously showed that the expression and activity of Nay1.6
channels were time-dependently upregulated in the Tg2576
hippocampal neurons, with a maximum increase at 12 DIV
(Ciccone et al, 2019). To explore whether the neuronal NCX3
and Nay1.6 functions might be coupled, we first investigated the co-
expression of NCX3 and Nay 1.6 in the 12 DIV Tg2576 hippocampal
neurons. In line with our previous observations (Ciccone et al.,
2019), quantitative immunofluorescence analyses showed that the
Nayl.6 immunofluorescence significantly increased intracellularly
and along the plasma membrane of both the soma and neurites of
the 12 DIV Tg2576 hippocampal neurons compared with the WT
cultures (Figures 4A-C). Although the global immunofluorescence
signal of NCX3 remained unaltered in the Tg2576 neurons
compared to the WT, a clustered co-expression of the
upregulated Nay1.6 channels with NCX3 was clearly detected
along several plasma membrane and cytosolic domains of both
the soma and neurites of the Tg2576 neurons (Figures 4A-C).

Next, to test the hypothesis that the reversal of the NCX3 activity
was driven by the increased Na" inward currents mediated by the
Nay1.6 channels, we measured both the Iy, and Incx in the presence
of the sodium channel blocker TTX added to the extracellular
recording solution, or after the treatment with anisomycin, a
Streptomyces griseolus antibiotic that, by promoting p38 mitogen-
activated protein (MAP) kinase activation, induces the selective
endocytosis of Nayl.6 and, subsequently, the reduction of the
Nay1.6-mediated currents (Wittmack et al., 2005; Gasser et al.,
2010; Ciccone et al., 2019). We observed that the Iy, recorded in
the presence of TTX or after the treatment with anisomycin were
significantly reduced in both the WT and Tg2576 hippocampal
neurons (Figures 5A,B). Moreover, both the pharmacological tools,
TTX and anisomycin, were able to counteract the increase of the
Incx in the reverse mode of operation not only in the Tg2576
hippocampal neurons but also in the WT neurons, despite the extent
of the Incx reduction was greater in the Tg2576 neurons than in the
WT neurons (Figures 5C,D).

DISCUSSION

The impact of the modulation of NCX on neuronal survival in
AD has been investigated in several studies. Notably, a recent

genome-wide association study by Saad and co-workers identified
SLC8A3, the gene encoding for NCX3, among different genes in
which multiple rare variations were associated with the age of
onset of AD, thus proposing the exchanger as a possible
molecular factor determining the timing of the onset of the
disorder (Saad et al, 2015). However, although different
reports have suggested a neuroprotective role of NCX in
different experimental models of AD, further efforts should be
made to characterize the involvement of the exchanger in the
onset of AD. Many studies have demonstrated that the failure of
the machinery regulating Ca** homeostasis is a crucial event in
the AD etiopathogenesis (Berridge, 2010). Of note, disturbances
in Ca®* homeostasis were demonstrated to occur before the
development of overt AD symptoms (Etcheberrigaray et al.,
1998). This evidence suggested that the alteration of the
systems regulating [Ca®*]; may be an upstream event in the
AD pathogenesis, inducing the early changes in learning and
memory functions. In the present study, we have therefore moved
to assess any possible modulation of the NCX activity and its
impact on the [Ca']; in primary hippocampal neurons from the
Tg2576 mouse, an in vitro model of AD. Primary cultures from
the Tg2576 mouse, which carries the APPgyg double mutation of
the amyloid precursor protein, accumulate AP;_4, over time in
culture, thus recapitulating some of the main features of the Ap-
induced neurodegeneration (Takahashi et al., 2004; Almeida
et al., 2005; Takahashi et al., 2013).

Interestingly, we observed that the Iycx were increased in the
reverse, Ca®* influx mode, while the forward mode was not
affected. The enhancement of the Iycx appeared to be
mediated by a specific NCX isoform, NCX3, since both the
silencing of NCX3 and the treatment with the isoform-
selective inhibitor KB-R7943 significantly reduced the reverse
Incx in the Tg2576 neurons. Interestingly, the upregulation of the
NCX3 currents in the Tg2576 hippocampal neurons was time-
dependent, with a maximum increase at 12 DIV. In agreement, a
previous in vitro study by our group had demonstrated that
NCX3 was modulated after the exposure of primary hippocampal
neurons to synthetic AB;_4, oligomers, thus strongly implicating
NCX3 in the neuronal responses to AP;_4, injury (Pannaccione
etal, 2012). Of note, the upregulation of the activity of NCX3 was
associated with an increased formation of its truncated isoform,
which was demonstrated to be hyperfunctional (Pannaccione
et al, 2012). In line with this finding, we observed that the
maximum increase of the activity of NCX3 was concomitant
with the over-expression of its truncated isoform also in the
Tg2576 hippocampal neurons, as Western blot analyses revealed
a marked increase of the NCX3 band migrating at around 65 kDa
in the 12 DIV Tg2576 neuronal lysates in comparison with the
WT lysates. Interestingly, different truncated isoforms of NCX3,
as well as of NCXI, corresponding to any splicing variants or
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FIGURE 5 | Effect of TTX and anisomycin on Iyg and Incx in WT and
Tg2576 primary hippocampal neurons. (A) Representative traces of Ina
recorded in control conditions and in the presence of TTX or anisomycin pre-
treatment in WT (black traces) and Tg2576 (grey traces) primary
hippocampal neurons at 12 DIV. (B) Quantification of In, represented in A,
expressed as percentage of WT in control conditions. Values are expressed as
mean + SEM of 3 independent experimental sessions. (C) Representative
superimposed traces of Iycx in the reverse and forward modes of operation
recorded in control conditions and in the presence of TTX or anisomycin pre-
treatment in WT (top) and Tg2576 (bottom) primary hippocampal neurons at
12 DIV. (D) Quantification of Incx in the reverse mode of operation represented
in C, expressed as percentage of WT in control conditions. Values are
expressed as mean + SEM of 3 independent experimental sessions. Statistical
comparisons between groups were performed by one-way ANOVA followed
by Newman-Keuls’ test (p < 0.05 vs. WT; **p < 0.05 vs. Tg2576 mice). The
number of cells used for each experimental condition is noted on the bars.
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cleavage products, have been found in the brain by different
research groups and have been demonstrated to be functional or
even hyper-functional, probably due to the loss of regulatory
domains (Gabellini et al., 1996; Van Eylen et al., 2001; Lindgren
et al., 2005; Michel et al., 2015; Michel et al., 2016). Of note, our
group, and others, have shown that the cleavage of NCX3 by
calpains could be a form of post-translational regulation
providing a hyperactive NCX3 isoform by increasing, in
particular, the reverse mode capacity of the exchanger
(Pannaccione et al, 2012; Michel et al, 2016; Cammarota
et al., 2021).

Ca®" entry following NCX reversal has been implicated in a
variety of pathophysiological conditions (Czyz and Kiedrowski,
2002; Floyd et al., 2005; Andrikopoulos et al., 2015; Gerkau et al.,
2017; Brazhe et al., 2018; Secondo et al., 2020). In particular, the
Ca’" signalling mediated by reverse NCX has been shown to
contribute to the astrocytic response to mechanical injury as well
as to oligodendrocyte differentiation and myelin synthesis (Floyd
etal., 2005; Boscia et al., 2012; Pappalardo et al., 2014; Hammann
et al., 2018; Boscia et al., 2020). We also demonstrated in a
previous study that the activation of the reverse mode of NCX1
induced by increased Nay-mediated currents played a
fundamental role in Akt signalling and neuronal
differentiation (Secondo et al, 2015). In the present study we
show that the Ca®* influx mediated by NCX3 working in the
reverse mode significantly increased the amount of Ca** ions in
the ER, a mechanism that has been demonstrated to be crucial for
neuroprotection (Sirabella et al., 2009; Pannaccione et al., 2012;
Sisalli et al., 2014).

In order to refill the ER Ca** store, a privileged pathway may
occur between NCX working in the reverse mode and SERCA
(Fameli et al., 2007; van Breemen et al., 2013). Furthermore, the
tonic Ca”* signal elicited by the application of thapsigargin in a
calcium-free medium may suggest that SERCA is the main pump
clearing cytosolic Ca®" in hippocampal neurons. On the other
hand, in Tg2576 neurons a significant alteration of the Ca®"
clearing mechanisms has been already reported (Lee et al., 2012).
Among these mechanisms, the impairment of mitochondrial
Ca®" uptake, associated with increased mitochondrial reactive
oxygen species and depolarization of mitochondrial membrane
potential, may play an important role. Of note, the dysfunctional
ER Ca®" content was associated to the abnormal NCX3 reverse
mode activity in Tg2576 neurons. In particular, our [Ca®'];
measurements through Fura-2 AM fluorescence did not reveal
any significant change in the cytosolic Ca®" levels in the Tg2576
neurons compared with the WT neurons. In contrast, we
observed a marked enhancement of the ER Ca®* content in
the transgenic neurons compared with the WT neurons, thus
identifying the organellar Ca** dyshomeostasis as a putative
biomarker of the AD pathology. Importantly, the inhibition of
NCX3 through KB-R7943 significantly reduced the ER Ca®*
levels in the Tg2576 hippocampal neurons, hence showing
that the increased Ca®* influx through reverse NCX3
contributed to enhance the Ca** refilling into the ER of these
neurons. On the other hand, the reduction of the ER Ca** content
induced by KB-R7943 in the WT neurons indicated that NCX3
plays a key role in the ER Ca®" replenishment in hippocampal
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neurons also in physiological conditions. These results are in line
with several studies showing that NCX is located at the plasma
membrane next to the junctional ER in numerous cell types
(Blaustein et al., 2002; Lencesova et al., 2004; Fameli et al., 2007;
Di Giuro et al.,, 2017), where it participates in ER Ca®" handling.
In agreement, many experimental data reported thus far have
supported the concept that the entire NCX family is involved in
the regulation of Ca®" levels in the ER and in the sarcoplasmic
reticulum (SR) by working in its reverse modality (Hirota et al.,
2007; Lemos et al., 2007; Sirabella et al., 2009; Di Giuro et al.,
2017). In particular, NCX has been recognized as an important
mediator of Ca®" influx in vascular smooth muscle cells (Poburko
etal, 2007; Lee et al., 2012; Fameli et al., 2007; van Breemen et al.,
2013), where its spatial and functional linkage to the SERCA
pump allows the SR Ca** refilling that sustains [Ca®*); oscillations
underlying smooth muscle contraction (Fameli et al., 2007; van
Breemen et al., 2013). Moreover, it has been demonstrated that
NCX is functionally coupled with the transient receptor channel
protein 6 (TRPC6) at specialized SR/ER-plasma membrane
junctions, where it mediates Ca** influx and hence regulates
SR Ca®* content following the localized intracellular Na*
concentration elevations mediated by TRPC6 (Poburko et al,
2007).

While in muscle cells the SR-mediated Ca>" signalling is essential
for excitation-contraction coupling, in central neurons the ER
represents a dynamic Ca** reservoir indispensable for neuronal
signalling. Moreover, as it constitutes the location of protein
synthesis and post-translational folding, the ER may be also
considered a regulator of cell fate. Indeed, any alteration of ER
Ca”" homeostasis, including severe changes in luminal Ca*" levels,
may trigger the unfolded protein response and ER stress, thus turning
the ER in a potential source of cell death signals (Morishima et al,
2002; Verkhratsky and Petersen, 2002; Verkhratsky, 2004; 2005).
Such a mechanism has been reported in a variety of AD models and is
currently considered a crucial aspect of the AD pathogenesis
(Verkhratsky and Toescu, 2003; Alberdi et al., 2013; Pannaccione
et al,, 2020; Salminen et al., 2020; Uddin et al,, 2020). Indeed, AP
oligomers may affect ER Ca®* homeostasis by inducing an
exaggerated Ca™* release or interacting with ER-residing Ca**
regulators such as ryanodine and inositol triphosphate receptors
(Ferreiro et al., 2004; Costa et al,, 2012; Alberdi et al.,, 2013; Wang
and Zheng, 2019; Pannaccione et al., 2020). ER Ca** dyshomeostasis,
in turn, may exert detrimental effects on neuronal function and
survival and, likewise damaging, may favour the APP amyloidogenic
processing and subsequent AP accumulation hence triggering a
vicious circle (Paschen, 2001).

In this context, the NCX-mediated Ca*" refilling into the ER,
counteracting the reduction of the ER Ca*" levels and preventing the
ER stress cascade, may be determinant for neuronal survival. Of
note, previous works have demonstrated that the ER Ca”* refilling
mediated by NCX, in particular the isoform 1, represents a protective
mechanism helping cortical neurons to survive anoxic conditions
(Sirabella et al., 2009; Sisalli et al.,, 2014). More importantly, our
previous study on primary hippocampal neurons exposed to
exogenous AP, 4, oligomers demonstrated that the increased
reverse activity of NCX3 in the early phase contributed to a Ca**
refilling into the ER, thus preventing an ER Ca®" content reduction,

NCX3/NaV1.6 Coupling Promotes ER-Ca2* Refiling

ER stress activation and apoptotic cell death. Remarkably, the
silencing or the knocking-out of the NCX3 gene prevented the
enhancement of both the Iycx and Ca** content in the ER stores
and, in turn, activated caspase-12 (Pannaccione et al, 2012).
Likewise, NCX3 loss in a late phase of AP exposure induced the
activation of caspase-12 and the subsequent apoptotic cell death
(Pannaccione et al., 2012). Interestingly, while NCX3 upregulation
abruptly ceased in the late phase of a single exposure to exogenous
AP;_4, oligomers, we did not observe any reduction of the Iycx in
the Tg2576 neurons over time in culture. This result could be
explained by the fact that Tg2576 primary neurons progressively
accumulate intracellular and extracellular A over time in culture,
with the highest AP burden observed at 19-21 DIV (Takahashi et al.,
2004; Almeida et al., 2005). Importantly, an increased NCX activity
had been already observed by Colvin and colleagues (1991) as Na*-
dependent Ca®" uptake in AD brains. In particular, an increased
NCX activity was observed in the surviving neurons of AD brain
areas suffering neurodegeneration. Although the exact mechanism
involving the NCX upregulation was not clear, the authors
concluded that NCX could have a role in the survival
mechanisms implemented by the AD-affected neurons (Colvin
et al, 1991). Based on our findings, we suggest that the
neuroprotective effect of NCX observed in the AD neurons could
be related to the ER Ca** remodelling.

We have previously shown that the Iy, carried by the Nay1.6
channels were upregulated in the Tg2576 hippocampal neurons
(Ciccone et al, 2019). Interestingly, our co-expression studies
revealed that in Tg2576 hippocampal neurons at 12 DIV, a
time point displaying the maximum NCX3 activity and the
upregulation of Nay1.6 currents (Ciccone et al., 2019), both the
Nayl.6 and NCX3 immunoreactivities clustered along several
cellular domains of both the soma and neurites, thus suggesting
their possible functional coupling. In support of this observation,
we provided evidence that the upregulation of the reverse Iycx in
the 12 DIV Tg2576 neurons was significantly reduced by inhibiting
the Nay1.6 currents. In particular, we found that the widely used
Nay channel blocker TTX, by restricting the Na" entry through the
Nay1.6 channels, was able to significantly reduce the reverse Incx
in the Tg2576 hippocampal neurons. Similarly, but to a
lesser extent, also anisomycin, which induces the selective
endocytosis of Nayl.6 and the subsequent reduction of
Nayl.6 currents on the plasma membrane (Wittmack et al,
2005; Gasser et al., 2010; Ciccone et al,, 2019), was able to
decrease the Incx in the Tg2576 hippocampal neurons.
These results suggested that the Nayl.6 over-expression and
functional upregulation were responsible for the increased
activation of the reverse mode of NCX in the Tg2576
hippocampal neurons. Of note, both TTX and anisomycin
reduced the reverse Incx also in the WT neurons, a result
suggesting that the Na" influx through Nay1.6 channels could
be one of the major Na® sources inducing NCX3 reversal in
hippocampal neurons also in physiological conditions. However,
we cannot exclude the possibility that the modulation of the NCX3
expression pattern, namely the increase of the expression of the
NCX3 truncated isoform, might contribute to enhance the reverse
Incx in the Tg2576 hippocampal neurons to further potentiate the
Ca®* uptake.
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The concept that the Nay channels may play a key role in the
interplay between the Na* and Ca** cycling by modulating the
NCX working modality has emerged from several studies. In
particular, different experimental models of multiple sclerosis,
astrogliosis and arrhythmogenesis have suggested that the Nay/
NCX  co-localization ~supports NCX reversal following
Nay-mediated Na* influx (Craner et al, 2004a; Craner et al.,
2004b; Floyd et al.,, 2005; Larbig et al., 2010; Pappalardo et al.,
2014; Radwanski et al.,, 2016; Struckman et al., 2020). Indeed,
although the rapid inactivation of Nay currents could theoretically
prevent a Na" elevation sufficiently high to induce NCX reversal,
the Nay/NCX proximity in a restricted microdomain may in fact
generate a localized Na" increase capable of activating the NCX
reverse mode. The Ca®" entry induced by NCX reversal following
the Nay-mediated Na® influx has been implicated in certain
pathological conditions such as mechanical strain injury and
in vitro astrogliosis (Floyd et al., 2005; Pappalardo et al., 2014).
Pappalardo and colleagues (2014), in particular, showed that the
[Ca®*]; fluctuations through the reverse operation of NCX
triggered by the Nayl.5 subunit contributed to the astrocytic
response to mechanical injury (Pappalardo et al, 2014).
Evidence suggesting that the Nay/NCX coupling might instead
have a detrimental impact on cell functions has been provided by
different studies focusing on axonal degeneration in multiple
sclerosis. Craner and colleagues demonstrated that the Nay1.6
channels were extensively expressed on demyelinated axons and
strongly associated with NCX in injured axonal regions (Craner
et al., 2004a; Craner et al, 2004b). Based on these results, the
authors speculated that Nayl.6 and NCX, inducing the
accumulation of intra-axonal calcium, could participate in a
cascade of deleterious events such as protease activation and
mitochondrial failure leading to axonal injury. Nevertheless, due
to the absence of functional analyses of the Nayl.6 and NCX
activity, these studies did not clarify the exact implication of the
increased Na' influx nor whether the Ca®" entering through
reverse NCX underwent a further compartmentalization in
order to trigger specific pathways. In this regard, it was shown
that the inhibition of neuronal electrical activity with TTX reduced
the number of myelinated fibers (Demerens et al., 1996) and
decreased the proliferation of oligodendrocyte precursor cells
(Barres and Raff, 1993), thus positively implicating TTX-
sensitive Na® currents and axonal electrical activity in the
myelinogenesis process.

In the present study, we have found that the Iy, mediated by
the Nayl1.6 channel not only are crucial players in neuronal
hyperexcitability (Patel et al., 2016; Wang et al., 2016; Ciccone
et al., 2019; Zybura et al., 2021), but also modulate [Ca**]; by
inducing the activation of the NCX reverse activity thus providing
a Ca®* source from the extracellular space to refill the ER Ca**
stores. This evidence sheds new light on the Nay1.6 upregulation
in AD neurons and suggests that its downstream effects may also
depend on channel sub-cellular localization as well as on Nay1.6
interacting proteins.

NCX3/NaV1.6 Coupling Promotes ER-Ca2™ Refilling

CONCLUSION

The present study has shown that NCX3 activity was upregulated in
the reverse, Ca®" influx mode in Tg2576 hippocampal neurons.
Moreover, the enhanced reverse activity of NCX3 was associated
with an increased Ca®" refilling into the ER. Notably, functional
experiments have indicated that the Nay1.6 channels, upregulated in
the Tg2576 hippocampal neurons, were responsible for the increased
activation of the NCX reverse mode, while confocal analyses have
shown that their co-localization increased in the Tg2576
hippocampal neurons in comparison with the WT.

Collectively, these data reinforce the concept that the NCX3-
mediated replenishment of the ER Ca®' stores is a crucial
mechanism intervening in neuronal homeostasis and
promoting neuronal survival under pathological conditions
such as those induced by AP, 4, oligomers. In addition, the
observation that the reverse activity of NCX3 is driven by the
Na® influx mediated by Nayl.6 channels implies a possible
functional link between Nay channels and Ca®>" homeostasis
and provides a new outcome of the Nay1.6 upregulation in
AD hippocampal neurons.
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Gastrodin (GAS) is the main bioactive ingredient of Gastrodia, a famous Chinese herbal
medicine widely used as an analgesic, but the underlying analgesic mechanism is still
unclear. In this study, we first observed the effects of GAS on the vincristine-induced
peripheral neuropathic pain by alleviating the mechanical and thermal hyperalgesia. Further
studies showed that GAS could inhibit the current density of Nay1.7 and Nay 1.8 channels
and accelerate the inactivation process of Nay1.7 and Nay1.8 channel, thereby inhibiting
the hyperexcitability of neurons. Additionally, GAS could significantly reduce the over-
expression of Nay1.7 and Nay1.8 on DRG neurons from vincristine-treated rats according
to the analysis of Western blot and immunofluorescence results. Moreover, based on the
molecular docking and molecular dynamic simulation, the binding free energies of the
constructed systems were calculated, and the binding sites of GAS on the sodium
channels (Nay1.7 and Nay,1.8) were preliminarily determined. This study has shown
that modulation of Nay1.7 and Nay,1.8 sodium channels by GAS contributing to the
alleviation of vincristine-induced peripheral neuropathic pain, thus expanding the
understanding of complex action of GAS as a neuromodulator.

Keywords: Nay1.7/Nay1.8, vincristine, neuropathic pain, molecular docking, MD simulation, gastrodin

INTRODUCTION

Cancer, characterized by uncontrolled cell proliferation and an absence of cell death, has become the
second worldwide cause of death, only exceeded by cardiovascular diseases, seriously threatening the
public health (Mattiuzzi and Lippi, 2019). In addition to surgery and radiotherapy, chemotherapy
has become the main strategy of cancer treatment (Coffeen et al., 2019), especially the metastatic
cancers, and chemotherapeutic drugs are evolving toward increasingly effective treatments.
However, chemotherapy-induced neuropathic pain (CINP) is one of the most serious adverse
events in the course of chemotherapy (van Schie et al., 2011; Old et al., 2014; Zajaczkowska et al.,
2019; Finnerup et al., 2021), and long-term CINP is associated with depression, anxiety, and
insomnia, severely impairing the quality of patients’ life and leading to the dose reduction or even
cessation of treatment (Rosenthal and Kaufman, 1974; Bir et al., 2005; Jackson et al., 2015; Jha et al.,
2021). Currently, the investigation of pathological mechanisms of CINP mainly focuses on the injury
of dorsal root ganglion (DRG) sensory neurons, including mitochondrial dysfunction (Argyriou
et al., 2013), microfilament and microtubule damage (Sittl et al,, 2012), immune-inflammatory
response (Zhang and Dougherty, 2014), and ion channels dysfunction (Aromolaran and Goldstein,
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2017), and such injury types will lead to ectopic discharges,
further contributing to CINP (Doyle and Salvemini, 2021;
Yang et al,, 2021).

DRG, located between the dorsal horn of the spinal cord and
the peripheral nerve terminals, is the cell body of primary afferent
neurons, playing a vital role in the transmission and integration of
sensory information (Ohshiro et al., 2007; Sapunar et al., 2012).
DRG and peripheral axons lack the efficient neurovascular barrier
and allow the compounds with larger molecular mass or skeleton
to simply diffuse into the interstitium, which is susceptible to the
influence of chemotherapeutic drugs and leads to the peripheral
pain (Gu and MacDermott, 1997; Kawasaki et al., 2008). In
addition, the abnormal expression of TTX-sensitive (Nay1.6
and Nay1.7) and TTX-resistant (Nay1.8 and Nay1.9) sodium
channels, mainly expressed in DRG neurons, could induce the
neuronal hyperexcitability and promoting the development of
neuropathic pain (Zimmermann et al., 2007; Ding et al., 2019;
Kingwell, 2019; Zhou et al., 2020). Among the above channel
proteins, Nayl.7 and Nay1.8 can be up-regulated under the
stimulus of some antitumor agents (such as oxaliplatin and
paclitaxel), which is the main cause of CIPN and indicated the
vital roles of Nayl.7 and Nay1.8 in the transmission of pain
signals (Argyriou et al, 2013; Zhang and Dougherty, 2014;
Vysokov et al., 2019).

Nowadays, the American Society of Clinical Oncology
recommends the combination of chemotherapeutics and anti-
epileptic (carbamazepine and lamotrigine) or antidepressant
drugs (duloxetine and amitriptyline) during chemotherapy to
alleviate the severe central side effects (ataxia, conscious
confusion), promoting the research and development of higher
effectiveness and lower toxicity of analgesic drugs (Hershman
etal, 2014; Giil et al., 2020). It’s worth mentioning that there is a
famous Chinese herb named Rhizoma Gastrodiae, widely applied
as an analgesic. Gastrodin (GAS) is the primary component of
Rhizoma Gastrodiae, which is commonly used in the treatment of
neurasthenia, vascular headache, pain symptoms caused by
radiotherapy or chemotherapy, and neuropathic pain caused
by diabetes. GAS has promising physical and chemical
properties, especially the polarity and water solubility, and
could accumulate in the peripheral nerves and quickly reach
the effective drug concentration, showing great potential in the
treatment of CINP (Sun et al., 2012; Sun et al., 2016; Xiao et al.,
20165 Qin et al., 2021). In this study, a variety of biological and
computational experimental methods have been applied to
evaluate the efficacy of GAS in the treatment of CINP, and to
explore the action mechanisms of GAS alleviating CINP from the
molecular level.

MATERIALS AND METHODS

Animals Behavioral Testing

Animal feeding and model establishing methods used in this
study complied with the International Association for the Study
of Pain Guidelines and have been approved by the Laboratory
Animal Ethical and Welfare Committee, the Center for New Drug
Safety Evaluation and Research, Hebei Medical University (NO.

Gastrodin Alleviated Peripheral Neuropathic Pain

IACUC-Hebyd AP-2020033). The behavioral measurements on
male Sprague Dawley (SD) rats (6-8 weeks) were all done in the
awake state. The SD rats weighing 180-220 g were used in this
study and were housed individually in automatically controlled
environmental conditions, namely 12 h light-dark cycle (lights on
from 08:00 to 20:00) and free access to food and water. Prior to
the experiment, the rats were placed in the above-mentioned
environment for 7 days to fully adapt, and the researchers should
observe the rats” health status every day. SD rats were randomly
divided into 3 groups based on mechanical pain threshold
(control group, model group, and GAS group) (Qiu et al,
2014; Xiao et al., 2016; Chen et al., 2017; Ye et al., 2018), the
specific operations were as follows:

Control group: rats were intraperitoneally injected with the
same volume of normal saline (vehicle) daily. Vincristine group:
the rats were intraperitoneally injected with vincristine
(Shenzhen Wanle Pharmaceutical Co., LTD.) at 9 a.m. every
day (DAY 1-7) (0.125 mg/kg, diluted in saline before injection);
then normal saline was injected into the abdominal cavity of rats
at the same time period (DAY 8-10); finally, vincristine was
injected intraperitoneally at the same time (9 a.m.) period on day
11-14. GAS group: DAY 1-7, rats received intraperitoneal
injection of vincristine (Shenzhen Wanle Pharmaceutical Co.,
LTD.) at 9 am daily (0.125 mg/kg, diluted in saline before
injection); then rats were injected with normal saline at 9 a.m.
and GAS (4-hydroxybenzyl alcohol-4-O--D-glucopyranoside,
Purity > 98%, purchased from Nanjing Daosifu Biotechnology
Co., Ltd., product batch number: 20170811s) at 16:00 p.m.
(60 mg/kg, diluted in saline before injection) from day 8 to 10
daily; finally, rats were intraperitoneally injected with vincristine
at 9 am. and GAS at 4 p.m. according to the above-mentioned
drug dosage (DAY 11-14) (Qiu et al., 2014; Xiao et al., 2016; Chen
et al., 2017; Ye et al,, 2018).

Mechanical and Thermal Hyperalgesia

The von Frey instrument was used to assess the threshold
sensitivity of mechanical stimuli in rats. The calibrated nylon
filaments (von Frey hair, Stoelting) with various bending forces
were applied to stimulate the middle plantar surface of the right
hind paw of rats. The rats were stimulated from the minimum
gram of nylon yarn and the hardness gradually increased.
When the hindlimb of the rats was quickly retracted, the
rats were considered to have a positive reaction. Hargreaves
strategy was applied to measure thermal hyperalgesia using
thermal radiation meter (Mengtai Technology). The paw
withdrawal latency of the right hind-paw in response to heat
was measured using 30% radiant intensity, and the elapsed time
was recorded.

Cell Culture and Electrophysiology

In the DRG neuron excitability recording experiment, the
neurons were selected from 32 adult male SD rats (provided
by the Experimental Animal Center of Hebei Province, People’s
Republic of China), and according to literature reports (Nie et al.,
2017; Zhang et al,, 2018), DRG neurons were selected from the
L4-L6 segment of rats. DRG ganglia were digested with
collagenase (3 mg/mL) and dispase (7.5 mg/mL) for 30 min at
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37°C, and then mechanically triturated and washed twice with
DMEM supplemented with 10% fetal calf serum, which were
further plated on poly-D-lysine-coated glass coverslips. Next, the
action potential, Nay1.8 current density, and TTX-sensitive
sodium current were recorded.

Action Potential Recording

In this part, the selected DRG neurons were derived from the
constructed rat model of vincristine and treated with different
concentrations of GAS to observe the effects of GAS on the
excitability of model neurons. Based on previous literature
reports, GAS bath solutions with concentrations of 30, 100,
and 200 uM were configured in reference to the effective GAS
concentration (about 90 uM) (Qiu et al., 2014; Nepal et al,,
2019; Qi 2019). The configured GAS bath
solution directly perfused the DRG model neurons for
10 min to observe the effect of GAS on the excitability of
the neurons.

Action potentials of dissociated rat small-diameter DRG
neurons (17-25 um) were recorded with a current clamp using
the HEKA EPC10. Pipettes (1-6 MQ) were filled with the
solution containing the following components: KCl (140 mM),
CaCl, (1 mM), MgCl, (2mM), HEPES (10 mM), EGTA
(11 mM), and the pH of the solution was adjusted to 7.4 with
NaOH. Small DRG neurons were injected with various currents
with different intensities (ranging from 0 to 500 pA with 10 pA as
the gradient) to examine the action potential. This experiment
mainly detects the action potential amplitude, threshold,
rheobase, depolarization slope (V/s), etc.

et al,

Nay1.8 Sodium Currents Recording

GAS was dissolved in bath solution containing specific
components, and then used to treat DRG neurons from
vincristine model rats for 10 min to observe the effects of GAS
on Nayl.8 channel current. The specific operations were as
follows:

The Nay1.8 current of small-diameter model DRG neurons
was recorded in whole-cell configuration by voltage-clamp. The
pipettes solution mainly consisted of CsCl (70 mM), NaCl
(30 mM), TEA-cl (30 mM), EGTA (10 mM), CaCl, (1 mM),
MgCl, (2 mM), HEPES (10 mM), D-glucose (5 mM), Na,ATP
(2 mM), GTP (0.05 mM), and the pH value was adjusted to 7.3
by CsOH. The bath solution (pH 7.4) contained NaCl
(80 mM), Choline-Cl (50 mM), TEA-Cl (30 mM), CaCl,
(2mM), CdCl, (0.2mM), HEPES (10 mM), and D-glucose
(5mM). Since Nayl.8 and Nayl.9 were TTX-resistant
channels in contrast to TTX-sensitive Nay1.7, Tetrodotoxin
(TTX, 500 nM) was added to block its sensitive sodium channel
currents and retain TTX-resistant Nay 1.8 and Nay1.9 sodium
channels. Compared with Nay1.8, Nay1.9 was inactivated at a
relatively high voltage. Therefore, when the prepulse voltage
was set to —44 mV, 500 ms, the Nay1.9 current was inactivated
and the Nay1.8 current was separated. The specific operations
were as follows: the preset voltage of —44 mV, 500 ms was set to
inactivate the Nay 1.9 current, and then the Nay1.8 current was
excited using a series of 50 ms steps depolarization (-80-0 mV
in 5 mV increments) (Cummins et al., 1999; Tyrrell et al., 2001).

Gastrodin Alleviated Peripheral Neuropathic Pain

The HEKA EPCI10 has an acquisition rate of 20 kHz, and the
signals were filtered at 5 kHz.

Nay1.7 Sodium Currents Recording

The stable expression system of Nay1.7 on HEK239B cell line was
provided by Inovogen (Inovogen Tech. Co., Beijing, China), and the
construction method was roughly divided into the following four
steps: 1) The full-length Nay1.7 gene (SCN9A) was obtained using
gene synthesis method and constructed into the transposon vector
(pTP6-puro) by KpnI-NotIL. 2) The plasmid was extracted with
bacterial solution containing pTP6-puro-1.7 and transfected into
HEK239B cells, followed by polyclonal screening with 3 ug/ml
puromycin. After 2 weeks of screening, the culture medium was
changed or puromycin was added again after passages. 3) The
selected polyclonal cells were frozen until no new dead cells
appeared in the clone system. 4) Finally, Realtime PCR was used
to detect the expression of target genes. Based on the above method,
the vitro expression system of Nay1.7 was constructed to directly
record the current changes of Nayl.7. In addition, the primary
structure of the expression system was determined by Inovogen,
which was aligned to the sequence template from Rattus norvegicus
(NP_579823.1) using blastx (99% identity).

The Nay 1.7 current of HEK293B was recorded in whole-cell
configuration by voltage-clamp. The pipettes solution contained CsF
(145 mM), NaF (5.6 mM), HEPES (5 mM), and the pH was adjusted
to 7.3 using CsOH. The acquisition rate was 20 kHz, and signals were
filtered at 5 kHz. The protocol was set to increase from —80 to 20 mV
(increments of 10 mV each time) to evoke the Nay1.7 current, and
each stimulation last for 50 ms. The applied bath solution contained
NaCl (140 mM), KCl (54 mM), CaCl, (1.8 mM), and MgCl,
(0.5mM), HEPES (5mM), D-glucose (5.5mM), NaH,PO,
(0.4 mM), and the pH was adjusted to 7.4 with NaOH.

TTX-Sensitive Sodium Current of DRG Neurons
Recording

The TTX-sensitive sodium current of small-diameter model DRG
neurons was recorded in whole-cell configuration by voltage-clamp.
The pipettes solution mainly consisted of CsCl (70 mM), NaCl
(30 mM), TEA-cl (30 mM), EGTA (10 mM), CaCl, (1 mM), MgCl,
(2 mM), HEPES (10 mM), D-glucose (5 mM), Na,ATP (2 mM),
GTP (0.05 mM), and the pH value was adjusted to 7.3 by CsOH.
The bath solution (pH = 7.4) containing NaCl (80 mM), Choline-CI
(50 mM), TEA-CI (30 mM), CaCl, (2mM), CdCl, (0.2 mM),
HEPES (10 mM), and D-glucose (5 mM). Total sodium current
was elicited by the stimulation of —10 mV, 50 ms, and the TTX-
sensitive sodium current was obtained by subtracting the current
after TTX processing from the total Na current.

Quantitative PCR

According to the instructions, 800ng RNA was reversely
transcribed using PrimeScriptTM RT reagent Kit with gDNA
Eraser (perfect real time) kit (Takara, Japan) (Wang et al., 2017;
Wang et al., 2021); then, gene-specific mRNA analyses were
conducted with SYBR premix ex TaqTMIl (TliRnaseH plus)
kit (Takara, Japan) as standard protocol. In this study, Gapdh
was applied as a reference to normalize the mRNA expression of
SCN9A and SCNI10A. After amplification, each qPCR product
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was electrophoresed to ensure specificity. After the components
required for the PCR reaction were configured, the cycling
systems were placed on the PCR machine and preheated at
95°C for 3 min to fully denature the template DNA, and then
enter the amplification cycle stage.

In each cycle, the template was denatured at 95°C for 30 s, and
then the temperature was lowered to the renaturation
environment of 60°C for 30s to fully anneal the primer and
template. Finally, the prepared systems were kept in 72°C for
1 min (amplifying 1 kb fragment) to make the primer extend on
the template and synthesize DNA. The above cycle was repeated
39 times to accumulate a large amount of amplified DNA
fragments, and then kept at 72°C for 5min to complete the
extension of the products. Finally, the products were preserved
at 4°C.

The genbank accession number of SCN9A and SCN10A were
NM_133289.1 and NM_017247.1, respectively. The position of
primer sequences of SCN9A located between 1174 and 1293 base
pairs, and the primer sequences of SCN10A were located between
581 and 737 base pairs. In addition, SCN9A was the gene
expressing the Nay1.7 channel, and the primer was detailed in
the following sequence: Nayl.7 (SCN9A): forward TACCTG
ATAAACTTGATCCTGGC; reverse TTTGAGTCGGTCTAA
CATCTGCT; SCN10A was the gene expressing the Nay1.8
channel, and the primer was detailed in the following
sequence: Nay1.8 (SCN10A): forward GTCTGTCCATTCCTG
GTTCTCC; reverse ACAAAACCCTCTTGCCAGTATCT.

Western Blot

The DRG neuron lysates were prepared with RIPA lysis buffer,
and the protein loading amount was 40 pug. Equal amounts of
protein were separated by SDS-PAGE and electro-transferred to
the polyvinylidene fluoride (PVDF) membrane. PVDF
membrane was blocked with 5% nonfat dairy milk, and
incubated with primary antibody of Nayl.7, Nayl.8, and
B-actin overnight at 4°C, which was further incubated with
IRDye800-conjugated  secondary  antibody (1:  50,000;
EARTHOX) for 2h at room temperature and subsequently
scanned with the Odyssey Infrared Imaging System (LI-COR).
The primary antibody of Nay1.7 (item number ARG56140) was
monoclonal antibody provided by Shanghai Bio-Platform
Technology Company (Shanghai, China), and the host was
mice. The production number of Nay1.8 was ARG56141, and
the rest of the information was consistent with Nayl1.7.
Monoclonal antibody for mouse f-actin (product number
66009-1-Ig) was provided by proteintech (Rosemont, IL,
United States). The integrated intensity of polyvinylidene
fluoride membrane was detected by Odyssey Imager software
(version 3.0).

Cell Immunofluorescence Pretreatment and
Structured lllumination Microscopy Image

Preparations

The model group neurons were incubated with vincristine for
24 h, and the GAS group was incubated with the mixture of GAS
and vincristine for 24h. DRG neurons were collected after
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washed by PBS for 3 times, and then washed with 4%
paraformaldehyde for 30 min, which were transferred to 3%
BSA and 0.3% Triton solution for 60 min. DRG neurons were
blocked with 10% normal goat serum containing 0.3% Triton-X-
100 (co-incubation for 1h, 37°C). The sections were incubated
with primary antibody for 12h at 4°C (anti-Navl.7 channel
antibody: =~ ARG56140; anti-Navl.8 channel antibody:
ARG56141), which were washed 5 times with PBS solution for
minutes each time. The sections were incubated with secondary
antibody for 2h at room temperature, and then the secondary
antibody was removed using PBS solution. Finally, the sections
containing DRG were sealed with gelatin coating and placed in
the dark for SIM imaging.

DRG Tissue Immunofluorescence

Preparation

The ascending aorta of SD rats was perfused with saline solution,
and then perfused with 4% paraformaldehyde (PFA, pH 7.4, 4°C).
Subsequently, the DRG L5 ganglion was removed and fixed in 4%
PFA for 24 h (4°C), and then soaked in 30% sucrose for 48 h (4°C)
to dehydrate. After that, the dehydrated ganglion was sectioned
into 14 pum thick slices in the cryostat using gelatinized slides, and
then subjected to immunofluorescence treatment. Then, the
sections were blocked with 0.2% Triton X-100 containing 2%
BSA for 1h at room temperature, and then incubated with
primary antibody (anti-Nay1.7 channel antibody: ARG56140;
anti-Nay1.8 channel antibody: ARG56141) overnight at 4°C.
Finally, the sections were washed 3 times with PBS at room
temperature (5 min for each time), and then co-incubated with
secondary antibodies at room temperature for 1 h.

Molecular Docking
We constructed the three-dimensional structures of Nay1.7&1.8
using homology modeling method.

In this study, Discovery Studio 2020 Client (DS 2020) was used
for the prediction of binding pockets, molecular docking, and the
estimation of the binding interactions between the receptor and
GAS. Molecular docking was performed by CDOCKER module
with the CHARMm force field. First, the three-dimensional (3D)
structures of Nayl.7 and Nayl.8 were constructed using
homology modeling method (Waterhouse et al, 2018), and
processed by “prepare proteins module,” including Loop
domain optimization, protonation, removing water, energy
minimization using conjugate gradient algorithm with
CHARMm force field. Second, GAS was sketched by
ChemDraw 19.0, and prepared by the “Prepare Ligands
module,” consisting of pH-based ionization, tautomers
generation, generating 3D coordinates, rearranging hydrogens,
and minimization. Then, the binding sites of the receptor were
defined by the “From Receptor Cavities” method within the
“Define and Edit Binding Site module,” and referring to the
active sites reported in the literature (Ito et al., 1989; Swain et al.,
2017; Moyer et al., 2018; Wu et al., 2018; Xu et al., 2019). Finally,
the CDOCKER method was applied to evaluate the binding
interactions of GAS at different sites with the docking score as
an important criterion (Zhang et al., 2019a; Zhang et al., 2020a).
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Molecular Dynamic Simulation
Molecular dynamic (MD) simulation was further used to

evaluate the binding interactions between the GAS and the
predicted pockets. MD simulations of the constructed systems
were performed using GPU-accelerated PMEMD in Amberl8
on 28 cores of an array of two 2.9 GHz Intel Gold 6226R
processors and 6 pieces of Nvidia Tesla v100s 32 GB graphic
card. Prior to MD simulation, all components (protein-ligand
complex, protein, and ligand) were processed with program
tleap embedded in AmberTools to generate the corresponding
coordinate files and topology files. Amber ff14SB and general
Amber force fields were applied for the receptor protein and the
docked ligand, and the Li/Merz ion parameters for SPC/E water
model were directly used based on the previous publications
(Wang et al., 2018; Wang et al., 2019; Zhang et al., 2020b; Li
et al., 2021; Liang et al., 2021). Antechamber was chosen to
assign the charges of the docked ligands via the restrained
electrostatic potential partial charges, and Gaussian 09 was used
to optimize the ligand’s geometry and calculate the electrostatic
potential calculations at HF/6-31G* level. Then, the processed
systems were subjected to 200ns MD simulation, mainly
consisting of 2 steps energy minimization optimization
process, progressive heating process, 5ns equilibrium
process, and the final 200 ns MD process. Program cpptraj
was used to analyze the RMSD and representative
conformations of MD trajectories, and mm_pbsa.pl program
was selected to explore the binding free energies between the
ligand and receptor.

Statistical Analysis

The behavioral experiment results were processed and analyzed
by OriginPro (version 9.1.0). Statistical difference among
multiple groups was compared by one/two-way ANOVA, and
Bonferroni Test was used for two group comparisons, which was
presented as mean + SD. HEKA FitMaster (version 2x90.3) and
OriginPro (version 9.1.0) were used to analyze the
electrophysiological data, and the above-mentioned method
was applied to analyze and compare the statistical difference,
presented by mean + SEM. Threshold represents the voltage value
at the inflection point during the rising phase of the action
potential, recorded with the current clamp (Zhang et al,
2019b). Additionally, G =1/(V,, —En,) was applied to
convert the peak inward currents obtained from activation
protocols (G represented the conductance; I indicated the peak
inward current; V,, represented the instantaneous membrane
potential; Ey, indicated the equilibrium potential for sodium
channel.) Maximum conductance value was used to normalize
the conductance data, which was further fit with Boltzmann
equation, namely G = Gpuax + (Guin — Gmax)/ (1 + exp[(V, —
V12)/k]) (G also represented the conductance; V', was the
midpoint of activation; k indicated the slope factor.). The ICs,
values were calculated using logistic equation fitting. Licor
Odyssey software was applied to quantify the gray values of
proteins in  WB, and fluorescence intensity in
immunofluorescence was measured by NIS-Elements Viewer
(version 4.20, Nikon, Japan) software.

Gastrodin Alleviated Peripheral Neuropathic Pain

RESULTS AND DISCUSSION

Alleviation of GAS on Vincristine-Induced
Mechanical and Thermal Hyperalgesia
in Rat

Vincristine has been reported to induce various pains, such as
postherpetic neuralgia, diabetic neuralgia (Feld et al., 1980), and
type I complex regional pain syndrome (Benzon et al., 2003),
which has been associated with damage to the peripheral nerve
terminal (Rosenthal and Kaufman, 1974; Dupuis et al., 1985; Old
et al,, 2014). Additionally, more than half of the rats treated with
vincristine have been found to respond abnormally to thermal
and mechanical pain induced by C fiber stimulus (Tanner et al.,
1998; Xiao and Bennett, 2008; Xu et al, 2017). Therefore,
vincristine was used to construct the CINP rat model, and
thresholds of mechanical and thermal pains were measured
(Figure 1A).

There was no difference in the mean paw withdrawal
threshold of the three groups as determined by von Frey and
radiant heat stimulus. The selected experimental rats were
randomly divided into three groups (control group, vincristine
group, and GAS group), and the basic values of mechanical and
thermal thresholds were preliminarily evaluated before drug
administration. The specific values were as follows: mechanical
thresholds: 7.11 + 1.03g (control group), 7.02 + 0.62¢g
(vincristine group), 6.83 + 1.25g (GAS group); thermal
thresholds: 19.65 + 1.78s (control group), 20.19 + 2.65s
(vincristine group), 20.21 + 1.73s (GAS group). After 7 days
of vincristine administration (ip, 0.125 mg/kg), the values of
mechanical and thermal thresholds were calculated, and the
mean paw withdrawal threshold was significantly reduced
compared with the control group: mechanical thresholds:
7.05 £+ 1.00 g (control group), 3.69 + 1.11 g (vincristine group),
4.02 + 1.21 g (GAS group); thermal thresholds: 19.76 + 2.15s
(control group), 17.11 + 1.68 s (vincristine group), 16.63 + 1.16 s
(GAS group).

Continuous administration of GAS (ig, 60 mg/kg) for 7 days
significantly attenuated the development of mechanical (n = 10)
and thermal hyperalgesia (n = 23), as shown in Figure 1B.
Quantitative analysis showed that, compared with the
vincristine model, GAS increased the mechanical pain
threshold from 3.11 + 1.34 g to 8.92 + 1.14 g, and the thermal
withdrawal latency from 14.77 + 2.32's to 20.97 + 3.01 s on the
14th day of modeling (mean + SD, **p < 0.001 and **p < 0.001)
(Figure 1C). Apparently, the applied modeling method
successfully induced mechanical pain and thermal hyperalgesia
in rats. After treatment with GAS, the thresholds of mechanical
and thermal hypersensitivity were greatly improved, and the
mechanical tactile and thermal allergic of the model rats could
be restored to normal levels. In addition, in order to better
illustrate the mechanisms underlying GAS alleviating
vincristine induced peripheral neuropathic pain, the influences
of GAS on the mechanical and thermal thresholds in normal SD
rats were also observed. The results showed that the mechanical
and thermal thresholds didn’t increase significantly after 3 days of
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FIGURE 1 | The effects of GAS on alleviating the symptoms of vincristine-induced CINP rats: (A) Administration protocol of GAS in the treatment of neuropathic

pain model rats caused by vincristine; (B) The effects of GAS against vincristine-induced hyperalgesia on mechanical paw withdrawal duration in a pinprick test, and the
mechanical paw withdrawal threshold was measured at 0, 7, 14 Day; (C) Effects of GAS on plantar thermal pain in vincristine model rats, and the thresholds were
measured at 0, 7, 14 Day (#p < 0.05, ##p < 0.01, compared to the control group; *p < 0.05, compared to the model group; ANVOA- Bonferroni Test).
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GAS administration, indicating that the mechanism of GAS
reversing vincristine-induced hyperalgesia was different from
that of anesthetic effects (Supplementary Figure S1). The
behavioral results suggested that GAS had a good curative
effect on CINP model rats, which was expected to be a small
active molecule for the treatment of peripheral neuropathic pain.

Inhibitory Effects of GAS on the
Hyperexcitability of Small-Sized DRG

Neurons Induced by Vincristine

As primary sensory afferent neurons, the ectopic afferent
discharge of DRG neurons is widely considered to be the main
cause of chronic pain after peripheral nerve injury (Seijffers et al.,
2007; Norcini et al.,, 2016). Thus, DRG neurons were isolated to
observe the changes of their firing patterns. The alleviation of
vincristine-induced rat hyperalgesia by GAS indicated that GAS
might directly decrease the excitability of neurons. In order to
explore the mechanism of GAS, the firing spikes of action
potentials were recorded on small-diameter (17-25 um) DRG
neurons, which were closely related to the afferent noxious signal.
GAS (100 uM) significantly attenuated hyperexcitability of
vincristine-induced DRG neurons, and reduced the number of
action potentials triggered by 500 pA (Figures 2A,C). 200 uM

GAS and 500nM PF-05089771 (Cat. No.. HY-12883, MCE)
notably increased the rheobase current (depolarization current
threshold eliciting the 1st action potential), namely, from 86.8 +
3.1 pA (n=22)t0203.3+10.7 pA (n=15,**p <0.01) and 640.0 +
66.2 pA (n = 10, **p < 0.01) (Figure 2D); the action potential
threshold voltage also remarkably increased from —36.6 + 0.7 mV
(n=17) to -21.3 £ 1.8 mV (n = 10, **p < 0.001) and —-12.3 +
1.8 mV (n = 10, **p < 0.001) (Figure 2F); 200 uM GAS and
500 nM PF-05089771 significantly reduced the amplitude of
action potentials in DRG neurons (**p < 0.01) (Figure 2E).
Figure 2B showed that GAS decreased the rate of action
potential slope rise (dV/dt). Therefore, GAS could significantly
reduce the number of action potential bursts of DRG neurons in
model rats, decrease the amplitude of action potentials, and
increase the rheobase and threshold of action potentials
(Table 1), thereby inhibiting the excitability of DRG neurons
in model rats, which was similar to that of the inhibitory effects of
PF-05089771 on excitability of model DRG neurons.

The repetitive firing of DRG neurons depends on the inherent
resonance characteristics of the cell membrane. Most small or
medium-diameter DRG neurons cannot produce repeated firing
during continuous depolarization, and step depolarization
stimulus only causes a single spike or transient burst (Amir
and Devor, 1996; Amir et al, 2005). According to Figures
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FIGURE 2 | The influences of GAS on the excitability of vincristine-induced hyperexcitability of small-sized DRG neurons: (A) typical action potential curve of spike
firing of each experimental group; (B) phase plot of the action potential (left), and the raising slope of action potential (right); (C) the effect of GAS on the number of action
potentials fired by DRG neurons in each group; (D) histogram of the effects of GAS on action potential rheobase of DRG neurons in each group; (E) the influence of GAS
on the amplitude of the first peak of action potential fired by DRG neurons; (F) regulation of GAS on the firing threshold of action potentials of DRG neurons in each
group (#p < 0.05, ###p < 0.001, compared to the control group; *p < 0.05, *p < 0.01, **p < 0.001, compared to the model group; ANVOA- Bonferroni Test).

TABLE 1 | Summarized effects of GAS on vincristine-induced hyperexcitability of the action potential in DRG neuron.

Groups RMP (mV) Rheobase (pA) Amplitude (mV) AP duration AP number
(ms)

Control —-49.6 + 0.9 (10) 200.0 + 16.5 (8) 90.2 + 1.6 (8) 13.9 + 0.7 (10) 1.8+ 0.2 (10)

Vincristine -45.53 + 0.8 (10) 86.8 + 3.1 (22)° 90.1 + 2.4 (8) 6.5 + 0.3 (10)° 6.9 + 0.6 (15)

V+GAS 30 uM —471 £ 0.4 (12 108.0 + 6.8 (10) 80.4 + 2.8 (8) 6.7 + 0.7 (10)° 4.3 + 0.6 (10)

V+GAS 100 uM —-48.5 + 0.9 (11) 120.9 + 7.2 (11) 71.7 +2.3(8)° 7.8 +0.3 (10)° 3.6 + 0.6 (10)

V+GAS 200 uM —47.2 + 0.5 (15) 203.3 + 10.7 (15)° 62.6 + 1.3 (17)> ¢ 9.0 + 0.9 (10) 1.2 +0.04 (107

ACompared with vincristine group, p < 0.05.

PCompared with vincristine group, p < 0.01.

°Compared with control group, p < 0.05.

9Compared with control group, p < 0.01. All data are given as the mean + SEM.

2A,C, it could be found that vincristine significantly increased the ~ from normal SD rats were less sensitive to GAS compared to that
number of repetitive discharges of DRG neurons, and the increase ~ of model DRG neurons (Supplementary Figure S2). In short,
of ectopic discharges was the internal cause of neuropathy-  based on the biological functions of GAS discussed above, GAS
induced pain sensation. GAS effectively suppressed the  reduced vincristine-induced hyperalgesia of primary sensory
number and amplitude of action potential, thereby reducing  neurons associated with pain.

the occurrence of hyperalgesia. In addition, GAS also

significantly increased the thresholds and rheobase of action - A .
potentials and reduced the probability of action potential Inhibitory Activities of GAS Against Nay1.7

bursts. Furthermore, GAS reduced the upstroke slope of action and Nay1.8 Sodium Channel Currents From

potential’s rising phase, and slowed down the depolarization of ~ the Cells Pre-Treatment With Vincristine
the action potential, thus retarding the occurrence process of the ~ The Influence of GAS on the Kinetic Process of Nay1.7
action potential. Furthermore, based on the effects of GAS onthe =~ Channel

excitability of DRG neurons in normal SD rats, it could be found =~ Nay1.7 has been recognized as an important target in the
that GAS could increase the threshold and rheobase of action  nociceptive pathway, and the peripheral expression of the
potentials to a certain extent, but had fewer effects on the number =~ Nay1.7 channel can stimulate pain signals in the DRG
and amplitude of action potential, indicating that DRG neurons  neurons by promoting minor stimulation, prompting the
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FIGURE 3 | Influences of GAS on Nay1.7 channel current: (A) typical inhibition curve of GAS on Nay1.7 channel current; (B) histogram of the influence of GAS on
Nay1.7 channel current density; (C) concentration-response curves of GAS on Nay1.7 current (ICso = 25.87 + 0.98 uM); (D) the influence of different concentrations of
GAS onthe I-V curve of Nay1.7 channel current density; (E) the influence of GAS on the activation curve of Nay 1.7 channel; (F) the voltage-dependent inactivation curves
of Gnav1.7; (G) the typical curve of GAS inhibiting the sodium current of DRG neurons; (H) the effects of GAS on the TTX-sensitive sodium current of DRG neurons
(##p < 0.001, compared to the control group; *p < 0.05, *p < 0.01, **p < 0.001, compared to the model group; ANVOA- Bonferroni Test).

release of neurotransmitters at the first synaptic site in the spinal
cord and participating in pain signal transduction (Kingwell,
2019). Nay1.7 is expressed on the sensory neurons or nociceptors,
depolarizes the cell membrane of the injured site by mediating the
inward flow of sodium ions, thereby triggering the firing of action
potentials and mediating the transmission of pain signals
(Waxman and Zamponi, 2014; Xia et al., 2016; Kingwell, 2019).

In this part, the whole-cell patch-clamp was applied to
examine the effects of GAS on the over-expressed Nayl.7
channel current on the HEK239B cell line. Firstly, the selected
cell line was pre-incubated with vincristine (30 ug/L) for 24 h, and
then the Nay 1.7 channel currents were recorded with different
concentrations of GAS (5, 20, 40, 80 uM), making the current
density decrease significantly from —135.7 + 7.0 pA/pF (n = 10) to
~30.7 + 9.8 pA/pF (n = 10), ~74.9 + 6.2 pA/pF (n = 8), *p < 0.05),
—-47.8 + 42 pA/pF (n =8, **p < 0.01), -35.1 + 3.1 pA/pF (n =6,
***p < 0.001) (Figures 3A,B). Obviously, GAS presented a dose-
dependent inhibition of the current density of Nayl.7. In
addition, Hill fitting was used to calculate the ICs, value of
GAS’s inhibitory activities against Nayl.7 (ICsy = 25.87 +
0.98 uM), as shown in Figures 3C,D.

Voltage-dependent activation and steady-state inactivation
are vital characteristics of ion channels directly influencing the
excitability of cells. The Nay 1.7 channel is characterized by rapid
activation, rapid inactivation, and slow resurgent (Herzog et al.,
2003). Compared with other sodium channels, the activation and
inactivation curves of Nay1.7 current present a hyperpolarization
trend, generating a larger inward current and then activating the
Nay1.8 channel on the nociceptive receptors. Thus, the Nay1.7
current activation experiment and the Nayl.7 current

inactivation experiment were performed using a patch clamp.
The current density-voltage relationship was converted to the
conductance (Gyay1.7)-voltage, which was fitted into the
Boltzmann equation. Compared with the vincristine group, the
activation curve and steady-state inactivation curve of the Nay1.7
channel in the GAS group shifted to the hyperpolarization
direction, and the effects of GAS on the steady-state
inactivation was more obvious. The slopes of the activation
and inactivation curves of the Nayl.7 channel remained
basically unchanged (Figures 3E,F), and the half-maximum
activation voltage (Vy,,) of Gnay17 changed a little (Figure 3E;
Table 2). However, the inactivated V;,, of Gnay1 7 shifted to the
hyperpolarized direction, and the movement effect was observed
in a dose-dependent manner (Figure 3F; Table 2). In summary,
GAS mainly suppressed the inward current of the Nay1.7 channel
and promoted the inactivation state of the Nay1.7 channel.

According to the above results, GAS produced a large slope
current by directly inhibiting the Nay 1.7 channel current, making
the action potential produce small and slow depolarization in the
process of discharge, and thus playing the regulatory role of
reducing neuronal excitation. GAS mainly promoted the
inactivation of the Nayl.7 channel, making the channel more
likely to be inactivated or more sodium channels be in an inactive
state under a negative membrane potential (Figures 3E,F).
Similar to other small sodium channel blockers, most of the
blockers currently being developed around Nay1.7 make the
channels be in the fast or slow inactivation state, or
prolonging the process of resurrection, reducing the number
of sodium channels contributing to the action potential and
inhibiting the abnormal firing of action potentials.
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TABLE 2 | The effect of GAS on V,,, of Nay1.7 channel and Nay1.8 channel in cells.

Nay1.7 channel V,,»
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Nay1.8 channel V,,,
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GAS 80 uM -32.7+1.2 799 +1.2 GAS 30 pM 292 +1.1 -374+19
GAS 100 uM -34.4 + 0.6 -344+£1.0
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N\
PO IPE RN N R PO
A B SR S S Cc
Control Ty 0 08
——— Model £ ’
—— GAS G pM) E -50 | 0.7
—— GAS (10 uM) z E 0.6
—— GAS (30 uM) § -100 — R
——— GAS (100 M) A o 03
—— GAS (300 uM) § 150 — Q0.4
—— GAS (1000 uM) ] = ] =
—— PF-01247324 S 200 2 03 IC5o =67.5 1M
ot 0.2
-10 mV, 50 ms §
Z. 250 — 0.19
15 ms L
“HdmY, 500 ms protocol 0.0
0 200 400 600 800 1000
GAS (uM)
D —=— Control —e—GAS (30 pM) E F
—e— Model GAS (100 uM ] |
_ - GXSL(S M) IGAS ((300 31\/6 1.0 1.0 —a— Control
%. 04 —v— GAS (10 uM) —e—GAS (1000 pM) —e— Model
= SE S~ 0.8 0.8+ —a— GAS (3 pM)
f‘; 4 —=—Control 5 v GAS (10 M)
= 501 £0.6- 0mV, 50 ms § —° Model £0.64 —o— GAS (30 iM)
] g 44 mV, 500 ms +gﬁ§ ()1 (:IIVB[ g —<— GAS (100 pM)
2-100- 0mY; 50 ms S .44 IGAS :30 :M: 044 —— GAS (300 M)
o ) —e— GAS (1000 uM)
= 44 mV, 500 ms protocol —<4—GAS (100 pM) \
E-lso— 0.2 ——GAS 300 M) 0.2
O protocol —e—GAS (1000 uM)
200 0/0] *TETTTTvYT 0.04
8 60 40 20 0 20 8 60 40 20 0 80 .60 40 20 0
Voltage (mV) Voltage (mV) Voltage (mV)
FIGURE 4 | Effects of GAS on Nay1.8 channel current in DRG neurons from model rats: (A) typical curve of GAS inhibiting Nay 1.8 channel current of DRG neurons;
(B) histogram of the inhibitory effects of GAS on the current density; (C) concentration-response curves of GAS on Nay1.8 current (ICso = 67.5 + 20.7 uM); (D) influence
of different doses of GAS on the current density-voltage relationship of DRG neurons. (E) effects of different concentrations of GAS on the activation curve of Nay1.8
channel; (F) influence of different concentrations of GAS on the inactivation curve of Nay1.8 channel of DRG neurons (#p < 0.05, compared to the control group; *p
< 0.05, *p < 0.01, **p < 0.001, compared to the model group; ANVOA- Bonferroni Test).

Besides, the effects of GAS on TTX-sensitive sodium current
were recorded on DRG neurons. While Nayl.6 was mainly
distributed in medium and large diameter neurons (Chen
et al., 2020), the small-diameter neurons that were concerned
in this study expressed Nayl.7 (TTX-sensitive), Nay1.8 and
Nayl.9 (TTX-resistant) (Wang et al, 2020). In this section,
since the current of Nay1.7 couldn’t be directly observed, the
TTX-sensitive sodium current obtained by subtracting the
current after TTX processing from the total Na current,
indicating the large component of the TTX-sensitive sodium
current was Nayl.7. Furthermore, according to Figures 3G,H,
it could be found that TTX-sensitive sodium current density of
model DRG neurons decreased from —94.3 + 12.4 pA (n = 10) to

~18.4 + 4.7 pA (n = 10), —18.4 £ 4.7 pA (n =10) to —6.1 + 1.6 pA
(n =9) after being treated with 30 uM, 100 uM GAS, respectively.
Moreover, such TTX-sensitive sodium current density couldn’t
be further inhibited by selective Nay1.7 inhibitor PF-05089771
[from —6.1 + 1.6 pA (n =9) to —3.3 £ 0.6 pA (n = 10)]. The
experimental results showed that the above TTX-sensitive
sodium channels were very sensitive to low concentration of
GAS (30 uM), and most of the current could be inhibited by GAS,
consisting with the results recorded in HEK293B cell line.

The Influence of GAS on the Nay1.8 Channel
Since the Nay1.8 channel plays a vital role in the rising phase of
the action potential, it has a profound influence on the evoked
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discharge of the action potential (Waxman and Zamponi, 2014;
Xia et al., 2016; Klein et al., 2017). The depolarization activation
and the slow inactivation of Nay1.8 are related to the repetitive
firing of DRG neurons. It was observed in Figures 2C,E that GAS
could significantly decrease the action potential amplitude and
reduce repetitive discharges of CINP model rats. Therefore, it is
necessary to further explore the influence of GAS on the current
and inactivation of the Nay1.8 channel.

In order to isolate TTX-resistant Nay1.8 current, TTX
(500 nM) was used to block TTX-sensitive component of
sodium current and a conditioning prepulse of —-44mV
(500 ms) was used to inactivate TTX-resistant Nay1.9
channel (see Materials and Methods for details). GAS
presented a concentration-dependent inhibition of the
current density of Nayl.8 in DRG neurons in model rats
(Figure 4A). Before GAS perfusion, the current density of
the control group and the vincristine group were recorded:
-69.52 + 6.5 pA/pF (control, n = 10), -118.5 + 9.8 pA/pF
(vincristine, n = 19) (Figures 4A,B). Then, the bath solution
containing different concentrations of GAS processed the
vincristine group, and the current density was recorded was
follows: 3 uM GAS, -112.7 + 9.4 pA/pF (n = 10);10 pM GAS,
~98.1 + 8.11 pA/pF (n = 10); 30 uM GAS, —77.2 + 2.2 pA/pF
(n=10); 100 uM GAS, -63.5 + 7.3 pA/pF (n =10); 300 uM GAS,
~44.8 + 6.9 pA/pF (n = 10); 1,000 uM GAS, —29.7 = 3.9 pA/pF
(n = 10); PF-01247324 (Cat. No.: HY-101383, MCE) (1 uM)
—-24.5 + 3.9 pA/pF (n = 13) (Figures 4A,B).

Based on the Figure 4B, the inhibitory effects of GAS on
Nay1.8 sodium channel current from normal DRG neurons
depended on relative high concentrations, but GAS could
exhibit significant inhibitory effects on Nay1.8 sodium channel
current from model DRG neurons at the low concentration
(30 uM). In addition, when the DRG model neurons were
treated with 300 or 1,000 uM GAS, the Nayl.8 selective
inhibitor PF-01247324 wouldn’t have further significant
inhibitory effects on the channel current, indicating that GAS
inhibited most of Nay,1.8 channel current at such concentrations.
Certainly, Figure 4B also showed that Nay1.8 channel current
could be isolated from DRG neuron using such specific
biophysical protocol. Besides, the ICs, values of inhibitory
activities of GAS on the Nay1.8 channel current of the model
neuron was calculated, i.e., ICso = 67.5 + 20.7 uM (Figure 4C).
The relationship between conductance (Gy,y1.8) and voltage was
presented by scatter plot, which was further fitted with
Boltzmann equation to generate activation and inactivation
curves.

Besides, GAS had no significant effects on the activation
curve of Nay1.8 channel, making the inactivation curve shift to
the hyperpolarization direction, and the specific results were as
follows: The inactivation voltage (V;,,) value of the vincristine
model group was —24.2 + 1.2 mV, and the inactivation V,,, of
GAS at different concentrations were summarized in Table 1.
By further comparing the effects of GAS on the inactivation
V1,2 of the vincristine model (3 uM GAS group, AV;,, =
-3.6 mV; 10 uM GAS group, AV, = —-4.9mV; 30 uyM GAS
group, AV, = -132mV; 100 uM GAS group, AV, =
—-10.2 mV; 300 uM GAS group, AV,,;, = -13.5mV; 1,000 uM
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GAS group, AV,,, = —-13.1 mV), it is found that GAS affected
the inactivation V,, of the model in a dose-dependent manner
(Figure 4F).

Compared with the neuronal activation curve of the
vincristine group, GAS did not affect the activation curve
(Figures 4E,E), but all the groups treated with GAS could
make the steady-state inactivation curve of conductance
(Gnav1g)-voltage shift to hyperpolarization, indicating that
GAS only affected the steady-state inactivation curve and
hardly influenced the slope of the steady-state inactivation
curve of the Nayl.8 channel (Figure 4F). The V,,, value
inactivating Gyay1. shifted to the hyperpolarization direction
by a dose-dependent manner (Table 2). In short, GAS
significantly reduced the current amplitude of the Nayl.8
current, mainly mediating the inactivation state of the Nay1.8
channel. In summary, GAS significantly decreased the current
density of the Nay1.8 channel and promoted the inactivation
state of the Nay1.8 channel, further influencing the dynamics of
the Nay1.8 channel. Based on the above results (Figures 2F, 4B),
GAS significantly suppressed the current density of the Nay1.8
channel, which is the main reason for the effective reduction of
the peak action potential. In addition, GAS made Nayl.8
channels prone to inactivation (namely, more sodium channels
were in an inactive state at the relatively negative membrane
potential), which in turn produced inhibitory activity.

Additionally, it was also reported that GAS could also inhibit
the activities of Nay1.6, indicating that GAS had certain broad-
spectrum inhibition activity on sodium ion channels (Shao et al.,
2017). Furthermore, GAS could decrease the transient sodium
current (Iy,r) and increase slowly inactivating potassium
currents (Ins) of streptozotocin-induced painful diabetic
neuropathy rat model, exerting analgesic effects. Meanwhile,
previous studies also pointed out that GAS had certain
inhibitory activities on other ion channels, such as acid-
sensing ion channels, which had certain therapeutic
significance for pain caused by extracellular acidification or
spinal synaptic potentiation (Xiao et al., 2016).

The Down-Regulation of GAS on Nay1.7 Channel and
Nay1.8 Channel Protein in DRG Neurons

The up-regulation of Nay1.7 and 1.8 has been found in a variety
of pain models, such as experimentally induced diabetes and
inflammation models leading to mechanical allodynia and
thermal pain (Renganathan et al, 2001; Kretschmer et al,
2002; Black et al., 2004; Shields et al., 2012). Additionally, the
intrathecal injection of Nay1.8 antisense oligonucleotides could
partially reduce mechanical allodynia and thermal hyperalgesia
by down-regulating the expression of SNS transcripts. Therefore,
it was necessary to explore whether GAS had influences on the
expression of Nay1.7 and Nay1.8 channels in DRG neurons of
CINP rat model, which was helpful to reveal the inhibitory
mechanism of GAS on neurons.

After the behavioral test on the 14th day, the rats were deeply
anesthetized with 3% sodium pentobarbital (50 mg/kg, i.p.), and
the DRG neurons were extracted for Q-PCR and WB. GAS had
no significant effects on the expression of SCN9A’s mRNA, but
significantly inhibited the expression of SCN10A’s mRNA.
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FIGURE 5 | Effects of GAS on the expression level of SCN9A and SCN10A genes and corresponding proteins: (A) down-regulation of Nay1.7 channel proteins in
DRG neurons of vincristine model by GAS (n = 3); (B) effects of GAS on the expression of SCN9A mRNA in DRG neurons in vincristine model; (C) the effects of GAS on
the expression of Nay1.8 channel protein in DRG neurons (n = 3); (D) influences of GAS on the expression of SCN10A mRNA in DRG neurons of vincristine model (#p <
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(SCN9A: 1.74 £ 0.42 in the vincristine group, n = 3; 1.64 £ 0.12 in
GAS group, n =3, p> 0.05; SCN10A: 3.47 + 0.38 in the vincristine
group, n = 3; 1.38 £ 0.01 in GAS group, n = 3, *p < 0.05), as shown
in Figures 5B,D. Next, it was observed that GAS could reduce the
upregulation of Nay1.7 and Nay1.8 channel proteins induced by
vincristine (*p < 0.05, n = 3), as shown in Figures 5A,C. The
above results show that GAS plays an important inhibitory role in
resisting the up-regulation of SCN10A mRNA, Nayl.7, and
Nay1.8 channel proteins caused by vincristine. Next, it was
observed that GAS could reduce the upregulation of Nayl.7
and Nayl.8 channel proteins induced by vincristine (*p <
0.05, n = 3) (Figures 5A,C). These results showed that GAS
played an important role in inhibiting the up-regulation of
mRNA of SCN10A, Nayl.7 and Nayl.8 channel proteins
induced by vincristine.

This part verified that Nayl.7 and Nayl.8 were indeed
accumulated in the DRG neurons of the CINP rat model,
which was the main cause of pain. Regardless of the level of
mRNA or protein expression, GAS has played a vital role in

inhibiting the abnormally high expression of Nay1.7 and Nay1.8.
Therefore, GAS not only affects the function of Nay1.7 and
Nay1.8 channels, but also inhibits the protein expression of
Nayl.7 and Nay1.8 channels, indicating that GAS has more
abundant regulatory effects than the specific blockers of
Nay1.7 and Nay1.8 channels.

GAS Counteracts the Up-Regulation of
Nay1.7&1.8 Protein Distribution Induced by

Vincristine

In order to determine whether GAS affects protein expression, we
first observed the effects of GAS on the fluorescence intensity of
Nay 1.7 & 1.8 channels on DRG small-diameter neurons in the L5
segment of model rats from the slice level. And the average
fluorescence intensity of each group was as follows: 1) Nay1.7
system: control group, 1.5 + 0.5 (n = 82, N = 4); vincristine group,
2.6+0.9 (n=80,N=5); GAS, 1.4 + 0.5 (n =115, N = 5) (Figures
6A,B). 2) Nay1.8 system: control group, 1.5+ 0.4 (n =79, N =4);
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FIGURE 6 | Effects of GAS on the expression of Nay 1.7 and Nay 1.8 channel proteins in DRG neurons: (A) typical diagram of the effects of GAS on Nay1.7 protein
expression in DRG ganglion; (B) the effects of GAS on the average fluorescence density of Nay1.7 protein in DRG tissue (control: n = 82, vincristine: n =80, GAS: n =115,
N=4,5, 5); (C) typical diagram of the effects of GAS on Nay 1.8 protein expression in DRG ganglion; (D) the effects of GAS on the average fluorescence density of Nay 1.8
protein in DRG tissue (control: n = 79, vincristine: n = 120, GAS: n =74, N = 4, 5, 4); (E) SIM image of the distribution of Nay 1.7 and Nay 1.8 protein and the depiction
of intensity; (F) histogram of the influence of GAS on fluorescence intensity of Nay 1.7 protein (control: n = 40, vincristine: n = 33, GAS: n = 37) and Nay1.8 (control: n = 37,
vincristine: n = 32, GAS: n = 35) (###p < 0.001, compared to the control group; *p < 0.01, **p < 0.001 compared to the model group; ANVOA- Bonferroni Test).
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vincristine group: 2.5 £ 0.8 (n = 120, N = 5); GAS group, 1.2 + 0.5
(n = 74, N = 4) (Figures 6C,D), where “n” representing the
number of cells and “N” representing the number of ganglions.
The above results indicated that GAS could significantly reduce
the fluorescence intensity of Nayl.7 & 1.8 protein in DRG
neurons of model rats.

DRG cells were incubated with vincristine and GAS mixture
for 24 h and imaged using structured illumination microscopy
(SIM) and confocal fluorescence microscopy.

Immunohistofluorescence utilized moiré fringes generated by

high-frequency stripe illumination to separate the high-
frequency and low-frequency signals of the sample, making
the ultrafine structure of the cell be seen. Fluorescence staining
results showed that vincristine could up-regulate the distribution
of Nay1.7 and Nay1.8 channel proteins in the DRG neurons, as
shown in Figures 6E,F. GAS mixture incubation significantly
reduced the enhanced fluorescence intensity of Nayl.7 and
Nay1.8 membrane proteins induced by vincristine (**p < 0.01,
Figures 6E,F). Therefore, GAS significantly reduced the
fluorescence intensity of Nayl.7 and Nayl.8 membrane
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TABLE 3 | Calculated AGywaasa Values of GAS in Nay1.7 and 1.8.

Constructed systems Calculated binding free energies

(kcal mol™)
Nay1.7 Nay1.8

GAS-Site 1 -28.24 + 0.24 -9.36 + 0.17
GAS-Site 2 -8.16 + 0.27 -16.59 + 0.26
GAS-Site 3 -19.30 + 0.21 -17.30 + 0.30
GAS-Site 4 -7.64 +0.25 -4.36 + 0.25
GAS-Site 5 -9.18 + 0.08 -12.31 + 0.45
GAS-Site 6 -14.31 + 0.27 -11.63 £ 0.25
GAS-Site 7 -20.73 + 0.29

GAS-Site 8 -10.01 + 0.10

proteins enhanced by vincristine. The results further verified that
GAS inhibits the expression of Nayl.7 and Nayl1.8 channels.
Nowadays, studies also pointed out that GAS could alleviate the
peripheral neuropathy to some extend by inhibiting some signal
pathways or receptors, such as the inhibitory activity of GAS on
the P38/MAPK signal pathway (Sun et al., 2016; Qin et al., 2021),
indicating the various action mechanisms of GAS, which was
worthy of further study.

Prediction of the Possible Docking Sites of GAS on
Sodium lon Channels

In this part, we constructed the three-dimensional structures of
Nay1.7 & 1.8 using homology modeling method, and evaluated
and optimized the construction results with Ramachandran plots
and molecular dynamics (MD) simulations.

Nayl.7 System

The amino acid sequence of Nay1.7 used in homology modeling
was consistent with that of the stable-state expression of Nay1.7
in HEK293B cell line in this experiment. The SWISS-MODEL
server (https://swissmodel.expasy.org/) was used to perform the
homology modelling of the target sequence, and the structure of
human voltage-gated sodium channel Nay1.7 (PDB ID: 6j8g)

(Shen et al., 2019) was used for the template based on the results
of “Search For Templates.” Then, the constructed 3D structure
was subject to 5 ns molecular dynamic simulation to optimize the
unreasonable interatomic contact or collision and minimize the
conformational  energies.  Afterwards, the optimized
conformation was used for active pockets prediction, and the
corresponding molecular docking and MD simulations were
performed.

In this experiment, a total of 8 active binding sites were
predicted in Nayl.7 (Supplementary Figure S3), and
receptor-ligand  (Nayl.7-GAS) complexes systems were
established based on CDOCKER docking method, which were
further subjected to 100 ns MD simulation. In addition, RMSD
calculation (Figure 7) and binding free energy analysis
(MMPBSA.py) were carried out for the simulation trajectories
(Table 3). According to Figure 7, it could be found that GAS had
varying degrees of volatility at different binding sites, among
which the binding on the Site 1 was relatively stable and the
absolute binding free energy was relatively large, indicating that
Site 1 may be the action site of GAS on Nay1.7.

NaV1.8 System
Based on literature research and Protein Data Bank (PDB)
(https://www.rcsb.org/) search, the crystal structure of Nay1.8
has not yet been resolved. Considering that the DRG neurons
used in the electrophysiology and Western blotting experiments
in this study were derived from SD rats (belonging to Rattus
Norvegicus species), NP_058943.2 (Scnl0a, Gene ID = 29571,
organism = Rattus norvegicus) (Yu et al., 2014) was used as the
amino acid sequence of Nayl.8 for homology modelling.
Subsequently, in accordance with the operation of the Nay1.7
system, the built 3D conformation was first optimized by MD
simulation, and then used for active pocket prediction, molecular
docking, and MD simulation (He et al., 2020; Li et al.,, 2021).
In this part, 6 active binding pockets were predicted in
Nay1.8 (Supplementary Figure S4), and the corresponding

receptor-ligand (Nay1.8-GAS) complexes systems were
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FIGURE 9 | Comparison of the binding interactions of GAS on the active pockets of Nay1.7 and Nay1.8, and the hydrogen bonds were shown in green dashed

constructed, which were also subjected to 100 ns MD simulation
to evaluate the binding interactions between Nay1.8 and GAS.
According to Figure 8 and Table 3, it could be found that there
were varying degrees of difference in the binding interactions of
GAS on Nay1.8 (from Site 1 to Site 6). By overall comparison of
the effects of GAS on Nay1.7 and Nay1.8, the affinity of GAS on
Nay1.7 was better than that of Nay 1.8, indicating that GAS was
more inclined to bind to Nay1.7, which was basically consistent
with the inhibition of GAS on the current density of Nay1.7 &
1.8. In addition, we analyzed the most likely binding
conformations of GAS on Nayl.7 & 1.8, and found that GAS
could form 6 hydrogen bonds with residues (E43, N34, S33, and
Q772) on the Site 1 of Nay1.7 (Figure 9A). However, only 2
residues in Site 3 of Nay1.8 could form hydrogen bonds with
GAS (Figure 9B), indicating that GAS could bind more stably
on Nayl.7.

CONCLUSION

GAS could modulate the Nay1.7 and Nay1.8 channels to promote
their inactivation. As Nay1.7 and Nay1.8 channels act on the
initial and rising stages of action potentials, GAS could inhibit the
abnormal discharge of action potentials of DRG neurons,
especially ectopic discharge induced by vincristine. In addition,
GAS could significantly down-regulate the total protein
expression of Nay1.7 & 1.8 proteins. By regulating the channel
function of Nay1.7 and Nay1.8 and the regulation of protein
levels, the pain behavior of CINP rats induced by vincristine can
be alleviated. In conclusion, GAS not only modulated the
biological functions of Nay1.7/Nay1.8 channels but also down-
regulated the protein expression, which expanded the
understanding of the action mechanism of GAS as
neuromodulator, pointing out the direction for application of
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Valérie Rolland*, Michel Vignes * and Julien Roussel*

UMR5247 IBMM University of Montpellier, Montpellier, France

Gamma-L-glutamyl-L-glutamate (y-Glu-Glu) was synthetized and further characterized for
its activity on cultured neurons. We observed that y-Glu-Glu elicited excitatory effects on
neurons likely by activating mainly the N-methyl-D-aspartate (NMDA) receptors. These
effects were dependent on the integrity of synaptic transmission as they were blocked by
tetrodotoxin (TTX). We next evaluated its activity on NMDA receptors by testing it on cells
expressing these receptors. We observed that y-Glu-Glu partially activated NMDA
receptors and exhibited better efficacy for NMDA receptors containing the GIUN2B
subunit. Moreover, at low concentration, y-Glu-Glu potentiated the responses of
glutamate on NMDA receptors. Finally, the endogenous production of y-Glu-Glu was
measured by LC-MS on the extracellular medium of C6 rat astroglioma cells. We found that
extracellular y-Glu-Glu concentration was, to some extent, directly linked to GSH
metabolism as y-Glu-Glu can be a by-product of glutathione (GSH) breakdown after
y-glutamyl transferase action. Therefore, y-Glu-Glu could exert excitatory effects by
activating neuronal NMDA receptors when GSH production is enhanced.

Keywords: NMDA receptors, GIuN2B, GSH metabolism, gamma-Glu-Glu, partial effect

INTRODUCTION

Gamma-glutamyl dipeptides (y-Glu-AA) are naturally occurring compounds which result from the
transfer of an amino acid moiety on the carboxyl group in the gamma position of glutamic acid. In
cells, these compounds are possibly yielded by the action of two enzymes: either gamma-glutamyl
transferase (y-GT) or glutamate cysteine ligase (GCL) (Bachhawat and Yadav, 2018). y-Glu-AA
synthesis is therefore linked to glutathione (GSH) metabolism. Indeed, the first step of glutathione
(y-Glu-Cys-Gly) synthesis, that is, the condensation of cysteine and on the gamma carboxylic group
of glutamate is catalyzed by GCL. In addition, y-GT is involved in GSH/GSSG degradation (Lu, 2013). To
some extent, y-Glu-AA production may reflect the activity of the GSH cycle, and thus, indirectly, the cell
antioxidant builds up defense against oxidative stress. In this line, changes in seric y-Glu-AA concentration

Frontiers in Pharmacology | www.frontiersin.org 125

January 2022 | Volume 12 | Article 794680


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.794680&domain=pdf&date_stamp=2022-01-03
https://www.frontiersin.org/articles/10.3389/fphar.2021.794680/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.794680/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.794680/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.794680/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.794680/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.794680/full
http://creativecommons.org/licenses/by/4.0/
mailto:valerie.rolland@umontpellier.fr
mailto:michel.vignes@umontpellier.fr
mailto:julien.roussel@umontpellier.fr
https://doi.org/10.3389/fphar.2021.794680
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.794680

Sebih et al.

GSH Metabolite Activates NMDA Receptors

SCHEME 1 | Peptide coupling procedure.

)(J)\ HCLHoN >< BOP ,THF,
+O DIEATrt. , 1h
_—
Boc-L-Glu-OtBu H-L-Glu(OtBu)-OtBu, HCI

Boc-L-Glu[L-Glu(OtBu)-OtBu]-OtBu

are considered biomarkers of liver diseases (Kobayashi et al., 2020) and
neurodegenerative diseases (Nemes et al., 2001). They could also play a
critical role in the regulation of the central concentration of the
neurotransmitters glutamate and GABA, as shown when a
ketogenic diet is applied to treat epilepsy (Olson et al., 2018).

As these dipeptides contain glutamate in their structure, some
of them exhibit high affinity for ionotropic glutamate receptors,
including AMPA, kainate, and NMDA receptors (AMPAr, KAr,
and ANMDAr), as evidenced recently by binding studies
(Tamborini et al, 2016). In fact, the affinity for NMDA receptors
appears to be a broad feature shared by many y-glutamyl-substituted
derivatives. Indeed, it is known for long that y-D-Glu-Gly displays
NMDA receptor antagonist activity (Francis et al., 1980). In this line,
our laboratory has shown recently that the green tea amino acid
L-theanine (or L-y-N-ethyl-glutamine) potentiated NMDA responses
on hippocampal neurons by exhibiting a partial agonist activity of the
glycine site of NMDA receptors (Sebih et al,, 2017a).

In the present study, we aimed first to develop a new, simple,
and efficient synthesis of y-glutamyl dipeptides and second to
characterize their effect on glutamatergic neurotransmission.
This step was performed, thanks to calcium imaging and
electrophysiological recordings on cultured neuronal cells and
on cells expressing glutamate receptors, including C6 astroglioma
cells and Xenopus oocytes. Third, we aimed to examine the link
between the GSH cycle and y-Glu-AA production. With this aim,
the y-Glu-AA concentration was measured by LC-MS on C6 cell
supernatants treated with GSH synthesis modulators.

For this study, we have focused on the characterization of
y-Glu-Glu as its occurrence has been evidenced in the brain
(Reichelt, 1970), and as it can be released by depolarization from
the hippocampal slices (Li et al., 1996). In addition, it has better
affinity for ionotropic glutamate receptors among other y-Glu-
AAs (Tamborini et al., 2016).

RESULTS

Chemical Synthesis of y-Glu-Glu
The gamma-glutamyl dipeptide y-L-Glu-L-Glu has been
prepared using conventional methods for peptide synthesis.

The synthesis of gamma-glutamyl dipeptides was described
using a flow chemistry reactor in combination with an
immobilized coupling reagent (polymer-supported (PS-HOBt)
and scavengers (Baxendale et al, 2006). The authors avoided
purification and chromatography steps, but they had to perform
the immobilization of HOBt and two elutions, respectively, on
Amberlyst A21 (to remove HCl) and Amberlyst A-15 for the
coupling reaction (Tamborini et al., 2016).

The synthesis of H-Glu (Glu-OH)-OH described in Scheme 1
started with suitably commercial protected amino acid without
purification. Boc-L-Glu-OtBu was dissolved in THF in the
presence of BOP, Castro’s reagent as the coupling reagent, di-
isopropylethylamine (DIEA) as the base, and finally the protected
amino acid hydrochloride H-L-Glu (OfBu)-OtBu, HCl was
added; the pH of the mixture was adjusted at 8.5 with DIEA
for optimum coupling. The mixture was stirred for 1 h at room
temperature. After acid-base treatments and purification, the
dipeptide Boc-L-Glu [L-Glu (OtBu)-OtBu]-OtBul was obtained
in a 92% yield.

The final compounds y-L-H-Glu(L-Glu-OH)OH2 ((S,S) 4-
amino-4-carboxybutanoyl) glutamic acid) as chlorhydrate salt
were obtained in 90% yield by removing N-BOC and tertbutyl
esters protecting groups in acidic conditions using HCl 4N
aqueous solution in dioxane (Scheme 2). This step was
monitored by analytical HPLC to follow the disappearance of
all protecting groups and to check default of racemization. This
acidic hydrolytic step can also be performed with 80%
trifluoroacetic acid solution in CH,Cl, in very high yield.
However, trifluoroacetic salts are toxic for the cells.

Effect of y-Glu-Glu on Glutamate Receptors

in Cultured Hippocampal Cells

The binding studies led by Tamborini et al have shown that
y-Glu-Glu has the best binding affinity for all ionotropic
glutamate receptors, including AMPA, kainate, and NMDA
receptors (AMPAr, KAr, and ANMDAr), compared to other
y-Glu-AAs (Tamborini et al, 2016). But, the
pharmacological activities of this dipeptide on these
receptors are unknown.
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S-((S)-4-amino-4-carboxybutanoyl)glutamic acid
SCHEME 2 | Hydrolysis of protecting groups.

The first objective of this study was to determine if y-Glu-Glu
activated glutamatergic receptors. With this aim, intracellular
Ca®" ([Ca®"];) changes were monitored in cultured hippocampal
neurons in the presence of p-Glu-AAs. When Mg”* ions were
omitted from the extracellular medium [Ca®']; increases were
observed in the presence of y-Glu-Glu (Figure 1A). Its activity
was further compared to that elicited by other y-L-Glu-AAs
which exhibit good affinity for one or more ionotropic
glutamate receptors, that is, y-L-Glu-Lys, y-L-Glu-Gly,
y-Glu-Cys, and y-Glu-Ala. When tested at 10 uM, y-Glu-Glu
was the only one among the y-L-Glu-AAs tested to elicit
significant excitatory action evidenced by a Ca®" increase
(68.5 + 11.10% after normalizing the response elicited by the
dipeptides to the response induced by 10 pM glutamate; n = 75).
This response was significantly different from the “background”
response which was obtained by applying Glu in the presence of
glutamate receptor blockers, namely, AP5 25uM, a broad-
spectrum NMDAr antagonist, DNQX 10 uM, a non-NMDA
receptor antagonist, and MPEP 10 uM, a type 5 metabotropic
glutamate receptor antagonist.

In order to further characterize the excitatory effect of y-Glu-
Glu, it was applied in the presence of NMDAr or AMPAr/KAr
antagonists, that is, AP5 or DNQX, respectively. The application
of ionotropic glutamatergic receptor inhibitors prevented y-Glu-
Glu-induced Ca®" increase independently of each other. This
result indicates that y-Glu-Glu-induced Ca®" increase involved
NMDAr and/or AMPAr. The [Ca®']; increases observed in
cultured neurons under these conditions may result from a
direct excitatory action by binding ionotropic receptors and/or
from an indirect effect involving the stimulation of endogenous
glutamate synaptic release. In order to test this hypothesis,
experiments were carried out in the presence of tetrodotoxin
(TTX, 500 nM) in order to block synaptic transmission. In the
presence of TTX, y-Glu-Glu-elicited responses were completely
blocked, indicating that global [Ca®']; increases resulted from the
excitatory action of y-Glu-Glu via NMDAr activation and
subsequent AMPAr and NMDAr activation likely by
endogenous glutamate release. As expected, the potentiating
effect of glycine on NMDAr-mediated responses was still

observed in the presence of TTX. In addition, this response
was unchanged in the presence of y-Glu-Glu, suggesting no
direct additive action of glycine and y-Glu-Glu on glutamate-
mediated actions under these conditions. Such an excitatory
effect of y-Glu-Glu on synaptic transmission was further

examined by recording spontaneous glutamate-mediated
synaptic transmissions. y-Glu-Glu increased spontaneous
excitatory = postsynaptic  current  (sEPSC)  frequency.

Spontaneous EPSCs were recorded in an Mg*'-free state to
uncover NMDA  receptor-mediated  synaptic  events
(Figure 2A). The application of y-Glu-Glu significantly and
reversibly enhanced the frequency of sEPSC (220 + 12% of
basal frequency; n = 3). This excitatory effect was not
observed on mEPSCs isolated by applying TTX either in the
presence (n 3) or absence (n = 4) of Mg2+ ions in the
extracellular medium (Figures 2B,C, respectively). Both the
mean amplitude and frequency of appearance were unaffected
by y-Glu-Glu application. This result precludes that presynaptic
NMDA receptors are involved in the excitatory effect of y-Glu-
Glu on synaptic transmission. Taken together, these data
confirmed those obtained by measuring intracellular Ca**
changes in the presence of TTX.

Characterization of y-Glu-Glu Actions on
Cells Expressing NMDAr

Taken together, our data raised on hippocampal neurons suggest
that y-Glu-Glu behaves as a partial agonist of NMDA receptors.
In order to further characterize this effect, y-Glu-Glu was then
tested on cells expressing either of GluN1 and GluN2A or GluN1
and GluN2B NMDAr subunits, bearing in mind that they are the
most abundant NMDA receptors found in the hippocampus
(Shipton and Paulsen, 2014).

NMDA receptors were expressed first in astroglioma C6 cells.
We have first checked that functional NMDArs were correctly
expressed in this cell line. First, glutamate elicited a [Ca®"]; rise
only in transfected cells. Second, this response was potentiated by
glycine (10 uM), inhibited NMDATr antagonist AP5, and in the
presence of Mg”* ions in the extracellular medium (Figure 3A).
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FIGURE 1 | Characterization on the y-Glu-AA effect on [Ca*]jin cultured neurons. (A) y-Glu-Gly, y-Glu-Lys, y-Glu-Cys, and y-Glu-Ala were sequentially applied at

10 pM on cultured neurons. On the left, an illustrative sample trace obtained by averaging [Ca?*]; changes recorded in the three cells is shown. On the right, the
recapitulative graph plot peak [Ca®*]; normalized to glutamate response (at 10 uM; 100%) for all the y-Glu-AA tested (n = 75). *p < 0.05 when comparing y-Glu-AA- vs the
Glu-elicited response; $ p < 0.05 when comparing y-Glu-Glu- vs other y-Glu-AA—elicited responses. (B) Pharmacological characterization of y-Glu-Glu targets with
glutamate ionotropic receptor antagonists AP5 (25 uM; NMDAr antagonist) and DNQX (10 uM; AMPAr and KAr antagonist). On the left, a graph plotting averaged
sample traces of the 27 cells recorded during one individual experiment is shown. On the right, the recapitulative graph plot peak [Ca®*]; normalized to y-Glu-Glu
response (at 10 pM; 100%) for all the conditions tested (n = 193). (C) lllustrative experiment depicting the dependency of y-Glu-Glu—elicited [Ca®*] increase on the
presence of Mgz* ions in the extracellular medium. The graph was obtained by averaging traces recorded in the 30 individual cells. (D) Representative experiment
illustrating the dependency of y-Glu-Glu effects on the extracellular Ca?* ions. The metabotropic glutamate receptor (MGlu5) agonist DHPG (10 uM) was tested as a
control for the stimulation Ca®* release from intracellular stores. The graph has been generated by averaging the responses of 25 individual cells recorded. (E) Effect of
TTX of y-Glu-Glu—elicited responses. On the left, a graph plotting the responses of Glu and y-Glu-Glu is shown. It has been obtained by averaging [Ca®*]i changes from
12 individual cells recorded during a single experiment. On the right, the graph recapitulates the [Ca®*]i increases elicited by Glu, y-Glu-Glu, Glu+y-Glu-Glu, y-Glu-Glu +
Gly, and Glu+y-Glu-Glu + Gly. Data are presented as [Ca?*]i increases normalized to the responses of Glu (n = 68).
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FIGURE 2 | Effect of y-Glu-Glu on spontaneous excitatory synaptic transmission. (A) On the left, representative traces showing the exciting effect of y-Glu-Glu on
SEPSC recorded in the MgZ*—free medium. A recapitulative graph plotting the changes in sSEPSC frequency and amplitude is shown. Data are expressed as averages
(+SEM) of sEPSC frequencies or amplitudes, normalized to respective basal SEPSC frequency or amplitude. *p < 0.05 vs. baseline frequency (one-way ANOVA followed
by the Holm~Sidak t-test) (B) Miniature spontaneous transmission (MEPSC) was recorded in the presence of TTX (500 nM) in a Mg®* ion—containing extracellular
medium. On the left, the extracts of MEPSC recordings obtained in the control and in the presence of y-Glu-Glu are shown. On the right, a graph plot mEPSC frequency
and amplitude. Data are expressed as averages (+SEM) of mEPSC frequencies or amplitudes normalized to the respective basal mMEPSC frequency or amplitude. (C)
Miniature EPSCs were recorded in the presence of TTX (500 nM) in a Mg?* ion—free medium. On the right, a graph plot mEPSC frequency and amplitude is shown. Data
are expressed as averages (+SEM) of mEPSC frequencies or amplitudes normalized to the respective basal sEPSC frequency or amplitude.
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FIGURE 3 | Effect of y-Glu-Glu on [Ca®*]i on C6 cells transfected with the NMDAr. (A) Comparative effect of 10 uM glutamate and 10 uM glutamate + glycine

application in the NMDAr comprising the GIuN2A or Glu2B subunit (n = 100). (B) lllustrative experiment depicting the effect of y-Glu-Glu and Glu, both applied at 10 pMin
the presence or not of glycine (gly, 10 pM) on the GIuUN2B-expressing C6 cells (n = 3). (C) Recapitulative graphs plotting the effects of y-Glu-Glu in the presence of Glu or
Gly on GIuN2A- (left; n = 10) and GIuN2B-expressing cells (right; n = 17). (D) Concentration-dependent curve of the effect of Glu and y-Glu-Glu on [Ca®*];measured

in GIuN2B-expressing cells (n = 15 each). (E) Quantitative analysis of the effect of the combination of Glu (10 pM or 100 uM) with y-Glu-Glu (10 pM) (left, n = 15). On the
right, the graph compares the theoretical response obtained by adding the individual responses elicited by Glu (10 pM) and of y-Glu-Glu (10 pM) (right histogram) with the
experimental response obtained by co-applying Glu (10 pM) with y-Glu-Glu (10 uM). *p < 0.05 when comparing both conditions (one-way ANOVA followed by the
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FIGURE 4 | Effect of y-Glu-Glu on GIuN1/GIuN2A- and GIuN1/GIuN2B NMDAr-expressing Xenopus oocytes. (A) Current traces obtained from GIuN1/GIUN2A-
(top) and GIuN1/GIuN2B- (bottom) expressing oocytes in the presence of y-Glu-Glu and Glu alone or in combination with glycine. (B) Recapitulative graph plotting
current amplitudes expressed as fractions of the current obtained by co-applying Glu and Gly (each at 10 puM) in both GIuN1/GIuN2A- and GluN1/GIuN2B-expressing
oocytes. Data are presented as averages (+SEM) of 12 independent experiments. * indicates a significant difference between a given condition and the glutamate +
glycine effect. #indicates a significant difference between the current amplitudes recorded on GIluN2A-expressing oocytes and those recorded on GIUN2B-expressing
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The transfected NMDArs thus retained their functional
properties when transfected in C6 cells. We also observed that
GluN2B-expressing cells were more sensitive to glutamate than
GluN2A-expressing cells. Gamma-Glu-Glu-elicited [Ca*'];
increases were detected when it was applied at a concentration
of 10 uM on both GluN2A- and GluN2B-expressing C6 cells
(Figures 3B,C). It had no effect on untransfected cells (data not
shown). In addition, glycine potentiated y-Glu-Glu responses.
Gamma-Glu-Glu dose-dependently increased [Ca**]; with an
EC50 value circa 300 uM. It was less potent than glutamate
which exhibited an EC50 value in the micromolar range
(Figure 3D). Therefore, y-Glu-Glu displayed partial agonist
effect on NMDA receptors. In this line, y-Glu-Glu was further
tested in combination with Glu to evaluate whether it could
antagonize Glu effects. In fact, we observed that y-Glu-Glu when
tested at 10 uM consistently potentiated the responses elicited by
Glu at 10 uM. However, this potentiation was lost when Glu was
tested at 100 uM (Figure 3E). Therefore, y-Glu-Glu does not
really behave as a “conventional” partial agonist as it does not
elicit any blocking action on glutamate-evoked responses.
Concentration-dependent effects of y-Glu-Glu were further
evaluated on oocytes expressing GluN2A- or GluN2B-containing
NMDA receptors. Interestingly, y-Glu-Glu elicited different
responses according to the concentration applied and to
NMDAr subunit composition. GluN2A-containing NMDArs
were more sensitive to low concentrations of y-Glu-Glu than
GluN2B-containing NMDArs. At higher concentrations
(100 uM), the opposite was observed. Such a discrepancy was

retained when y-Glu-Glu was applied in the presence of glycine
(Figures 4A,B). This was also observed on C6 cells expressing
NMDAr.

y-Glu-Glu Production by Astroglioma Cells

Depends on Glutathione Metabolism

In the brain, y-Glu-AAs can be obtained after GSH lysis by y-GT.
They are further released in the extracellular space. In addition,
astrocytes appear to be the major source of y-Glu-AAs (Dringen
et al, 1999). We have thus evaluated whether y-Glu-Glu was
found in the extracellular medium of cultured C6 astroglioma
cells and whether its concentration was linked to GSH
metabolism (Figure 5). For this, the cells were treated either
with acivicin (ACV), a blocker of y-GT, or with L-buthionine-(S,
R)-sulfoximine (BSO), a blocker of GCLC and sulforaphane
(SEFN), which boosts GSH formation by stimulating GCLC
expression via Nrf2 pathway activation. First, intracellular
GSH changes were evaluated in C6 cells in order to confirm
the activity of these modulators. BSO (10 uM) significantly
reduced GSH as measured in cellulo with monobromobimane
(mBrB) fluorescence (63 + 2% of basal; n = 3), while ACV
(100 pM) and SFN (10 uM) elicited a significant increase in
mBrB fluorescence (132 + 2% and 165 + 12% of basal,
respectively; n = 3). The extracellular y-Glu-Glu concentration
([y-Glu-Glu].) was further measured, thanks to LC-MS. Basal
[y-Glu-Glu], was 262 + 56 nM (n = 3). In the presence of ACV,
[y-Glu-Glu], was significantly increased to 170 + 17% of the basal
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FIGURE 6 | Standard curve for y-Glu-Glu. y-Glu-Glu LC-MS/MS in the MRM mode showing the three transitions.

concentration (n = 3). BSO had merely no effect on [y-Glu-Glu],
while SFN enhanced it, although not significantly (135 + 25%, n =
3). Therefore, [y-Glu-Glu]. tends to be linked to GSH metabolism
in astroglioma cells. It is noteworthy that y-Glu-Glu was not
detected in the extracellular medium of cultured neurons (not
shown).

DISCUSSION

We found here that y-Glu-Glu produced excitatory actions on
cultured hippocampal neurons by activating partially NMDA
receptors, although y-Glu-Glu has good affinity for all ionotropic
glutamate receptors (Tamborini et al., 2016). This result is in
good agreement with a previous study showing such an activity in
olfactory bulb neurons (Li et al, 1993). In addition, we also
observed that y-Glu-Glu effects were consistently detected above

10 uM. Nevertheless, y-Glu-Glu excitatory actions could also
involve a positive modulation of glutamate effects. Indeed, at
specific concentrations, y-Glu-Glu potentiated glutamate-elicited
responses, while an inhibitory action was more likely expected if it
had behaved as a partial agonist of the glutamate binding site on
the NMDAr. This suggests that the y-Glu-Glu binding site could
impinge on a positive allosteric and/or co-agonist binding site on
NMDAr. Further structural analysis is required to define the
potential binding site(s) of this dipeptide on NMDAr. Moreover,
we found that y-Glu-Glu elicited greater selectivity for the
NMDAr containing the GIluN2B subunit than for those
containing the GluN2A subunit. The endogenous occurrence
of y-Glu-Glu could thus favor neurophysiological mechanisms
involving GluN2B-containing NMDAr (Sun et al,, 2018).
Nevertheless, y-Glu-Glu elicited excitatory actions at low
concentration (10 uM) which were dependent on the integrity
of synaptic transmission as TTX (500 nM) blocked both y-Glu-
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Glu-elicited [Ca®']i increases and increase in spontaneous
synaptic transmission. It is noticeable that y-Glu-Glu
excitatory action was prominently detected on SsEPSC
frequency than on their amplitude. This most likely arises
from the fact that SEPSCs were recorded in Mg>" ion-free
medium. Under these conditions, sEPSCs occur as chronic
bursts with a steady amplitude and frequency (so-called
“network activity”). Moreover, excitations or inhibitions of this
activity are detected mainly by changes in the bursting frequency.
This is probably due to the fact that network activity results from
the synchronized activation of all excitatory synapses at the same
time, and as a consequence, modulations are detected mainly by
changes in the frequency of burst occurrence. The fact that the
excitatory effect of y-Glu-Glu on synaptic transmission was
blocked by TTX indicates that it most likely resulted from an
indirect mechanism involving first the partial effect on NMDAr
leading and second the endogenous synaptic release of glutamate
and glycine, in turn activating both AMPAr and NMDAr
(Vignes, 2001). We have previously reported a similar effect
with theanine which exerted excitatory effects sensitive to TTX
in cultured hippocampal neurons; the excitatory effect of
theanine involves a positive modulation of NMDAr (Sebih
et al, 2017). The endogenous presence of y-Glu-Glu could
thus be at the origin of the tonic activation of NMDAr which
has been identified in the hippocampus (Le Meur et al., 2007).
Indeed, Le Meur et al. have shown that NMDArs were chronically
activated by ambient glutamate of non-synaptic origin. Thus,
y-Glu-Glu could be involved in this tonic activation of NMDAr
since, in addition, it has mainly a glial origin (Dringen et al.,
1999). Indeed, gamma-glutamyl dipeptides (y-Glu-AA) are by-
products of glutathione (GSH) metabolism as they result from the
breakdown of GSH by the action of y-GT. They are further
released in the extracellular space. We have thus verified whether
y-Glu-Glu production was related to GSH metabolism in
astroglial cells. In fact, while boosting GSH cell content with
the Nrf2 activator, it resulted, as expected, in an increased
occurrence of y-Glu-Glu. By contrast, rather surprisingly,
y-Glu-Glu concentration was enhanced after treating cells with
acivicin, an efficient blocker of y-GT activity, while a decrease was
expected. Nevertheless, as acivicin also enhanced GSH cellular
content, one may speculate that there should be another
enzymatic route leading to y-Glu-Glu from GSH. In support
of this, Bachhawat and Yadav (2018) indicate that there are
alternative pathways to y-GT activity, including the
glutamate—cysteine ligase activity, which could lead to the
production of y-Glu-AA.

The changes in y-Glu-Glu in the extracellular medium may
thus reflect the production of GSH by astroglial cells. As GSH is
the major antioxidant in the CNS, increased production of GSH is
required in order to build up antioxidant defense during oxidative
stress. Therefore, enhanced production of GSH may result in
enhanced y-Glu-Glu, which, in turn, could produce a stronger
activation of NMDA receptors. Such an effect could aggravate
indirectly the detrimental action of oxidative stress on neurons,
which is particularly enhanced in the progression of
neurodegenerative diseases.

GSH Metabolite Activates NMDA Receptors

MATERIALS AND METHODS

1-Chemical Syntheses

The melting points were obtained using a Buchi 510 capillary
apparatus and were uncorrected. "H NMR and '>C NMR spectra
were recorded at 300 and 75MHz using a Bruker AC300
instrument and at 600 MHz using a Bruker AC600
instrument. Chemical shifts are quoted in parts per million
(ppm) and were referenced to the residual solvent peak. The
following abbreviations are used: s, singlet; d, doublet; t, triplet; g,
quartet; and m, multiplet. Coupling constants are reported in
hertz (Hz). High-resolution mass spectra (HRMS) were recorded
on a Micromass Q-TOF electrospray instrument with only
molecular ion and other major peaks being reported. LC-MS
identification was carried out by electrospray on HPLC Waters
Alliance 2690. Flash chromatography was carried out using
E-Merck silica gel (Kieselgel 60, 230-400 mesh) as the
stationary phase. Thin-layer chromatography (TLC) was
carried out on aluminum plates precoated with Merck silica
gel 60F254 and visualized by quenching of ultraviolet
fluorescence or by staining with a 10% methanol
phosphomolybdic acid solution followed by heating. Column
chromatography on silica gel was carried out with Merck
Kieselgel 60 silica (230-400 mesh). Analytic HPLC was
performed on a Waters apparatus 717 plus autosampler with
Millenium>? program on SymmetryShieldTM RPg 3.5um
21mm x 20 mm column using a linear gradient of ACN in
H,O with 0.1% TFA in 5min with 3 ml/min flow. THF was
distilled from sodium/benzophenone ketyl. The reagents were
supplied by commercial sources (Merck, Fluka, Sigma-Aldrich,
BACHEM, Acros, and Novabiochem).

General Procedure for Peptide Coupling
Synthesis of (S,S) Di-Tert-Butyl
(5-(Tert-Butoxy)-4-((Tert-Butoxycarbonyl)
Amino)-5-Oxopentanoyl)Glutamate 1

(S)Boc-Glu-OtBu (1 mmol, 303.4 mg), (SYHCLH-Glu(OtBu)-
OfBu (1 mmol, 295.8 mg), BOP (1.2 mmol, 530.7 mg), and
DIEA (3 mmol, 0.52 ml, pH = 8.5) were dissolved in THF
(15 ml) and stirred at room temperature. After stirring 1 h, the
solvent was removed under reduced pressure, the organic layer
was extracted with ethyl acetate (15 ml), and then washed with
2 x 5ml of 10% citric acid, 2 x 5 ml NaHCO3 (1M), and then
with 2 x 5ml brine. The organic phase was dried over
anhydrous MgSO, and, after evaporation of the solvent
under reduced pressure, the totally protected dipeptide I
was purified on a silica gel column in AcOEt/cyclohexane,
7:3, as the eluent.

Yield: 95%; white solid; Rf = 0.58 (AcOEt/cyclohexane, 7:3); tR
= 1.98 min. MS (ES+) m/z 544.1.1H NMR (300 MHz, MeOD):
8H (ppm) 1.39 (s, 9H, BOC), 1.48-1.49 (m, 27H, 3xOtBu), 2.05 (t,
2H), 2.18 (m, 2H), 2.29 (m, 2H), 2.35 (t, 2H), 3.90 (dd, 1H,CHa,
3] = 9.4 Hz, 3] = 4.27 Hz), 4.27 (dd, 1H,CHa, 3] = 8.95 Hz, 3] =
5.29 Hz).13C NMR (75 MHz, MeOD):8C (ppm) 26.48, 26.6, 27.1,
28.7,30.43, 32.8, 52.97, 54.22, 79.87, 82.11, 156.58, 171.75, 173.1,
174.13.
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(S)-2-((S)-4-Amino-4-Carboxybutanoyl) Glutamic Acid
2: y-L-H-Glu (L-Glu-OH)-OH

The final compound y-L-Glu (L-Glu-OH)-OH 2 was obtained by
removing N- and C- protecting groups (i.e., BOC and tertbutyl
esters) in acidic conditions. Boc-L-Glu[L-Glu(OtBu)-OtBu]-
OtBul (1 mmole, 544 mg) was stirred in HCl 4N aqueous
solution in dioxan (10 ml) for 4h at 40°C. The dioxan was
evaporated under reduced pressure, and the N-chlorhydrate
salts of gamma dipeptide were precipitated and dried in
diethylether. y-L-Glu (L-Glu-OH)-OH 2 was obtained in a
90% yield. It can also be lyophilized.

Yield 90%; hygroscopic white solid; Rf = 0.15 (AcOEt/
cyclohexane, 7:3); tR 04min mp: 98-102°C; Mw
C10H2607N2. MS (ES+) m/z 277.2 (M + H)+. HRMS (ESI)
m/z Calcd for [M + H]+ 277.1036, found 277.1041.1H NMR
(300 MHz, D20): 8H (ppm) 1.99-2.08 (m, 4H), 2.30-2.41 (m,
2H), 2.39-2.47 (m, 2H), 3.67-3.73 (t, 2H, 2xCHa). 13C NMR
(75 MHz, D20):6C (ppm) 25.55, 26.08, 30.14, 30.74, 53.88, 53.98,
173.80, 173.86, 177.22, 177.56.

2-Cell Cultures

Functional characterization of gamma-Glu-Glu was performed
on primary hippocampal neurons and cells expressing
NMDAr, including transfected astroglioma C6 cells and
Xenopus oocytes. All experiments were carried out in

accordance with the European Community Council
Directive of 24th November 1986 (86/609/ECC).
Sprague—-Dawley rats were obtained from Janvier

Laboratories (France). Culture media (DMEM/Ham F12
with HEPES and 4.5 g/L glucose), Dulbecco’s phosphate-
buffered saline (Dulbecco’s PBS), Versene, antibiotics, and
fetal calf serum (FCS) were purchased from Invitrogen.
Culture dishes were obtained from Nunc. All chemicals
were obtained from Sigma.

Hippocampal Neuron-Enriched Cultures
Primary neuronal cultures were established from 18-day-old
embryonic rat hippocampi, as previously described (De Jesus
Ferreira et al, 2005), with minor modifications. After
preincubation with  Versene, hippocampal cells were
mechanically dissociated and plated at a density of 2 x 106
cells/dish, on 8-well plates containing square (10 x 10 mm?)
glass coverslips, previously coated with poly(D-lysine)
(50 ug/ml) and then with DMEM/HAM F12 containing
10% FCS. The cells were grown in a defined medium
containing DMEM/HAM F12, supplemented with 33 mM
glucose, 2mM glutamine, 100 U/ml penicillin, 100 ug/ml
streptomycin, 13mM sodium bicarbonate, 5.5 pg/ml
transferrin, 10 pyg/ml insulin, 1 pM P-estradiol, 3 nM
triiodothyronine, 20nM progesterone, 5ng/ml sodium
selenite, and 100 uM putrescine. The experiments were
performed on cell cultures grown from 6 to 16 DIV.

C6 Astroglioma Cells
Rat C6 glioma cells were gifted by Dr Nathalie Chevalier
(INSERM U1198). They were maintained in DMEM

GSH Metabolite Activates NMDA Receptors

supplemented by 10% fetal calf serum in the presence of
100 U/ml penicillin and 100 pug/ml streptomycin. C6 cells were
transfected at 80% confluence with a combination of GluN1 and
GluN2A or GIuN2B (3.75pg cDNA/wells) + 10pl of
Lipofectamine ~ (Invitrogen)  diluted in  Opti-MEM™
(Gibco™). The cells were used 24h after transfection. All
constructions of NMDA receptor subunits have been kindly
provided by Pierre Paoletti (IBENS, ENS, Paris). C6 cells were
used for less than 15 passages.

Xenopus Oocyte Injection and Oocyte

Current Recording

Xenopus oocytes were prepared and injected with
in vitro-transcribed RNA at 1 ug/ul (20-40 nl) of rat GluN1-
la (named GluN1 herein) and rat GluN2A or mouse €2 (named
GIluN2B herein) with a stoichiometric ratio of 1:1 (Sebih et al.,
2017a). Macroscopic currents were recorded under a two-
electrode voltage clamp using a GeneClamp 500 amplifier
(Axon Instruments) and analyzed in the ND96 HERG
recording solution (in mM, 96 NaCl, 3 KCl, 0.5 CaCl2, 5
HEPES, pH = 7.2). Current and voltage electrodes (less than
1 MQ) were filled with 3 M KCIl. The currents were filtered
(20 Hz) and digitized (66 Hz) using a Digidata-1200 interface
(Axon Instruments). Data acquisition was performed using
version 7 of pClamp software (Axon Instruments). On the
graphs depicting pooled data, the currents recorded on oocytes
were expressed as fractions of the maximal current obtained on
NMDA receptors—expression obtained by applying a
combination of glutamate and glycine, both at 10 uM (Yuan
et al., 2009).

3-Measurement of GSH Content

Changes in the cellular content of GSH were measured after
monobromobimane (mBrB) labeling as previously described
(De Jesus Ferreira et al., 2005) (Baxter et al., 2015). For this,
Cé6 rat glioma cells were seeded in 96-well culture plates.
When reaching 80% confluence, the cells were treated with
BSO (10 uM) or SFN (10 uM) or ACV (100 uM) for 24 h. The
culture medium was then replaced by the extracellular
medium containing 50 uM mBrB. The extracellular
medium comprised 124 mM NaCl, 3.5 mM KCl, 25 mM
NaHCO3;, 1.25 mM NaH,PO,, 1 mM CaCl,, 2 mM MgSO,,
10 mM D-glucose, and 10 mM HEPES (pH: 7.4). Incubation
with mBrB lasted for 30 min, and then the cells were washed
with the extracellular medium to remove unbound mBrB.
Fluorescence was then measured in cellulo with a plate reader
(Tecan “Spark” 20M) at 527 nm after excitation at 380 nm.
Background fluorescence was obtained from mBrB unlabeled
cells. For data processing, the background fluorescence was
subtracted to all fluorimetric signals which were further
normalized to mBrB fluorescence recorded in control cells.
An experimental determination was performed eight times
per experiment. The data are expressed as percentages of at
least three distinct experiments performed on different cell
cultures.
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TABLE 1 | Mass spectrometric parameters: MRM parameters, chromatographic attributes, and quantitative response of y-Glu-Glu compounds in standard samples.

Analyte Formula Mass (Da) Precursor ion (m/z) MRM transition m/z

y-Glu-Glu CioH17N05 276.1 2771 148.1, 130.0, 84.0 (quanti)
LOD (mol/L) LOQ (mol/L) SD R? Linearity Retention time (min)
10-9 10-9 8% 0.999 1000 4.2
4-Measurement of Intracellular Ca2+ Devices). Spontaneous PSCs were analyzed with John
Concentration Dempter’s software packages WinEDR and WinWCP. Drugs

were applied at the desired concentration via a gravity-fed

Intracellular calcium concentration ([Ca®*];) was measured using - oF.
application system.

the fluorescent indicator fura-2. For this purpose, the cells grown
on glass coverslips were loaded with fura-2 by a 30-min incubation

t 37°C with 1uM fura-2-AM d 0.02% PI ic in th
¢ Wi C RV e o ene U 6-LIQUID CHROMATOGRAPHIC AND MS/
extracellular solution described above. [Ca™]; was monitored by

video microscopy. After rinsing, the glass coverslip was transferred MS CONDITIONS FOR Y'GLU'G LU

to the recording chamber mounted on an inverted microscope
(Leica, DMIRB) and continuously superfused with the extracellular
medium described above without adding MgSO4 (Mg ions free
medium). Fura-2 emission was obtained by exciting alternatively at
340 and 380 nm with a rotating filter wheel (Sutter Instruments)
and by monitoring emissions (F340 and F380) at 510 nm.
Fluorescent signals were collected with a CCD camera
(Hamamatsu), digitized, and analyzed with image analysis
software (Acquacosmos, Hamamatsu). The ratio of emissions at
510 nm (F340/F380) was recorded in the cells every second.
Experiments were carried out at room temperature. Drugs were
applied for 1 min with a gravity-fed system. The data are expressed
as averages (+SEM) of the ratio between the fura-2 fluorescence
values of 340/380 nm excitation wavelength ratios (F340/F380),
normalized to the corresponding basal F340/F380 measured prior
to any drug application.

Graphs presenting time courses of F340/F380 ratio changes
have been obtained by averaging data from a population of cells
recorded individually during one single representative
experiment. In the graphs of pooled data, “n” values represent
the entire population of cells recorded from at least three
independent cultures.

The extracellular concentration of y-Glu-Glu was measured with
the extracellular medium of cultured rat C6 astroglioma cells. With
this aim, C6 cells were grown in 24-well cell culture plates until 80%
cell confluence was reached. The cells were further treated with
ACV (100 uM) or BSO (10 uM) or SEN (10 uM). After a 24-h
treatment, the samples of 100 pL of the extracellular medium were
taken from 500 pL of the total culture well volume. Sample analyses
were further conducted using a LC-MS/MS-8050 (Shimadzu
Scientific, Inc., Columbia, MD, USA) Triple Quad mass
spectrometer (QqQ) equipped with a UHPLC NexeraX2 system.

Peak resolution and separation for all samples were optimized
by wusing a Nucleoshell HILIC 50 x 2.1mm; 2.7um
(Macherey-Nagel) maintained at 30°C. Mobile phase A:
ammonium acetate 100 mM and mobile phase B: ACN/
ammonium acetate 100 mM (95/5, v/v) with a 1 ml/min flow
and a gradient of 0-80% in 10 min (Figure 6).

System control, data acquisition, and quantitative analysis
were performed using Labsolutions software (Shimadzu).
Optimal detection conditions were determined from the
injection of 594 standard samples over six different
parameters. Mass spectrometric detection was operated in
positive electrospray ionization and multiple reaction
monitoring. The multiple reaction monitoring (MRM)
5-Electrophysiology transitions and compound dependent parameters are shown in
Spontaneous excitatory and inhibitory postsynaptic currents ~ Table 1. Optimized parameters were obtained by the product ion
(sESPC and sIPSC) were recorded using the whole-cell patch- ~ scan mode of the individual analyte at 10 uM. The parameters for
clamp method. Neurons grown on glass coverslips were  multiple reaction monitoring (MRM) detection in the positive
transferred to a recording chamber of an upright microscope =~ mode are as follows: nebulizing gas flow: 3.0 L/min; heating gas
and continuously superfused with the extracellular medium (in ~ flow: 15 L/min; drying gas flow: 5 L/min; interface temperature:
the presence or absence of MgSO4, according to the  350°C; desolvation line temperature: 250°C; and heat block
experimental condition). Experiments were performed at  temperature: 400°C.
room temperature with glass pipettes (4-5MQ resistance) Extracellular sample analysis was performed in triplicate per
filled with the intracellular solution comprising 140 mM  experiment. On the graphs, “n” applies to individual experiments.
CsMeSO;, 4 mM NaCl, 1 mM MgCl,, 1mM EGTA, 5mM
HEPES, 2mM MgATP, and 0.6mM NaGTP, pH = 74 7-Statistical Analyses
(CsOH). Tetrodotoxin (500 nM) was included to record  On the recapitulative graphs, “n” applies to the total number of
miniature EPSCs (mEPSCs) (Vignes, 2001). Access resistance cells recorded and is the sum of all individual cells from at least
was monitored by applying a 10-mV voltage steps. The currents  three independent cell cultures. Statistical analyses were performed
were collected and amplified with an Axoclamp 200B amplifier ~ using SigmaStat software (Systat software Inc.). One-way ANOVA
(Molecular Devices) and digitized (Digidata 1322, Molecular ~ was generally used for comparison followed by an adequate t-test.
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Fudan University, National Children’s Medical Center, Shanghai, China

The gene kcnmal encodes the a-subunit of high-conductance calcium- and voltage-
dependent K* (BK) potassium channel. With the development of generation gene
sequencing technology, many KCNMA1 mutants have been identified and are more
closely related to generalized epilepsy and paroxysmal dyskinesia. Here, we performed a
genetic screen of 26 patients with febrile seizures and identified a novel mutation of
KCNMA1 (E155Q). Electrophysiological characterization of different KCNMA1 mutants in
HEK 293T cells, the previously-reported R458T and E884K variants (not yet determined),
as well as the newly-found E155Q variant, revealed that the current density amplitude of all
the above variants was significantly smaller than that of the wild-type (WT) channel. All the
above variants caused a positive shift of the |-V curve and played a role through the loss-of-
function (LOF) mechanism. Moreover, the 4 subunit slowed down the activation of the
E155Q mutant. Then, we used kcnma1 knockout (BK KO) mice as the overall animal model
of LOF mutants. It was found that BK KO mice had spontaneous epilepsy, motor
impairment, autophagic dysfunction, abnormal electroencephalogram (EEG) signals, as
well as possible anxiety and cognitive impairment. In addition, we performed
transcriptomic analysis on the hippocampus and cortex of BK KO and WT mice. We
identified many differentially expressed genes (DEGs). Eight dysregulated genes [i.e., (Gfap
and Grm3 associated with astrocyte activation) (Alpl and NIrp10 associated with
neuroinflammation) (Efnab and Reln associated with epilepsy) (Cdknia and Nr4ai
associated with autophagy)] were validated by RT-PCR, which showed a high
concordance with transcriptomic analysis. Calcium imaging results suggested that BK
might regulate the autophagy pathway from TRPML1. In conclusion, our study indicated
that newly-found point E155Q resulted in a novel loss-of-function variant and the
dysregulation of gene expression, especially astrocyte activation, neuroinflammation
and autophagy, might be the molecular mechanism of BK-LOF meditated epilepsy.

Keywords: BK channel, KCNMA1, loss-of-function variants, epilepsy, neuroinflammation, autophagy
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INTRODUCTION

Ion channels are expressed throughout the body and perform
important physiological functions, such as neuronal excitability
and the tone of smooth muscle. Ion channel disease, also known
as ion channelopathy, is unusually considered to be caused by the
gene mutation and abnormal function of ion channel subunits
(Zheng and Trudeau, 2015; Bailey et al., 2019). BK channel is
widely expressed in neurons and muscles (Fagerberg et al., 2014),
and is also related to functions such as membrane potential
repolarization, neuronal excitability control, neurotransmitter
release, innate immunity, and cochlear hair cell regulation
(Petersen and Maruyama, 1984; Murrow and Fuchs, 1990;
Brayden and Nelson, 1992; Robitaille and Charlton, 1992).
Human kcnmal encodes the a-subunit of high-conductance
calcium- and voltage-dependent K* (BK) potassium channel. The
a subunit of BK channel contains seven transmembrane
fragments (S0-S6) and a large intracellular COOH terminal,
consisting of two RCK domains (responsible for calcium
sensing through the high-affinity Ca®* binding sites), and S1-
S$4 acts as the voltage sensor, S5 and S6 fragments as well as P-loop
form the pore region of the channel, and the (TVGYG) sequence
of S6 is considered as a selective filter for potassium ions (Latorre
et al,, 2017). BK channel is allosterically activated by the changes
of not only intracellular calcium concentration, but also
membrane potential. The main sources of BK channel
dysfunction are de novo and genetic nucleotide changes, which
are roughly divided into gain-of-function (GOF) and loss-of-
function (LOF) (Bailey et al., 2019). LOF mutation changes the
channel activity by reducing the current amplitude or duration,
while GOF mutation activates faster, increases Ca>" sensitivity
and current amplitude (Du et al., 2005; Moldenhauer et al., 2020).
In 2005, the abnormality of the BK channel was associated
with human diseases for the first time. The substitution of
aspartic acid at position 434 of the alpha subunit of BK
channel by glycine would induce repolarization of action
potentials, accelerate the firing rate, and increase the
overall excitability of neurons, leading to systemic epilepsy
(Du et al., 2005). Interestingly, the GOF phenotype of D434G
mutant is due to increased BK channel Ca** sensitivity (Du
et al., 2005), but in N995S (also called N999S and N1053S)
mutants, the mechanism for BK GOF is the left shift of
conductance-voltage (G-V) curve (Moldenhauer et al,
2020). However, different from the phenotype of the
mutants above, BK channel C413Y, P805L, D984N (Bailey
etal., 2019) and G354S-LOF (Du et al., 2020) mutations have
been found to reduce the channel currents, with varying
presence of seizures, dyskinesia, and dystonia (Bailey et al.,
2019). In addition to the genetic mutation and abnormal
expression of the channel itself, the physiological
characteristics of the BK channel are also affected by the
interaction of its a subunit and auxiliary subunits (e.g., f1-4
subunits or p1-4 subunits). The 4 subunit is an auxiliary
subunit specifically expressed by neurons, dominantly
expressed in brain. The BK channel composed of it and
the a subunit activates relatively slowly than the channel
composed of only the a subunit. The mice lacking the P4
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subunit show significant symptoms of temporal lobe epilepsy
(Brenner et al., 2005). In addition, mutations in the B3
subunit also cause epilepsy (Lorenz et al., 2007).

The unique physiological behavior of the BK channel enables
it to both enhance and reduce the excitability of neurons.
Therefore, the role of BK channel in the pathogenesis of
epilepsy is still controversial and is an increasingly intense
research field (Zhu et al.,, 2018).

Here, we report a novel de novo KCNMA1 mutant
(E155Q) in a patient. Electrophysiological results show
that E155Q, R458T (not yet determined), and E884K (not
yet determined) mutant all present a LOF phenotype. A series
of behavioral experiments show that BK KO mice (as the
overall animal model of LOF) have spontaneous epilepsy,
motor impairment, abnormal electroencephalogram (EEG)
signals, autophagic dysfunction, as well as possible anxiety
and cognitive impairment. This study expands the mutation
spectrum of KCNMAI-epilepsy, explores the possible
mechanism of epilepsy by transcriptome, reveals the
relationship between KCNMAI1-LOF and epilepsy, and
provides a possible molecular template for individualized
treatment of epilepsy.

METHODS

Mutation Screening

Genomic DNA was extracted from peripheral blood with kit
(DP348, Tiangen, Beijing, China). The samples were assessed
by Shanghai Biotechnology Corp, China. KCNMAI variants
were examined in children with febrile seizures by whole-
exome sequencing. This study was approved by the
Institutional Review Board at Children’s Hospital of Fudan
University, Shanghai (National Children’s Medical Center,
Fudan University). And informed consent was given by the
parent or guardian.

Site-Directed Mutagenesis of KCNMA1

(hBKa) Plasmids

The plasmids containing hSloa (U23767) and 4 (KCNMB4; AF
160967.1) were gifts from J.D. Lippiat (Leeds university) (Lippiat
et al., 2003). Three individual point-mutations (E155Q, R458T,
and E884K) were constructed. Each amino-acid substitution was
introduced into the hSloa plasmid using a Hieff Mut™ Site-
Directed Mutagenesis Kit (11004ES10, Yeasen, Shanghai, China)
according to the manufacturer’s protocol. Site-directed
mutagenesis was performed with the following primers [PI:
5'-CCAGCCGACCTGGGCGGCCACTG-3', P2: 5'-CAGTGG
CCGCCCAGGTCGGCTGG-3' (E155Q); P1: 5'-CCACCTGAG
TAAAATGTGTTTTGAACAGAGCTTCAAGCTCCAG-3/, P2:
5'-CTGGAGCTTGAAGCTCTGTTCAAAACACATTTTACT
CAGGTGG-3" (R458T); P1l: 5'-GACGCCAAGATGCATTTC
TTGTCCTGCAGCGAA-3', P2: 5'-TTCGCTGCAGGACAA
GAAATGCATCTTGGCGTC-3'  (E884K)]. All mutant
constructs were verified by sequencing (GENEWIZ, Jiangsu,
China).
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Cell Culture and Transfection
All experiments were performed on HEK 293T cell lines. HEK

293T cells were obtained from Shanghai cell bank of Chinese
Academy of Science. The cells were both cultured in Dulbecco’s
modified Eagle medium (DMEM; Life Technologies, Grand
Island, NY) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Gibco, Grand Island, NY). Culture dishes
were incubated at 37°C in a humidified atmosphere containing
5% CO,, and subcultured approximately every 2-3 days. One day
before transfection, HEK 293T cells were transferred to 24 well
plates. At 90% confluence, cells were transiently transfected using
Lipofectamine-3000 (Invitrogen, United States) at a ratio of 2 ul
reagent with 1 pg total plasmid per well. Electrophysiological
recordings from fluorescent cells were made 48h after
transfection.

Electrophysiological Recordings

Whole-cell voltage-clamp experiments were performed following
the procedures described previously (Hamill et al., 1981), using an
EPC-9 amplifier (HEKA Eletronik, Germany) at room
temperature (21-25°C). Patch pipettes were fabricated from
glass capillary tubes by PC-10 Puller (Narishige, Japan) with
the resistance of 2-3 MQ. Data acquisition and stimulation
protocols were controlled by a Pentium III computer (Legend,
Beijing, China) equipped with Pulse/PulseFit 8.3 software (HEKA
Eletronik, Germany). Capacitance transients were cancelled. Cells
with a seal resistance (Rseal) below 1 GQ were omitted. Series
resistance (Rs) was compensated (80-85%) to minimize voltage
errors, and cells with an uncompensated Rs above 10 MQ were
omitted. Leak subtraction was performed using P/6 protocol.
Data were low-passed at 10 kHz. Unless stated specially, for HEK
293T cells, the holding potential was —80 mV. BK channel
currents were elicited by the step pulses ranging from —100 to
+150 mV for 200 ms with the increments of 10 mV. The holding
potentials were held at —80 mV for BK channel. Current density
calculation formula (pA/pF), where pA represents the current of
BK channel and pF represents the membrane area of
measured cell.

Solutions

In the patch-clamp recordings, the standard bath solution for
HEK 293T cells was consisted of the following components (in
mM): NaCl 135, KCl 5, MgCI2-6H20 1, CaCl2 1.8, HEPES 10,
glucose 10 (pH 7.4 with NaOH). Pipette solutions for HEK
293T cells were composed of the following components (in
mM): NaCl 10, KCl 117, MgSO4 4, HEPES 10, EGTA 1 (pH
7.2 with KOH). The total Ca>* to be added to give the desired free
concentration was calculated using the program WEBMAXC
STANDARD (https://somapp.ucdmc.ucdavis.edu/
pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm).

Animals and Genotyping

The BK knockout (BK KO, kcnmal ~'~) mice were established by
breeding BK*'~ males and females. These breeding pairs provided
wild-type (kcnmal *'*), heterozygous (kenmal *'~) and BK KO
(kenmal ~'7) littermates (Wang et al.,, 2019), and three-month-
old (10-12 weeks) male BK KO mice were subjected to
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subsequent experiments, such as gait analysis, morris water
maze, field potential recordings, etc. The kcnmal knockout
was generated by a frameshift mutation (- 16bp) in exon 4.
Genotyping was performed with the following primers: P1: 5'-
CTTCCTGCTTGTCCTTCCTC-3', P2: 5'-CATTGCTTCAAA
CCCTTCCT-3', and the PCR products were directly
sequenced. In this study, all animals were randomly fed and
watered in SPF standard animal facilities and were fed and
watered in 21°C, 50% humidity, 12 h light: under the schedule
of 12 h dark, five animals were raised in each cage, and all the
animal work was carried out under the moral permission of the
ethics review group of Shanghai University of traditional Chinese
Medicine.

FP Recordings

Four BK KO and WT male mice were implanted with electrodes
for the field potential (FP) recordings. At the age of 3 months
(10-12 weeks), the animals were first anaesthetized by
pentobarbital sodium [in a dose of 40mg/kg through
intraperitoneal injection (i.p.)]. Then, they were put in a
stereotaxic frame (Narishige, Tokyo, Japan). Their heads were
shaved and sterilized with povidone-iodine. In order to expose
the sagittal, coronal, and lambdoid sutures, cut the scalp along the
center. Subsequently, the recording electrode was also inserted
into the lateral dorsal hippocampus (AP —2.0 mm posterior to
bregma, V 1.5 mm ventral to the dura surface, and L 1.5 mm
lateral to the skull midline). The reference wire is located in the
electrode bundle, and the grounding electrode is placed at the
front of the skull. The wound surface was sealed with dental
cement. The electrode was fixed simultaneously. Data were
collected only for animals with accurately positioned electrode.
The FP recorded after the mice were awake. The FP signals
together with synchronized video could be recorded with the
OmniPlex (Plexon, United States). The mount of the head was
linked to a preamplifier which is tied with the analog-digital
converter box. According to Nesquet’s sampling theory, take 1 Hz
as the sampling frequency of local FP recording and set 50 Hz
high-pass filter and 300 Hz low-pass filter to record for more than
30 min continuously. The results of local FP recording were
exported as the *.pl2 file format, and offline sorter v4 software
was used for visualization preview. Local FP analysis selected the
same channel through MATLAB (MathWorks, United States)
program to export data. The wavelet transform is used to
decompose the signal of different frequencies of local FP and
get the physiological rhythm of different frequencies (&: from 0 to
4 Hz, 0: from 4 to 8 Hz, a: from 8 to 13 Hz: B: from 13 to 30 Hz,
and y: from 30 to 100 Hz). The Welch method, hamming
window, and fast Fourier transform method were used to
calculate the frequency domain information of the local FP in
power spectrum analysis. The time domain of energy change is
calculated by weighted operation. The PSD calculations follow
the formula given below.

+00 1 +00 . s
J X2 (H)dt = By J |X (jw)| dw
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Behavioral Observation of Epilepsy

In order to eliminate the possibility of the human error,
behavioral  observations are double-blind  during
experiments. The Racine’s five-point scale (Racine, 1972),
improved by Fathollahi et al. (1997), was employed to
classify the seizure-like behavior at different stages. Stage
0 is termed no response; stage 1 is called facial and ear
twitching; stage 2 is myoclonic jerks without an upright
position; stage 3 represents myoclonic jerks and upright
position with bilateral forelimb clonus; stage 4 stands for
clonic-tonic seizure; stage 5 is named generalized clonic-
tonic seizures and loss of postural control. The severity of
seizures in BK KO mice was evaluated according to the grade
and time of seizures. The least interval between two
countable seizures was set as 5s during the quantification
of all seizure numbers.

Immunofluorescence Staining

Frozen sections were permeabilized with 0.5% Triton X-100,
and blocked for 1 h at room temperature (RT) with 5% bovine
serum albumin. Without washing, sections were incubated
overnight at 4°C with primary antibodies. These include
against LC3B (1:200 dilution; ab48394; Abcam), LAMPI(1:
500 dilution; ab25630; Abcam), and Iba-1 (1:500 dilution;
ab178846; Abcam). washing four times in PBS (4 X 5 min),
sections were incubated with goat anti-rabbit antibody
conjugated with Alexa Fluor 594 (for LC3B; 1:200 dilution;
ab150080; Abcam); goat polyclonal secondary antibody to
mouse conjugated with Alexa Fluor 488 (for LAMP1; 1:200
dilution; ab150113; Abcam) and Alexa Fluor 350-labeled goat
anti-rabbit IgG (H + L) (for Iba-1; 1:500 dilution; A0408;
Beyotime) for 1h at RT, washing four times in PBS (4 x
5min). Slices were cover-slipped with 50% glycerin.
Fluorescence images were captured using a Virtual/Digital
Slice Microscope (Olympus, Tokyo, Japan). Quantification
was performed using Image] software.

Calcium Imaging

HEK293T cells, co-transfected with pcDNA3-TRPMLI-
GCaMP3, gifted from Prof. Xu HX (University of Michigan,
United States), were kept in HBSS (Hank’s balanced salt solution)
at RT for 30 min. Confocal imaging was performed by using a
Zeiss confocal LSM 880, a laser scanning microscope system
(Zeiss, Germany). GCaMP3 was evoked with a laser wavelength
at 488 nm, and the fluorescence images were collected with the
resolution of 512 x 512 pixels. The ROI (regions of interest; 3 x 3
pixels) were selected in individual HEK293T cells by Zeiss LSM
Image Browser (Zeiss, Germany) to track the changes in the ratio
of fluorescence intensity. The ratio (F/F0) of fluorescence
intensity was calculated by dividing fluorescence intensity at
time t (F) with the beginning fluorescence intensity (F0) of the
experiment.
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Y-Maze Test

Y-maze test was performed as previously described
(Watanabe et al,, 2011). Exploratory activity was measured
using a Y-maze apparatus (arm length: 40 cm, arm bottom
width: 10 cm, arm upper width: 10 cm, height of wall: 12 cm).
The floor and the wall of the maze is made of black PVC
plastic. Each subject was placed in the arm | of the Y-maze
field. The alteration (%) and total distance (m) was recorded
using a modified version of the image software. Data were
collected for a period of 10 min.

Gait Analysis

We analyzed gait of the mice during walk/trot locomotion by
ventral plane videography as described (Hampton et al., 2004;
Koshimizu et al., 2014), using digigait imaging system
(Mouse Specifics Inc.). This system enables mice to walk
on a motorized transparent treadmill belt, and the software
automatically identifies the stance and swing components of
stride and calculates stride length, print area, mean intensity,
and swing speed. Briefly, we placed the mice on a treadmill
belt that moves at constant speed. We collected digital video
images of mice.

Morris Water Maze Test

A dark blue pool (diameter: 120 cm, depth: 50 cm) was placed
in a quiet room and filled with white-colored water. The water
was equilibrated to room temperature (between 22 and 23°C)
before the MWM test. Colored papers with a variety of
different shapes were posted around the pool as visual
cues. A platform of 10cm in diameter was used. For
hidden platform trials, the platform was positioned 1.5 cm
below water surface. The MWM test was performed in the
period of 11AM—3PM to minimize circadian effects. The BK
KO and control mice were tested in same days, and testing
sequences for individual mice were altered in each test day. A
protocol with 5 days of visible platform trials and 1 day of
hidden platform trials were employed. In the trials, individual
mice underwent four trials per day, and the maximal time for
each trial was 60 s. If mice did not find the platform within
60 s, they were guided to the platform by the experimenter’s
hand and allowed to stay on the platform for 60s. For the
probe tests in which the platform was removed from the pool,
individual mice underwent a trial of 60 s in each quadrant. If
mice exhibited convulsions shortly before or during a trial,
they were allowed to recover for 20-30 min before next trial.
Any trial interfered with convulsions were excluded from
analysis. Frequency and the time in aim-quadrant during the
probe trials were analyzed. Group data for the BK KO and WT
mice were compared.

Open Filed Test

The open field behavior experiment device is a very effective
device for measuring spontaneous and exploratory behaviors
to measure the degree of anxiety in mice. Place the animal in
an unknown environment with walls around it, and the
rodents will spontaneously tend to move on the edges
rather than the open center of the area. In this experiment,
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TABLE 1 | Clinical data of 26 patients with one LOF variants in BK channels.

Patient
ID genomic
variant

2 p. E155Q

Gene KCNMA1 SCN1A
De novo variant
Gender

Age

Course (years)
Age of seizure
onset (years)

Epilepsy details

ooz
ooz

Tonic-clonic limbs, unconsciousness,
eyes rolled up and staring, no answer

13 NA

Tonic-clonic limbs,
unconsciousness, foaming at

the mouth, lasting

2-10min
Anticonvulsant VPA
treatment

EEG features Sharp wave, sharp slow wave and spike

slow wave. Rhythmic energy intensity of §  wave
and 0 increased
MRI NA Normal
Family history of No No

epilepsy
Other details Premature delivery 2/26

History of head trauma 2/26

History of severe pneumonia 1/26
History of suffocation and oxygen 2/26
Developmental delay 3/26

EEG abnormality 11/26

Abnormal MRI 5/26

Family history of epilepsy 2/26

VPA, LEV, CLB, Ketogenic diet

Sharp wave and sharp slow

Epilepsy Caused by KCNMA1 Mutations

4 p. EAT1G 20 c. 344A > G
UPF3B Panel ASXL3

NA NA

F F

17 3

8 2

9 1

Often onset in sleep and early morning, Series of spasmodic

accompanied by disturbances in seizures
consciousness and urinary incontinence
OXC, VPA VPA

A few sharp waves, sharp slow waves and
spike slow waves

Peak rhythm disorder
with intermittent
phenomenon

Normal Brain dysplasia, left
brain atrophy
No Yes

F, female; M, male; NA, data not available; VVPA, valproate acid; LEV, levetiracetam,; CLB, clobazam; OXC, oxcarbazepine.

the device is composed of a black polystyrene box (50 x 50 x
50 cm), which is divided into two areas: the outer square
(periphery) and the inner square (center). Each mouse was
placed in the center of the box and explored freely for 10 min.
Observe their behavior through the animal video monitoring
with the behavior software, and measure the stay time (s), the
total distance of movement in the central area (m), the
average speed (mm/s) through the computer tracking
system, evaluate spontaneous and exploratory behavior.

Tissue Sample Collections

Three different BK KO and WT adult mice were randomly
sampled, sacrificed, and their cortices and hippocampi
extracted under 2-min, frozen, and stored at —80°C.

RNA Extraction

Total RNA was extracted from the mouse cortex/hippocampus
using TRIzol Reagent (15596018, Invitrogen) according to the
manufacturer’s protocol. Using the a nanodrop (Thermo
Scientific NanoDrop 2000c Spectrophotometer), the RNA
concentration of each sample was determined by measuring
the absorbance at 260nm (A260), and its purity was
determined by the ratio of the absorbance measured at 260 nm
(A260) and 280 nm (A280). The ratios of A260/A280 between 1.9
and 2.1 were considered acceptable.

Library Preparation for Transcriptome

Sequencing

A total amount of 2 ug RNA per sample was used as input
material for the RNA sample preparations. Sequence libraries
were generated using NEBNext UltraTM RNA Library Prep Kit
for Mlumina (NEB, United States) following manufacturer’s
recommendations and index codes were added to attribute
sequences in each sample. Briefly, mRNA was purified from
total RNA wusing poly-T oligo-attached magnetic beads.
Fragmentation was carried out using divalent cations under
elevated temperature in NEBNext First Strand Synthesis
Reaction Buffer (5x). First strand cDNA was synthesized using
random hexamer primer and M-MuLV Reverse transcriptase
(RNase H). Second strand cDNA synthesis was subsequently
performed using DNA Polymerase I and RNase H. Remaining
overhangs was converted into blunt ends to exonuclease/
polymerase activities. After adenylate of 3’ ends of DNA
fragments, NEBNext Adaptor with hairpin loop structure was
ligated to prepare for hybridization. In order to select cDNA
fragments of preferentially 200-250 bp in length, the library
fragments were purified with AMPure XP system (Beckman
Coulter, Beverly, United States). Then 3 ul USER Enzyme
(NEB, United States) was used with size-selected, adaptor-
ligated ¢cDNA at 37°C for 15 min followed by 5min at 95°C
before PCR. Then PCR was performed with Phusion High-
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FIGURE 1 | Location and sequencing of the KCNMA1 variants. (A)
Predicted transmembrane topology of KCNMA1 depicting the location of the
variants. (B) DNA sequencing identified the mutations in the constructed
hBKa plasmid. The mutation sites are marked by a red square.
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Fidelity DNA polymerase, Universal PCR primers and Index (X)
Primer. At last, PCR products were purified (AMPure XP system)
and library quality was assessed in the Agilent Bioanalyzer 2,100
system.

Clustering and Sequencing

The clustering of the index-coded samples was performed on a
cBot Cluster Generation System using TruSeq PE Cluster Kit v4-
cBot-HS (Illumia) according to the manufacturer’s instructions.
After cluster generation, the library preparations were sequenced
on an Illumina Hiseq 4,000 platform and paired-end 150 bp reads
were generated.

Differential Expression Genes Analysis
Differential expression analysis of two conditions/groups was
performed using the DESeq R package (1.10.1). DESeq2
provides statistical routines for determining differential
expression of digital gene expression data using a model
based on the negative binomial distribution. The resulting
p values were adjusted using the Benjamini and Hochberg’s
approach to controlling the false discovery rate. Genes with
pvalue <0.05 and [log2FC| > 0.58 found by DESeq were
assigned as differentially expressed.
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GO Enrichment Analysis
Gene Ontology (GO) enrichment analysis of the DEGs was

implemented by the GOseq R packages based Wallenius non-
central hyper-geometric distribution, which can adjust for
gene length bias in DEGs.

KEGG Pathway Enrichment Analysis

KEGG is a database resource for understanding high-level
functions and utilities of the biological system, such as the
cell, the organism and the ecosystem, from molecular level
information, especially large-scale molecular datasets
generated by genome sequence and other high-throughput
experimental technologies (http//:www.genome.Jp/kegg/)
(Jiang et al., 2018). We used KOBAS (Mao et al., 2005)
software to test the statistical enrichment of differential
expression genes in KEGG pathways.

PCR Primer Design and Testing

We first looked through NCBI’s Primer-Bank (https://pga.mgh.
harvard.edu/primerbank/) to find PCR primers for selected
genes. Primers were checked for specificity using NCBI’s
Primer-BLAST program (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) against RefSeq RNA to ensure no non-specific
matches. When designing primers that could match multiple
transcript variants, their sequences were aligned in ClustalW
(http://www.genome.jp/tools/clustalw/), and only the primers
that amplified a consensus region were used. All PCR primers
were purchased from GENEWIZ (Jiangsu, China) and listed in
Supplementary Table S3 with sizes of the resulting PCR products
in base pairs (bp).

Real-Time RT-PCR Validation of Selected
DEGs

To validate the transcriptome gene expression data, six DEGs
identified by transcriptome were validated by real-time RT-
PCR using QuantityNova SYBR Green PCR Kit (208052,
Qiagen, Valencia, CA). RT- PCR was performed in a one-
step RT-PCR process according to the protocol on
Roche480I1 using 30 ng RNA. Housekeeping gene B-actin
was used as endogenous control. RNA was first reverse
transcribed into ¢cDNA at 65°C for 5min. After enzyme
activation at 95°C for 2 min, PCR was carried out at 95°C
for 5s and 60°C for 10 s for 45 cycles. For RT-PCR analysis,
each sample was run in triplicates. Comparative Ct method
(delta Ct method) was used to calculate the fold differences
between BK KO and WT groups.

Statistical Analysis

Data were analyzed with Origin 8.5 (OriginLab, United States),
Excel 2016 (Microsoft, WA) and Prism 6 (GraphPad software,
San Diego, CA). Data are presented as the mean + standard error
of the mean (SEM). Student’s t-test or one-way ANOV A was used
to assess the statistical significance of differences. When p < 0.05,
differences were accepted as significant.
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FIGURE 2 | Electrophysiological characterization of variant E155Q. (A) The E155Q variant occur at an evolutionarily conserved amino acid residues. (B)
Representative macroscopic currents of WT and mutant BK channels with variant E155Q from whole-cell patch experiments in the presence of 1 and 10 pm Ca®*. (C)
The I-V curves of WT and E155Q mutant BK channels are shown at 1 and 10 pm Ca2*. The |-V curves are fitted by Boltzmann function (solid lines) with V1/2 and slope
factor at nominal at 1 pm Ca®* [97.5 £ 4.1 mV, 21.4 £ 2.1 WT, and 113.4 + 6.4 mV, 33.2 + 3.3 p.(E155Q)] and at 10 um Ca®* [30.4 + 2.4 mV, 15.9 + 0.8 WT, and
34.2+2.9mV, 14.6 + 1.6 p.(E155Q)]. (D) Scatter plots of voltage at half-maximal activation (V1/2) for WT and variants. (E) The current density of WT and E155Q mutant
BK channels are shown at 1 and 10 um Ca?*. The data are presented as mean + SEM. (Compared with WT-1um, *p < 0.05, *p < 0.01, **p < 0.001. Compared with WT-
10um, #p < 0.05, ##p < 0.01, ###p < 0.001. n = 6-14/group).

RESULTS

Identification of a de novo Variant in
KCNMAT1 (hbka) From a Patient With Febrile

Seizures

In this study, among the 26 clinical patients, two patients had a
history of head trauma, two patients had a history of asphyxia and
oxygen inhalation, two patients had premature delivery and one
patient had severe pneumonia, which might be the inducement of
epilepsy. In addition, eleven patients had abnormal EEG, five
patients had abnormal MRI, and two patients had a family history
of epilepsy (Table 1).

A novel variant ¢.463G > C [p.(E155Q)] in a patient with
febrile seizures was identified. The patient, male, full-term born on
August 26, 2015, bw3500 g, had a history of oligohydramnios and
intrauterine distress, and no family history of epilepsy. He had several
histories of febrile convulsions, which was characterized by tetanic
clonus of limbs, unconsciousness, upturned eyes, unable to call,
hyperactivity, repeated daze, poor language development and
developmental delay. There was no abnormality in blood tandem
mass spectrometry, and the energy of urine tandem mass
spectrometry was disordered. EEG showed that there were some
sharp waves, and spike waves on both sides of the brain. We

predicted that the location of amino-acid E155 was in the domain
S§1/82 linker of BK o (Figure 1A). A previous study already reported
that R458T and E884K mutants were located in the domain S6/
RCKI cytoplasmic linker and the RCK2 domain of BKa (Figure 1A).
Therefore, we constructed three plasmids: KCNMA1-E155Q,
KCNMA1-R458T, and KCNMA1-E884K (Figure 1B).

Electrophysiological Characteristics of BK
Channel LOF Variant E155Q

E155Q variant is highly conserved among different species during
evolution (Figure 2A). To determine whether the ¢.463 G > C [p.
(E155Q)] variant had an effect on BK channel function, we
expressed mutant E155Q channel and control wild-type (WT)
channel, recorded potassium currents, and analyzed the current
voltage relationship. The results showed that in 1 and 10 pM free
Ca®* concentration, the macro currents amplitude of E155Q
mutant was always smaller than that of WT (Figure 2B).
Moreover, we found that the I-V curve of the mutant E155Q
moved in the direction of positive potential (Figures 2C,D).
Regardless of whether the free calcium concentration was 1 uM
(p < 0.05 at 70mv, p < 0.01 at 80-90mv, p < 0.001at
100-150 mv) or 10 uM (p < 0.05 at 70 mv, p < 0.01 at 80 mv
-100mv, p < 0.001at 110 mv —-150 mv), the E155Q mutant
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FIGURE 3 | Electrophysiological characterization of variant R458T. (A) The R458T variant occur at an evolutionarily conserved amino acid residues. (B)
Representative macroscopic currents of WT and mutant BK channels with variant R458T from whole-cell patch experiments in the presence of 1 and 10 um Ca?*. (C)
The |-V curves of WT and R458T mutant BK channels are shown at 1 and 10 um Ca*. The |-V curves are fitted by Boltzmann function (solid lines) with VV1/2 and slope
factor at nominal at 1 pm Ca®* [97.5 + 4.1 mV, 21.4 + 2.1 WT, and 111.9 £ 6.3 mV, 27.5 + 2.4 p.(R458T)] and at 10 um Ca* [30.4 + 2.4 mV, 15.9 + 0.8 WT, and
48.2 +2.6 mV, 13.7 + 1.1 p.(R458T)). (D) Scatter plots of voltage at half-maximal activation (V1/2) for WT and variants. (E) The current density of WT and R458T mutant
BK channels are shown at 1 and 10 um Ca®*. The data are presented as mean + SEM. (Compared with WT-1um, *p < 0.05, **p < 0.01, **p < 0.001. Compared with WT-
10um, #p < 0.05, ##p < 0.01, ###p < 0.001. n = 6-14/group).

significantly reduced the current density of BK when the
stimulation voltage reached 70-150 mv (Figure 2E, n = 6-14/
group). Thus, the E155Q mutant is identified as a LOF variant.

Effect of the 4 Subunit on the BK Channel
Variant E155Q

The B4 subunit is an auxiliary subunit specifically expressed
by neurons, dominantly expressed in brain. To determine
whether the f4 subunit and the E155Q mutation interact, we
co-transformed the f4 subunit and the E155Q mutant in HEK
293T cells. Compared with E155Q mutant, the 4 subunit had
no effect on the macro current density amplitude, I-V curve,
or V1/2 (Supplementary Figures S1A-D). Further analysis
of the activation time constant (7) revealed that 7 of the
E155Q+ B4 mutant was significantly greater than that of the
E155Q mutant (Supplementary Figure S1E, n = 6-9/group),
and thus the B4 subunit slowed down the activation of the
E155Q mutant.

Electrophysiological Characteristics of BK
Channel LOF Variant R458T

R458T variant is highly conserved among different species
during evolution (Figure 3A). We used the HEK 293T cell

system to express and compare WT and mutant R458T
channels. The results showed that R458T mutant
significantly reduced the macro currents and current
density amplitude of BK channel (Figures 3B,E). The I-V
curve of R458T mutant shifted to the positive voltage
direction (Figures 3C,D). Noticed, the smaller Ca’*-
induced leftward shift of the I-V in the mutant suggests
that its apparent Ca”" sensitivity is less than that of the
WT, further exacerbating the LOF phenotype.

E884K Variant in the RCK2 Domain
Markedly Reduced the Amplitude of the BK

Currents

E884K variant is highly conserved among different species during
evolution (Figure 4A). The E884K variant significantly reduced
the amplitude of the BK currents (Figure 4B). Moreover, the I-V
curve of E884K variant shifted to the positive voltage direction
similar to E155Q and R458T (Figures 4C,D). Regardless of
whether the free calcium concentration was 1 pM (p < 0.01 at
50 mv, p < 0.001 at 60-150 mv) or 10 uM (p < 0.05 at 50-60 mv,
p < 0.01 at 70-130 mv, p < 0.001 at 140-150 mv) the E884K
mutant markedly reduced the current density of BK when the
stimulation voltage reached 50-150 mv (Figure 4E). Therefore,
the E884K variant is also considered as a LOF variant.
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FIGURE 4 | Electrophysiological characterization of variant E884K. (A) The E884K variant occur at an evolutionarily conserved amino acid residues. (B)
Representative macroscopic currents of WT and mutant BK channels with variant E884K from whole-cell patch experiments in the presence of 1 and 10 um Ca?*. (C)
The |-V curves of WT and E884K mutant BK channels are shown at 1 and 10 pm Ca?*. The |-V curves are fitted by Boltzmann function (solid lines) with \V1/2 and slope
factor at nominal at 1 pm Ca®* [97.5 + 4.1 mV, 21.4 + 2.1 WT, and 112.0 £ 6.7 mV, 34.8 + 4.2 p.(E884K)] and at 10 um Ca* [30.4 + 2.4 mV, 15.9 + 0.8 WT, and

39.3 +2.2 mV, 19.3 + 1.4 p.(E884K)]. (D) Scatter plots of voltage at half-maximal activation (V1/2) for WT and variants. (E) The current density of WT and E884K mutant
BK channels are shown at 1 and 10 um Ca®*. The data are presented as mean + SEM. (Compared with WT-1um, *p < 0.05, *p < 0.01, **p < 0.001. Compared with WT-

BK Channel Knockout Mediates Epilepsy
BK channel knockout (BK KO, kcnmal ~'7) mice were generated

by the deletion of exon four of kcnmal (gene encoding the a
subunit of BK, BKa) using the CRISPR/Cas9 strategy (Figure 5A)
(Wang et al.,, 2019). The BK KO mice, which carried a 16 bp
fragment deletion in exon 4, was identified by PCR (Figure 5B)
and confirmed by sequencing (Figure 5C). By observing movie
(Supplementary Movies S1, S2), it is more intuitive to show that
BK KO mice have an epileptic phenotype. Through continuous
recording for 2 h, it was found that BK KO mice showed nearly
25% of grade 4-5 convulsive seizures (Figure 5D, n = 3). In
addition, the seizure time and grade of BK KO mice were
significantly greater than those of WT mice (Figure 5D, p <
0.001, n = 3). Thus, we found that BK KO mice have spontaneous
epileptic symptoms, mainly manifested as generalized tonic
clonic seizures and absence seizures (Figure 5D), which
corresponds to the epileptic phenotype of human BK channel
functional inactivation gene mutation (BK channel frameshift
mutation) (Tabarki et al., 2016).

FP Characteristics of BK KO Mice

Then, to determine differences of BK KO and control mice in
EEG levels, the power spectral density (PSD) of BK KO and
control mice on was directly measured. We compared the field
potential (FP) signals of BK KO and control mice, and differences

in FP activity were visualized via using heat maps of spectral
density generated by OmniPlex software (Plexon, United States).
Compared with the control mice, BK KO mice had no significant
differences on the FP activity (Figure 6A). The results showed
that the EEG of WT mice presented basic waves with low
frequency and amplitude, and there were no abnormal
epileptic waves. The EEG of BK KO mice showed the basic
wave with lower frequency and amplitude, accompanied by a
small number of spike-waves (Figure 6B). The energy intensity
values of five common rhythms collected by EEG were counted, &
Wave (0.5-4 Hz) belongs to a slow wave, which is the main
rhythm in the sleep state of mice. Compared with control group,
the & rhythmic energy intensity of BK KO mice decreased
significantly (Figure 6C, p < 0.001, n = 4). 0 wave (4-7 Hz)
and § wave is similar to the rhythm that appears during sleep. 6
rhythmic energy intensity in BK KO mice was lower than that in
control group (Figure 6C, p < 0.001, n = 4). a wave (8-13 Hz) is
the normal brain wave of mice. Compared with control group, a
rhythmic energy intensity of BK KO mice increased significantly
(Figure 6C, p < 0.001, n = 4). p wave (15-30 Hz) is the main
rhythm when the brain is excited. Compared with control group,
B rhythmic energy intensity in BK KO mice increased
significantly (Figure 6C, p < 0.001, n = 4). y wave (>30 Hz)
belongs to a fast wave that occurs during rapid eye movement
sleep and y rhythmic energy intensity in BK KO mice decreased
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significantly (Figure 6C, p < 0.01, n = 4). Moreover, the PSD of
total frequency waves of BK KO mice was obviously smaller than
that of the control group (Figure 6D). Thus, the slow-wave power
was reduced, normal and excited wave power was enhanced in BK
KO mice.

Motor Impairment in BK KO Mice

Using the catwalk gait analysis system, a number of gait
abnormalities were identified. By observing movie
(Supplementary Movies S3, S4), it can be intuitively
found that BK KO mice have abnormal gait and shorter
stride phenotype (Figures 7A-C). The print area (RF, RH,
LF, LH) of BK KO mice was narrower than that of control
mice (Figure 7D, p < 0.001, n = 5). Moreover, the mean
intensity (RF, LF) of BK KO mice less than that of control
mice (Figure 7D, p < 0.01, n = 5). Swing speed and stride
length were smaller, with an unsteady gait pattern in the BK
KO mice, compared to the gait of control mice (Figure 7D,
n = 5). Results revealed BK KO mice presented motor
impairment.

In addition, the total distance (Supplementary Figure S2A,
p <0.001, n = 8), average speed (Supplementary Figure S2C, p <
0.001, n = 8) of BK KO mice significantly reduced in the open
field, and the total distance (Supplementary Figure S2G, p <
0.001, n = 8) of BK KO mice markedly decreased in the Y-maze
test. Thus, BK KO mice also showed motor impairment in the
Y-maze and open field test. What' more, BK KO mice showed
smaller time in the central area (Supplementary Figure S2B, p <
0.001, n 8), frequency and aim-quadrant stay time
(Supplementary Figures S2D,E, p < 0.001, p < 0.05, n = 6),
and the percentage of spontaneous alternation (Supplementary
Figure S2F, p < 0.001, n = 8) as compared with the WT mice.
Although motor impairment suggested that it might have an
impact on anxiety and cognitive impairment of BK KO mice,
there were also literatures supporting that BK KO have the
cognitive impairment phenotype without the interference
factor of locomotion (Sausbier et al, 2004). This strongly
suggested that BK KO mice might be accompanied by anxiety
and cognitive impairment in addition to the phenotype of motor
impairment.
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Transcriptome Sequencing and Analysis of
Hippocampus and Cortex of BK KO Mice

In this study, we used RNA-Seq to analyze the transcriptome of
BK KO/WT mice hippocampus and cortex, and performed
transcriptome profiling to characterize the differentially
expressed genes. A total of 652 genes were screened with the
threshold of significance at p < 0.05 and |log2foldchange| > 0.58,
among which 382 genes were down-regulated and 270 genes were
up-regulated in hippocampus tissues. In cortex tissues, we
detected a total of 561 differentially expressed genes with the
threshold of significance at p < 0.05 and [log2foldchange| > 0.58,
including 162 up-regulated genes and 399 down-regulated genes
(Figure 8A).

In order to better understand the potential functions of
differentially ~ expressed genes, Gene Ontology (GO)
enrichment analysis was carried out to assess the involved
pathways. Biological process pathway in GO analysis results
showed that development process and biological adhesion
were enriched (Figure 8B). The results of kyoto encyclopedia
of genes and genomes (KEGG) showed that insulin secretion,
axon guidance, p53 signaling pathway, HIF-1 signaling pathway
and calcium signaling pathway were enriched in hippocampus
(Figure 8C). On the other hand, cortical KEGG results showed
that cell adhesion molecules (CAMs), ECM-receptor interaction,
phagosome and calcium signaling pathway were enriched
(Figure 8C).

Genes Were Verified
The transcriptomic results were compared with NCBI genebank
(https://www.ncbi.nlm.nih.gov/gene/?term=), and it was found

that DEGs in Supplementary Tables S1, S2 were closely related
to epilepsy, astrocyte activation, neuroinflammation and
microglia autophagy. Through RT-PCR, we used three groups
of the cortex and hippocampus between WT and BK KO mice to
verify the bold eight genes in the Supplementary Tables S1, S2.
(Foldchange was larger in the same group of genes). Gfap and
Cdknla gene highly expressed in BK KO mice (Figure 9, p < 0.01,
n = 3). There were three genes that were lowly expressed in BK
KO mice, Grm3, Alpl and Nr4al (Figure 9, p < 0.05,n =3). In all,
the results of RT-PCR and transcriptomics were highly
consistent. We continued to explore the possible mechanisms
of epilepsy through transcriptome.

Abnormal Autophagy in BK KO Mice
Autophagy is a normal catabolic process in cells. Various types of
biological macromolecules undergo degradation and circulation
through lysosomal digestion to maintain cell homeostasis.
Improving the neuroinflammation  response the
pathogenesis of multiple sclerosis (MS) can be achieved by
enhancing autophagy (Liang and Le, 2015; Feng et al., 2017).
This suggests that neuroinflammation and autophagy can
influence each other, which in turn affects the progression of
CNS-related diseases.

Transcriptomics results showed that there were 11
differentially expressed genes (DEGs) related to microglia
autophagy in hippocampus and 5 DEGs related to microglia
autophagy in cortical tissues (Supplementary Table S2). In order
to further explore the role of autophagy in epilepsy,
immunofluorescence experiments were performed on the
hippocampus of WT and BK KO mice. In the hippocampal
CA3 region of Ctrl group mice, autophagosome marker

in
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LC3B, lysosome marker LAMP1 and microglia marker IBA-1
were co-labeled, indicating that the interaction and fusion of
autophagosome and lysosome in hippocampal microglia was
normal (Figure 10A), but in the hippocampus CA3 region of
BK KO mice, LC3B, LAMP1 and IBA-1 were partially not co-
labeled, indicating abnormal interaction and fusion of
autophagosomes and lysosomes in microglia of BK KO mice
(Figure 10B). During epilepsy, there may be abnormal
interaction and fusion between autophagosomes and
lysosomes in hippocampal microglia. TRPML1 (key calcium
channel of autophagy) promotes the fusion of autophagosomes
and lysosomes, and the lysosomal calcium release of TRPMLI is
closely related to autophagy (Scotto Rosato et al.,, 2019; Zhang
et al., 2019). BK channel and TRPML1-GCaMP3 were co-
expressed in HEK293T. The opener NS1619 of BK channel
could induce the calcium outflow of lysosomes. Paxilline

(PAX), a specific inhibitor of BK channel, can significantly
inhibit the lysosomal calcium outflow (Figure 10C). In
general, the activation of BK channel could activate lysosomal
TRPMLLI. It suggested that BK might regulate the autophagy
pathway from TRPMLI.

DISCUSSION

In this study, we identified three KCNMAI-LOF mutants
(E155Q, R458T, E884K), of which E155Q was a de novo
mutant. All three variants showed profound effects on BK
channel function, and played its role through LOF mechanism
(BK channel current decreased and I-V curve shifted to the
positive voltage direction). Faster BK current activation
directly increases neuronal firing rate by causing faster
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repolarization of action potentials (Jaffe et al., 2011; Contet et al.,
2016), which might be the cause of BK-GOF mediated epilepsy.
The causes of BK-LOF mediated epilepsy include the inhibition of
repolarization of action potential, resulting the increase of
neuronal excitability, and the role of neuroimmune
inflammation. What’s more, hp4 had no effect on the I-V
curve and current amplitude density of E155Q mutant, but
activation time constant (7) of E155Q+p4 channel was greater
than that of E155Q mutant (Supplementary Figure S1).
Compared with wild-type littermates, kcnmal ~'~ mice lost
weight, interestingly, so did the kenmal *'~ mice. Susan T Halm
et al. speculated that the lack of kcnmal allele leads to insufficient
grip in mice, which may limited the cubs’ access to nutrition
(Halm et al, 2017). It was worth noting that the fertility of
adult BK KO mice decreased and failed without exception in

the process of 15 mating (Transcriptomics results suggested
that Adaml8, Cabyr and other genes related to sperm
function were abnormal, and Eqtn regulated the abnormality
of sperm and egg plasma membrane fusion). In addition,
the results of KEGG (Figure 8C) showed that insulin secretion
was enriched, which provided possible evidence for the
imbalance of body weight and fat in BK KO mice (Halm
et al,, 2017). Disturbance of insulin release may damage health
and cause signals to convert energy for growth into fat storage. Of
note, the malnutrition and developmental delay caused by the
weak grip of BK KO mice are reminiscent of the developmental
delay found in the patient with the KCNMA1-LOF (E155Q)
variant.

Although the epileptic phenotypes of BK KO mice were
similar with those of clinical patients, such as developmental
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FIGURE 9 | Differential expression of mRNAs between the cortex and
hippocampus of WT (Black) and BK KO (Red) mice validated by RT-PCR.
Gfap and Grm3 associated with astrocyte activation, Alpl, and Nirp10
associated with neuroinflammation, Efna5 and Reln associated with
epilepsy, Cdkn1aand Nr4a1 associated with autophagy. Gfap, Grm3, Nirp10,
Alpl in cortex, and Efna5, Reln, Cdkn1a, Nr4a1 in hippocampus. Ns (no
significant difference, p > 0.05), *p < 0.05, *#p < 0.01.

delay and interictal epileptiform discharge (IED), the FP
characteristics of BK KO mice were different from those of
clinical patients. Specifically, the intensity of § and 0 energy
rhythms in BK KO mice reduced, while rhythmic energy
intensity of 8§ and 0 increased in the patient carrying the
E155Q mutation site. We guess that it is mainly caused by the
difference in detection method and detection area. In clinical
testing, non-invasive EEG recording is mainly used to detect
the membrane potential of neurons in the cortex, and we use
in vivo multichannel electrophysiological recording to detect
the local field potential of the hippocampus in animals. In
addition, abnormal background activity amplitude may also
affect IED. Christine M. Muheim et al. pointed out that the
delta slow wave power of BK KO mice was reduced in cortex
(<4 Hz) (Muheim et al., 2019). In our experiment, in addition
to the decrease of delta slow wave power, the power of 6 wave
(4-7 Hz) and y wave (>30 Hz) also decreased. Of note, the
power of a wave and 3 wave increased, which may be the cause
of spontaneous epilepsy in BK KO mice. In the motor cortex,
beta waves are mainly involved in grasping, muscle
contraction and maintaining attention (Khanna
Carmena, 2015). The abnormal up regulation of B wave
may lead to abnormal excitation of neurons, excessive
increase of motor control ability, and then lead to motor
dysfunction.

In addition, we found that BK KO mice have a dyskinetic
phenotype through a series of behavioral experiments. And BK
KO mice showed smaller time in the central area (Supplementary
Figure S2B, p < 0.001, n = 8), frequency and aim-quadrant stay
time (Supplementary Figures S2D,E, p < 0.001, p < 0.05, n = 6),
and the percentage of spontaneous alternation (Supplementary
Figure S2F, p < 0.001, n = 8). The frequency of seizures and the
duration of the disease have a negative impact on cognitive

and
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impairment (Jokeit and Ebner, 1999; Allone et al, 2017).
Although, motor impairment might have an impact on anxiety
and cognitive impairment of BK KO mice, one study cleverly
excluded interference of motor, proving that BK KO mice have
the cognitive impairment phenotype (Sausbier et al., 2004). This
strongly suggested that lacking kcnmal genes (BK KO) may cause
anxiety and cognitive impairment in BK KO mice, which required
further study.

We further explored the possible molecular mechanisms of
BK-LOF-mediated epilepsy through transcriptomics in the
hippocampus and cortex. Gene Ontology (GO) analysis
showed that DEGs were related to protein labeling, protein
binding transcription factor activity, development process and
biological adhesion (Figure 8B). The kyoto encyclopedia of genes
and genomes (KEGG) showed these DEGs were mainly enriched
in insulin secretion, axon guidance, p53 signaling pathway, HIF-1
signaling pathway, calcium signaling pathway, cell adhesion
molecules (CAMs), ECM-receptor interaction, and phagosome
(Figure 8C). In the process of epilepsy, including the changes of
gene expression, neuroinflammation, protein production and
connection, these may be the targets of inhibiting epilepsy.
The results of KEGG showed that Cdknla is closely related to
the HIF-1 signaling pathway, and dysregulated HIF-1 signaling
may play a role in the pathogenesis of epilepsy in hippocampus
(Merelli et al., 2018). A large number of glial cells activate and
proliferate, glutamate and the secretion of inflammatory factors
increases, which reduces the convulsion threshold and increases
the excitability of brain neurons, and accelerates spontaneous
recurrent convulsions (Friedman and Dingledine, 2011;
Huberfeld et al, 2015). Epilepsy like activity in vitro and
prolonged seizures in vivo lead to increased p53 accumulation
and transcriptional activity (Sakhi et al., 1994; Liu et al., 1999; Tan
et al., 2002; Araki et al., 2004). Abnormal axon guidance may
induce mossy fiber germination, and the “wrong” guidance of
mossy fiber may be a necessary process of dentate nerve circuit
homeostasis under the condition of epilepsy (Koyama and
Ikegaya, 2018). Meanwhile, the mammalian target of
rapamycin (mTOR) is inhibited by rapamycin to prevent
mossy fiber sprouting and reduce seizures in rodent models of
acquired epilepsy (Zeng et al., 2009). Cell adhesion molecules
(CAMs) may form trans synaptic complexes that are essential to
correctly identify synaptic partners and further for determine the
establishment and dynamics of synapses (Gorlewicz and
Kaczmarek, 2018). Dysfunction of transsynaptic adhesion is
associated with epilepsy (Gorlewicz and Kaczmarek, 2018).
This strongly suggested that the DEGs find in transcriptomics,
particularly  those  related to  astrocyte  activation,
neuroinflammation and autophagy, may be the molecular
mechanism of BK-LOF mediated epilepsy.

In summary, we identified and functionally characterized
three different LOF variants in the BK channel (E155Q,
R458T, E884K), of which E155Q variant was a de novo
mutant and affected one patient. All the above variants
caused a positive shift of the I-V curve and played a role
through the loss-of-function (LOF) mechanism. Moreover,
the p4 subunit slowed down the activation of the E155Q
mutant. BK KO mice had spontaneous epilepsy, motor
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FIGURE 10 | Autophagy in BK KO mice was abnormal. Calcium imaging found that the activation of BK channel could activate lysosomal trpmi1 (autophagy key
calcium channel). (A) Co labeling of microglia, LC3B, IBA-1, and LAMP1 in control mice. (B) Co labeling of microglia, LC3B, IBA-1, and LAMP1 in BK KO mice. (C)
NS1619 was applied to HEK293T transfected with BK channel and TRPML1-GCaMP3 in order to detect its regulation of lysosomal calcium outflow (““p < 0.01, n = 6).
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impairment, autophagic dysfunction, abnormal
electroencephalogram (EEG) signals, as well as possible
anxiety and cognitive impairment. In addition, BK might
regulate the autophagy pathway from TRPMLI.
Dysregulation of gene expression, especially astrocyte
activation, neuroinflammation and autophagy, might be
the molecular mechanism of BK-LOF meditated epilepsy.
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Cav1.2 plays an essential role in learning and memory, drug addiction, and neuronal
development. Intracellular calcium homeostasis is disrupted in neurodegenerative
diseases because of abnormal Cav1.2 channel activity and modification of
downstream Ca®* signaling pathways. Multiple post-translational modifications of
Cav1.2 have been observed and seem to be closely related to the pathogenesis of
neurodegenerative diseases. The specific molecular mechanisms by which Cav1.2
channel activity is regulated remain incompletely understood. Dihydropyridines (DHPs),
which are commonly used for hypertension and myocardial ischemia, have been
repurposed to treat PD and AD and show protective effects. However, further studies
are needed to improve delivery strategies and drug selectivity. Better knowledge of
channel modulation and more specific methods for altering Cav1.2 channel function
may lead to better therapeutic strategies for neurodegenerative diseases.

Keywords: Cav1.2, PTM (post-translational modification), neurodegenerative disease, phosphorylation,
ubiquitination

INTRODUCTION

Cavl.2, encoded by the CACNAIC gene, is a high-voltage-activated (HVA), long-lasting (L-type),
and dihydropyridine (DHP)-sensitive calcium channel. Cavl.2 mediates depolarization of the cell
membrane potential, calcium (Ca®") influx, and activation of intracellular Ca** signaling cascades
that alter gene expression, protein phosphorylation, and neurotransmitter release. Cellular
excitability and signal transduction are affected by factors that modulate Cavl.2 activity. Cavl.2
channels are located in the cardiovascular system, the nervous system, and endocrine glands
(Mikami et al., 1989), where they serve important physiopathological functions; for example,
gain-of-function mutations in the CACNAIC gene cause Timothy Syndrome (Splawski et al,
2004; Moon et al, 2018). In neurons, two different L-type calcium channels (LTCCs) are
expressed: Cavl.2 and Cavl.3 (Hell et al.,, 1993; Ertel et al., 2000). Cavl.2 is the major calcium
channel isoform in neurons, constituting about 80% of neuronal LTCCs (Hell et al., 1993). Cav1.2
participates in learning and memory, drug addiction, and neuronal development (Striessnig et al.,
2014). Large-scale genome-wide association studies have shown a strong association between
susceptibility to psychiatric disorders and single nucleotide polymorphisms (SNPs) in the
CACNAIC gene (Bhat et al,, 2012). Yet, understanding of Cavl.2 function in the brain and its
role in neurodegenerative disease remains limited.

The genetic regulation and channel modulation of Cav1.2 have been studied intensively. At the
post-transcriptional level, alternative splicing of Cav1.2 increases protein diversity. Different splice
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FIGURE 1| Cav1.2 state transitions during activation [modified after (Beyl et al., 2009) (Hering et al., 2018)]. The channel gating is determined by two functionally distinct
processes: a voltage-sensing mechanism and a conducting pore. These two processes defined 4 states: R, at rest, pore is closed and S4 segments in the “down” position
lock the pore. A, when depolarized, voltage-sensing mechanism is activated and S4 segments move to the “up” position and release the pore; but the pore remains closed. O,
during continuous depolarization, all four S4 segments are in the “up” position; the pore is open. D, when returned to the resting potential, the deactivated voltage-
sensing segment moved toward a “down” position while the pore is still open. Subsequently, the pore will transit to its closed conformation and at a resting state.

variants have distinct channel properties, with tissue- and
disease-specific variability (Wang et al,, 2006). At the post-
translational level, Cavl.2 is altered by a variety of
modifications, which will be further discussed below.

Cavl.2 is an important drug target in the cardiovascular
system. DHPs form a class of LTCC blockers and are the most
widely prescribed drugs for hypertension and myocardial
ischemia (Zamponi et al., 2015). In this review, we summarize
the post-translational modifications of Cavl.2 and its role in
neurodegenerative diseases, and further discuss the potential of
Cavl.2 as a drug target for Alzheimer’s disease (AD) and
Parkinson’s disease (PD).

STRUCTURE AND FUNCTION OF CAV1.2IN
THE CNS

Voltage-gated calcium channels play an important role in
neuronal function (Goonasekera et al, 2012). Cavl.2 is a
multi-protein complex. It generally consists of three subunits:
a pore-forming subunit al, a 8 subunit, and an a2 subunit; in
skeletal muscle, a y subunit is also found (Goonasekera et al.,
2012). The al subunit contains about 2000 amino acid residues,
which forms four homologous domains (DI-DIV) connected by
intracellular loops (Dai et al., 2009; Alves et al, 2019). Each
domain consists of six transmembrane segments: S1 to S6 (Dai
et al., 2009; Alves et al., 2019). Of these, S5 and S6 form the pore;
and the S4 segment serves as a voltage sensor. The gating
mechanism is shown in Figure 1. At rest, the S4 segments
stay inward (“down”) under the influence of the electrical field

and lock the channel in its closed state. In this state, the S6 helices
converge on the intracellular side, preventing ion penetration.
When the membrane is depolarized, the S4 segments are released
and move outward. The pore will be unlocked when all four S4
segments leave the “down” position. During continuous
depolarization, the S6 gate disengages. When all the four S6
segments disengage and are in the “up” position, the pore opens.
When returned to the resting potential, the deactivated voltage-
sensing segment moved toward a “down” position while the pore
is still open. Subsequently, the channel returns to its closed
conformation at a rest state (Beyl et al., 2009; Hering et al., 2018).

The al subunit is the binding site of most regulators and drugs
that act on the channel (Zamponi et al., 2015), whereas the main
functions of the other subunits are transportation, anchoring, and
regulation (Hofmann et al, 2014). Cavl.2 channels usually
require intense depolarization to activate and have long-lasting
activity (Hofmann et al, 2014). Ca®" entering through Cavl.2
participates in a series of physiological processes as an important
second messenger.

Cavl.2 is distributed universally in the brain. In humans,
moderate-to-high mRNA level is detected in the cerebral cortex,
the pituitary gland, the amygdala, the basal ganglia, and the
cerebellum (Splawski et al., 2004). In mice, the olfactory region,
the basal ganglia, the hippocampal formation, the amygdala, and the
thalamus show moderate-to-high mRNA level of Cav1.2 (Hell et al.,
1993; Splawski et al,, 2004; Hetzenauer et al,, 2006). At the protein
level, the hippocampal formation, the thalamus, and the
hypothalamus have moderate-to-strong signal intensity. At the
subcellular level in neurons, Cavl.2 is in the soma and at the
synapses (Alves et al., 2019).
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Cavl.2 plays an important role in the regulation of synaptic
plasticity. Researchers found that mice with an inactivated form
of the CACNAIC gene in the hippocampus and neocortex display
severely impaired hippocampus-dependent spatial memory
(Moosmang et al., 2005). Cavl.2 is involved in the formation
of long-lasting long-term potentiation (LTP) in the hippocampus
(Moosmang et al., 2005; Moon et al., 2018; Nanou and Catterall,
2018). Long-lasting LTP needs activation of gene expression and
protein synthesis (Malenka and Bear, 2004). The calcium entry
from Cavl.2 activates Calmodulin-dependent protein kinase II
(CamKII), which binds the C-terminus of Cavl.2; and
downstream CamKIV, which phosphorylate CREB and
activate downstream gene expression (Cohen et al, 2015). In
another pathway, the calcium-regulated phosphatase calcineurin
that binds to the C-terminal domain of Cavl.2 is also activated
and dephosphorylates the transcription factor NFAT (nuclear
factor of activated T-cells), allowing it to translocate into the
nucleus and activate gene expression (Murphy et al., 2014). The
above signaling cascade increases the synthesis of mRNA
encoding synaptic proteins, causing long-lasting changes in
synaptic function (Nanou and Catterall, 2018). Moreover,
recent studies have found a f2-adrenergic receptor and Cavl.2
signaling complex that regulates synaptic plasticity. {2-
adrenergic receptors affect calcium channel activity and long-
term postsynaptic plasticity through their interactions with the
C-terminus of Cavl.2 channels (Qian et al., 2017).

During aging, the viability of Cavl.2 channels increases,
leading to high intracellular calcium (Navakkode et al., 2018)
that may modulate the processing of amyloid precursor protein
(APP) and promote AD pathogenesis (Anekonda and Quinn,
2011). The calcium hypothesis of AD holds that disturbing the
intracellular  Ca** balance affects intracellular signal
transmission, leading to the formation of AP plaques and
neurofibrillary tangles, which alter the plasticity of synapses
and ultimately lead to the death of neurons (Khachaturian,
1989).  Furthermore, Ca®* imbalance promotes the
phosphorylation of tau and leads to disordered autophagy in
neurons (Anekonda and Quinn, 2011). Endoplasmic reticulum
stress (ER stress) and subsequent tau hyperphosphorylation are
increased in human chronic traumatic encephalopathy.
Administration of docosahexaenoic acid, an endoplasmic
reticulum stress inhibitor, lowers intracellular calcium
concentration, which results in the decrease of tau
hyperphosphorylation and improves cognitive performance
(Begum et al, 2014; Lucke-Wold et al, 2016). Separately,
salubrinal, a modulator of cellular stress, can reduce
neuroinflammation in mice via decreasing ER stress and
oxidative stress (Logsdon et al., 2016).

POST-TRANSLATIONAL MODULATION OF
CAV1.2 AND ITS ROLE IN
NEURODEGENERATIVE DISEASES

Post-translational modulation (PTM) is a process that converts
synthesized proteins to mature proteins through covalent or
enzymatic modifications. These modifications range from the

Cav1.2 Modification and Neurodegenerative Diseases

enzymatic hydrolysis of peptide bonds to the covalent addition
of specific chemical groups, lipids, carbohydrates, and even entire
proteins and amino acid side chains. These chemical modifications
after polypeptide chain biosynthesis expand the scope of the amino
acid structure and properties, thereby diversifying the structure and
function of proteins. PTM can occur at any point and regulates
protein activity, localization, and interactions with other molecules
(Knorre et al., 2009; Walker and Nestler, 2018).

Cav1.2 undergoes a series of PTMs before it becomes a mature
and functional Ca** channel on the cell surface. These
modifications influence the channel properties, trafficking, and
location and hence significantly alter the channel function.
Cavl.2  modification is  dramatically changed in
neurodegenerative disease and may be an important
component of the pathology (summarized in Figure 2).

Phosphorylation

Phosphorylation of a molecule is the attachment of a phosphoryl
group. Protein phosphorylation is the most abundant post-
translational modification in eukaryotes. Phosphorylation can
occur on serine, threonine, and tyrosine side chains (often called
“residues”) through phosphoester bond formation. Neural cells
contain a plethora of protein kinases, protein phosphatases, and
phosphorylated proteins, and many of these are essential for the
regulation of neuronal morphology and for cell functions as
diverse as membrane excitability, secretory processes,
cytoskeletal organization, and cellular metabolism.

Phosphorylation of Cavl.2 channels can enhance Ca®" influx
four- to six-fold (Sculptoreanu et al., 1993; Kavalali et al., 1997).
Cavl.2 channels can be phosphorylated by many protein kinases
(PKA, PKC, PKG, and CAMKII) but, in most cases, the sites
regulated by these kinases remain uncertain. The identified
phosphorylation sites in Cavl.2 are summarized in Table 1
(Perez-Reyes et al, 1992; De Jongh et al, 1996; Gerhardstein
et al, 1999; Yang et al, 2005; Grueter et al, 2006; Gui et al,
2006; Yang et al., 2007; Blaich et al., 2010; Fuller et al., 2010; Huttlin
et al,, 2010; Bachnoff et al., 2011; Brandmayr et al., 2012; Pankonien
et al,, 2012; Lei et al., 2018; Li et al., 2020; Whitcomb et al., 2020).
The central subunit of Cav1.2, alC, is the major subunit involved in
the PKA-mediated increase in channel activity. The alC subunit is
phosphorylated by PKA in intact hippocampal neurons, and a two-
fold increase in Ca®* influx has been observed in hippocampal
neurons in old rats compared with adult rats, suggestive of increased
PKA phosphorylation of Cav1.2 with aging. S1700 phosphorylation
plays a greater modulatory role than S1928 phosphorylation in the
heart, which is crucial for calcium homeostasis in cardiomyocytes
and prevention of heart failure (Yang et al., 2016).

However, only S1928 has been shown to increase with normal
aging in the hippocampus (Davare and Hell, 2003) and S1928 is
important for the upregulation of channel activity by PKA.
Protein phosphatase 2A (PP2A) constitutively bound to
Cavl.2 is required for dephosphorylation of S$1928 and
subsequent down-regulation of Cavl.2 channel activity (Xu
et al,, 2010). Similar to PKA, PKC can also phosphorylate alC
at the same site (Weiss et al., 2012). The channel activity of Cav1.2
increases because of the convergence of the two kinases. PKC a
and ¢ expression is decreased with aging in the prefrontal cortex
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|Phosphory|ation| |Ubiquitination | | N-linked glycosylation | |S-glutathionylation|
Regulators PKA, PKC, PKG, CaMKIl  Galectin-1 Cavp RFP2  E2/ERa OST complex Oxidative stress
+ +
PP2A + + - + Mdm2 +
+ GSSG/GSH
) ¢ R ¢
Targets alC alC alC, a2d alC
Function changes Increased Cav1.2 activity Cav1.2 degradation Increased cell surface Increased

In the AD brain, AC—-cAMP-PKA
and GC-cGMP-PKG pathways
are disrupted, and PKC a and ¢
are decreased.

Association with
neurodegenerative
diseases

Ubiquitination of Cav1.2
rescues cognitive deficit
in AD model mice.

FIGURE 2 | Schematic representation of the PTM of Cav1.2 and its correlation with neurodegenerative diseases. The PTM changes the channel activity,
degradation, and cell surface expression of Cav1.2. The PTM of Cav1.2 or the disruption of their regulating pathways was also observed in neurodegenerative diseases.

expression and calcium Cav1.2 current

influx

Increased GSSG/GSH
in AD, PD and ALS

TABLE1 | Identified phosphorylation sites in Cav1.2 a1C and Cavp2.

Species Subunit Kinases and phosphorylation sites
PKA PKC CaMKil PKG
Human al S1898 (Bachnoff et al., 2011) — — —
Mouse al $1897 (Whitcomb et al., 2020) — S1512 §1570 (Blaich et al., -
2010)
S107, 499, 838, 845, 1680, 1700, 1721, 1744, 1927, 2155 T501, 506 (Huttlin et al., 2010)
g2 S200, 202, 203, 211, 214, 510, 545, 522 T215, 549 (Huttlin et al., 2010)
Rat al — — T1604 (Li et al., 2020) —
g2 S478 S479 (Perez-Reyes et al., 1992; Bunemann et al., 1999) — T498 (Grueter et al., 2006) -
Rabbit al $1928 (De Jongh et al., 1996) S1700 T1704 (Fuller et al., 2010) $1928 (Yang et al., — $1928 (Yang et al.,
2005) 2007)
g2 S296 (Pankonien et al., 2012) S459 S478 S479 (Gerhardstein — — S496 (Yang et al.,
et al., 1999) 2007)
Guinea al S1574 51626 S1699 (Lei et al., 2018) — T1603 (Li et al., 2020) —
pig

The publications reporting phosphorylation of a specific amino acid are indicated by a reference in brackets. Notably, amino acids in all the references are not the canonical protein
sequences and differ from each other. Please refer to the original publication for more detail.

and hippocampus (Perovic et al, 2013), and they are
downregulated by AP in AD brains (Govoni et al, 1993;
Lucke-Wold et al, 2015). PKC signal cascades along with
altered calcium homeostasis contribute to the development of
NFTs (neurofibrillary tangles) (Lucke-Wold et al., 2014).

The S1928 site is close to the C-terminus of alC, present only
in full-length al1C. With normal aging, there is a clear increase in
$1928 phosphorylation in the hippocampus but the general levels
of cyclic adenosine monophosphate (cAMP), PP2A, and protein
phosphatase 1 (PP1) inhibitors remain unchanged (Davare and

Hell, 2003). The dentate gyrus is the major region in the
hippocampus where S1928 phosphorylation occurs; no
significant changes are observed in other areas of the
hippocampus  (Nufez-Santana et al, 2014). S1928
phosphorylation by A-kinase-anchoring protein (AKAP)-
anchored PKA plays an essential role in enhancing Cavl.2
channel activity and vasoconstriction under conditions of high
glucose or in diabetes (Nystoriak et al., 2017). The level of cAMP
is upregulated in cerebral vessels in AD hippocampus and is
associated with vascular -amyloid peptide (AB) (Martinez et al.,
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2001). It is well established that patients with type 2 diabetes have
a higher incidence of cognitive decline and morbidity of AD than
the general population (Surguchov, 2020), suggestive of a link
with changes in Cav1.2 activity. In the AD brain, preclinical and
neuropathological data suggest that both adenyl cyclase
(AC)-cAMP-PKA and guanylate cyclase (GC)-cGMP-PKG
signaling are disrupted. Overall PKA activity and nuclear PKA
activity appear to be suppressed in AD (Sanders and Rajagopal,
2020), which may lead to abnormal changes in Cavl.2
phosphorylation state. Furthermore, the mechanism by which
the P2-adrenergic receptor (2AR) stimulates Cavl.2 channel
activity depends on S1928 phosphorylation and constitutes a
critical component of the molecular mechanism underlying stable
and prolonged theta-tetanus-induced LTP (Qian et al., 2017).
Multiple phosphorylation sites have been found in the C-terminal
domain of the Cavl.2 B subunit in vitro. However, C-terminal
knock-out mice survive with no apparent physiological deficits
and, most importantly, show normal function of Cavl.2 in
ventricular myocytes. Thus, the phosphorylation sites on the
Cavl.2 B subunit may not have essential functional roles in vivo.

Ubiquitination
Ubiquitin (UB) is a highly conserved small protein that is found in
all eukaryotic cells, from single-celled yeast to humans. Its main
function is to mark proteins to be degraded by 26S proteasome
(Lam et al., 2000; Bennett et al., 2005; Swatek and Komander,
2016). UB binds covalently to the lysine residue of the substrate
protein and the ubiquitin-labeled protein is identified and rapidly
degraded. Briefly, this process requires the sequential action of
three enzymes (Swatek and Komander, 2016). The C-terminal
glycine residue of ubiquitin is activated by El. Next, activated
ubiquitin is transferred to an active cysteine residue of E2. Finally,
ubiquitin links its C-terminus to an e-amino group of the substrate
protein’s lysine residues (Hershko and Ciechanover, 1998). In a
nutshell, ubiquitination is a dynamic, multifaceted post-
translational modification that is involved in nearly all
physiological processes (Swatek and Komander, 2016). An
abnormal UB signal is closely related to neurodegeneration.

Neurodegenerative diseases are characterized by the loss of
neurons in the brain or spinal cord. Most samples from
patients with neurodegenerative diseases are immunoreactive for
anti-UB antibodies (Popovic et al., 2014) and abnormalities of the
UB-dependent degradation systems and aggregation formation are
associated with neurodegeneration (Hershko and Ciechanover,
1998; Lam et al., 2000; Bennett et al., 2005; Hara et al., 2006).
In PD, a-synuclein in Lewy bodies (a diagnostic marker of PD) is
modified by ubiquitin at lysines 77 and 78 (Popovic et al., 2014).
Ubiquitination likely increases the aggregation and neurotoxicity
of a-synuclein in cultured human dopaminergic cells (Popovic
etal, 2014). In AD, a typical aggregate is ubiquitinated tau protein
(Popovic et al,, 2014). Thus, UB-dependent degradation systems,
such as the UB-proteasome system and autophagy, likely play a
role in the pathogenesis of these neurodegenerative diseases
(Bennett et al., 2005; Popovic et al., 2014).

The ubiquitin-proteasome system (UPS) is closely linked to
Cavl.2 degradation (Felix and Weiss, 2017). UB protein has seven
lysine residues at positions 6, 11, 27, 29, 33, 48, and 63 (Ikeda and

Cav1.2 Modification and Neurodegenerative Diseases

Dikic, 2008; Chen and Sun, 2009). Among these, K6/K29 take
part in Cavl.2 degradation (Lai et al, 2019). E3 specifically
recognizes the target proteins’ lysine residue and tags it for
degradation by the proteasome (Hershko and Ciechanover,
1998). Recent studies have shown that the Cavp subunit may
serve as a molecular switch that prevents the Cavl.2 a subunit
from ubiquitination by the RFP2 ubiquitin ligase and subsequent
transfer of Cavl.2 channels to the endoplasmic reticulum
associated protein degradation (ERAD) complex; thus, the
CavB subunit protects Cavl.2 channels from proteasomal
degradation (Felix and Weiss, 2017). Separately, Galectin-1
acts as a negative Cavl.2 channel regulator by binding to the
Cav1.2 I-II loop and exposing the lysine residues inside the loop
to polyubiquitination and ERAD degradation, ultimately
inhibiting channel function (Hu et al,, 2018; Loh et al., 2020).
Furthermore, in ovariectomized APP/PS1 mice (an AD animal
model), systemic administration of E2 (17B-estradiol) or the
estrogen receptor a (ERa) agonist propylpyrazoletriol (PPT)
increased ubiquitination of Cavl.2 in the brain, reversed
elevated levels of Cavl.2 protein, and improved cognitive
functioning. The binding of the E3 ligase Mdm2 with Cavl.2
is promoted by activating ERa. In Mdm?2-overexpressing
neurons, the intensity of Cavl.2 decreased significantly. These
results suggest that Mdm2-related ubiquitination is critical for
ERa regulation of Cavl.2 protein levels and that a reduction in
Cavl.2 protein levels may contribute to ERa-induced cognitive
improvements (Lai et al., 2019).

N-Linked Glycosylation

N-linked glycosylation is a co-translational or post-translational
modification of new peptide chains in which oligosaccharides are
connected to the amide of asparagine residues. N-linked
glycosylation can be divided into high mannose, compound, and
heterozygous types. N-linked glycosylation consists of three main
steps: synthesis, transfer, and modification. Synthesis and transfer of
N-linked glycosylation are carried out in the endoplasmic reticulum,
whereas modification occurs in both the endoplasmic reticulum and
the Golgi matrix. This progress is necessary for membrane
trafficking and protein expression on the cell surface. Recent
studies showed that external glucose level alters N-glycosylation
(Liu et al, 2014; Villacrés et al, 2015). There are four potential
N-glycosylation sites in the rabbit Cav1.2: N124, N299, N1359, and
N1410. The double mutant (N124, 299Q) showed a positive shift in
the voltage-dependent gating curve; and the quadruple mutant (QM;
N124, 299, 1,359, 1410Q) showed a positive shift in the voltage-
dependent gating curve as well as a reduction of peak current. The
weaker surface fluorescence intensity of QM suggested its lower
surface expression than wild-type Cavl.2 (Park et al., 2015).

The a2§ subunit, an integral component of Cavl.2, is highly
N-glycosylated by a 30-kDa oligosaccharide (Marais et al., 2001).
Mutation of only 6/16 asparagine glycosylation sites was
sufficient to decrease cell surface expression and protein
stability of o281 subunit, as well as a28l-mediated peak
current density and voltage-dependent gating of the alC
subunit. Single mutation N663Q and double mutations
N348Q/N468Q, N348Q/N812Q, and N468Q/N812Q decreased
protein stability and abolished cell surface expression of a2681 as
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well as the a281-induced up-regulation of Cavl.2 currents
(Tétreault et al., 2016). However, it is still not clear whether
N-glycosylation of Cav1.2 contributes to the mechanism of Ca**
interruption in neurodegenerative diseases.

S-Glutathionylation

S-glutathionylation is a process in which glutathione forms a
disulfide bond with cysteine residues of the target protein, and
is a major redox-mediated thiol modulation. Oxidative stress
facilitates S-glutathionylation. The ratio of reduced and oxidized
glutathione (GSH/GSSG) is important for S-glutathionylation.
Glutathionylation is a reversible redox modification: it directly
changes the redox state of Cavl.2 and increases calcium influx
(Tang et al.,, 2011). However, this process is considered an oxidant-
mediated reaction with low specificity for target proteins. C543 in
the cytoplasmic I-II loop is the major glutathiolation target in
hCavl.2. C543S mutation alters post-translational folding and
shifts the channel open probability, which may lead to the onset
of disease pathology (Muralidharan et al., 2016). Inflammation and
ROS are known to be critical pathological manifestations of
neurodegenerative diseases. Moreover, imbalance of glutathione
homeostasis and dysregulation in glutathione-dependent enzyme
activities are implicated in the induction and progression of
neurodegenerative diseases, including AD, PD, and ALS.
Therefore, impaired S-glutathionylation of Cavl2 may
contribute to the pathology of neurodegenerative diseases.

CAV1.2 AS A POTENTIAL DRUG TARGET IN
NEURODEGENERATIVE DISEASES

Cavl.2 is a classical drug target for cardiovascular disease.
Members of the dihydropyridine family of calcium channel
blockers (DHPs) have been used as first-line drugs for
hypertension and myocardial ischemia for decades,
including amlodipine, felodipine, and nifedipine (Zamponi
et al, 2015). The sensitivity of LTCCs to DHPs varies in
different tissues. Cavl.2 is more sensitive to DHPs than
Cavl.3 and Cavl.4 (Xu and Lipscombe, 2001). The splice
variants of Cavl.2 in arterial smooth muscle are more
sensitive to DHPs than those in the myocardium (Liao
et al., 2004; Cheng et al., 2009).

Because of the pathophysiological role of Cavl.2
neurodegenerative disease, DHPs have been repurposed as a
treatment for these diseases. DHPs have at least two advantages
as drugs for CNS indications: safety and penetration of the
blood-brain barrier (BBB). At therapeutic doses, no obvious
side effects were observed for muscle function, hearing, CNS
function, or insulin secretion, where LTCCs exert important
functions (Levine et al., 2007). Several DHPs can cross the BBB
in some species, including humans (Allen et al., 1983; Uchida et al,
1997). Intracerebral drug delivery methods have also improved
recently (Patel et al., 2009; Lu et al,, 2014).

Because of the known role of Cavl.2 in cognition and the
imbalance in Ca®" homeostasis found in AD, DHPs have been
repurposed for AD treatment. In a survey of investigating the
association between DHP or non-DHP calcium channel blocker

in
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and risk of developing AD or mortality, researchers found that the
use of DHP did not reduce risk of AD but showed lower relative
risk (Yasar et al., 2005). In vitro, nilvadipine, nitrendipine, and
amlodipine reduced AP accumulation by affecting the production
and clearance of Ap. In vivo, nilvadipine and nitrendipine reduced
AP deposition. In transgenic mouse models of AD (Tg APPsw
(Tg2576) and Tg PS1/APPsw), chronic nilvadipine treatment
resulted in lower AP levels and improved learning and spatial
memory (Paris et al,, 2011). These results suggest that some DHPs
have significant benefits in the treatment of AD. Nilvadipine can
also delay the degeneration of cognitive function in AD patients
(Hanyu et al., 2007; Matsuda et al., 2008). Nitrendipine treatment
reduced the risk of dementia by 55% in hypertensive patients
compared with a control group (Forette et al, 2002). Since
improvements in cognition are observed with non-DHP drugs
like ACEI and thiazide (Bellew et al., 2004; Hanon and Forette,
2004; Fournier et al., 2009; Duron and Hanon, 2010), the protective
effects of nivadipine and nitrendipine do not seem to be related to
their antihypertensive effects. Although nilvadipine and
nitrendipine have protective effects, their effectiveness depends
on the severity of AD (Paris et al, 2011). After nilvadipine
treatment, the very mild AD group showed less cognition
decline whereas the moderate AD group showed greater
cognition decline compared with their respective placebo-treated
controls (Abdullah et al, 2020). This study suggests that AD
severity affects the treatment results and nilvadipine may be
restricted to patients with mild AD in the future.

The pathological mechanisms underlying PD are not yet
clear. Symptomatic treatments are aimed at relieving deficits in
motor symptoms and improving quality of life (Schulz et al,,
2016; Obeso et al, 2017). Currently, pharmacotherapy
includes dopamine mimetics (levodopa), synergists of
levodopa (selegiline, carbidopa), dopamine receptor agonists
(bromocriptine), dopamine-releasing drugs (amantadine), and
anticholinergic drugs (trihexsyphenidyl). Neurosurgery and
supportive treatments have been used clinically for many years
(Oertel and Schulz, 20165 Schulz et al., 2016). However, none
of these treatment methods can prevent or slow the
progression of PD and the side effects of the treatments
often limit the long-term benefits of symptomatic therapies.
However, there are a few different drugs currently in
preclinical trials. Because of LTCC-mediated Ca** load in
SNc dopaminergic neurons, DHPs are considered for PD
treatment. Studies have shown that isradipine has a
significant neuroprotective effect on substantia nigral
dopaminergic neurons in an MPTP-induced animal model
of PD (Kupsch et al., 1995; Singh et al., 2016; Wang et al., 2017)
and partially restores dopamine content in the striatum (Wang
et al., 2017). Another DHP, nifedipine, was reported to
improve apomorphine-induced rotation behavior in 6-
OHDA-lesioned rats (Wang et al., 2012).

In humans, the ongoing phase III clinical study STEADY-
PD is investigating the potential of the LTCC blocker
isradipine for treatment of PD. Although the study showed
that long-term treatment with immediate-release isradipine
did not slow the clinical progression of early-stage PD, it did
modestly decrease cumulative levodopa equivalent dose and
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TABLE 2 | Summary of clinical trials and surveys on the effects of DHPs in neurodegenerative diseases
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References

Forette et al. (2002)

Yasar et al. (2005)

Pasternak et al. (2012)

Parkinson Study Group STEADY-PD lll Investigators
(2020)

Venuto et al. (2021)

https://clinicaltrials.gov/ct2/show/study/
NCT02168842?term=isradipine&cond=Parkinson%

Drug Stage Duration Dose Number Indication Results
Nitrendipine ~ Survey 3.9years 10-40 mg/d 148 AD Treatment with nitrendipine
reduced the risk of dementia
by 55%
DHP Survey 2 years — 1,092 AD Relative risks were low with the
DHP group
DHP Survey 2 years — 173 PD Exposure to DHP reduced the risk
of incidence, particularly in older
patients, and mortality
Isradipine Clinical 36 m 10 mg/d 336 PD Treatment with isradipine did not
phase Il slow the clinical progression of
early-stage PD
Isradipine Clinical 36m 10 mg/d 166 PD Exposure to DHP reduced the risk
phase Il of needing antiparkinsonian
treatment
Isradipine Clinical 36m 10 mg/d 162 PD Treatment with isradipine slows
phase lIl progression of PD disability

the time needed for antiparkinsonian treatment (McFarthing
and Simuni, 2019; Parkinson Study Group STEADY-PD III
Investigators, 2020; Venuto et al, 2021). According to
epidemiological studies (Becker et al., 2008; Ritz et al., 2010;
Pasternak et al., 2012; Lee et al., 2014) and meta-analyses
(Gudala et al., 2015; Lang et al., 2015; Mullapudi et al., 2016),
patients treated with DHPs have a reduced risk of PD.
Although DHPs have a history of safe use, the drug release
time should be prolonged to avoid activation of the
sympathetic system, accompanied by reflex
tachycardia and high cardiac oxygen consumption, flushing,
hypotension, and headache (Carrara et al., 1994; Johnson et al.,
2005). In some countries, extended-release formulations of
isradipine are available and are already in phase II clinical
trials in PD patients (Parkinson Study Group, 2013).

Other potential treatment strategies remain to be studied.
Previous data show that the basal level of Cavl.2 in the
hippocampus and cortex of ovariectomized APP/PS1 mice
is significantly higher than that of wild-type mice. E2 or
PPT could reverse this increased basal level of Cavl.2 by
promoting the ubiquitination and degradation of Cavl.2
(Lai et al., 2019). Thus, ERa agonists (propylpyrazoletriol,
dienestrol) may effectively alleviate the symptoms of AD. Hu
et al. used a Tat-e9c peptide to compete for the Galectin-1
binding site on Cavl.2 and interfere with its ubiquitination
and degradation (Hu et al.,, 2018), but whether Cavp-derived
peptides can be used to promote Cavl.2 degradation in the
brain needs further study. The biggest concerns would be how
to transport the peptide across the BBB and how to reduce the
side effects in the cardiovascular system.

nervous

CONCLUSION

Cavl.2 plays important roles in the cardiovascular system, the
CNS, and endocrine glands. In the brain, it mediates learning and
memory, drug addiction, and neuronal development. Cavl.2
undergoes a variety of post-translational modifications, which

27s+disease&draw=2&rank=2

are altered in neurodegenerative disease states. Recently identified
modifications, such as S-nitrosylation, and their role in pathology
require further study.

DHPs are widely prescribed for hypertension and myocardial
ischemia and have been repurposed for use in neurodegenerative
diseases including AD and PD. Several clinical trials show
promising outcomes (summarized in Table 2). Although clinical
studies have shown that DHPs have protective effects on
neurodegenerative diseases, there are several issues with using
DHPs to treat neurodegenerative diseases. First, achieving the
requisite drug concentrations in the brain while avoiding
fluctuations in blood pressure and cardiac function is a
challenge. This may be addressed by the development of new
drug-delivery strategies. Second, the relative lack of selectivity of
DHPs is a big concern for their use in the CNS; unwanted effects
may arise from antagonism of Cavl.3 channels. Furthermore, the
universal expression of Cavl.2 may result in DHP side effects on
normal brain functions. Further studies on channel modulation and
more-specific methods of altering Cavl.2 channel function may
lead to better therapeutic strategies for neurodegenerative diseases.
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