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Abstract

Nearly three million people in the USA suffer traumatic brain injury (TBI) yearly; however, there are no pre- or post-TBI
treatment options available. KCNQ2-5 voltage-gated K channels underlie the neuronal “M current”, which plays a
dominant role in the regulation of neuronal excitability. Our strategy towards prevention of TBI-induced brain damage is
predicated on the suggested hyper-excitability of neurons induced by TBIs, and the decrease in neuronal excitation upon
pharmacological augmentation of M/KCNQ K™ currents. Seizures are very common after a TBI, making further seizures
and development of epilepsy disease more likely. Our hypothesis is that TBl-induced hyperexcitability and ischemia/
hypoxia lead to metabolic stress, cell death and a maladaptive inflammatory response that causes further downstream
morbidity. Using the mouse controlled closed-cortical impact blunt TBI model, we found that systemic administration of
the prototype M-channel “opener”, retigabine (RTG), 30 min after TBI, reduces the post-TBI cascade of events, including
spontaneous seizures, enhanced susceptibility to chemo-convulsants, metabolic stress, inflammatory responses, blood—
brain barrier breakdown, and cell death. This work suggests that acutely reducing neuronal excitability and energy
demand via M-current enhancement may be a novel model of therapeutic intervention against post-TBI brain damage
and dysfunction.
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Almost three million people in the USA suffer TBIs
yearly and ~50,000 of these do not survive."> Besides
acute mortality, TBIs are known to result in post-

traumatic seizures (PTS) and the development of epi-
lepsy with a latent period of up to 10 years.”®
Approximately 6% of all epilepsies are caused by
head trauma.” Compounding the problem, PTS accel-
erates the process of epileptogenesis® by exacerbating
cellular metabolic crisis, further increasing brain
damage.”'! PTS likely adds upon the metabolic stress
acutely induced by TBI due to vascular damage, hypo-
perfusion, and hypoxia.'> Tissue that is already
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hypoxic/ischemic is especially susceptible to hyperactiv-
ity-mediated toxicity. The deleterious effects of
TBI-induced ischemia/hypoxia and neuronal hyperex-
citability are additive since most of the energy demand
in the brain goes into Na™/K™ ATPase activity.'* !¢

Voltage-gated, M-type K currents are generated
from combinations of KCNQ2-5 (Kv7.2-7.5) sub-
units."” KCNQ/Kv7/M channels are ubiquitously-
expressed in the peripheral and central nervous systems,
where they play dominant roles in the regulation of
active and passive neuronal discharge properties, such
as resting membrane potential, spike-frequency adapta-
tion, and hyper-excitatory states.'® > Conversely,
M-current augmentation has been shown to be neuro-
protective after oxygen and glucose deprivation in
organotypic brain slices**** and have powerful protect-
ive effects after occlusive stroke, dampening inflamma-
tory responses and blocking motor dysfunction.” This
suggests that deleterious effects of TBI, including vas-
cular damage,'> might also be reduced by M-channel
openers, such that their dampening of neuronal hyper-
activity should have cerebro-protective effects after
TBI, as for stroke® and epilepsy.”*?’

TBI-induced tissue damage and cellular death lead
to inflammatory/immunological responses in the brain
and blood-brain barrier (BBB) breakdown, promoting
secondary brain damage.”® *> Among the major com-
ponents of the inflammatory response are microglial
activation and macrophage infiltration, representing
the first line of defense after tissue damage.'”!®
Astrocytes also play important roles during metabolic
stress in brain,*** further regulating activated micro-
glia after trauma.>> Here, we assayed the downstream
deleterious events associated with TBI-mediated brain
damage, including spontaneous seizures, seizure sus-
ceptibility, cell death, BBB breakdown, and the inflam-
matory response. For the latter, we measured
biomarkers of microglial activation and macrophage
infiltration (ionized Ca®" binding adaptor molecule 1
(Ibal)),*37 astrogliosis (glial fibrillary acidic protein
(GFAP)),*® and the inflammation-linked CD40 ligand
(CD40L)** all of which associated with increased
mortality and severity of TBL.** Pro-inflammatory sig-
nals can lead to increased expression of cell-death
related proteins, including receptor-interacting protein
1 (RIP1).** We also assayed for commonly-seen
neuronal necrosis.*

Another possible response that could provide long-
term protection against further brain damage is tran-
scriptional post-TBI up-regulation of KCNQ2 and
KCNQ3 gene expression. Indeed, several lines of
inquiry have demonstrated activity-dependent changes
in the expression of KCNQ2 and KCNQ3 gene prod-
ucts in neurons.*’ On the other hand, down-regulation
of M-channel transcription by intense stimulation of

sensory neurons has also been described,*® which
would be exacerbating. Therefore, effects of TBI-
induced events and concomitant hyperexcitability on
KCNQ2 and KCNQ3 transcription were investigated.

We hypothesize that dampening of neuronal excit-
ability by pharmacologically augmenting M-type K™
currents, acutely after a TBI, might prevent the dele-
terious cascade of events that lead to widespread brain
damage and dysfunction. The results presented here are
in accord with this hypothesis.

Materials and methods
Animals

Adult 10-week-old C57BL/6J mice (Jackson Labs)
were group-housed in a 12:12-h light:dark cycle with
food and water ad [libitum. Male and female mice
were used for all the experiments performed, except
for GFAP, Ibal and Fluro-Jade B histology experi-
ments and for PSVue794 and Evans blues imaging.
As the previous experiments displayed no gender-spe-
cific differences (Supplementary Table 1) the experi-
ments cited above were performed only with male
animals, avoiding estrus cycle-related variation.
Animals were divided randomly among cohorts so
that each cage would include animals from all treatments.
Cohorts of animals included “Sham” animals that
received all procedures except controlled closed cortical
impact (CCCI), “TBI” animals subjected to CCCI and
i.p. injection of vehicle only, and “TBI+RTG” animals
that were subjected to CCCI followed by RTG adminis-
tration 30min after injury. The experimenters were
blinded to group allocation during data collection and
analysis. To study KCNQ2 expression “KCNQ2-mRNA
EGFP-reporter mice” ((Kcng2-EGFP)-FW221Gsat)
(GENSAT), were used. All experiments were approved
by the IACUC at UTHSA and followed the NIH Guide
for Care and Use of Laboratory Animals. The experiments
reported here follow the Animal Research: Reporting in
Vivo Experiments guidelines.

Controlled closed cortical impact

The CCCI model was used to generate reproducible
moderate brain injury. This model has the advantages
of producing focal contusion in which the skull remains
intact.*° CCCI most closely simulates blunt-head
traumas resulting from falls or motor vehicle accidents
and particularly in rodent models often produces spon-
taneous seizures within 24h.>'? We restricted our
investigations to moderate CCCI (without skull frac-
ture or obvious hematomas) that is thought to cause
comorbidities possible to prevent.’® > This model suc-
cessfully reproduces the deleterious effects of TBI
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observed in the clinic, such as motor and cognitive def-
icits, brain edema, and mitochondrial dysfunction.*’->
The very large number of animals required to reach
meaningful conclusions from even one CCCI compelled
us to employ a single trauma per mouse, although we
recognize that multiple traumas may exacerbate mal-
evolent sequelae in important ways.”® We also thought
it most pragmatic to use a paradigm similar to our
previous work,**>’ to readily compare results between
studies.

CCCI was delivered by a pneumatic impact device
(Leica Biosystems) following a protocol previously
published.’*>” A cylindrical probe of 5mm diameter
was used to deliver a calibrated impact to the skull,
I mm depth over the right parietal cortex and a small
portion of the caudal end of the right frontal cortex, at
a velocity of 4.5my/s, to produce a moderate TBI. Sham
mice underwent the same procedures of anesthesia and
surgery but without any impact.

Retigabine or vehicle administration

Thirty minutes after CCCI, animals from the
TBI4+RTG group were injected ip. with 1.2mg/kg
RTG (AdooQ Bioscience). Animals from the TBI
group received i.p. injection of vehicle solution (0.5%
(w/v) methylcellulose diluted in sterile 0.9% (w/v)
saline). The dose used was the established maximally
efficacious dose of RTG that is known to not be overly
sedative to the point of reduction of requisite cerebral
function (unaided respiration, swallowing, etc.).’*>’

Electroencephalogram

To quantify seizure frequency and determine seizure
susceptibility, mice of each cohort were implanted
with electroencephalogram (EEG) electrodes 24h
after CCCI or sham. For EEG recording, a three-chan-
nel tethered EEG system was used following protocols
used in our previous work.**®! For detailed methods,
see Supplementary Material. Computer-assisted cor-
tical EEGs was recorded and reviewed for the presence
of seizures and epileptiform spikes.®* ®* Continuous
video/EEG monitoring was performed for three con-
secutive days, starting 24h after injury. Detected
events were visually confirmed by blinded experi-
menters. All video/EEG recording data obtained are
presented here as the percentage of animals that dis-
played seizures or epileptiform spike activity. No ani-
mals in the Sham group displayed any seizure or
abnormal EEG activity.

To assay post-TBI seizure sensitivity, mice from TBI
and TBI4+RTG cohorts were injected i.p., on the Sth
day after CCCI, with three subthreshold doses of pilo-
carpine (MP Biomedicals, 75mg/kg per dose),

separated by 30 min intervals. Pilocarpine is a cholino-
mimetic drug widely used as a chemo-convulsant in
animal models to induce status epilepticus.®®> To minim-
ize pilocarpine-induced peripheral cholinergic effects
and mortality, animals were pretreated with scopolam-
ine methyl nitrate (ip. 1mg/kg; MP Biomedicals),
30 min prior to pilocarpine injection. Both drugs were
diluted in sterile 0.9% (w/v) saline. Immediately after
pilocarpine injection, cortical activity was monitored
for 24 h by video/EEG recording.

Lactate/Pyruvate quantification

Lactate and pyruvate were quantified in cortical
samples collected 24 h after CCCI from an independ-
ent cohort of mice used only for this experiment
(see Supplementary Material), using the Lactate
Colorimetric (BioVision) and Pyruvate Assay Kits
(Eton Bioscience) according to manufacturer’s proto-
cols. For both, samples were tested in duplicates and
average absorbances measured. Assay readings were
executed in a Synergy HT plate reader (BioTek) at
wavelengths of 450 (lactate) and 570 nm (pyruvate).
Standard curves of 8 points from 0 to 200 UM were
used to provide concentrations from linear regressions
of the standard curves. Lactate/pyruvate ratios were
obtained by dividing the lactate concentrations by the
pyruvate concentrations independently for each
sample.

Cell death and blood—brain barrier permeability

PSVue794, a near infra-red (NIR) fluorescent probe,
was used to visualize the distribution of cell death
throughout the brain. Through its bis(zinc*"-dipicoly-
lamine) (Zn-DPA) targeting moiety, PSVue794 identi-
fies apoptotic and necrotic cells by selectively binding to
phosphatidylserines that are exposed to the outer sur-
face of plasma membrane.®® Briefly, 24 h after CCCI,
mice were injected with PSVue794 (i.v. 3mg/kg,
Molecular Targeting) according to manufacturer’s
protocol. The probe was allowed to circulate for 48 h.
To simultaneously assess BBB permeability in a single
animal, 72h after CCCI, mice were further injected
with Evans Blue dye (i.v. 2.5mg/kg, Sigma-Aldrich).
The dye was allowed to circulate for 2 h until transcar-
dial perfusion to wash out intravascular probes. Evans
blue has a high affinity to serum albumin and its fluor-
escence signal correlates with BBB disruption.®” The
IVIS Spectrum Imaging System (PerkinElmer) was
used to detect both PSVue794 and Evans blue signals
and ex vivo measurements were taken as described in
Supplementary Material. Images obtained were ana-
lyzed using Living Image Software 4.5.5 (Caliper Life
Sciences). Regions of interest (ROIs) were drawn
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around the peri-injured site of each sample and fluor-
escence values (Radiant efficiency = Emission Light
(photons/sec/cm?/steradian)/Excitation ~ Light (pW/
cm?)) recorded.

Fluoro Jade B

Fluoro Jade B (FJB) staining was performed to confirm
cell death histologically and detect the degree of neuro-
degeneration six days after CCCI. Staining was per-
formed as previously described.®® For details, see
Supplementary Material. Ipsilateral cortical images
were taken by a Nikon Swept field confocal microscope
and cell counts obtained by nonbiased automatic quan-
tification with ImagelJ/FIJI (NIH, USA) particle
analysis.

Immunohistochemistry

For visualization and quantification of KCNQ2 tran-
scription, 24 h after TBI, reporter mice were used that
are transgenic for a bacterial artificial chromosome
(RP23-247P15) containing the kcng2 locus with
enhanced green fluorescent protein (EGFP) in the first
exon ((Keng2-EGFP)-FW221Gsat, GENSAT). In such
“KCNQ2-mRNA EGFP reporter animals”, the tran-
scription of KCNQ2 mRNA is proportional to EGFP
protein expression, serving as a probe for KCNQ2 tran-
scription. In pilot experiments, we observed that intrin-
sic fluorescent emission from EGFP was too weak to be
reliably imaged/quantified. This is likely to be an effect
of tissue fixation, which can degrade EGFP fluores-
cence.®” Hence, endogenous EGFP fluorescence was
photobleached and EGFP protein immunostained for
quantification, as before.®® The number of EGFP-posi-
tive cells per image was counted. The maximum and
mean fluorescent signals were independently quantified
for each EGFP-positive cell, as described in detail in the
Supplementary Material. All mice used in this experi-
ment were subjected to CCCI and treated with RTG
30 min after injury.

GFAP and Ibal expression was measured six days
after CCCI as previously described.”® Confocal images
of each brain slice were taken by a Zeiss LSM710 con-
focal microscope under a 20x objective lens (Numerical
Aperture =0.8). GFAP and Ibal corrected total cell
fluorescence (CTCF) and the mean fluorescence inten-
sities were quantified using Image] software. For
details, see Supplementary Material.

Immunoblotting

For immunoblots, entire left and right hemispheres
samples were collected six days post-CCCI and homo-
genized separately for quantification of immunoblots,

as previously described.”! Samples were homogenized
using RIPA buffer (Thermo Fisher Scientific) and an
Ultra EZgrind tissue homogenizer (Denville Scientific)
at the lowest speed setting (5000 r/min). Immunoblot
band intensities were normalized via the housekeeping
proteins PB-actin  or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Primary antibodies used
were: Ibal (1:400, Wako 016-20001), CD40L (1:500,
Abcam ab52750), RIP1 (1:1000, BD Biosciences
610459), GAPDH (1:25,000, Abcam abl25247), B-
actin (1:20,000, Sigma AS5316). We also performed a
secondary independent normalization using Ponceau
S (Sigma) staining and bands semi-quantified in the
range of 37-100 kD. Results were standardized to ipsi-
lateral averages from animals in the Sham cohort.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed to quantify the mRNA levels of
KCNQ2 and KCNQ3, 24h and six days after CCCI.
Cortical samples were dissected as described in
Supplementary Material. The qRT-PCR assays per-
formed here were performed as previously
described.*””! Results were normalized to the average
of Sham cohort contralateral side levels.

Statistical analysis

The details of the statistical analyses used are described
in the Supplementary Material.

Results

In the results described below, we compared mouse
cohorts consisting of (1) CCCI TBI followed by only
vehicle administration (7BI), (2) CCCI TBI followed
by retigabine (RTG) administration (7BI+ RTG),
and (3) Sham animals that received no trauma but
went through the same anesthetic/surgical procedure
(Sham). RTG or vehicle was administered i.p. 30 min
post-TBI (Supplementary Figure 2).

RTG treatment blocks PTS and decreases
susceptibility to epileptiform neuronal activity

We first tested if CCCI induces spontaneous PTS and
increase seizure susceptibility, as seen in post-TBI
human patients’> "* and if so, if that would be prevented
by acute administration of RTG after insult (Figure 1(a)).
Whereas five of fifteen animals of the TBI group dis-
played PTS, manifested by both tonic-clonic behavior
and abnormal increase in EEG amplitude and/or fre-
quency of cortical signals, no animal treated with
RTG post-TBI displayed seizures (x(1) =4.16, p < 0.05).
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Figure 1. M-current augmentation prevented TBI-induced seizures, abnormal cortical activity, and metabolic stress. (a) Top, bars
summarize the percentage of animals that displayed spontaneous seizures in the TBI and TBI 4+ RTG groups. The number of animals
that displayed seizures in each group and the total number of animals per group are indicated above each bar (TBI n=6% 93;
TBI+ RTG n=5% 53). Bottom, examples of EEG recordings of a seizure, in an animal in the TBI cohort, and a phenotypically-normal
EEG recording, in a mouse in the TBlI+ RTG cohort. (b) Top, bars summarize the percentage of animals that displayed epileptiform
spike activity after pilocarpine challenge at a dose that is considered subthreshold in naive mice (TBI n=6% 73; TBI+ RTG n=15% 53).
Whereas 61% of mice in the TBI group displayed abnormal spike activity, this was observed in only 20% of the mice in the TBI +RTG
cohort. Bottom, EEG recordings of epileptiform spike activity recorded from a TBI animal and unremarkable cortical activity recorded
from a TBI 4+ RTG animal monitored for 24 h immediately after pilocarpine challenge. (c) Left, shown schematically is the placement of
the epidural screw electrodes used for EEG recording. Right, shown is an image of a mouse fastened with an electrode head mount
and preamplifier. (d, €) Bars summarize the lactate/pyruvate ratio in cortical and cerebellar samples from the Sham (n=3% 33), TBI
(n=2%9 33), and TBI4+RTG (n=3%? 33) cohorts. Data are displayed as mean and S.D., *p < 0.05, *p < 0.01, **p < 0.001.

To assess for altered seizure susceptibility, we used the
pilocarpine chemo-convulsant model.”"**1%2 On the 5th
day after injury, the same cohorts of mice were injected
with a sub-threshold dose of pilocarpine and monitored
for epileptiform neuronal spike activity,®> ®” as previously
observed after TBL*® In the RTG cohort of animals,
there was a significant reduction of pilocarpine-induced
abnormal spike activity (x(1)=3.96, p <0.05) (Figure
1(b)). Since RTG has a half-life of only ~2h in mice,**
any effect on the 5th day post-TBI is not from any acute
anti-convulsive action.

M-current treatment impairs TBl-induced
metabolic stress

Our working hypothesis predicts that TBI-induced
hyperexcitability results in exhaustion of neuronal
energy stores. The ratio of lactate/pyruvate is a
common measure of brain energy availability after
injury.®# Cortical and cerebellar tissue from both

ipsilateral and contralateral hemispheres to the CCCI
was collected 24 h after injury, and the lactate/pyruvate
ratio quantified (Figure 1(c)). A significant difference
was observed between hemispheres and between
Sham, TBI, and TBI + RTG cohorts (2-ANOVA — sig-
nificant effect of hemisphere F;9=4.2; p=0.04; and
interaction of hemisphere difference with group
F550=5.9; p<0.01). Only the TBI cohort displayed a
significant increase in the lactate/pyruvate ratio in the
ipsilateral vs. the contralateral hemispheres (Bonferroni
analysis, t=3.8; p < 0.001). Ipsilateral samples from the
TBI cohort also manifested higher lactate/pyruvate
ratios, vs. ipsilateral samples from Shams (r=3.2;
p<0.01). In the TBI 4+ RTG mice, the ipsilateral lac-
tate/pyruvate ratio was significantly lower vs. the TBI
cohort (t=3.1; p=0.01) and was not different from
that from ipsilateral hemispheres of Shams (r=0.1;
p=1.0). There was no significant difference in the
contralateral lactate/pyruvate ratio between any of
the mouse cohorts (Supplementary Table 2).
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Therefore, CCCI causes metabolic exhaustion of cells
in the brain hemisphere ipsilateral to the site of TBI,
which was prevented by acute RTG administration. No
TBI or RTG-induced effects were observed in cerebellar
samples (Figure 1(e); Supplementary Table 2), indicat-
ing that energy depletion was restricted to the area
around the injury. This result correlates with the lack
of effect of RTG alone in brain energy consumption,
after 24 h.

M-current augmentation reduces injury related cell
death and BBB disruption

We used PSVue 794 dye as a probe to assess TBI-
induced cell death. NIR imaging with the IVIS system
at 72h post-TBI indicated CCCI-triggered cell death
was mainly located around the site of impact
(Figure 2(a)). This relatively focal injury was signifi-
cantly reduced by RTG administration, indicating neu-
roprotection by M-current augmentation (Figure 2(b)).
A significant difference between groups (Sham, TBI,
TBI+ RTG) was observed (1-ANOVA — F, 15=15.6;
p <0.001). Significantly higher staining for dead cells
was seen in the cortex of TBI animals, compared to
Shams (1=5.5; p<0.001) and TBI+RTG animals
(t=3.0; p=0.02). No significant difference was
observed between Sham and TBI+ RTG animals
(t=2.5; p=0.07), although there was some cell death
in TBI+ RTG animals. The cortical PSVue 794 stain-
ing corroborates with profound neuroprotection by
M-current augmentation.

We investigated the severity of BBB disruption of
the same cohorts as above, using the Evans blue
extravasation assay at 72h post-TBI, since the second
wave of TBI-induced increase in BBB permeability has
been shown to occur at this time point.*”** After NIR
imaging of PSVue 794, two coronal sections of the
brain (sections A and B) were obtained, and the
Evans Blue signals obtained from four faces of
the brain (Figure 2(c) and (d)). The three groups of
animals displayed significantly different levels of BBB
permeability in all four areas (1-ANOVA — A rostral:
F515=6.4; p=0.01; A caudal: F»,5=10.7; p=0.002; B
rostral: F515=23.2; p<0.001; B caudal: F,;5=12.1;
p=0.001). TBI mice manifested a significant increase
in BBB permeability, compared to Shams in all four
areas (Bonferroni — A rostral: 1=3.3; p=0.01; A
caudal: 1=4.6; p=0.001; B rostral: 1=6.8; p<0.001;
B caudal: r=4.5; p=0.002). Compared to Shams,
TBI+ RTG mice displayed a significant increase in
BBB permeability in sections A rostral (1=2.8;
p=0.03), B rostral (t=3.6; p=0.009), and B caudal
(t=3.9; p=0.005), but had levels of BBB permeabil-
ity similar to Sham in A caudal sections (1=2.0;
p=0.18). TBI+RTG animals displayed significantly

decreased BBB breakdown vs. TBI mice in sections A
caudal (r=2.7;, p=0.04) and B rostral (r=3.4;
p=0.01). We also observed a linear correlation between
cell death profile and BBB permeability in sections A
caudal (R*=0.34; 1=2.71; ANOVA F, s=173;
p=0.01), B rostral (R*=0.73; t=6.24; ANOVA
Fi15=2389; p<0.001), and B caudal (R*=0.52;
t=3.93; ANOVA F,5=154; p=0.002) (Figure 2(e)
to (2)).

M-current augmentation reduces inflammatory
response and cell-death six days after TBI

To assess immunological/inflammatory responses,
expression of Ibal was quantified via immunoblotting
of both hemispheres six days after injury (Figure 3(a)).
We observed a significant difference between samples
from the two hemispheres (2-ANOVA — F| 76=10.2;
p=0.002), as well as significantly different among
groups (2-ANOVA — F,74=9.0; p<0.001) and the
variation between groups was dependent on hemi-
spheres, as the variation between hemispheres was
dependent on cohort (2-ANOVA - F,7,=4.9;
p=0.01). A significant difference was seen between
the ipsilateral, vs. the contralateral side, of animals in
the TBI cohort (t=4.5; p <0.001) and between the ipsi-
lateral side of animals in the TBI cohort vs. the ipsilat-
eral side of Shams (1=5.0; p <0.001). There was also a
reduction of Ibal levels from ipsilateral samples from
the TBI+ RTG cohort vs. the TBI cohort (1=2.6;
p=0.03).

To complement these results, and to yield spatial
information, we immunostained cortex slices for Ibal
expression (Figure 3(b)). A significant difference was
observed of mean total fluorescence between the three
cohorts (2-ANOVA — F,,3=40.1; p<0.001), and
between the two hemispheres within a cohort
(2-ANOVA — Fj,5=4.5; p=0.04); additionally, the
variations between hemispheres and between groups
were correlated (2-ANOVA — F,3=15.8; p=0.009)
(Figure 3(c)). The ipsilateral cortex of TBI animals dis-
played greater staining for Ibal than the ipsilateral side
of Sham (r=8.1; p<0.001) and TBI+ RTG (1=6.4;
p <0.001) groups. There was no difference in ipsilateral
samples from the animals in the Sham and TBI+ RTG
groups (t=1.8; p=0.23). Only the TBI group displayed
a significant difference between ipsilateral and contra-
lateral cortical samples (r=3.7; p <0.001). There was a
significant increase of staining in animals on the contra-
lateral side of the TBI group vs. Shams (1=4.3;
p<0.001). We found significant differences in CTCF
values between samples from the three cohorts
(Figure 3(d); 2-ANOVA - F,,;=13.2; p<0.001).
Bonferroni analysis revealed TBI ipsilateral samples
to be significant differently from Sham ipsilateral
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Figure 2. M-current augmentation prevented TBI-induced cell death and the focal increase in BBB permeability. (a) Representative
ex vivo images of near-infrared fluorescent dye PSVue 794 probed brains. PSVue 794 was used to monitor cell death. The probe was
localized to the peri-injured area. Radiant efficiency was illustrated by a pseudocolor scale ranging from black (least intense) to red
(most intense) and quantified in Panel (b). Cell death was observed three days after CCCI, which was significantly reduced by RTG
treatment (Sham n=543; TBI n=743; TBI+ RTG n=63). Evans blue dye was used to monitor BBB disruption. Panel (c) show Evans
blue signal quantification for both rostral and caudal faces of two consequent sections (Sections A and B) around Bregma. The four
sections correspond to two sides (rostral and caudal) of Sections A and B. “Section A rostral” is the most rostral and “Section B
caudal” is the most caudal. Panel (d) shows representative ex vivo images of the most prominent BBB disrupted area, the epicenter of
the hit (Section B-rostral). Although Evans Blue signal was more intense in the cortex, especially around the epicenter of the injury,
subcortical regions like Hippocampus and Striatum also showed signs of BBB breakdown. However, since the intensity of the signal in
the cortex was much higher them in other regions, the scale used for these images makes it hard to visualize the Evans Blue signal in
the subcortical regions. Radiant efficiency was illustrated by a multicolor scale ranging from blue (least intense) to red (most intense)
and quantified. BBB disruption was observed three days after CCCI, which was significantly reduced by RTG treatment (Sham n=54;
TBl n=73; TBI+RTG n=53). Panels (e—g) show linear regression analysis showing that BBB disruption is related to levels of cell
death. Data are displayed as mean and S.D., *p < 0.05, b < 0.01, **p < 0.001.
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Figure 3. M-current augmentation suppressed TBI-induced microglial activation in the ipsilateral cortex. (a) Top, bars summarize
semi-quantification of immunoblots of Ibal in ipsilateral and contralateral hemispheres from the Sham (n=7% 53), TBI (n=8% 63),
and TBI 4+ RTG (n=8% 83) cohorts. B-actin was used as internal control and protein levels were normalized to the Sham ipsilateral
average. Similar results were obtained using Ponceau red staining as an internal control (Supplementary Figure 4). Bottom, shown are
representative exemplary immunoblot bands for each hemisphere from each mouse group. The full image obtained with the film
exposure to the membrane can be found in Supplementary Figure 5. Immunostaining images of TBIl-induced Ibal increase and RTG
action are exemplified in panel (b) (20x). Images are fluorescence emission of antibodies against Ibal (green) and the nuclear marker
DAPI (blue) of brain slices from Sham (n =63), TBI (n=44), and TBI 4+ RTG (n = 53) animals. Mean fluorescence intensity per image
of Ibal staining was quantified in cortical slices (c). A significant increase in microglial/macrophage reactivation was observed after TBI,
which was prevented by RTG treatment. Ibal increase could also be observed in the contralateral hemisphere. Additionally, quan-
tification of the corrected total cell fluorescence (CTCF = Integrated Density — (Area of selected cell x Mean fluorescence of
background readings)) revealed an increase in Ibal expression in TBI mice (d). Panel (e) shows representative exemplary images of
immunohistochemical fluorescent staining of GFAP (red) and DAPI (blue), for the two hemispheres of Sham (n=83), TBI (n=63),
and TBI 4+ RTG (n=73) animals. TBI induced a significant increase in astrogliosis that was attenuated by M-current augmentation (f-g).
Finally, CCClI induced cell-death was visualized and quantified by Fluro Jade B (FJB) staining (H). Cortical slices of TBl + RTG animals
(n=>53) had lower cell-death stanning than slices from TBI animals (n =83) (I). Data are presented as the mean and S.D., *p < 0.05,
*p < 0.01, ¥¥p <0.001.
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(t=4.4; p<0.001) and from TBI+ RTG ipsilateral
(t=3.4; p=0.007) samples. Additionally, TBI contra-
lateral samples showed higher Ibal expression than
Sham contralateral samples (z=2.6; p=0.04). These
data suggest that the immunological response to
CCCI goes beyond the site of impact, including the
contralateral side, as opposed to the ipsilateral-only
effects seen in Figure 2.

We also immunostained GFAP as a measure of
astrogliosis in ipsilateral and contralateral cortical sam-
ples from the three groups of animals (Figure 3(e)).
A significant difference was observed in GFAP expres-
sion per image between the three cohorts (2-ANOVA —
[535=449; p<0.001), and the two cortical
hemispheres (2-ANOVA - F;;33=18.0; p<0.001)
(Figure 3(f)). There was also a significant interaction
between these two factors, meaning that changes in
one parameter (group or cortical side) were related to
the changes observed in the other (2-ANOVA —
F>33=10.4; p <0.001). GFAP levels of TBI ipsilateral
samples were significantly higher than the levels of
GFAP in ipsilateral Sham samples (1=10.2;
p<0.001) and from TBI contralateral samples
(t=5.7; p<0.001). TBI 4+ RTG ipsilateral samples dis-
played lower GFAP levels than TBI ipsilateral samples
(t=5.2; p<0.001), but higher levels than from Shams
(t=4.5; p<0.001). Both TBI (t=3.3; p=0.006) and
TBI+ RTG (1=3.0; p=0.01) groups of mice displayed
increased levels of GFAP in the contralateral hemi-
sphere vs. those of Shams. We found the CTCF
(Figure 3(g)) to be significantly different between
samples from SHAM, TBI and TBI+ RTG animals
(2-ANOVA - F,33=24.7; p<0.001). TBI ipsilateral
samples were also significantly different from Sham
(Bonferroni analysis, r=5.9; p<0.001) and from
TBI+ RTG ipsilateral (r=4.1; p<0.001) samples. A
significant difference was also observed between TBI
contralateral and Sham contralateral samples (1 =3.9;
p=0.001) or TBI+RTG contralateral (r=2.7;
p=0.03) samples.

FJB staining was used to assay cell death six days
after CCCI (Figure 3(h)). No specific staining was
observed in Sham samples and in subcortical regions
of TBI animals only very weak staining was observed
(Supplementary Figure 3). TBI ipsilateral cortical slices
displayed significantly higher FJB staining compared to
TBI+ RTG cortical slices (Figure 3(i)) (1-ANOVA —
F1’13 :90, p:OOl)

The same brain samples as in Figure 3(a) were used for
semi-quantification of CD40L via immunoblotting
(Figure 4(a)). We found a significant hemisphere-depen-
dent effect (2-ANOVA — F} 7,=8.4; p=0.005). For TBI
animals, there was a robust increase in CD40L expression
on the ipsilateral vs. contralateral sides (1=2.9;
p=0.009). However, in the TBI4+ RTG cohort, this

was not seen (1=1.6; p=0.10). These data support the
hypothesis that acute augmentation of M current after
TBI reduces inflammatory/immunological responses to
injury. Interestingly, levels of CD40L were directly related
to those of Ibal, determined by fits of linear regression
(Figure 4(b)) (R*=0.08; 1=2.47; ANOVA F,¢=6.1;
p=0.01), supporting the hypothesis that TBI-induced
increase in CD40L and increased microglia/macrophage
activation/migration are correlated. But, in the case of
CD40L, this was observed to be more localized to the
site of impact, as no rise in CD40L levels was evidenced
contralateral to the impacted hemisphere.

Post-TBI apoptosis and necrosis were assayed using
RIP1.% We found a significant difference in RIPI
expression between cohorts (Figure 4(c)) (2-ANOVA
— F>35=3.3; p=0.03). In TBI animals, RIP1 expres-
sion was increased between the ipsilateral, vs. the
contralateral, hemispheres (t=2.1;  p=0.03).
However, for the TBI+ RTG group, there was no
such difference (1=0.4; p=0.68). TBI also increased
RIP1 levels in the ipsilateral side of the TBI cohort
vs. Shams (r=2.6; p=0.02). RIP1 levels were corre-
lated with those of Ibal (R*=0.13; r=3.33; ANOVA
Fi74=11.1; p=0.001) (Figure 4(e)) or CD40L
(R*=0.10; 1=2.84; ANOVA F,,,=8.0; p=0.006)
(Figure 4(d)) levels. Hence, TBI provokes inflamma-
tory/immunological responses that result in the produc-
tion of cell-death-related proteins. Furthermore, the
inflammatory response and cell death are correlated,
suggesting an ectiology of traumatic cerebral damage.
As another control, immunoblots were also stained
with Ponceau S and bands obtained in the range of
37-100 kD semi-quantified (Supplementary Figure 4).
This analysis wholly paralleled those described above
obtained for Ibal, CD40L, and RIP1, using B-actin as a
housekeeping control.

Total KCNQ2 transcription is upregulated in the
ipsilateral hemisphere of animals subjected to CCCI
and acute RTG treatment

Cortical samples were collected 24h after CCCI or
Shams among each mouse group and mRNA Ievels of
KCNQ2 and KCNQ3 quantified by qRT-PCR. There
was a significant effect on total KCNQ2 transcription
between the two hemispheres (2-ANOVA — F, 54,=9.7;
p <0.005) (Figure 5(a)). We found no difference in total
KCNQ2 mRNA between hemispheres of the Sham and
TBI groups (Figure 5(a); Supplementary Table 2).
However, for the TBI4+ RTG cohort, total KCNQ2
mRNA was higher in the ipsilateral vs. the contralateral
hemisphere (=2.6; p=0.03). No significant differences
in expression were observed in KCNQ3 mRNA what-
soever (Figure 5(b); Supplementary Table 2). Possible
reasons for this are discussed below.
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*p < 0.05, *p < 0.01.

Parallel experiments were performed to assay for
altered KCNQ transcription six days post-TBI, yielding
very similar results (Figure 5(c) and (d)). There was a
significant difference in KCNQ2 mRNA levels between
cohorts (2-ANOVA — F 46=15.7; p=0.007). Samples
from the TBI+RTG group manifested increased
levels of KCNQ2 mRNA in the ipsilateral hemisphere,
compared to Sham (z=3.9; p <0.001) and TBI ipsilat-
eral samples (1 =2.6; p <0.05). Again, we found no sig-
nificant difference in total KCNQ2 mRNA levels
between hemispheres or between either hemisphere of

mice in the Sham and TBI groups (Supplementary
Table 2). There was also no significant effect on
KCNQ3 mRNA levels between hemispheres of any
group, or Dbetween hemispheres among cohorts
(Supplementary Table 2).

As another test for altered transcription of KCNQ?2,
we subjected KCNQ2-mRNA EGFP reporter mice to
CCCI and RTG administration, to visualize KCNQ2
expression in individual cells of cortical regions
(Figure 5(e) to (h)) and quantified expression at 24h
post-TBI. Cells from cortical layers 4/5 were examined
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and the numbers of EGFP-positive cells and the mean
and maximum fluorescence per EGFP-positive cell
quantified (Figure 5(f) to (h)). A significant increase
in EGFP-positive cells (Fj30=5.4; p=0.02), as well
as mean (p <0.001) and maximum (p <0.001) fluores-
cent emission per EGFP-positive cell, were observed in
the ipsilateral vs. contralateral cortex of TBI+ RTG
animals (Figure 5(e) to (h)). These results confirm simi-
lar changes in KCNQ2 mRNA expression observed in
our qRT-PCR assays 24h after CCCI (Figure 5(a));
thus, we conclude that both the number of neurons
expressing KCNQ2 mRNA and their levels of expres-
sion were higher.

Discussion

TBI is known to induce acute hypoperfusion, due to
vascular damage, that leads to metabolic stress.'* The
phenomena of hypoperfusion and PTS together exacer-
bate the destructive post-TBI “‘ischemic cascade”.
PTS indisputably predicts a worse clinical outcome,
correlating with the extent of brain atrophy, edema
and cerebral dysfunction.””>"® We here observed that
M-current augmentation completely blocked PTS and
reduced susceptibility to epileptiform spike activity.
M-current augmentation has previously been shown
to be protective after oxygen and glucose deprivation
and after ischemic stroke, which we attribute to a
reduction of neuronal energy demand.>*?° Hence,
M-current augmentation could be simultaneously tack-
ling two main causes of TBI-induced metabolic stress,
PTS and hypoperfusion, thus nipping the potential
ischemic cascade ““in the bud”. Accordingly, acute
M-current augmentation severely blunted deleterious
post-TBI events, such as the inflammatory/immuno-
logical response, cell death, and BBB disruption.

Our working hypothesis is that cell death, inflamma-
tory/immunological responses, and PTS work in a
“vicious cycle”, in which each one exacerbates the
other. Several different TBI mouse models have
reported an initial acute BBB breakdown, followed by
a later increase in the BBB permeability 3—7 days after
injury. This secondary increase in BBB permeability has

been linked to the degree of inflammatory responses
and metabolic stress.”” Remarkably, induction of seiz-
ures with different convulsant drugs was found to result
in BBB breakdown in distinct areas of the brain,
dependent on the mechanism of action of the drug.®
Whereas pharmacological induction of BBB break-
down results in epileptiform activity and seizures,'*?
regions of increased BBB permeability have been
shown to correlate with the areas of focal cortical
abnormal brain activity in TBI patients.®® Therefore,
the attenuation of TBI-induced BBB permeability by
acute pharmacological augmentation of M current
probably contributes to its efficiency in preventing the
development of post-traumatic epilepsy, as it can break
the cycle between PTS and BBB breakdown.

Another example of the TBI-induced maladaptive
response involves cell death and inflammatory/
immunological responses. Thus, mice subjected to
CCCIT displayed increased levels of CD40L. CD40L is
produced by astrocytes and T-lymphocytes in patho-
logical situations and stimulates CD40 receptors
expressed in microglia and macrophages, increasing
their activity.® ®® This stimulation can be via the sol-
uble form of CD40L or the membrane-bound
ligand.*”®® The membrane-bound form induces co-
stimulation of both cells involved in the interaction
(CD40 cells and CD40L cells).** ¢ Although we did
not differentiate those two forms here, there is evidence
of a CD40/CD40L mechanism of co-stimulation after
cortical stab injury.®® Therefore, in the ipsilateral hemi-
sphere, increased Ibal and GFAP could be linked to
each other via CD40/CD40L co-stimulation. In neuro-
degenerative models, the degree of CD40L,* 849093
Ibal,”*% and GFAP?* *® expression affects BBB break-
down and cell death. We also assayed RIPI levels as a
marker of necrotic and apoptosis cell death** *® and
found acute administration of RTG post-TBI to
block rises in RIP1 expression. RIP1 expression can
be increased by pro-inflammatory signals, such as acti-
vation of tumor necrosis factor (TNF) receptors.***¢
TNF-o is produced by microglia after a TBI**'% and
correlates  with TBI-induced hyperexcitability.'"!
Additionally, upregulation of CD40L reportedly

Figure 5. Continued

cortical mMRNA levels of KCNQ?2 (c) and KCNQ3 (d), six days after trauma, in Sham (n=5% 443), TBI (h=4% 53), and TBI+RTG
(n=49 53) cohorts. (e)—(h) Transgenic mice engineered to express EGFP as a reporter for KCNQ2 mRNA were subjected to CCClI,
treated with RTG and sacrificed after 24 h, and brain slices immunostained for EGFP and MAP2. (e) Exemplary images of the
fluorescent signal of cortical slices in TBI 4+ RTG mice from the contralateral (top) or ipsilateral (bottom) hemisphere to the CCCI.
(f)—(h) Graphs summarize the number of EGFP-positive cells per image (f) (number of images: ipsi =21, contra = 19) mean fluorescent
emission per EGFP-positive cell (g) or maximum fluorescent intensity per EGFP-positive cell (number of cells: ipsilateral =493,
contralateral = 392; number of mice =24) (h). Normally distributed data are expressed as dot plots with mean and S.D. Not normally
distributed data are shown in box plot graphs with median, 25% and 75% quartiles and lowest and higher values. *p < 0.05,

#5p < 0,001
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induces RIPl-dependent cell death,'®® and TNF-a
blockade decreases CD40L levels'®* and CD40 activa-
tion.'" This synergistic line of thinking is consistent
with the significant linear relationship observed
between RIP1, CD40L, and Ibal, and between PSVue
794 and Evans blue staining. We are particularly inter-
ested in the role of TNF-ao in such synergistic
action,*®!°!

As opposed to our results, other anticonvulsant
drugs, such as the Na'*-channel blockers phenytoin
and carbamazepine, has been shown to be unable to
stop epileptic seizures after TBL.'%> %7 Several factors
could account for these differing results. One is the
above-mentioned additive effect of M-current enhance-
ment in preventing TBI-induced metabolic stress
through reduction of both PTS and neuronal energy
demand post-TBL.>>%° Another factor might arise
from the observed increase in KCNQ2 expression
seen only in TBI mice treated with RTG. Such increases
could be an indicator that enhanced M current helps
cells survive via an intrinsic augmentation of M-chan-
nel expression provoked by TBI-induced hyperexcit-
ability. Considering that the contralateral hemispheres
of TBI+RTG mice did not show any change in
KCNQ2 expression, it seems that KCNQ2 mRNA
increases in the ipsilateral side of TBI+ RTG mice
arise from both TBI and RTG treatment. A plausible
hypothesis is that TBI-induced hyperexcitability pro-
vokes an increase in KCNQ2 transcription of neu-
rons;*”%® however, such neurons must be able to
survive the immediate aftermath of the TBI to respond
to hyperexcitability with increased KCNQ2 mRNA
expression. By allowing neurons to survive the early
effects of TBI, RTG increases KCNQ?2 transcription
throughout the ipsilateral hemisphere. Additionally,
M current is known to be suppressed itself by inflam-
matory responses,'®!'% but M-channel openers, such
as RTG, can overcome such depression of M current.®?
This is probably an important mechanism underlying
the acute phase of TBI damage. Later reduction of
TBIl-induced inflammatory responses, due to impair-
ment of TBI-induced PTS/cell death/inflammation,
may also help explain the effectiveness of M-current
enhancement. The increase in KCNQ2 mRNA six
days post-TBI, combined with RTG, opens the possi-
bility of this treatment representing a much longer-term
therapeutic intervention that might continue to protect
the brain against TBI-induced hyperexcitability.

We found up-regulation of KCNQ2, but not
KCNQ3, transcription in ipsilateral cortical samples
of mice in the TBI+RTG group. Our group has
described both KCNQ2 and KCNQ3 to be up-regu-
lated in mouse sympathetic neurons after strong stimu-
lation and in whole hippocampus after a seizure.*’
Nonetheless, due to the particular sensitivity of

KCNQ?2 subunits to several modulatory signals,''” its
transcriptional regulation exerts the most efficient con-
trol over M-current amplitudes. Accordingly, KCNQ2-
null mice always result in epileptic phenotypes that
usually end in sudden death, whereas KCNQ3-null
mice only rarely do.”*"''"'* In humans, there are
~100 inherited mutations in KCNQ?2 that lead to epi-
leptic syndromes, but only a handful that do so for
KCNQ3."2*125 Therefore, the specific increase of
KCNQ2 mRNA may reflect a more prominent role of
KCNQ?2 in controlling neuronal activity.

Although we have focused on neurons in our inter-
pretations of the effects of RTG, KCNQ channels are
also regulators of excitability in smooth muscle, as aug-
mented KCNQ4/5 currents decrease smooth muscle
contraction. As for the efficacy of RTG against brain
damage following ischemic stroke,*® part of the benefi-
cial effect of RTG we observed here could have been
ascribed to increased blood flow and consequent
increase supply of glucose/O,. However, such an
effect would also increase the damage due to increased
BBB permeability, whereas we observed a decrease.
Therefore, we doubt such action on smooth muscle
was pivotal here. Consistent with that conclusion,
RTG action on bladder was recently reported to be
via reduction in mouse bladder afferent nerve activity
without affecting smooth muscle tone.'”® We also
emphasize that whereas our data here support the
post-TBI inflammatory response as a key culprit in
TBI-induced brain dysfunction, we do not suggest
that RTG directly suppresses immune-cell or inflamma-
tory function. Rather, we suggest that RTG is benefi-
cial due to prevention of early metabolic stress and
neuronal death, due to its ability to suppress acute
hyper-excitability and inflammation-induced M-current
suppression.5108:109

As a pharmacological agent, we used RTG, a proto-
type M-channel opener that, besides being used in a
plethora of in vitro and in vivo studies,'*” is the only
FDA-approved drug targeting M channels as an anti-
convulsant. Therefore, the appropriate in vivo dose is
well established. It is also the compound used in our
previous work showing neuronal dampening via M-
current augmentation to be highly neuroprotective
after cerebrovascular thrombosis.>> Nevertheless,
RTG has ceased to be used in the clinic due to retinal
abnormalities, urinary incontinence, and blue skin dis-
coloration after prolonged use.'*®!?* Since this study
commenced, a new generation of very potent com-
pounds highly specific for KCNQ2/3-containing chan-
nels have been developed,'**'*! and our continuing
inquiry will utilize those new molecules.

In summary, the results presented here support
M-current augmentation as a promising therapeutic
target in reducing acute post-traumatic consequences
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of TBI. Although RTG administration 30 min post-TBI
provided significant protection against brain damage,
further studies with a wider time-window and larger
cohorts are needed to better elucidate the potential of
such pharmacological intervention. We also did not
observe a significant difference between male and
females. However, more experiments are necessary to
completely confirm this.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This study was supported by DoD CDMRP grants
W81XWH-15-1-0284 (M.S.S. and R.B.) and W81 XWH-13-1-
0284 (J.D.L.), and Morrison Trust Research grants to M.S.S.
and R.B. Images were generated in the Core Optical Imaging
Facility, supported by UT Health SA, NIH-NCI P30 CA54174
(CTRC at UT Health SA) and NIH-NIA P01AG19316.

Acknowledgements

The authors thank Exing Wang for assistance with confocal
microscopy and image analysis, Jimmy Wewer for assistance
with us of the IVIS imaging system, and Eric J. Chamberlain
for making reagents available to us. They also thank Amy E.
Pletz for expert technical assistance and Liliana Espinoza for
suggesting RIP-1 as a biomarker.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Authors’ contributions

FAYV and EB participated in the performance and analysis of
all experiments, as well as the writing of this article; they also
contributed equally to this work; VB obtained the EEG
recordings; JEC participated in the analysis of the EEG
recordings; RJV and IS participated in the immunoblotting
experiments; SHC participated in GFAP and Ibal immuno-
histochemistry, FJB and the IVIS experiments; DMH and
SMS participated in the execution of the CCCIs; SDH and
CMC participated in the KCNQ2 immunohistochemistry;
MH participated in the qRT-PCR experiments; RB, JDL,
and MSS designed and supervised all the experiments and
in obtaining funding; MSS also participated in the writing
of this article.

Supplemental material

Supplemental material for this article is available online.

ORCID iD
Jose E Cavazos (@ https://orcid.org/0000-0001-5777-2608

References

1. Taylor CA, Bell JM, Breiding MJ, et al. Traumatic
brain injury-related emergency department  visits,

10.

11.

12.

16.

17.

18.

20.

hospitalizations, and deaths- United States, 2007 and
2013. MMWR Surveill Summ 2017; 66: 1-16.

. Coronado VG, McGuire LC, Sarmiento K, et al. Trends

in traumatic brain injury in the U.S. and the public health
response: 1995-2009. J Safety Res 2012; 43: 299-307.

. Verellen RM and Cavazos JE. Post-traumatic epilepsy:

an overview. Therapy 2010; 7: 527-531.

. Lowenstein DH. Epilepsy after head injury: an overview.

Epilepsia 2009; 50: 4-9.

. Christensen J, Pedersen MG, Pedersen CB, et al. Long-

term risk of epilepsy after traumatic brain injury in chil-
dren and young adults: a population-based cohort study.
Lancet 2009; 373: 1105-1110.

. Frey LC. Epidemiology of posttraumatic epilepsy: a crit-

ical review. Epilepsia 2003; 44: 11-17.

. Laskowitz D and Grant G. Translational research in

traumatic brain injury. In: Laskowitz D and Grant G
(eds) Translational research in traumatic brain injury.
Boca Raton, FL: CRC Press, 2016.

. Kirmani BF, Robinson DM, Fonkem E, et al. Role of

anticonvulsants in the management of posttraumatic epi-
lepsy. Front Neurol 2016; 7: 32.

. Zimmermann LL, Diaz-Arrastia R and Vespa PM.

Seizures and the role of anticonvulsants after traumatic
brain injury. Neurosurg Clin N Am 2016; 27: 499-508.
Vespa P, Tubi M, Claassen J, et al. Metabolic crisis
occurs with seizures and periodic discharges after brain
trauma. Ann Neurol 2016; 79: 579-590.

Algattas H and Huang JH. Traumatic brain injury patho-
physiology and treatments: early, intermediate, and late
phases post-injury. Int J Mol Sci 2013; 15: 309-341.
Salehi A, Zhang JH and Obenaus A. Response of the
cerebral vasculature following traumatic brain injury.
J Cereb Blood Flow Metab 2017; 37: 2320-2339.

. Davies M, Jacobs A, Brody DL, et al. Delayed hypox-

emia after traumatic brain injury exacerbates long-term
behavioral deficits. J Neurotrauma 2018; 35: 790-801.

. Durmaz R, Kanbak G, Akyuz F, et al. Lazaroid attenu-

ates edema by stabilizing ATPase in the traumatized rat
brain. Can J Neurol Sci 2003; 30: 143-149.

. Silva LF, Hoffmann MS, Rambo LM, et al. The involve-

ment of Na+, K+-ATPase activity and free radical gen-
eration in the susceptibility to pentylenetetrazol-induced
seizures after experimental traumatic brain injury.
J Neurol Sci 2011; 308: 35-40.

Veenith TV, Carter EL, Geeraerts T, et al
Pathophysiologic mechanisms of cerebral ischemia and
diffusion hypoxia in traumatic brain injury. JAMA
Neurol 2016; 73: 542-550.

Robbins J. KCNQ potassium channels: physiology,
pathophysiology, and pharmacology. Pharmacol Ther
2001; 90: 1-19.

Brown DA and Passmore GM. Neural KCNQ (Kv7)
channels. Br J Pharmacol 2009; 156: 1185-1195.

. Gamper N and Shapiro MS. KCNQ channels. In: Zheng

J and Trudeau M (eds) Handbook of ion channels. Boca
Raton, FL: CRC Press, 2015.

Greene DL and Hoshi N. Modulation of Kv7 channels
and excitability in the brain. Cell Mol Life Sci 2017; 74:
495-508.


https://orcid.org/0000-0001-5777-2608

1270

Journal of Cerebral Blood Flow & Metabolism 40(6)

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Biervert C, Schroeder BC, Kubisch C, et al. A potassium
channel mutation in neonatal human epilepsy. Science
1998; 279: 403-406.

Singh NA, Charlier C, Stauffer D, et al. A novel potas-
sium channel gene, KCNQ?2, is mutated in an inherited
epilepsy of newborns. Nat Genet 1998; 18: 25-29.
Gamper N, Zaika O, Li Y, et al. Oxidative modification
of M-type K(+) channels as a mechanism of cytoprotec-
tive neuronal silencing. EMBO J 2006; 25: 4996-5004.
Barrese V, Taglialatela M, Greenwood IA, et al.
Protective role of Kv7 channels in oxygen and glucose
deprivation-induced damage in rat caudate brain slices.
J Cereb Blood Flow Metab 2015; 35: 1593-1600.
Bierbower SM, Choveau FS, Lechleiter JD, et al.
Augmentation of M-type (KCNQ) potassium channels
as a novel strategy to reduce stroke-induced brain
injury. J Neurosci 2015; 35: 2101-2111.

Dailey JW, Cheong JH, Ko KH, et al. Anticonvulsant
properties of D-20443 in genetically epilepsy-prone rats:
prediction of clinical response. Neurosci Lett 1995; 195:
77-80.

Owen RT. Ezogabine: a novel antiepileptic as adjunctive
therapy for partial onset seizures. Drugs Today (Barc)
2010; 46: 815-822.

Volpi PC, Robba C, Rota M, et al. Trajectories of early
secondary insults correlate to outcomes of traumatic
brain injury: results from a large, single centre, observa-
tional study. BMC Emerg Med 2018; 18: 52.

Spaite DW, Hu C, Bobrow BJ, et al. The effect of com-
bined out-of-hospital hypotension and hypoxia on mor-
tality in major traumatic brain injury. 4Ann Emerg Med
2017; 69: 62-72.

Jassam YN, Izzy S, Whalen M, et al. Neuroimmunology
of traumatic brain injury: time for a paradigm shift.
Neuron 2017; 95: 1246-1265.

Schimmel SJ, Acosta S and Lozano D.
Neuroinflammation in traumatic brain injury: a chronic
response to an acute injury. Brain Circ 2017; 3: 135-142.
Jullienne A, Obenaus A, Ichkova A, et al. Chronic cere-
brovascular dysfunction after traumatic brain injury.
J Neurosci Res 2016; 94: 609-622.

Belanger M, Allaman I and Magistretti PJ. Brain energy
metabolism: focus on astrocyte-neuron metabolic cooper-
ation. Cell Metab 2011; 14: 724-738.

Mason S. Lactate shuttles in neuroenergetics-homeosta-
sis, allostasis and beyond. Front Neurosci 2017; 11: 43.
Loane DJ and Kumar A. Microglia in the TBI brain: the
good, the bad, and the dysregulated. Exp Neurol 2016;
275: 316-327.

Nakamura R, Nishimura T, Ochiai T, et al. Availability
of a microglia and macrophage marker, iba-1, for differ-
ential diagnosis of spontaneous malignant reticuloses
from astrocytomas in rats. J Toxicol Pathol 2013; 26:
5560.

Sasaki Y, Ohsawa K, Kanazawa H, et al. Ibal is an actin-
cross-linking protein in macrophages/microglia. Biochem
Biophys Res Commun 2001; 286: 292-297.

Sofroniew MV and Vinters HV. Astrocytes: biology and
pathology. Acta Neuropathol 2010; 119: 7-35.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tan J, Town T, Paris D, et al. Microglial activation
resulting from CD40-CD40L interaction after beta-
amyloid stimulation. Science 1999; 286: 2352-2355.
Lederman S, Yellin MJ, Krichevsky A, et al
Identification of a novel surface protein on activated
CD4+ T cells that induces contact-dependent B cell dif-
ferentiation (help). J Exp Med 1992; 175: 1091-1101.
Ke ZJ, Calingasan NY, DeGiorgio LA, et al. CD40-
CD40L interactions promote neuronal death in a model
of neurodegeneration due to mild impairment of oxida-
tive metabolism. Neurochem Int 2005; 47: 204-215.
Calingasan NY, Erdely HA and Altar CA. Identification
of CD40 ligand in Alzheimer’s disease and in animal
models of Alzheimer’s disease and brain injury.
Neurobiol Aging 2002; 23: 31-39.

Lorente L, Martin MM, Gonzalez-Rivero AF, et al.
Serum soluble CD40 Ligand levels are associated with
severity and mortality of brain trauma injury patients.
Thromb Res 2014; 134: 832-836.

Zhou H, Chen L, Gao X, et al. Moderate traumatic brain
injury triggers rapid necrotic death of immature neurons
in the hippocampus. J Neuropathol Exp Neurol 2012; 71:
348-359.

Zhang D, Lin J and Han J. Receptor-interacting protein
(RIP) kinase family. Cell Mol Immunol 2010; 7: 243-249.
Festjens N, Vanden Berghe T, Cornelis S, et al. RIP1, a
kinase on the crossroads of a cell’s decision to live or die.
Cell Death Differ 2007; 14: 400-410.

Zhang J and Shapiro MS. Activity-dependent transcrip-
tional regulation of M-Type (Kv7) K(+) channels by
AKAP79/150-mediated NFAT actions. Neuron 2012;
76: 1133-1146.

Mucha M, Ooi L, Linley JE, et al. Transcriptional con-
trol of KCNQ channel genes and the regulation of neur-
onal excitability. J Neurosci 2010; 30: 13235-13245.

Ren Z, 11iff JJ, Yang L, et al. Hit & Run’ model of closed-
skull traumatic brain injury (TBI) reveals complex pat-
terns of post-traumatic AQP4 dysregulation. J Cereb
Blood Flow Metab 2013; 33: 834-845.

Talley Watts L, Sprague S, Zheng W, et al. Purinergic
2Y1 receptor stimulation decreases cerebral edema and
reactive gliosis in a traumatic brain injury model.
J Neurotrauma 2013; 30: 55-66.

Kochanek PM, Vagni VA, Janesko KL, et al. Adenosine
A1 receptor knockout mice develop lethal status epilepti-
cus after experimental traumatic brain injury. J Cereb
Blood Flow Metab 2006; 26: 565-575.

Nilsson P, Ronne-Engstrom E, Flink R, et al. Epileptic
seizure activity in the acute phase following cortical
impact trauma in rat. Brain Res 1994; 637: 227-232.
Chen H, Chan YL, Nguyen LT, et al. Moderate trau-
matic brain injury is linked to acute behaviour deficits
and long term mitochondrial alterations. Clin Exp
Pharmacol Physiol 2016; 43: 1107-1114.

Petraglia AL, Plog BA, Dayawansa S, et al. The spectrum
of neurobehavioral sequelae after repetitive mild trau-
matic brain injury: a novel mouse model of chronic
traumatic encephalopathy. J Neurotrauma 2014; 31:
1211-1224.



Vigil et al.

1271

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Shitaka Y, Tran HT, Bennett RE, et al. Repetitive closed-
skull traumatic brain injury in mice causes persistent
multifocal axonal injury and microglial reactivity.
J Neuropathol Exp Neurol 2011; 70: 551-567.

Ge X, Yu J, Huang S, et al. A novel repetitive mild trau-
matic brain injury mouse model for chronic traumatic
encephalopathy research. J Neurosci Methods 2018; 308:
162-172.

Talley Watts L, Long JA, Chemello J, et al. Methylene
blue is neuroprotective against mild traumatic brain
injury. J Neurotrauma 2014; 31: 1063-1071.

Stafstrom CE, Grippon S and Kirkpatrick P. Ezogabine
(retigabine). Nat Rev Drug Discov 2011; 10: 729-730.
Friedman LK, Slomko AM, Wongvravit JP, et al.
Efficacy of retigabine on acute limbic seizures in adult
rats. J Epilepsy Res 2015; 5: 46-59.

Whitmire LE, Ling L, Bugay V, et al. Downregulation of
KCNMB4 expression and changes in BK channel sub-
type in hippocampal granule neurons following seizure
activity. PLoS One 2017; 12: e0188064.

Brenner R, Chen QH, Vilaythong A, et al. BK channel
beta4 subunit reduces dentate gyrus excitability and pro-
tects against temporal lobe seizures. Nat Neurosci 2005; 8:
1752-1759.

Lippmann K, Kamintsky L, Kim SY, et al. Epileptiform
activity and spreading depolarization in the blood-brain
barrier-disrupted peri-infarct hippocampus are associated
with impaired GABAergic inhibition and synaptic plasti-
city. J Cereb Blood Flow Metab 2017; 37: 1803—-1819.
Liu X, Liu J, Liu J, et al. BDNF-TrkB signaling pathway
is involved in pentylenetetrazole-evoked progression of
epileptiform activity in hippocampal neurons in anesthe-
tized rats. Neurosci Bull 2013; 29: 565-575.

Keller CJ, Truccolo W, Gale JT, et al. Heterogeneous
neuronal firing patterns during interictal epileptiform dis-
charges in the human cortex. Brain 2010; 133: 1668—1681.
Curia G, Longo D, Biagini G, et al. The pilocarpine
model of temporal lobe epilepsy. J Neurosci Methods
2008; 172: 143-157.

Hanshaw RG, Lakshmi C, Lambert TN, et al.
Fluorescent detection of apoptotic cells by using zinc
coordination complexes with a selective affinity for mem-
brane surfaces enriched with phosphatidylserine.
Chembiochem 2005; 6: 2214-2220.

Smith BA, Xie BW, van Beek ER, et al. Multicolor fluor-
escence imaging of traumatic brain injury in a cryolesion
mouse model. ACS Chem Neurosci 2012; 3: 530-537.
Schmued LC and Hopkins KJ. Fluoro-Jade B: a high
affinity fluorescent marker for the localization of neur-
onal degeneration. Brain Res 2000; 874: 123-130.

Chen Y, Holstein DM, Aime S, et al. Calcineurin beta
protects brain after injury by activating the unfolded pro-
tein response. Neurobiol Dis 2016; 94: 139-156.
Paez-Segala MG, Sun MG, Shtengel G, et al. Fixation-
resistant photoactivatable fluorescent proteins for
CLEM. Nat Methods 2015; 12: 215-218.

Vigil FA, Mizuno K, Lucchesi W, et al. Prevention of
long-term memory loss after retrieval by an endogenous
CaMKII inhibitor. Sci Rep 2017; 7: 4040.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Mee H, Kolias AG, Chari A, et al. Pharmacological man-
agement of post-traumatic seizures in adults: current
practice patterns in the UK and the Republic of
Ireland. Acta Neurochir (Wien) 2019; 161(3): 457-464.
Thapa A, Chandra SP, Sinha S, et al. Post-traumatic
seizures-A  prospective study from a tertiary level
trauma center in a developing country. Seizure 2010;
19: 211-216.

Wang H, Xin T, Sun X, et al. Post-traumatic seizures—a
prospective, multicenter, large case study after head
injury in China. Epilepsy Res 2013; 107: 272-278.

Vespa PM, McArthur DL, Xu Y, et al. Nonconvulsive
seizures after traumatic brain injury are associated with
hippocampal atrophy. Neurology 2010; 75: 792-798.
Vespa PM, Miller C, McArthur D, et al. Nonconvulsive
electrographic seizures after traumatic brain injury result
in a delayed, prolonged increase in intracranial pressure
and metabolic crisis. Crit Care Med 2007; 35: 2830-2836.
Schierhout G and Roberts I. Prophylactic antiepileptic
agents after head injury: a systematic review. J Neurol
Neurosurg Psychiatry 1998; 64: 108—112.

Chiaretti A, De Benedictis R, Polidori G, et al. Early
post-traumatic seizures in children with head injury.
Childs Nerv Syst 2000; 16: 862-866.

Shlosberg D, Benifla M, Kaufer D, et al. Blood-brain
barrier breakdown as a therapeutic target in traumatic
brain injury. Nat Rev Neurol 2010; 6: 393-403.

Nitsch C and Klatzo 1. Regional patterns of blood-brain
barrier breakdown during epileptiform seizures induced
by various convulsive agents. J Neurol Sci 1983; 59:
305-322.

Seiffert E, Dreier JP, Ivens S, et al. Lasting blood-brain
barrier disruption induces epileptic focus in the rat som-
atosensory cortex. J Neurosci 2004; 24: 7829-7836.
Zappulla RA, Spigelman MK, Omsberg E, et al.
Electroencephalographic consequences of sodium dehy-
drocholate-induced blood-brain barrier disruption: Part
1. Acute and chronic effects of intracarotid sodium dehy-
drocholate. Neurosurgery 1985; 16: 630-638.

Korn A, Golan H, Melamed I, et al. Focal cortical dys-
function and blood-brain barrier disruption in patients
with Postconcussion syndrome. J Clin Neurophysiol
2005; 22: 1-9.

Bhat SA, Goel R, Shukla R, et al. Platelet CD40L
induces activation of astrocytes and microglia in hyper-
tension. Brain Behav Immun 2017; 59: 173-189.

Aloisi F, De Simone R, Columba-Cabezas S, et al.
Functional maturation of adult mouse resting microglia
into an APC is promoted by granulocyte-macrophage
colony-stimulating factor and interaction with Thl cells.
J Immunol 2000; 164: 1705-1712.

Chen K, Huang J, Gong W, et al. CD40/CD40L dyad in
the inflammatory and immune responses in the central
nervous system. Cell Mol Immunol 2006; 3: 163—169.
Giunta B, Figueroa KP, Town T, et al. Soluble Cd40
ligand in dementia. Drugs Future 2009; 34: 333-340.
Graf D, Muller S, Korthauer U, et al. A soluble form of
TRAP (CD40 ligand) is rapidly released after T cell acti-
vation. Eur J Immunol 1995; 25: 1749-1754.



1272

Journal of Cerebral Blood Flow & Metabolism 40(6)

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Lavrnja I, Parabucki A, Brkic P, et al. Repetitive hyper-
baric oxygenation attenuates reactive astrogliosis and
suppresses expression of inflammatory mediators in
the rat model of brain injury. Mediators Inflamm 2015;
2015: 498405.

Ke ZJ, Calingasan NY, Karuppagounder SS, et al.
CD40L deletion delays neuronal death in a model of
neurodegeneration due to mild impairment of oxidative
metabolism. J Neuroimmunol 2005; 164: 85-92.
Kempuraj D, Thangavel R, Natteru PA, et al
Neuroinflammation induces neurodegeneration.
J Neurol Neurosurg Spine 2016; 1(1): 1003.

Michels M, Danieslki LG, Vieira A, et al. CD40-CD40
ligand pathway is a major component of acute neuroin-
flammation and contributes to long-term cognitive dys-
function after sepsis. Mol Med 2015; 21: 219-226.
Salemi J, Obregon DF, Cobb A, et al. Flipping the
switches: CD40 and CD45 modulation of microglial
activation states in HIV associated dementia (HAD).
Mol Neurodegener 2011; 6: 3.

da Fonseca AC, Matias D, Garcia C, et al. The impact
of microglial activation on blood-brain barrier in brain
diseases. Front Cell Neurosci 2014; 8: 362.
Brettschneider J, Toledo JB, Van Deerlin VM, et al.
Microglial activation correlates with disease progression
and upper motor neuron clinical symptoms in amyo-
trophic lateral sclerosis. PLoS One 2012; 7: €39216.
Pelinka LE, Kroepfl A, Leixnering M, et al. GFAP
versus S100B in serum after traumatic brain injury: rela-
tionship to brain damage and outcome. J Neurotrauma
2004; 21: 1553-1561.

Nylen K, Csajbok LZ, Ost M, et al. Serum glial fibril-
lary acidic protein is related to focal brain injury and
outcome after aneurysmal subarachnoid hemorrhage.
Stroke 2007; 38: 1489-1494.

Lei J, Gao G, FengJ, et al. Glial fibrillary acidic protein
as a biomarker in severe traumatic brain injury patients:
a prospective cohort study. Crit Care 2015; 19: 362.
Donat CK, Scott G, Gentleman SM, et al. Microglial
activation in traumatic brain injury. Front Aging
Neurosci 2017; 9: 208.

Chio CC, Lin MT and Chang CP. Microglial activation
as a compelling target for treating acute traumatic brain
injury. Curr Med Chem 2015; 22: 759-770.

Wang W, Zinsmaier AK, Firestone E, et al. Blocking
tumor necrosis factor-alpha expression prevents blast-
induced excitatory/inhibitory synaptic imbalance and
parvalbumin-positive interneuron loss in the hippocam-
pus. J Neurotrauma 2018; 35(19): 2306-2316.

Qiu X, Klausen C, Cheng JC, et al. CD40 ligand induces
RIP1-dependent, necroptosis-like cell death in low-
grade serous but not serous borderline ovarian tumor
cells. Cell Death Dis 2015; 6: e1864.

Tung CH, Lu MC, Lai NS, et al. Tumor necrosis factor-
alpha blockade treatment decreased CD154 (CD40-
ligand) expression in rheumatoid arthritis. PLoS One
2017; 12: e0183726.

Danese S, Sans M, Scaldaferri F, et al. TNF-alpha
blockade down-regulates the CD40/CD40L pathway in
the mucosal microcirculation: a novel anti-inflammatory

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

mechanism of infliximab in Crohn’s disease. J Immunol
2006; 176: 2617-2624.

Inaba K, Menaker J, Branco BC, et al. A prospective
multicenter comparison of levetiracetam versus pheny-
toin for early posttraumatic seizure prophylaxis.
J Trauma Acute Care Surg 2013; 74: 766-771; discussion
771-763.

Young B, Rapp RP, Norton JA, et al. Failure of
prophylactically administered phenytoin to prevent
early posttraumatic seizures. J Neurosurg 1983; 58:
231-235.

Temkin NR. Preventing and treating posttraumatic seiz-
ures: the human experience. Epilepsia 2009; 50: 10-13.
Tzour A, Leibovich H, Barkai O, et al. KV 7/M chan-
nels as targets for lipopolysaccharide-induced inflamma-
tory neuronal hyperexcitability. J Physiol 2017; 595:
713-738.

Linley JE, Rose K, Ooi L, et al. Understanding inflam-
matory pain: ion channels contributing to acute and
chronic nociception. Pflugers Arch 2010; 459: 657-669.
Hernandez CC, Zaika O, Tolstykh GP, et al. Regulation
of neural KCNQ channels: signalling pathways, struc-
tural motifs and functional implications. J Physiol 2008;
586: 1811-1821.

Soh H, Pant R, LoTurco JJ, et al. Conditional deletions
of epilepsy-associated KCNQ2 and KCNQ3 channels
from cerebral cortex cause differential effects on neur-
onal excitability. J Neurosci 2014; 34: 5311-5321.
Allen NM, Mannion M, Conroy J, et al. The variable
phenotypes of KCNQ-related epilepsy. Epilepsia 2014;
55: €99-105.

Ambrosino P, Alaimo A, Bartollino S, et al. Epilepsy-
causing mutations in Kv7.2 C-terminus affect binding
and functional modulation by calmodulin. Biochim
Biophys Acta 2015; 1852: 1856-1866.

Bellini G, Miceli F, Soldovieri MV, et al. Benign familial
neonatal seizures. In: Pagon RA, Bird TD, Dolan CR,
et al. (eds) GeneReviews. Seattle, WA: University of
Washington, 2010.

Fusco C, Frattini D and Bassi MT. A novel KCNQ3
gene mutation in a child with infantile convulsions and
partial epilepsy with centrotemporal spikes. Eur J
Paediatr Neurol 2015; 19: 102-103.

Miceli F, Striano P, Soldovieri MV, et al. A novel
KCNQ3 mutation in familial epilepsy with focal seizures
and intellectual disability. Epilepsia 2015; 56: e15-20.
Orhan G, Bock M, Schepers D, et al. Dominant-nega-
tive effects of KCNQ2 mutations are associated with
epileptic encephalopathy. Ann Neurol 2014; 75: 382-394.
Richards MC, Heron SE, Spendlove HE, et al. Novel
mutations in the KCNQ2 gene link epilepsy to a dys-
function of the KCNQ2-calmodulin interaction. J Med
Genet 2004; 41: e35.

Saadeldin 1Y, Milhem RM, Al-Gazali L, et al. Novel
KCNQ2 mutation in a large Emirati family with
benign familial neonatal seizures. Pediatr Neurol 2013;
48: 63-66.

Singh NA, Westenskow P, Charlier C, et al. KCNQ2
and KCNQ3 potassium channel genes in benign familial



Vigil et al.

1273

121.

122.

123.

124.

125.

neonatal convulsions: expansion of the functional and
mutation spectrum. Brain 2003; 126: 2726-2737.
Soldovieri MV, Boutry-Kryza N, Milh M, et al. Novel
KCNQ2 and KCNQ3 mutations in a large cohort of
families with benign neonatal epilepsy: first evidence
for an altered channel regulation by syntaxin-1A. Hum
Mutat 2014; 35: 356-367.

Singh NA, Otto JF, Dahle EJ, et al. Mouse models of
human KCNQ2 and KCNQ3 mutations for benign
familial neonatal convulsions show seizures and neur-
onal plasticity without synaptic reorganization.
J Physiol 2008; 586: 3405-3423.

Maljevic S, Wuttke TV and Lerche H. Nervous system
KV7 disorders: breakdown of a subthreshold brake.
J Physiol 2008; 586: 1791-1801.

Cooper EC. Potassium channels (including KCNQ) and
epilepsy. In: Noebels JL, Avoli M, Rogawski MA, et al.
(eds) Jasper’s basic mechanisms of the epilepsies. 4th ed.
Bethesda, MD: National Center for Biotechnology
Information, 2012.

Cooper EC and Jan LY. M-channels: neurological dis-
eases, neuromodulation, and drug development. Arch
Neurol 2003; 60: 496-500.

126.

127.

128.

129.

130.

131.

Tykocki NR, Heppner TJ, Dalsgaard T, et al. The KV 7
channel activator retigabine suppresses mouse urinary
bladder afferent nerve activity without affecting detru-
sor smooth muscle K(+) channel currents. J Physiol
2019; 597(3): 935-950.

Tompson DJ and Crean CS. Clinical pharmacokinetics
of retigabine/ezogabine. Curr Clin Pharmacol 2013; 8:
319-331.

Beacher NG, Brodie MJ and Goodall C. A case report:
retigabine induced oral mucosal dyspigmentation of the
hard palate. BMC Oral Health 2015; 15: 122.

Zaugg BE, Bell JE, Taylor KY, et al. Ezogabine (Potiga)
maculopathy. Retin Cases Brief Rep 2017; 11: 38-43.
Kalappa BI, Soh H, Duignan KM, et al. Potent
KCNQ2/3-specific channel activator suppresses in vivo
epileptic activity and prevents the development of tin-
nitus. J Neurosci 2015; 35: 8829-8842.

Kumar M, Reed N, Liu R, et al. Synthesis and evalu-
ation of potent KCNQ2/3-specific channel activators.
Mol Pharmacol 2016; 89: 667-677.



	XPath error Undefined namespace prefix

