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Abstract
We investigated whether pharmacological increase of “M-type” (KCNQ,  Kv7) K + channel currents by the M-channel opener, 
retigabine (RTG), acutely after repetitive traumatic brain injuries (rTBIs), prevents or reduces their long-term detrimental effects. 
rTBIs were studied using a blast shock air wave mouse model. Animals were monitored by video and electroencephalogram (EEG) 
records for nine months after the last injury to assess the occurrence of post-traumatic seizures (PTS), post-traumatic epilepsy 
(PTE), sleep–wake cycle architecture alterations, and the power of the EEG signals. We evaluated the development of long-term 
changes in the brain associated with various neurodegenerative diseases in mice by examining transactive response DNA-binding 
protein 43 (TDP-43) expression and nerve fiber damage ~ 2 years after the rTBIs. We observed acute RTG treatment to reduce 
the duration of PTS and impair the development of PTE. Acute RTG treatment also prevented post-injury hypersomnia, nerve 
fiber damage, and cortical TDP-43 accumulation and translocation from the nucleus to the cytoplasm. Mice that developed PTE 
displayed impaired rapid eye movement (REM) sleep, and there were significant correlations between seizure duration and time 
spent in the different stages of the sleep–wake cycle. We observed acute RTG treatment to impair injury-induced reduction of 
age-related increase in gamma frequency power of the EGG, which has been suggested to be necessary for a healthy aged brain. 
The data show that RTG, administered acutely post-TBI, is a promising, novel therapeutic option to blunt/prevent several long-
term effects of rTBIs. Furthermore, our results show a direct relationship between sleep architecture and PTE.
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Introduction

Traumatic brain injury (TBI) can result in post-traumatic 
seizures (PTS) and the development of post-traumatic epi-
lepsy (PTE), which in humans can have a latent period of up 

to ten years [1, 2]. Approximately 6% of all epilepsy cases 
are caused by head trauma [3]. Compounding the problem 
is that PTS facilitates the process of epileptogenesis. How-
ever, whereas all anticonvulsants tested previously have been 
effective in reducing PTS, they have not been effective in 
preventing PTE development [1, 4].

Sleep disorders are also common following TBIs. 
Short-term sleep disorders affect 46–50% of TBI patients 
and include symptoms such as apnea, insomnia, or, con-
versely, hypersomnia [5, 6]. Sleep disorders are also com-
mon comorbidities in many epilepsy patients [7]. Using a rat 
TBI model, others have shown that most generalized PTE 
seizures occur at the transition from slow-wave sleep (SWS) 
to rapid eye movement (REM) sleep and that alterations in 
sleep electrographic characteristics can even be used as a 
biomarker of PTE [8].

The occurrence of mild repetitive traumatic brain injuries 
(rTBIs) is common in athletes, victims of domestic violence, 
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and military personnel. rTBIs produce a cumulative and 
sometimes synergistic effect that increases the risk of mul-
tiple brain disorders [9]. A history of rTBIs can result in the 
development of various chronic neurodegenerative diseases 
such as chronic traumatic encephalopathy (CTE) [10, 11], 
Alzheimer’s disease (AD) [12], amyotrophic lateral sclerosis 
(ALS) [12], and frontotemporal dementia (FTD) [13]. Dam-
age of nerve fibers is commonly seen in patients with CTE 
[14], AD [15], ALS [16], and FTD [17]. Accumulation of 
transactive response DNA-binding protein 43 (TDP-43) is 
also observed in patients with FTD [18, 19], ALS [19, 20], 
AD [21], and CTE [22, 23]. Additionally, both ALS and 
FTD induce increased levels of TDP-43 phosphorylation 
and translocation to the cytoplasm from the nucleus [24, 
25]. TDP-43 regulates gene expression and in pathological 
conditions accumulates outside the nucleus forming neuro-
toxic plaques [26].

Of particular interest to military personnel, blast‐induced 
TBI is a result of exposure to shockwaves of high intensity, 
usually induced by explosive devices or the discharge of 
large-caliber weapons. It can lead to cell death, intracranial 
hemorrhages, edema, axonal injury, and inflammation [27, 
28]. Using a mouse model of shock air wave-induced brain 
injury, we have reported that mild repetitive blast TBIs (rbT-
BIs), but not a single mild blast TBI, induced the occurrence 
of PTS [29]. We also observed that three rbTBIs resulted in 
the development of PTE in 46.1% of the mice (determined 
by 72 h of video/electroencephalogram (EEG) recording one 
month after rbTBIs). rbTBIs also induced a hyperexcitability 
phenotype in hippocampal neurons (shortened latency to the 
first spike and decreased action potential threshold) [29]. 
Hence, we decided to test the therapeutic effects of acute 
pharmacological M-current increase using the same rbTBI 
mouse model.

M-type (KCNQ,  Kv7) channels are voltage-gated  K+ 
channels that underlie the “M current” and play a crucial 
role in regulating neuronal excitability via acute or long-
term up/down-regulation of activity [30]. M-type channels 
are named after the inhibition of its currents by activa-
tion of muscarinic receptors, and they can be composed of 
homo- or heterotetrameric assembly of different subunits 
 (Kv7.1-Kv7.5). However, only  Kv7.2-Kv7.5 are expressed 
in the nervous system [30, 31]. We have recently shown 
that acute pharmacological M-current increase with RTG 
blocks/reduces the development of various short-term del-
eterious effects of one TBI [32]. RTG has also been shown 
to reduce short-term deleterious effects in a zebrafish TBI 
model [33]. Here, we present evidence that acute phar-
macological M-current increase after rbTBIs could be a 
possible novel therapeutic intervention to diminish the 
development of PTE, TBI-induced sleep disorders, and 
long-term neuropathology.

Methods

Animals

Adult 12-week-old male C57BL/6 J mice (Jackson Labs, Bar 
Harbor, ME) were group-housed with food and water ad libi-
tum in a 12:12-h light: dark cycle. Only male mice were  
used in this study. Nonetheless, we have previously shown 
that pharmacological M-current increase is also beneficial for 
occluding the deleterious effects of a TBI in female mice as 
well [32]. Experimenters were blinded to group allocation 
during data collection and analysis. The experiments followed 
the National Institutes of Health Guide for Care and Use of 
Laboratory Animals and are reported here according to the 
Animal Research: Reporting in Vivo Experiments guide-
lines. The Institutional Animal Care and Use Committee  
at University of Texas Health San Antonio approved all 
experiments.

Repetitive Blast Traumatic Brain Injury

The rbTBI protocol used was the same described previously 
[29]. The shock tube (Applied Research Associates) had a 
43 cm inner diameter and a 91.5 cm end opening. The blast 
was generated by a 61 cm driver with a 244 cm long driven 
section and a 122 cm expansion cone with a 7.5-degree 
angle of expansion. Before reaching the mice, the air blast 
wave passed through a 4-mm thick aluminum membrane of 
the alloy AL-2200. Pencil probe gages (PCB Piezotronics) 
were placed beside the mice to monitor the pressure of the 
air-driven blast wave. The airwaves presented the desired 
Friedlander waveform, with an average maximum peak 
incident overpressure of 14.6 ± 0.5 psi and a positive phase 
of 2.8 ± 0.5 ms. During the procedure, mice were anesthe-
tized using ketamine (25–75 mg/kg) and dexmedetomidine 
(0.25 mg/kg). The animals were subjected to three directed 
head-on mild blast TBIs with 24 h intervals between each 
occurrence. On the first day of blast exposure, animals 
were given a subcutaneous injection of buprenorphine SR 
(1.2 mg/kg) in the interscapular region. Sham animals were 
anesthetized and placed in the shock tube but were not sub-
jected to the rbTBIs. After each blast exposure, mice were 
given one subcutaneous injection of atipamezole (1 mg/kg) 
to reverse the anesthesia and were placed into a recovery 
chamber with a controlled temperature. In the following 
days, mice were monitored for signs of pain and distress.

Retigabine Administration

Retigabine (RTG) (AdooQ Bioscience) dilution and admin-
istration were performed as previously described [32]. RTG 
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was diluted to a concentration of 330 µM in sterile 0.9% 
(w/v) saline solution with 0.5% (w/v) methylcellulose. Each 
animal from the “Blast + RTG” group received one i.p. injec-
tion of RTG (1.2 mg/kg) 30 min after each blast exposure. 
Mice from the “Blast” group were injected with the same 
volume of only vehicle solution. Mice from the Sham group 
did not receive any treatment besides what was necessary for 
the anesthesia procedure.

Electroencephalogram

To study the occurrence of seizures and the sleep–wake 
cycle architecture, EEG electrodes were implanted in the 
mice 24 h after the last blast injury. Sham mice were also 
implanted with EEG electrodes. We performed simultaneous 
video and EEG monitoring as in our previous work [29, 
32, 34]. Prefabricated head mounts with screw electrodes 
(Pinnacle Technologies) were used. Two electrocorticogram 
(ECOG) signals were obtained using four depths electrodes: 
a ground screw (left frontal lobe; -2  mm rostra-caudal 
and 1.5 mm medial–lateral from the bregma), a reference 
screw electrode (left parietal lobe; 4 mm rostra-caudal and 
1.5 mm medial–lateral from the bregma), a right frontal 
lobe recording electrode (-2 mm rostra-caudal and 1.5 mm 
medial–lateral from the bregma), and a right parietal lobe 
recording electrode (4  mm rostra-caudal and 1.5  mm 
medial–lateral from the bregma). The two ECOG signals 
obtained from these electrodes are presented as the two top 
lines of the EEG records shown in Figs. 1 and 2. Furthermore, 
one EEG signal was obtained from surface bipolar recording 
electrodes that were in contact with the animal’s skull in the 
parietal region of both hemispheres (3 mm rostra-caudal and 
0.5 mm medial–lateral from the bregma). The signal obtained 
with these surface electrodes is presented in Figs. 1 and 2 as 
the bottom line of the EEG records shown. Starting one day 
after EEG surgery (2 days after the last blast injury), mice 
were video/EEG monitored for 72 h. Afterward, mice were 
monitored for 48 h every month for 8 months (starting one 
month after the last blast injury). For EEG recording, the 
head mount was connected to a pre-amplifier (Gain 25X; 
Pinnacle Technologies) connected to extracellular amplifiers 
of the Stellate Harmonie acquisition hardware. During all the 
record sessions, mice were under 12:12-h light: dark cycle 
with food and water ad libitum. The EEG signal was filtered 
during acquisition with a 60 Hz notch noise filter. During 
seizure analysis, the EEG signal was filtered with a 0.1 to 
45 Hz bandpass filter.

Seizure Analysis

Seizures were identified visually by the investigator’s analysis 
of the video/EEG records. Only seizure events that included 

both seizure-like EEG signals and behavioral changes con-
comitantly were considered seizures. For EEG signal anal-
ysis, seizures were defined as an abnormal increase in the 
frequency combined with an increase in the amplitude of one 
or more signals from the EEG electrodes. To be counted as 
such, increases in EEG signal frequency and amplitude must 
vary in intensity during the seizure event and occur concomi-
tantly with a seizure-like behavioral change. Seizure epilep-
tiform activity included spikes, polyspikes, slow waves, and 
spike-and-wave discharges. Interictal epileptiform spiking 
activity before the onset of the seizure and postictal depres-
sion (decrease of EEG signal below background after seizure) 
was typically observed. Seizure-like behavioral changes were 
determined following the parameters defined by Shimada and 
Yamagata [35], which include frequent jerking/twitching of 
the head, limbs, and tail (typical of myoclonic seizures) or 
tail suspended stiff in an upward position combined with 
unusually prolonged stiffening of the front and/or back limbs 
and whole-body shaking that immobilized the animal causing 
him to fall on its side or back (commonly observed in clonic 
and tonic–clonic seizures). These behavioral changes were 
only considered a seizure if they occurred in combination 
with the previously described changes in EEG signal. The 
total number of seizures, frequency of the seizures, average 
seizure duration, and percentage of mice from each group 
that had seizures were quantified. Seizure duration was calcu-
lated for each mouse independently by averaging the duration 
of all the seizures observed in this animal. Seizures presented 
in the first 72 h of record (2–4 days after rbTBIs) were con-
sidered PTS, whereas recurrent seizures that occurred one 
month or more after the last blast injury were considered 
indications of PTE. The frequency of PTS per hour was cal-
culated by dividing the total number of PTS observed by the 
72 h of recording. The frequency of PTE seizures was not 
calculated as it is unlikely to be accrued due to the limitations 
imposed by the sparse recording protocol applied to identify 
mice that developed PTE over such a long time period. The 
percentage of recorded seizures that occurred during sleep 
and awake states was quantified for PTS and PTE. No seizure 
events were observed in mice from the Sham group. We did 
observe the occurrence of abnormal EEG signals that could 
be classified as “seizure-like” but without a corresponding 
behavioral change. These events were observed in mice from 
the three groups and were not counted as seizure events in 
this study.

The EEG experiments started with 16 mice in each group 
as determined by power analysis using results from our pilot 
experiments (not shown). Unfortunately, we were unable 
to record the first session of 72 h (PTS) for 8 mice from 
the “Sham” group, 10 mice from the “Blast” group, and 4 
mice from the “Blast + RTG” group because of a quaran-
tine imposed to our animal facility due to an infection of 
mouse mites. Although our animals were not affected by this 
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Fig. 1  Retigabine (RTG) 
treatment reduced the duration 
of post-traumatic seizures 
(PTS). a Bars summarize 
data of animals from “Sham,” 
“Blast,” and “Blast + RTG” 
groups that displayed 
spontaneous seizures on 
days 2–4 after the third blast 
exposure. The number of 
animals that displayed seizures 
in each group and the total 
number of animals per group 
are indicated above each bar. 
The lines in graphs (b), (c), 
and (d) show the average and 
standard error of the mean 
for each group. b Each dot 
in the graph represents the 
average seizure duration of 
each mouse. Acute post-rbTBIs 
RTG treatment significantly 
reduced the duration of the 
PTS. c Graphical representation 
of the total number of PTS 
recorded in each mouse 
(represented by each dot in 
the graph) from “Blast” and 
“Blast + RTG” groups. d The 
frequency of seizures recorded 
per hour in the first video/
electroencephalogram (EEG) 
session (2–4 days post-injury) 
is shown for each mouse 
(represented by each dot) 
from Blast and “Blast + RTG” 
groups. e Examples of EEG 
recordings of seizures in 
animals from “Blast” and 
“Blast + RTG” groups of mice. 
Red bars indicate the seizure 
events, and the voltage and time 
scales can be seen in the bottom 
left corner. The same data 
are presented in two different 
voltage and time scales. f 
Summarized data of the 
percentage of PTS from “Blast” 
and “Blast + RTG” groups that 
happened in awake mice (white 
background and horizontal 
lines) or when mice were asleep 
(dark background and small 
dots). “Sham” n = 5, “Blast” 
n = 6, and “Blast + RTG” n = 12; 
*p < 0.05; Pearson chi-square 
test (a) and (f), one-way 
ANOVA (b)–(d)
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Fig. 2  Retigabine (RTG) treatment impaired post-traumatic epilepsy 
(PTE) development. a Bars summarize the percentage of mice from 
“Sham,” “Blast,” and “Blast + RTG” groups that had seizures 1–9 months 
after the third blast exposure. The occurrence of spontaneous seizures 
during this time window was considered as a sign of PTE. The number 
of animals that displayed seizures in each group and the total number of 
animals per group are indicated above each bar. Eight “Sham” mice were 
also video/electroencephalogram (EEG) monitored, and no seizures were 
observed. Acute RTG treatment after each blast-induced injury signifi-
cantly reduced the development of PTE. Each dot in graph (b) represents 
the average seizure duration obtained for each mouse. Each dot of graph 
(c) shows the total number of PTE seizures recorded in each mouse. The 

lines in graphs (b) and (c) show each group’s average and standard error 
of the mean. d Examples of EEG recording of a seizure in an animal in 
the “Blast” group and a phenotypically normal EEG recording in a mouse 
in the “Blast + RTG” group. The red bar marks the seizure event and volt-
age, and time scale bars can be seen in the bottom left corner of the panel. 
The EEG recording of a representative PTE seizure is shown in two dif-
ferent time and voltage scales. e The graph shows the percentage of PTE 
seizures recorded from “Blast” and “Blast + RTG” mice that happened 
when the animals were awake (white background and horizontal lines) 
and the percentage that occurred during sleep (dark background and small 
dots). “Sham” n = 8, “Blast” n = 12, and “Blast + RTG” n = 16; *p < 0.05; 
Pearson chi-square test (a) and (e), one-way ANOVA (b) and (c)
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infection, the facility was isolated for a month. Hence, there 
is a lower number of mice in the PTS experiments (Fig. 1; 
Sham = 5, Blast = 6, and Blast + RTG = 12) compared to 
the PTE experiments (Fig. 2; Sham = 8, Blast = 12, and 
Blast + RTG = 16). Additionally, for the PTE experiments, 
only mice from which we collected data in all 8 months of 
PTE recording were considered. As a result, 8 mice from 
the “Sham” group and 4 mice from the “Blast” group were 
excluded since their head mount fell off before the 8 months 
of PTE recording sessions were completed. Therefore, from 
the 16 original mice per group, the numbers of mice in the 
Sham, Blast, and Blast + RTG groups were 8, 12, and 16 
mice, respectively, in the PTE data set (Fig. 2a).

Sleep–Wake Cycle Architecture Analysis

To evaluate the sleep–wake cycle, video/EEG records 
from the first 72 h long session (starting 2 days after the 
last injury), the second last (48 h long, 8 months after the 
last injury), and the last session (48 h long, 9 months after 
the last injury) were analyzed. To select one EEG channel 
from each animal/session for analysis, we performed vis-
ual inspections of the raw local field potentials and their 
time–frequency decompositions (spectrograms) recorded 
from the two cortical electrodes. EEG channels with sig-
nal saturation and background noise or artifacts were dis-
carded. Then, the EEG channel with the highest percentage 
power at the 5–12 Hz frequency band was used to classify 
the sleep–wake cycle (Fig. S1). Awake state (WK), SWS, 
REM sleep, and transition/undetermined states (US) were 
classified based on two power spectral ratios, as described 
by Gervasoni et al. [36]. In brief, this analysis first measures 
the relative power within fast (0.5–20/0.5–50 Hz) and slow 
(0.5–4.5/0.5–9 Hz) frequency bands and then generates a 
2D state-space on which clusters are manually selected and 
associated with each state of the sleep–wake cycle.

EEG Signal Coherence and Power Analysis

The power of the EEG signal in the different frequencies was 
calculated using the “pwelch” function of Matlab. In brief, 
the power of each frequency was decomposed in a distribu-
tion histogram (Fig. 4b). The power of the EEG signal in the 
gamma (30–50 Hz) and the delta (2–9 Hz) frequencies was 
calculated as the average of the power in these ranges of fre-
quencies. The average power obtained was then divided by 
the average power of the EEG signal for all the frequencies. 
Therefore, the power of the gamma or the delta frequencies 
is presented as a percentage of the total power of the EEG 
signal. The power of the EEG signals was calculated during 
the SWS state. For coherence analysis, the Matlab function 
“mscohere” was used. For this analysis, in brief, the differ-
ence in the phase of the wave between two EEG signals of 

the same mouse during the SWS stage was calculated. The 
EEG signals compared were the ones obtained in the right 
frontal lobe electrode and the right parietal lobe electrode. 
These two EEG signals were obtained with intracranial 
depth electrodes, whereas the third EEG signal was collected 
with a subcutaneous bipolar surface electrode. Whereas the 
power analysis reflected the amplitude of a wave in a spe-
cific frequency, the coherence analysis reflected the syn-
chrony of two EEG signals in a particular frequency.

Sample Collection from Aged Mice

Cortical and hippocampal samples used for immunohisto-
chemistry, immunoblotting, and Luxol fast blue were col-
lected from mice at 26–28 months of age. During the aging 
period, many mice died due to complications from the EEG 
headmount and other unknown reasons, although such mice 
were not distinguished in any way evident to the experiment-
ers. Therefore, an independent cohort of mice was aged in 
parallel with the mice used for the EEG recordings. These 
mice were subjected to the same rbTBIs and RTG/vehicle 
treatment procedures, or sham, but not to the EEG surgery 
and recording. Those two cohorts of mice were combined to 
compensate for the loss of mice during aging and allowed us 
to study neuronal molecular and structural changes observed 
in age-related neurodegenerative diseases. Hence, samples 
used in immunohistochemistry, immunoblotting, and Luxol 
fast blue analyses were from both the EEG-subjected mice 
and from this parallel independent cohort of mice. Samples 
used for immunoblotting were from the left hemisphere, 
whereas the right hemisphere was used for immunohisto-
chemistry and Luxol fast blue.

Immunoblotting

Expression of TDP-43 was first analyzed by immunoblotting 
performed as previously described [32]. Samples for immu-
noblotting were dissected in ice-cold Ringer’s solution, snap-
frozen in dry ice, and stored at -80 °C until analysis. Samples 
were homogenized in RIPA buffer (Thermo Scientific) using 
a tissue homogenizer (Ultra EZgrind—Denville Scientific) 
at 5000 rpm. Proteins were separated in 4–20% gels (Bio-
Rad) and transferred to a polyvinylidene difluoride (PVDF) 
membrane (Bio-Rad). Primary antibodies used were TDP-
43 (1:1000, Proteintech 12,892–1-AP), pTDP-43 (1:1000, 
Cosmo Bio TIP-PTD-M01), Tau (1:1500, MilliporeSigma 
MAB361), and pTau (1:200, PHF-1 provided by Dr. Peter 
Davis from Albert Einstein Institute). Immunoblot mem-
branes were stripped (Santa Cruz Biotechnology) and re-
probed to stain glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (1:25,000, Abcam ab125247) or β-actin (1:20,000, 
Sigma A5316) as loading controls. Striping was also per-
formed to stain total and phosphorylated Tau or TDP-43. 
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Exemplary images of entire immunoblot films can be seen 
in the Supplementary Fig. S2. Results were standardized to 
the average of the results from Sham mice.

Immunohistochemistry

Complementary to the immunoblot experiments, immu-
nohistochemistry of TDP-43 was performed as previously 
described [32]. Left-hemisphere samples were removed and 
fixed overnight in 4% paraformaldehyde (Electron Micros-
copy Sciences). Subsequently, samples were transferred into 
30% (w/v) sucrose in phosphate-buffered saline (PBS) and 
kept for 3 days at 4 °C before being frozen in Tissue-Plus 
O.C.T. Compound (Fisher Scientific) using 2-methylbutane 
immersed in dry ice. Samples were stored at -80 °C until 
cryosectioning. Twenty-µm-thick coronal sections of the 
prefrontal cortex (PFC) were mounted on Superfrost Plus 
microscope slides (Fisher Scientific) previously coated with 
gelatin (Sigma). Before staining, slices were blocked with 
8% (v/v) donkey serum with triton-x (0.1% v/v) and Tween 
(0.1% v/v). Primary antibody against TDP-43 (1:200, Pro-
teintech 12,892–1-AP) was used. The NeuroTrace 500/525 
Green Fluorescent Nissl Stain (Thermo Fisher Scientific—
N21480) was used to stain neurons. Slides were mounted 
using an anti-fade mounting medium (Vectashield) contain-
ing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labora-
tories) for nuclear staining. Images were taken from slices 
of the PFC layers II/III at 60X magnification using a Zeiss 
LSM 710 confocal microscope. The range indicator option 
was used to confirm that there was no camera saturation by 
the fluorescent signal in every image in the three channels. 
Images were obtained by combining four sweeps in each 
focal plane, and Z stack images were obtained with 0.5 µm 
intervals. Fluorescence settings and parameters were held 
constant for all images (DAPI: laser at 2% power, gain 725, 
digital offset 140, digital gain 1; NeuroTrace: laser at 3.5% 
power, gain 770, digital offset 150, digital gain 1; TDP-43: 
laser at 6% power, gain 850, digital offset 225, digital gain 
1.5). The mean and maximum fluorescence signals were 
obtained by automatic quantification with ImageJ (National 
Institutes of Health, USA). Regions of interest were deter-
mined automatically using the “analyze particles” function 
of ImageJ (size 0.1–2000  pixel2; circularity 0.00–5.00). For 
colocalization analyses, the Mander’s overlap coefficients 
(M1) were obtained using the ImageJ plugin JACoP. The 
percentage of neurons per image in which TDP-43 staining 
was visualized was quantified manually.

Luxol Fast Blue

Tissues collected for immunohistochemistry experiments 
were also used for Luxol fast blue staining. Twenty-µm-thick 

coronal sections of the striatum and corpus callosum were 
stained to study nerve fiber integrity. These brain areas were 
selected due to the high content of myelinated fibers. To stain 
myelin, slices were incubated in Luxol fast blue solution 
(Sigma) overnight at 60 °C. Eosin Y stain (Ricca chemical 
company) and Cresyl Violet (0.1% w/v, Abcam) were used for 
counterstaining. Photos were taken in an Olympus microscope 
(BX 60) with an Olympus camera (DP-71) and a 10X objec-
tive. Images were analyzed using ImageJ. The diameter or the 
area of each nerve fiber was measured in the corpus callosum 
and the striatum, respectively. All nerve fibers with bounda-
ries that could be determined clearly by the complete lack of 
Luxol fast blue staining around it were measured in all images.

Statistical Analysis

The percentage of mice in each group that displayed seizures 
and the percentage of seizures that occurred during sleep were 
analyzed using the Pearson chi-square test since those are 
dichotomous nominal variables. All other data were checked 
for normal distributions using the Shapiro–Wilk normality 
test and Q-Q plot analysis. If the data showed a non-normal 
distribution, outliers were excluded from the analysis as a 
normalization strategy [37, 38]. Outliers were defined as 
values that fall more than 1.5 times the interquartile range 
below the first quartile or above the third quartile [38]. If 
the dataset had no outliers, it was transformed to  Log10 [39]. 
If these two normalization strategies were ineffective, outli-
ers were returned to the dataset, and the data was considered 
to have a non-normal distribution. Non-normally distributed 
data were analyzed using the Kruskal–Wallis test followed 
by Mann–Whitney U (MWU) test with Bonferroni correction 
as post hoc analysis. These data are presented using box and 
whisker plots in which minimum, first quartile, median, third 
quartile, and maximum values are displayed. ANOVA and 
Student–Newman–Keuls (SNK) post hoc tests were used for 
normally distributed data. Normally distributed data are pre-
sented using scatter plot graphs with mean and standard error 
of the mean (SEM). The relationship between seizure-related 
parameters and time spent in different sleep–wake cycle states 
was tested by linear regression analysis since these variables 
were collected in the same cohort of mice.

Results

Acute RTG Treatment Reduced the Duration 
of rbTBI‑Induced PTS

Mice subjected to three rbTBIs were video/EEG moni-
tored for 3 consecutive days (starting 48 h after the last 
blast TBI), and PTS was evaluated. We did not observe a 
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significant difference in the percentage of mice that dis-
played PTS between animals injected with RTG after each 
blast (Blast + RTG) and those that received vehicle only 
(Blast) (χ(1) = 0.4; p = 0.50) (Fig. 1a). All mice from which 
we were able to record seizures were included in the analysis 
of different seizure-related parameters. RTG administration 
caused a significant decrease in the average seizure duration 
(F1,8 = 5.4; p = 0.04) (Fig. 1b, e). There was no significant 
difference between Blast and Blast + RTG groups of mice in 
number of seizures observed (F1,8 = 0.5; p = 0.51) and of the 
frequency of seizures per hour (F1,8 = 0.5; p = 0.51) (Fig. 1c, 
d). During PTS recording, 49.6% of seizures in the Blast 
group occurred while the mice were sleeping, and 51.0% 
of seizures occurred during sleep in the Blast + RTG group 
(Fig. 1f). There was no significant difference between the 
groups (χ(1) = 0.04; p = 0.83). Five sham mice were also 
video/EEG monitored, for which no seizures were observed.

Acute RTG Treatment Impaired the Development 
of PTE

Starting one month after the rbTBIs, the same cohort of 
mice was recorded for 8 months to assay for PTE, defined 
as the occurrence of recurrent spontaneous seizures one 
month or more after rbTBIs. Acute RTG treatment after 
each TBI significantly decreased the percentage of mice 
that developed PTE (χ(1) = 4.9; p = 0.02). Whereas 67% 
of mice that received vehicle only developed PTE, only 
25% of “Blast + RTG” mice displayed PTE (Fig. 2a, d). 
All mice from which we were able to record seizures 
1–9 months post-rbTBIs were included in the analysis of 
different seizure-related parameters. There was no signifi-
cant difference in the duration of the seizures (F1,10 = 1.3; 
p = 0.27) (Fig. 2b) or in the number of recorded seizures 
(F1,10 = 0.5; p = 0.50) (Fig.  2c) between “Blast” and 
“Blast + RTG” mice. During PTE recording, 41.2% of 
seizures recorded in mice from the Blast group and 41.7% 
of seizures in mice from the Blast + RTG group occurred 
during sleep (Fig. 2e). There was no significant differ-
ence between the groups (χ(1) = 0.0007; p = 0.98). Eight 
sham mice were also video/EEG monitored, for which no 
seizures were observed.

Acute RTG Treatment Blocked  
rbTBI‑Induced Hypersomnia

To study short and long-term changes in sleep–wake cycle 
architecture, the first (2–5 days after rbTBIs), the second 
last (8 months after rbTBIs), and the last (9 months after 
rbTBIs) video/EEG recording sessions were analyzed. In 
the first session, mice from the “Blast” group presented a 
hypersomnia phenotype with a lower percentage of time 

spent awake than “Blast + RTG” animals (one-way ANOVA: 
F2,17 = 5.9; p = 0.01 // SNK: q = 4.4; p < 0.01) and “Sham” 
animals (q = 4.4; p = 0.01) (Fig. 3b). There was no difference 
between the mice of the different groups in the percentage 
of time spent in SWS (F2,20 = 0.6; p = 0.53) (Fig. 3c), REM 
(F2,20 = 0.8; p = 0.47) (Fig. 3d), or US (F2,20 = 1.5; p = 0.24) 
(Fig. 3e) states. In the second last and last video/EEG record 
sessions, we did not observe any significant difference 
between any of the groups of mice (Figs. S3 and S4).

To evaluate changes in the sleep–wake cycle architecture 
of mice with PTE, animals from all the groups (Sham, Blast, 
and Blast + RTG) were combined and divided between “Epi-
leptic” and “Non-epileptic” mice, independent of treatment. 
Epileptic mice displayed impaired REM sleep, and various 
seizure-related parameters correlated significantly with the 
percentage of time spent in different states of the sleep–wake 
cycle (Fig. S5).

RTG Treatment Preserved Physiological Age‑Induced 
Increase in the Power of the Gamma Frequency That 
Was Otherwise Impaired by rbTBIs

Age-related neurodegenerative diseases like AD induce 
alterations in the EEG signal (e.g., impaired gamma fre-
quency), and healthy brain aging seems to have the oppo-
site effect (e.g., increased power of the gamma frequency) 
[40–45]. To study the age-related effects of the rbTBIs and 
of RTG treatment, the power of the gamma and the delta 
frequencies was calculated in the first (2–5 days after rbT-
BIs) and last (9 months after rbTBIs) EEG sessions for the 
two intracranial electrodes. When comparing the power 
of the gamma frequency in the first EEG recording ses-
sion against the last session, both recorded in the right 
parietal lobe electrode, we observed a significant increase 
in mice from the “Sham” (two-way ANOVA: effect of 
group: F2,56 = 3.8; p = 0.02 / effect of sessions: F1,56 = 12.4; 
p < 0.001 / interaction effect: F2,56 = 0.3; p = 0.74 // SNK: 
q = 3.3; p = 0.02) and the “Blast + RTG” groups (q = 3.3; 
p = 0.02), but not in mice from the “Blast” group (q = 2.1; 
p = 0.14) (Fig. 4c). Nevertheless, the power of the gamma 
frequency in the last EEG record session was significantly 
higher in “Sham” mice compared to both “Blast” (q = 3.6; 
p = 0.03) and “Blast + RTG” (q = 3.4; p = 0.01) mice. There 
was no significant difference in the power of the gamma fre-
quency in the last video/EEG session between mice from the 
“Blast” and “Blast + RTG” groups (q = 0.6; p = 0.67). There 
was also no significant difference between mice from the 
three groups in the first EEG session (Sham X Blast: q = 1.5; 
p = 0.52 // Sham X Blast + RTG: q = 1.6; p = 0.23 // Blast X 
Blast + RTG: q = 0.1; p = 0.95). Still in the right parietal lobe 
electrode, a two-way ANOVA test of the power of the delta 
frequency revealed a significant effect of group (F2,56 = 3.6; 
p = 0.03), a significant effect of the sessions (F1,56 = 4.8; 
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p = 0.03), and no interaction effect (F2,56 = 0.5; p = 0.58). 
However, post hoc analysis with the SNK test did not show 
any significant difference between the sessions within the 
groups or between the groups within both sessions studied 
(Fig. 4d) (Supplementary Table S1).

Analysis of the power of the gamma and delta frequencies 
in the right frontal lobe electrode showed no significant dif-
ferences between the groups within the sessions or between 
the sessions within any of the groups (Fig. S6).

We also analyzed the power of the gamma and delta 
frequencies in the second last EEG session (8 months after 
rbTBIs). Once more, when analyzing the data from the 
right frontal lobe electrode, there was no difference in the 
power of the gamma or delta frequencies compared to the 
first or the last EEG sessions (Fig. S7). In signals from the 
right parietal lobe electrode, there was also no significant 
difference in the delta frequency comparing the second 
last session to the first or the last EEG session (Fig. S8). In 
the right parietal lobe electrode, there was no significant 
difference in the gamma frequency comparing the second 
last session to the last EEG session (Fig. S8). However, 
in the right parietal lobe electrode, there was a significant 
increase in the gamma frequency of the Blast + RTG group 

comparing the second last session to the first EEG session 
(Fig. S8), similar to what was observed in the comparison 
between the first and the last EEG sessions in the same 
EEG electrode (Fig. 4c). Additionally, we analyzed the 
coherence of the EEG signal between the two electrodes 
in the gamma and the delta frequencies during the first and 
the last video/EEG record sessions. No significant differ-
ence was observed between the groups within a session or 
between the sessions within a group, neither in the delta 
nor in the gamma frequencies (Fig. S9).

Acute RTG Treatment Prevented rbTBI‑Induced 
Increases in Cortical Levels of TDP‑43 in Aged Mice

TDP-43 is a protein that accumulates in many age-related  
neurodegenerative diseases, for which TBI is a risk factor  
[18–23]. TDP-43 translocates to the cytoplasm from the 
nucleus in pathological conditions and its accumulation there is  
neurotoxic [24–26]. Immunoblotting analysis of brain samples 
from aged (26–28 months old; 23–25 months post-rbTBIs) 
mice revealed a significant increase in the cortical levels of 
TDP-43 in animals from the “Blast” group compared to mice 
from both “Sham” (one-way ANOVA: F2,29 = 3.6; p = 0.04 // 

Fig. 3  Retigabine (RTG) treatment impaired repetitive blast traumatic 
brain injuries (rbTBIs)-induced hypersomnia. a Three examples of 
2D state maps obtained from “Sham,” “Blast,” and “Blast + RTG” 
animals. Black points represent one-second intervals from ratio 
1 and ratio 2 of the local field potentials. Each of these examples 
shows three clusters scattered through different regions of the graph, 
in which each cluster can be considered a sleep stage. Red circles 
represent slow-wave sleep (SWS), blue circles represent rapid eye 
movement (REM) sleep, and green circles represent awake state 

(WK). Note that points placed out of these clusters were considered 
as transition/undetermined states (US). b A significant decrease in 
the percentage of time spent in the WK state was observed in mice 
from the “Blast” group but not in mice treated with RTG during the 
first session of video/electroencephalogram (EEG) recording. c–e No 
other significant difference was observed between the three groups 
of mice in the first recording session. Data are displayed as the mean 
and standard error of the mean; “Sham” n = 5; “Blast” n = 6, and 
“Blast + RTG” n = 12; *p < 0.05, and.**p < 0.01
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SNK: q = 3.1; p = 0.03) and “Blast + RTG” (q = 3.5; p = 0.04) 
groups (Fig. 5a). There was no significant difference in the 
cortical levels of TDP-43 between mice from “Sham” and 
“Blast + RTG” groups (q = 0.3; p = 0.82). There was no sig-
nificant difference in the ratio of TDP-43 phosphorylation 
in the cortex of the animals (Fig. 5b) (F2,36 = 1.24; p = 0.30). 
There was also no significant difference in the levels of TDP-
43 between any of the three groups of mice in the hippocam-
pus (Fig. S10). Additionally, we analyzed the expression of 
Tau and the ratio of Tau phosphorylation in the cortex of the 
mice. No significant difference between the three groups of  
mice was observed (Fig. S11).

Acute RTG Treatment Impaired the rbTBI‑Induced 
Increase in Neuronal TDP‑43 Expression 
and Dislocation to Outside the Nucleus in Aged Mice

To better localize the rbTBI-induced increase in TDP-43 
levels, we performed immunofluorescence staining of TDP-
43, NeuroTrace (Nissl), and DAPI (nucleus) in slices from 
the PFC (layers II/III) of the three groups of mice (Fig. 5c). 

Samples were collected when mice were 26–28 months of 
age. No significant difference between the three groups was 
observed in the mean (Fig. 5d) (Kruskal–Wallis: p = 0.04 
// MWU: Blast x Sham: p = 1.00 // Blast x Blast + RTG: 
p = 0.13 // Sham x Blast + RTG: p = 0.09) and maxi-
mum (Fig. 5e) (Kruskal–Wallis: p = 0.02 // MWU: Blast 
x Sham: p = 1.00 // Blast x Blast + RTG: p = 0.12 // Sham 
x Blast + RTG: p = 0.06) values of the fluorescent signal 
obtained with TDP-43 immunostaining. Nonetheless, the 
rbTBIs induced a significant increase in the percentage of 
neurons expressing TDP-43 that was prevented by acute 
RTG treatment (Fig. 5f) (one-way ANOVA: F2,164 = 6.6; 
p = 0.002; // SNK: Blast x Sham: q = 5.1; p < 0.001 // Blast 
x Blast + RTG: q = 3.9; p = 0.005 // Sham x Blast + RTG: 
q = 1.4; p = 0.32).

We also performed colocalization analysis to investigate if  
rbTBIs could induce changes in TDP-43 cellular localiza-
tion. Colocalization of TDP-43 immunostaining with the  
nuclear staining DAPI was quantified using the Mander’s over-
lap coefficient (Fig. 5g–i). No significant changes in TDP-43 
colocalization with DAPI were observed in the XY focal plane  

Fig. 4  Physiological age-induced increase in the power of the gamma 
frequency is impaired by traumatic brain injury (TBI), but preserved 
by acute post-repetitive blast traumatic brain injuries (rbTBIs) reti-
gabine (RTG) treatment. a  Shown are representative exemplary raw 
electroencephalogram (EEG) signals for each group of mice during 
the first (black) (2–5 days after rbTBIs) and the last (red) (9 months 
after rbTBIs) EEG sessions. b  Shown are the relative power of the 
EEG signals in the different frequencies for each group of mice in 
the first (S1 – black) and last (S9 – red) EEG sessions. The relative 
power of the gamma (c) and delta (d) frequencies recorded in the 
right parietal lobe electrode was calculated in the first and the last 
EEG sessions. Animals from the “Sham” and “Blast + RTG” groups 
displayed an increase in the power of the gamma frequency when 

comparing the first to the last EEG sessions. This increase in the 
power of the gamma frequency is a physiological age-induced phe-
nomenon previously observed in mice and is believed to be impor-
tant for healthy brain aging [45]. No such increase was observed in 
“Blast” mice injected with vehicle only. Additionally, “Sham” mice 
had significantly higher power of the gamma frequency signal in 
the last EEG session compared to “Blast” and “Blast + RTG” mice. 
Hence, although RTG treatment reduced the deleterious effects of 
rbTBIs, it did not completely prevent the impairment of the gamma 
frequency in the last session. Data are displayed as the mean and 
standard error of the mean; “Sham” n = 5–8; “Blast” n = 6–12, and  
“Blast + RTG” n = 12–16; *p < 0.05
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(Fig. 5g) (p = 0.38). The Mander’s overlap coefficient M1 
revealed that ~ 4–2% of all TDP-43 was localized within the 
nuclei of neurons, independent of the animal’s group when 
observing in the XY focal plane. XZ and YZ focal planes were 
also obtained by combining images of the XY focal plane 
taken in series with the Z-stack imaging protocol. rbTBIs 
induced a reduction of TDP-43 colocalization with DAPI that 
was impaired by acute RTG treatment in both the XZ (Fig. 5h) 
(Kruskal–Wallis: p < 0.001 // MWU: Blast x Sham: p = 0.02 
// Blast x Blast + RTG: p < 0.001 // Sham x Blast + RTG: 
p = 0.10) and YZ (Fig. 5i) (Kruskal–Wallis: p = 0.004 // MWU: 
Blast x Sham: p = 0.01 // Blast x Blast + RTG: p = 0.005 // 
Sham x Blast + RTG: p > 0.99) focal planes. In XZ and YZ 
focal planes, approximately 10–14% of all TDP-43 was local-
ized within the nucleus in Sham and Blast + RTG mice, but 
only ~ 2% of the TDP-43 was localized in the nucleus in neu-
rons from mice of the Blast group.

Acute RTG Treatment Prevented the rbTBI‑Induced 
Damage of Nerve Fibers in Aged Mice

Finally, long-term damage to nerve fibers was studied. Mice 
from the “Blast” group had significantly thinner nerve fib-
ers in the corpus callosum than “Sham” (Kruskal–Wallis: 
p < 0.001 // MWU: p < 0.001) and “Blast + RTG” (p < 0.001) 
mice (Fig.  6a–c). Nerve fibers in the striatum of mice 
from the “Blast” group were also thinner than nerve fib-
ers of mice from the “Sham” (Kruskal–Wallis: p < 0.001 // 
MWU: p < 0.001) and the “Blast + RTG” (p < 0.001) groups 
(Fig. 6d–f). No significant difference between mice from the 
“Sham” and “Blast + RTG” groups was observed neither in 
the corpus callosum (p = 0.61) nor the striatum (p = 0.20).

Discussion

The results presented here and previously [29] indicate our 
rbTBIs mouse model to be well-suited to study the devel-
opment of short-term and long-term pathologies after TBI 
in mice. The rbTBI model used here revealed  increases 
in Tau phosphorylation [29], induced seizures, increased 
cytoplasmatic levels of TDP-43, nerve fibers damage, and 
TBI-induced sleep disorder. More studies are necessary to 
determine which chronic neurodegenerative diseases are best 
modeled by our mouse rbTBI protocol (e.g., CTE, AD, ALS, 
and FTD). Previously, we showed Tau phosphorylation to 
be upregulated shortly (6 days) after rbTBIs [29]. However, 
previous experiments using different mice models of repeti-
tive TBI have shown that significant changes in Tau phospho-
rylation can be observed up to 6 months after the last injury 
[46–48] but not at later time points (8–12 months) [49, 50]. 
The results presented here corroborate these observations. 
Additionally, we would like to investigate further the levels 

and intracellular localization of TDP-43 in different brain 
regions and at other time points. In both mice and fly mod-
els, TBI upregulates the expression of nuclear pore complex 
and nucleocytoplasmic transport proteins, increasing TDP- 
43 translocation to outside the nucleus and accumulation in 
the cytoplasm [51]. Accumulation of TDP-43 outside the 
nucleus is also observed in various chronic neurodegenerative 
diseases [24, 25]. Up to this point, there are no known direct 
interactions between TDP-43 and M-type K+ channels.

More studies are necessary to understand by what mecha-
nism acute post-TBI RTG treatment prevented the rbTBI-
induced nerve fiber damage and TDP-43 accumulation 
outside the nucleus almost two years after the last mTBI. 
Our current hypothesis is presented in more detail by Vigil 
et al. [52]. We believe the long-term therapeutic effects of 
RTG after TBI could be explained by blocking the cascade 
of events that starts with neuronal hyperexcitability and, if 
untreated, often progresses to a deleterious cycle of cell death 
and a maladaptive inflammatory response. In this hypothesis, 
maintaining nuclear TDP-43 and nerve fiber integrity to nor-
mal levels would be a long-term downstream effect of the 
acute reduction of neuronal hyperexcitability by M-current 
increase after TBI. The hypothesis that the reduction of neu-
ronal activity is a key player for the therapeutic effects of 
acute post-TBI RTG injection is corroborated by Alyenbaawi 
et al. [33], who observed that induction of neuronal activ-
ity with kainic acid reduces short-term therapeutic effects 
of RTG post-TBI. Nonetheless, in the same experiments, 
the synergetic increase in cell death markers induced by the 
combination of TBI and kainic acid injection was signifi-
cantly reduced by RTG treatment [33]. The impairment of the 
therapeutic effects of RTG treatment by kainic acid injection 
does not prove that occlusion of neuronal hyper-activity is 
sufficient to explain RTG’s therapeutic effects.

More acute mechanisms of action beyond the decrease of 
neuronal hyperexcitability are likely to be related to the thera-
peutic effects of post-TBI RTG injection. A different possible 
mechanism of action of post-TBI RTG treatment is the altera-
tion of blood supply by relaxation of blood vessel smooth 
muscle. RTG more weakly augments currents from  Kv7.4 
and  Kv7.5 of smooth muscle than those of Kv7.2 and Kv7.3 
of neurons, yet still decreases contraction and increases blood 
vessel caliber [53, 54]. Such action on cerebral blood vessels 
may counteract TBI-induced hypoperfusion. Another pos-
sible acute therapeutic effect of RTG treatment could be the 
regulation of microglial response post-TBI. Microglia cells 
express  Kv7.2,  Kv7.3, and  Kv7.5. Blocking these channels 
reduces the migration of resting/non-inflammatory micro-
glia [55]. Therefore, an increased microglial M current could 
result in a less intense inflammatory response to multiple 
TBIs. These hypotheses remain to be tested.

Blocking epileptogenesis in our model may also be a 
downstream effect of the acute post-TBI M-current increase. 
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We observed that one dose of RTG after each blast TBI was 
sufficient to reduce the duration of PTS but did not com-
pletely block its occurrence. Interestingly, acute M-current 
increase occluded PTE development. This suggests that 
reducing the duration of the PTS may prevent the initial 
steps (priming), leading to the development of PTE in our 
model. This hypothesis remains to be tested. However, we 
observed here that not all mice that developed PTE displayed 
PTS. Hence, other mechanisms besides priming by PTS must 
play a role in PTE development in our model. For exam-
ple, intense inflammatory response and blood–brain barrier 
(BBB) breakdown have both been shown to induce the occur-
rence of seizures [56, 57] and are both reduced by acute RTG 
treatment after a TBI [32]. Reduction of TBI-induced death 
of neurons, especially inhibitory neurons [58, 59], is also 
a possible explanation for the impairment of PTE develop-
ment reported here. A combination of all these factors and 
the reduction of additional TBI-induced changes in the brain 
not yet elucidated are likely to account for the RTG-induced 
reduction of PTE development reported in this study.

A limitation of our study is the exclusion of seizures not 
detected by our electrodes (e.g., subcortical seizures) and of 
seizures that did not induce behavioral changes included in 

our seizure parameters (e.g., absence seizures). Addition-
ally, the frequency of video/EEG recordings performed is 
admittedly not sufficient to identify all epileptic mice, since 
seizure occurrence is highly intermittent in mice with PTE 
[60]. Nonetheless, the percentage of vehicle-treated mice 
that developed PTE in our experiments (66.7%) is approx-
imate to the frequency of animals that developed PTE in 
other mouse TBI models (58%) [60, 61]. Therefore, it is 
unlikely that our protocol resulted in a significant under-
count of the percentage of mice that developed PTE.

Hypersomnia affects around 20% of TBI patients and 
commonly occurs days to months after a TBI, but usually, 
it is not a sustained post-TBI effect [5, 6, 62]. In our model, 
this phenotype was prevented by acute M-current increase. 
Although the physiological mechanisms of hypersomnia 
after TBI are not entirely understood, one possibility is 
that TBI decreases the levels of the wake-promoting neuro-
transmitters, hypocretin and histamine [6]. How RTG treat-
ment might prevent a TBI-induced decrease in the levels of 
these neurotransmitters remains to be determined. Another 
possible explanation for the observed prevention of TBI-
induced hypersomnia by acute M-current increase could be 
the reduction of the post-TBI inflammatory response. Pro-
inflammatory cytokines such as interleukin-6 and tumor 
necrosis factor-alpha play crucial roles in sleep regulation 
[63]. By reducing the inflammatory response after TBI  
[32], RTG treatment might maintain normal sleep regula-
tion. Our analysis of alterations in the sleep–wake cycle 
architecture in epileptic animals revealed an impairment 
of REM sleep and an intimate relationship between the 
sleep–wake cycle and epilepsy (Fig. S5). This is in accord 
with previous reports in the literature [7, 8, 64].

Our EEG data analysis also revealed that mice from the 
“Sham” and the “Blast + RTG” groups had an increase in the 
power of the cortical EEG signal in the gamma frequency 
when we compared the first to the last sessions. This was 
not the case in mice from the “Blast” group. Leparulo et al. 
[65] observed a similar aged-induced increase in the power 
of the gamma frequency in control mice but not in AD 
mouse model animals. In both human AD patients and AD 
mouse models, the gamma frequency signal is impaired and 
increased gamma frequency power results in better perfor-
mance in memory tasks [40–44]. The power of the gamma 
frequency is increased in humans when performing working 
memory-associated tasks [66, 67]. Moreover, healthy aging 
leads to an increase in the power of the gamma frequency, 
which is critical to support normal working memory func-
tion [45]. It is important to remember that our experiments 
calculated the power of the EEG signal during the SWS 
state. An increase in the power of the gamma frequency dur-
ing SWS has been associated with increased information 
processing [68]. Thus, our results corroborate with a rbTBI-
induced impairment of healthy brain aging that was reduced 

Fig. 5  Acute retigabine (RTG) treatment impaired repetitive blast 
traumatic brain injuries (rbTBIs)-induced transactive response DNA-
binding protein 43 (TDP-43) accumulation in the cytoplasm from 
the nucleus. a  Immunoblot analysis of cortical expression of TDP-
43. TDP-43 levels were normalized to the levels of beta-actin. Each 
panel shows the graphical representation of the data on the top and 
representative exemplary bands on the bottom. The average of all the 
groups was normalized by the average of “Sham.” rbTBIs resulted in 
increased levels of TDP-43, which was blocked by acute post-rbTBIs 
RTG treatment. b Shown is the ratio of cortical TDP-43 phosphoryla-
tion measured by immunoblot. No significant difference between the 
three groups of mice was observed. Data are displayed as mean and 
SEM. (a–b) “Sham” n = 11–14, “Blast” n = 9–11, and “Blast + RTG” 
n = 12. Panel c shows representative images of immunohistochemistry 
staining of TPD-43, Neurotrace (Niss), and DAPI within layers II/III 
of the PFC in “Sham,” “Blast,” and “Blast + RTG” samples. A scale 
bar of 10  µm is shown in the top right corner of each image. The 
overlapping of the signals from the three channels is shown in the 
last column of images in (c). In the center is the image of one focal 
plane (XY). The combination of all the focal planes was obtained 
with Z-stack imaging. An XZ focal plane (image below XY image) 
and a YZ focal plane (image on the right of XY image) are shown. 
No significant difference between the groups was observed in the 
mean (d) and maximum (e) intensity of the immunofluorescence sig-
nal. f rbTBIs induced a significant increase in the number of neurons 
per image that expressed TDP-43. Such an increase was prevented by 
acute-RTG treatment. Each dot on graph (f) represents the percentage 
of neurons expressing TDP-43 observed in one image. We observed 
a significant decrease in the colocalization of DAPI and TDP-43 
staining in “Blast” images compared to “Sham” and “Blast + RTG” 
images in the XZ (h) and the YZ (i) focal planes but not in the XY 
focal plane (g). Data are displayed in box and whisker plots or mean 
and standard error of the mean. “Sham” = 72 images from 9 mice; 
“Blast” = 30 images from 5 mice; “Blast + RTG” = 64 images from 7 
mice; *p < 0.05, **p < 0.01, and.***p < 0.001
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by acute RTG treatment after each TBI. More experiments 
are necessary to test the effects of the observed changes in 
the gamma frequency on the working memory of the mice.

RTG is an FDA-approved anti-convulsive drug, and it 
may represent an underexplored option for treatment to pre-
vent PTE and long-term neuropathology after TBI. After 
prolonged use, RTG has side effects like urinary inconti-
nence and blue skin discoloration [69, 70]. Such effects of 

prolonged use of RTG have led it to be discontinued as a 
treatment for epilepsy. However, imporantly,  the single-
dose post-TBI treatment tested in our experiments avoids 
the side effects that occur with prolonged RTG treatment. 
Newer, more potent, and more specific compounds that 
also augment M current have been developed [71, 72] and 
could represent more efficient and safer options. Currently, 
no FDA-approved treatments are available to impair the 

Fig. 6  Repetitive blast traumatic brain injuries (rbTBIs)-induced 
damage of nerve fibers in the corpus callosum and striatum was 
blocked by acute retigabine (RTG) treatment. Panel a  shows repre-
sentative images of Luxol fast blue staining of the myelin in the 
nerve fibers of the corpus callosum from “Sham,” “Blast,” and 
“Blast + RTG” samples. A scale bar of 100 µm is shown in the bot-
tom right corner of each image in panels (a) and (d). Panel b shows 
expanded images of the areas pointed out by the red arrows in panel 
(a). The green lines in the images of the panel (b) show how fiber 
diameter was measured. A scale bar of 10  µm is shown in the top 
right corner of each image in panel (b). The diameter of the nerve 
fibers in the corpus callosum was reduced in “Blast” mice, but this 
reduction was prevented by RTG treatment (c). Similar results were 

observed in the nerve fibers of the striatum (d–f). The red arrows 
point to exemplary nerve fibers that were measured (d). In panel e, 
these fibers are shown more closely, and the magenta circles demar-
cate the areas of the nerve fibers that were measured (e–f). A scale 
bar of 10 µm is shown in the top right corner of each image in panel 
(e). Data are displayed in box and whisker plots. “Sham” = 9 mice, 
10–15 images per mice, 1444 and 1588 nerve fibers measured in 
the corpus callosum and striatum, respectively; “Blast” = 5 mice, 
10–15 images per mice, 1083 (corpus callosum) and 824 (stria-
tum) nerve fibers measured; “Blast + RTG” = 7 mice, 10–15 images 
per mice, 1440 (corpus callosum) and 1005 (striatum) nerve fibers 
measured;.***p < 0.001
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development of long-term TBI-induced brain dysfunction. 
Taken together, the data presented here and previously [32], 
using two different TBI mouse models, show that acute RTG 
treatment reduces TBI-induced cellular metabolic stress, 
inflammation, cell death, BBB breakdown, sleep disorder, 
PTS, PTE, long-term neuropathology, and impairment of 
age-related increase in the power of the gamma frequency 
in mice. In a zebrafish TBI model, RTG treatment was 
also shown to reduce PTS, tauopathy, and cell death [33]. 
M-current increase acutely after one or multiple TBIs might 
be a new treatment option to reduce PTE development and 
various deleterious effects of brain trauma. More preclinical 
and clinical tests are necessary. Translation of a new treat-
ment option from animal models to humans fails too often 
and must be carefully pursued. Nevertheless, our results are 
promising for this novel therapeutic approach.
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