
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2019 Kasahara et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license, which
permits unrestricted use, distribution and reproduction in any medium provided that the original work is properly attributed.

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from
this version. A link to any extended data will be provided when the final version is posted online.

Research Article: New Research | Disorders of the Nervous System

The pharmacological assessment of GABAA receptor activation in
experimental febrile seizures in mice

Yuka Kasahara1,2, Hideyoshi Igata1, Takuya Sasaki1,3, Yuji Ikegaya1,4 and Ryuta Koyama1

1Laboratory of Chemical Pharmacology, Graduate School of Pharmaceutical Sciences, The University of Tokyo,
7-3-1 Hongo Bunkyo-ku, Tokyo, 113-0033, Japan
2Department of Molecular Pharmacology and Neurobiology, Yokohama City University Graduate School of
Medicine, Yokohama, Japan
3Precursory Research for Embryonic Science and Technology, Japan Science and Technology Agency, 4-1-8
Honcho, Kawaguchi, Saitama 332-0012, Japan
4Center for Information and Neural Networks, Suita City, Osaka, 565-0871, Japan

https://doi.org/10.1523/ENEURO.0429-18.2019

Received: 4 November 2018

Revised: 1 January 2019

Accepted: 4 January 2019

Published: 31 January 2019

Author Contributions Y.K. and H.I. conducted and analyzed the experimental data and wrote the manuscript.
R.K. designed and planned the project and wrote the manuscript. T.S. and Y.I. discussed the results and
commented on the manuscript.

Funding: http://doi.org/10.13039/501100001691Japan Society for the Promotion of Science (JSPS)
17H03988
17H05738

Funding: http://doi.org/10.13039/501100002241Japan Science and Technology Agency (JST)
JPMJER1801

Conflict of Interest: Author reports no conflict of interest.

Funding: Japan Society for the Promotion of Science (JSPS) [17H03988]; Japan Society for the Promotion of
Science (JSPS) [17H05738]; Japan Science and Technology Agency (JST) [JPMJER1801]

Y.K. and H.I. Authors contributed equally to this work

Correspondence should be addressed to Ryuta Koyama, rkoyama@mol.f.u-tokyo.ac.jp

Cite as: eNeuro 2019; 10.1523/ENEURO.0429-18.2019

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully formatted version of
this article is published.



 

1 
 

The pharmacological assessment of GABAA receptor 1 

activation in experimental febrile seizures in mice 2 

 3 
Abbreviated Title: GABAA receptor activation in febrile seizures 4 
 5 
 6 
Yuka Kasahara1, 2#, Hideyoshi Igata1#, Takuya Sasaki1,3, Yuji Ikegaya1,4, Ryuta Koyama1* 7 
# Authors contributed equally to this work. 8 
1) Laboratory of Chemical Pharmacology, Graduate School of Pharmaceutical 9 

Sciences, The University of Tokyo, 7-3-1 Hongo Bunkyo-ku, Tokyo, 113-0033, Japan 10 
2) Department of Molecular Pharmacology and Neurobiology, Yokohama City 11 

University Graduate School of Medicine, Yokohama, Japan 12 
3) Precursory Research for Embryonic Science and Technology, Japan Science and 13 

Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan 14 
4) Center for Information and Neural Networks, Suita City, Osaka, 565-0871, Japan 15 
 16 
 17 
 18 
* Correspondence should be addressed to Ryuta Koyama. 19 
Laboratory of Chemical Pharmacology, Graduate School of Pharmaceutical Sciences, 20 
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan 21 
E-mail: rkoyama@mol.f.u-tokyo.ac.jp  22 
Phone: +81-3-5841-4782  23 
Fax: +81-3-5841-4786 24 
 25 
 26 
  27 



 

2 
 

Abstract 28 

Hyperthermia-induced febrile seizures (FSs) are the most common seizures during 29 

childhood, and prolonged complex FSs can result in the development of epilepsy. 30 

Currently, GABAA receptor modulators such as benzodiazepines and barbiturates are 31 

used as medications for FSs with the aim of enhancing GABA-mediated inhibition of 32 

neuronal activity. However, it is still up for debate whether these enhancers of 33 

GABAergic neurotransmission could depolarize immature neurons with relatively higher 34 

levels of the intracellular Cl- in the developing brain during FSs. Here, we performed 35 

simultaneous video-local field potential (LFP) monitoring to determine whether 36 

benzodiazepines and barbiturates affect the phenotypes of FSs in postnatal day 11 37 

(P11) and P14 mice. We found that low-dose administration of diazepam decreased the 38 

incidence of clonic seizures at P11. We also found that high-dose administration of 39 

diazepam and pentobarbital exacerbated the behavioral and electrophysiological 40 

phenotypes of the induction phase of experimental FSs at P11 but not at P14. We 41 

further found that the deteriorated phenotypes at P11 were suppressed when Na+K+2Cl- 42 

co-transporter isoform 1 (NKCC1), which mediates Cl- influx, was blocked by treatment 43 

with the diuretic bumetanide. Though our findings do not exclude the involvement of 44 

sedation effect of high-dose GABAA receptor modulators in worsening experimental FSs 45 

at P11, pharmacological enhancement of GABAergic signaling could aggravate seizure 46 

activity in the early phase of FSs.   47 

 48 
  49 
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Significance Statement 50 

Febrile seizures are the most common neurological disorder in children. For the 51 

treatment of febrile seizures, GABAA receptor modulators are generally used and 52 

successfully supress seizures in most cases. However, it is still up for debate whether 53 

these drugs could depolarize immature neurons in the developing brain. Here, using a 54 

mouse model of febrile seizures, we show that high-dose GABAA receptor modulators 55 

exacerbate the behavioral and electrophysiological phenotypes of complex febrile 56 

seizures at postnatal day 11 but not at 14. We further found that the Na+K+2Cl- 57 

co-transporter isoform 1 blocker bumetanide suppresses the phenotypes deteriorated 58 

by GABAA receptor modulators. Thus, our findings suggest high-dose GABAA receptor 59 

modulators possibly activate immature neurons.  60 

 61 
  62 
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Introduction 63 

Hyperthermia-induced febrile seizures (FSs) are the most common convulsive event in 64 

infancy and childhood (Koyama et al., 2010, 2012). Approximately 60–70% of FSs are 65 

considered to be benign, but the remaining 30–40% of FSs with prolonged duration 66 

(>15 min), recurrent seizures or focal neurological features are classified as complex. 67 

FSs are associated with the development of temporal lobe epilepsy (Cendes et al., 68 

1993; French et al., 1993). Thus, proper medication for complex FSs, especially when 69 

the seizures progress to febrile status epilepticus, is necessary (Berg and Shinnar, 70 

1996; Lewis et al., 2014; Seinfeld et al., 2014).  71 

FSs are usually treated with benzodiazepines and occasionally with 72 

barbiturates (Khosroshahi et al., 2011; Camfield and Camfield, 2014; Salehiomran et al., 73 

2016). The GABAA receptor complex is a pentameric heterooligomer that contains 74 

binding sites for benzodiazepines and barbiturates. Benzodiazepines, including 75 

diazepam, enhance the binding of GABA to GABAA receptors, increasing the frequency 76 

of chloride channel opening; barbiturates, including pentobarbital, prolong the open time 77 

of the chloride channel directly (Study and Barker, 1981; Treiman, 2001). These GABAA 78 

receptor modulators are used as treatment for FSs in an attempt to enhance 79 

GABA-mediated inhibition of neuronal activity. In most cases, diazepam has been 80 

shown to be effective to suppress seizures in children with complex FSs (Appleton et al., 81 

1995; Chamberlain et al., 1997; Lahat et al., 2000; Mahmoudian and Zadeh, 2004). 82 

However, one major question still remained is that GABAA receptor modulators 83 

potentially activate neurons during early-life seizures because GABA can be 84 

depolarizing, i.e., excitatory, in the developing brain, where immature neurons 85 

overwhelm mature neurons. Using experimental approaches in the developing rodent 86 
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brain, it has been reported that GABAergic signaling depolarizes neurons and 87 

contributes to the initiation of ictal epileptiform activity and the generation of 88 

spontaneous seizures (Dzhala and Staley, 2003; Khalilov et al., 2003, 2005). The 89 

effects of pharmacological activation of GABAA receptors during experimental FSs have 90 

not been fully evaluated because it is difficult to perform stable electroencephalographic 91 

recordings in freely moving (seizing) postnatal mice with small brains and fragile skulls.  92 

Whether GABAA receptor activation depolarizes or hyperpolarizes neurons 93 

depends on intracellular Cl- levels and the Cl- equilibrium potential, which are mainly 94 

controlled by cation-chloride cotransporters (CCCs); one such CCC is the Na+-K+-Cl- 95 

cotransporter (NKCC) 1, which mediates Cl- influx (Fukuda et al., 1998; Ben-Ari et al., 96 

2002; Payne et al., 2003). Thus, early expression of NKCC1 partly contributes to the 97 

excitatory action of GABA in immature neurons because of an elevated intracellular Cl- 98 

level and a depolarized Cl- equilibrium potential. Bumetanide, the selective inhibitor of 99 

NKCC1, which has been shown to be potentially useful for the treatment of epilepsy 100 

(Löscher et al., 2013a,b), decreased seizure events and susceptibility after early-life 101 

seizures in some animal models, including FS models, either alone or with 102 

phenobarbital (Dzhala et al., 2005, 2008, 2010; Nardou et al., 2011; Koyama et al., 103 

2012; Cleary et al., 2013; Holmes et al., 2015; Hu et al., 2017). However, it remains 104 

unclear how the pharmacological activation of GABAA receptors and the inhibition of the 105 

NKCC1 transporter affects behavioral phenotypes and neuronal activity during FSs.  106 

In the present study, we developed a system to stably perform simultaneous 107 

video-LFP monitoring in postnatal mice to evaluate whether benzodiazepines and 108 

barbiturates affect the phenotypes of FSs. Using this system, we have also examined 109 

the effects of bumetanide with or without GABAA receptor modulators on FS 110 
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phenotypes.  111 

Materials and methods 112 

Animal ethics 113 

Male and female C57BL/6J mice were purchased from SLC (Shizuoka, Japan) and 114 

treated under the approval of the animal experiment ethics committee at the Author 115 

University (approval number: P29-14) and the guidelines for the care and use of 116 

laboratory animals. All efforts were made to minimize the animals' suffering and the 117 

number of animals used. 118 

 119 

Mouse model of complex febrile seizures 120 

Complex febrile seizures (FS) were induced by exposing postnatal day 11 (P11) mice to 121 

hyperthermia (Bender et al., 2004; Koyama et al., 2012; Tao et al., 2016; Koyama, 2017 122 

Kasahara et al., 2018). Hyperthermic conditions were maintained via a regulated stream 123 

of moderately heated air. The core temperature of the mice was raised gradually and 124 

measured as rectal temperature every 2 min. A rectal temperature between 39.5 and 125 

43 °C was maintained for 30 min. The definition of clonus seizures was behavioral 126 

seizures with hindlimb clonus with falling. Drugs were administered 15 min before the 127 

induction of hyperthermia. 128 

 129 

Animal surgery for electrode implantation 130 

P10 mice were anaesthetized with isoflurane gas (0.5-1.5%); lidocaine (0.043 mg/kg) 131 

was given subcutaneously as an analgesic. Electrodes for LFP recordings were 132 

implanted into the medial parietal association cortex or the primary somatosensory 133 

trunk at 1.9 mm posterior and 0.9 mm lateral to bregma at a depth of 1.0 mm. A 134 

ground/reference electrode was placed into the frontal cortex. After the surgery, mice 135 
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recovered from the anaesthesia and were placed on a heat plate overnight to maintain 136 

body temperature. 137 

 138 

Simultaneous electrophysiological recording and video monitoring 139 

Electrophysiological recordings were performed using a weight-saving modified 140 

electrophysiological recording system (8200 system Series, Pinnacle Technology, Inc., 141 

KS, USA) and PAL 8200 software (Pinnacle Technology, Inc.). Data were collected at a 142 

sampling rate of 1000 Hz and low-pass filtered at a cutoff frequency of 500 Hz. LFP 143 

signals were digitalized within a range from -4.0 mV to +4.0 mV. When recording, the 144 

mouse implanted with electrodes was placed in a cylinder-shaped glass container (11 145 

cm in diameter and 17 cm in height), and a recording was started after a 10 min 146 

habituation period. After recording data in a 30-min pre-hyperthermia period, the mouse 147 

was subjected to the hyperthermia protocol as described previously. Recording lasted 148 

for up to 50 min after the induction of hyperthermia. Out of 29 mice tested, 17 mice died 149 

during the 50-min recording period. Rectal temperature was measured every 2 min.  150 

 151 

Histological analysis to confirm electrode locations 152 

After the electrophysiological recordings, the mice were perfused with cold phosphate 153 

buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brain samples were 154 

postfixed with 4% PFA overnight and rinsed 3 times with 0.1 M PBS. The brain samples 155 

were sectioned into 100-μm-thick horizontal slices using a DTK-1500 vibratome 156 

(Dosaka, Japan). The samples were subsequently incubated with Hoechst in PBS at 157 

room temperature for 10 min with agitation to reveal neuronal cytoarchitecture. Samples 158 

were rinsed 3 times with 0.1 M PBS and embedded in Permafluor (Thermo Fisher, 159 
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Waltham, MA). Representative images were acquired using a BZ-X700 microscope 160 

(Keyence, Japan) and analysed using ImageJ (NIH). Z-series images were collected 161 

with a 0.1 NA 2× objective at a voxel size of 7.6-7.6-55 μm (x-y-z) for the representative 162 

images. 163 

 164 

Detection of large amplitude events in LFP signals 165 

All of the LFP analyses were conducted using Python. LFP data collected during the 166 

periods of measuring rectal temperature were excluded from all analyses. To reduce 167 

humming noise, a 49-51 Hz notch filter was applied to the LFP data. The envelope of 168 

filtered LFP traces was computed via Hilbert transformation and then Gaussian-filtered 169 

with a 5 ms kernel. In each mouse, LFP signals at a pre-hyperthermia baseline were 170 

quantified by calculating an average (mean) and a standard deviation (SD) from a 171 

dataset including the bottom 25% of the LFP envelopes obtained before inducing 172 

hyperthermia. The mean and SD were 40.7 ± 2.0 μV and 5.3 ± 0.3 μV, respectively (n = 173 

29 mice). In a series of LFP envelopes within an animal, all of the large deflections of 174 

the LFP signals that possibly contained both seizure-induced neuronal discharges and 175 

simple movement artifacts were first extracted and then termed large amplitude (LA) 176 

events. An LA event was detected when an LFP envelope exceeded a threshold of the 177 

mean+50×SD after the induction of hyperthermia. The onset and offset of the LA event 178 

were marked at the points when the LFP envelopes first exceeded the mean+20×SD 179 

and then dropped below the mean+20×SD, respectively. LA events with a duration of 180 

<10 ms were excluded. If an inter-event interval between two LA events was less than 181 

200 ms, the neighbouring two events were detected as a single LA event. Next, LA 182 

events were further scrutinized by the following three criteria. (i) The absolute values of 183 
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the LFP traces below the mean+50×SD were converted to 0, and the remaining 184 

above-threshold absolute LFP traces were Gaussian-filtered with a 5 ms kernel. For 185 

each LA event, the first peak was detected from the filtered trace. LA events in which the 186 

first peaks of the filtered trace were below the mean+50×SD and in which subsequent 187 

peaks were detected within 20 ms after the first peak were excluded from further 188 

analyses. (ii) For each LA event, a rise time was calculated as the period between the 189 

initial point that crossed 0 before the first peak in the original LFP trace and the first 190 

peak. Events with a rise time of less than 10 ms and more than 200 ms were excluded 191 

from further analyses. These two criteria specifically removed events with 192 

high-frequency zigzag-shaped traces. Of all the LA events, 81.2% (4816/5931) and 193 

80.1% (2879/3595) of the events before and during hyperthermia met these criteria; 194 

they had an average rise time of 31.9 ± 0.3 ms and 27.5 ± 0.3 ms before and during 195 

hyperthermia, respectively. (iii) For each LA event, a sharpness index that represented 196 

how sharply the signal reached the first peak was computed as the ratio of the number 197 

of positive differentiated values to the number of negative differentiated values within a 198 

rise time in the absolute LFP trace. Events with a sharpness index of less than 2 were 199 

excluded from further analyses. In the end, 45.5% (2193/4816) and 62.3% (1793/2879) 200 

of the events before and during hyperthermia met the third criterion; they had an 201 

average rise time of 21.8 ± 0.2 ms and 22.5 ± 0.3 ms before and during hyperthermia, 202 

respectively. Among the LA events that met all of the above criteria, events in which the 203 

amplitude of the first peak was more than 3 mV were specifically extracted as epileptic 204 

events unless otherwise specified. The duration of an epileptic event was defined as the 205 

period between its onset and offset. This analysis was modeled on a previous human 206 

electroencephalogram study (Kane et al., 2017) that analyzed epileptiform discharges, 207 
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spikes (20-70 ms), or sharp waves (70-200 ms).  208 

 209 

Statistical analysis 210 

The data are presented as the mean ± standard error of the mean (SEM). Data 211 

collection and statistical tests were performed by researchers blinded to the 212 

experimental conditions. Data-labels were randomized before the analysis. The 213 

significance of the observed differences among saline and drug treatment groups was 214 

evaluated by Tukey’s test after one-factor analysis of variance (ANOVA). 215 

 216 

 217 
  218 
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Results  219 

GABAA receptor modulators increase the severity of febrile seizures in mice  220 

To determine the effects of GABAA receptor modulators and the NKCC1 inhibitor on the 221 

behavioral phenotypes of hyperthermia-induced FSs, we treated mice at P11 with 222 

diazepam, pentobarbital, and bumetanide 15 min prior to FS induction (Figure 1A). 223 

Drugs were injected subcutaneously, and their concentration was determined according 224 

to previous studies using rodents: pentobarbital (0.37 mg/kg or 37 mg/kg Dubé et al., 225 

2006); diazepam (0.01 mg/kg or 1 mg/kg, Liljelund et al., 2005); and bumetanide (10 226 

mg/kg, Tollner et al., 2014). FSs were induced by raising the core temperature of the 227 

mice to between 39.5 and 43 °C in a warm air stream-induced hyperthermic 228 

environment (Figure 1A and B) (Koyama, 2017). The number of mice that exhibited 229 

clonic seizures, a typical seizure phenotype in rodent FS models, during 30 min of the 230 

hyperthermic condition was comparable between the saline controls and the GABAA 231 

receptor modulator group; the incidence of clonic seizures decreased when 10 mg/kg 232 

bumetanide was co-administered (Figure 1C, Table 1). In addition, we found that the 233 

duration of the clonic seizures was significantly increased compared to controls when 234 

37 mg/kg pentobarbital was administered; this increase was blocked when bumetanide 235 

was co-administered (Figure 1D). These results suggest that high doses of GABAA 236 

receptor modulators could exacerbate FS phenotypes, likely by enhancing depolarizing 237 

GABAA receptor signaling. However, it should be noted that the incidence of clonic 238 

seizures decreased in P14 mice (Figure 2, Table 2) and that the administration of 239 

high-dose diazepam or pentobarbital decreased the incidence of clonic seizures (Figure 240 

2, Table 2). These results suggest that the GABA excitatory/inhibitory shift presumably 241 

takes place at around P11 to P14 in mice. 242 
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We also examined the threshold temperature and latency to clonus seizures 243 

in the four groups in which the incidence of clonus seizures was 100% (Figure 1E, F) 244 

because these parameters reflect susceptibility to febrile seizures. We found that 1 245 

mg/kg diazepam and 37 mg/kg pentobarbital decreased the latency to clonic seizures 246 

(Figure 1E). Furthermore, the GABAA modulators were prone to decrease the threshold 247 

temperature to clonic seizures (Figure 1F). These results suggest that enhanced 248 

GABAA receptor signaling increases seizure susceptibility to hyperthermia. It should be 249 

noted that some studies reported that pentobarbital prevented hyperthermia-induced 250 

seizures in rat FS models (Dubé et al., 2000; Brewster et al., 2002; Koyama et al., 2012). 251 

In these reports, pentobarbital was injected prior to the induction of hyperthermia as a 252 

hyperthermic control to distinguish whether observed phenomena in FS models was 253 

induced by seizures or by hyperthermia itself. It is possible that the difference in animal 254 

species (mice vs. rats) results in the difference in sensitivity to pentobarbital.    255 

 256 

Development of a local field recording system in the postnatal mouse brain 257 

We next monitored how hyperthermia affects neuronal activity in the postnatal mouse 258 

brain. To obtain cortical LFP signals from freely moving P11 mouse pups, we developed 259 

a recording system that minimized the weight of a recording device consisting of 260 

electrodes and an electrode interface to less than 0.3 g (Figure 3B). LFP signals were 261 

recorded from the medial parietal association cortex or primary somatosensory trunk of 262 

mice (Figure 3C and D) with video monitoring (Figure 3E). Mice that were implanted 263 

with electrodes and treated with saline showed no significant difference in the latency to 264 

hyperthermia-induced clonic seizures (n = 4 mice, 1589  234.2 s) compared to mice 265 

with no electrode implantation in the saline-treated group (n = 5 mice, 1619  324.2 s; 266 
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t8 = 0.071. P = 0.95, Student’s t-test), confirming that our recording conditions do not 267 

affect seizure-related behavioral patterns. In Figure 3F, representative LFP traces 268 

before and during hyperthermia are presented. An LFP trace obtained from a mouse 269 

with chronic seizures demonstrates that epileptiform-like electrical discharges in the 270 

cortex were time-locked to behavioral seizures, consistent with a previous report (Dubé 271 

et al., 2000). Artifacts and physiological events were distinguished from epileptic events 272 

(Figure 3F; see Materials and Methods and Figure 4-1 for the detailed processes). 273 

 274 

GABAA receptor modulators increase neuronal activity during febrile seizures 275 

In all recording sessions, LFP signals were recorded for 30 min to obtain baseline 276 

activity, and drugs were administered 15 min before hyperthermia induction (Figure 3A). 277 

In the LFP signals, we first extracted LA events, which are considered to specifically 278 

represent neuronal discharges but not movement-related artifact signals (Figure 4A; for 279 

a detailed validity of the threshold, see Materials and Method and Figure 4-1). Based on 280 

our observation that the latency to chronic seizures was 337 ± 117.3 s and 207 ± 58.3 s 281 

in the pentobarbital- (37 mg/kg) and diazepam-treated (1 mg/kg) groups, respectively 282 

(Figure 1E), we specifically focused on LFP patterns during the first 10-min period 283 

(Figure 4). This is also because amplitudes of LA events increased especially in the 284 

early phase of hyperthermia period in GABAA receptor modulators-treated groups 285 

(Figure 4-2). Among the LA events (Figure 4A, cyan traces), those in which the 286 

amplitude of the first peak was more than 3 mV were specifically extracted as epileptic 287 

events (Figure 4A, red traces). Figure 4B shows representative LFP traces, including LA 288 

and epileptic events in individual drug-treated groups. All LA events, including epileptic 289 

events observed during this period, are summarized in a raster plot in Figure 4C. The 290 
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results indicate that both diazepam and pentobarbital tend to increase the number of 291 

epileptic events, which are suppressed by bumetanide. 292 

 293 

Bumetanide ameliorates GABAA receptor modulator-induced epileptic events 294 

First, we examined the effect of high-dose GABAA modulators and bumetanide on LA 295 

amplitude. We found that median LA amplitude was increased in diazepam (not 296 

statistically significant) and pentobarbital groups compared to the saline group (Figure 297 

5A). We additionally confirmed that bumetanide alone did not affect the median LA 298 

amplitude, but it did significantly suppress the pentobarbital- and diazepam-induced 299 

increase in the amplitude (Figure 5A).  300 

Next, we examined the effects of high-dose GABAA modulators and 301 

bumetanide on the latency and frequency of epileptic events. Consistent with the 302 

behavioral data that pentobarbital and diazepam shortened the latency to the first clonic 303 

seizures (Figure 1E), the latency to the emergence of the first epileptic event was 304 

significantly shorter in the diazepam- and pentobarbital-treated groups, a phenomenon 305 

not blocked by bumetanide (Figure 5B). We also found that bumetanide alone did not 306 

affect the number of epileptic events during 10 min but it completely blocked 307 

diazepam-induced epileptic events (Figure 5C). These results indicate that the 308 

administration of high-dose GABAA modulators enhance neuronal activity and 309 

susceptibility to seizures in mouse FSs at P11 and imply that the phenomena are in part 310 

mediated by depolarizing GABA signaling. 311 

 312 
 313 
  314 
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Discussion 315 

Febrile seizures (FSs) are usually treated with GABAA receptor modulators, but the 316 

effects of GABAA receptor modulators on FSs are conflicting: most clinical studies 317 

reported that GABAA receptor modulators are effective (Mamelle et al., 1984; Rosman 318 

et al., 1993; Knudsen et al., 1985; Guevara-González et al., 2018) but some studies 319 

reported the nonsignificant effects of GABAA receptor modulators on FSs (Mckinlay and 320 

Newton, 1989; Uhari et al., 1995; Knudesen et al., 1996; Temkin, 2001). The question of 321 

whether GABAA receptor modulators potentially activate immature neurons during 322 

early-life seizures remain unanswered. In the present study, we examined the question 323 

using a mouse model of FSs (Tao et al., 2016; Koyama, 2017) and found that high-dose 324 

GABAA receptor modulators decrease the threshold to induce hyperthermia-mediated 325 

clonic seizures at P11 but not P14. These results suggest that GABA 326 

excitatory/inhibitory shift presumably takes place at around P11 to P14 in mice.  327 

We further determined that the deteriorating effects of high-dose GABAA 328 

receptor modulators at P11 are likely mediated by enhanced excitatory GABAA receptor 329 

signaling, because the GABAA receptor modulator-mediated increase in the 330 

susceptibility to FSs was suppressed when the NKCC1 blocker bumetanide was 331 

co-administered (Figure 1). These results suggest that prophylactic treatment with 332 

GABAA receptor modulators could exacerbate seizure phenotypes in FSs probably via 333 

activating immature neurons when the GABA excitatory/inhibitory shift is not completed. 334 

However, it should be noted that the low-dose GABAA receptor modulators suppressed 335 

seizures at P11 and that the sedation induced by high-dose GABAA receptor modulators 336 

may exacerbate the seizure phenotype by preventing mouse pups from dissipating heat. 337 

Furthermore, as described previously, there are overwhelming evidences that GABAA 338 
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modulators are effective in human FSs and that our findings can not be directly applied 339 

to human cases because the exact time point of GABA excitatory/inhibitory remain to be 340 

determined both in rodents and humans, making the direct comparison of the time point 341 

of GABA shift between rodents and humans difficult.  342 

Though our results suggest that the GABA excitatory/inhibitory shift 343 

presumably takes place at around P11 to P14 in a mouse model of FSs, it should be 344 

noted that the interspecies and interanimal variability should be carefully considered. In 345 

the human, FSs occur between ~1 month and ~5 years of age (National Institute of 346 

Health (NIH); International League Against Epilepsy (ILAE); American Academy of 347 

Pediatrics (AAP)). Comparing the development of the hippocampal formation between 348 

humans and rodents including neuronal formation, synaptic maturation, and afferent 349 

inputs, it was indicated that the first year of human life may be equivalent to P7-14 in the 350 

rat (Table 1 in Avishai-Eliner et al., 2002). Baram and colleagues have firstly developed 351 

a rat model of FSs using P10-11 pups (Baram et al., 1997) and then the model was 352 

adapted to several strains of mice at P14-15 (Dubé et al., 2005), based on the 353 

hippocampal development, threshold temperatures to induce FSs in normal children 354 

(Berg et al., 1992), and the reproducibility and reliability of stereotyped behavioral 355 

seizures. Thus, it is possible that the immaturity of hippocampal development in P11 356 

mice contributes to the deteriorating effects of GABAA receptor modulators in our study. 357 

In the present study, we developed a novel LFP-video recording system to 358 

detect epileptic events in freely seizing neonatal mice. The electrode and electrode 359 

interface were minimized so that the interface does not interfere with mouse behaviors. 360 

During the induction of experimental FSs, we found LA events that were significantly 361 

eminent from the baseline LFP traces. A few previous studies performed LFP recordings 362 
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during seizure events in postnatal mice (Chabrol et al., 2010; Dai et al., 2015), but the 363 

seizure-related behaviors and non-seizure-related behaviors have not been clearly 364 

distinguished. Finally, though most of previous studies have used rat pups for the study 365 

of electrophysiological properties of FSs probably because of the easily usable size of 366 

animals, our system uses mouse pups, which enables us to use a variety of transgenic 367 

animals.  368 

It has been reported that FSs are accompanied by paroxysmal abnormality in 369 

LFP (Sofijanov et al., 1992; Kanemura et al., 2012). In our LFP recordings during 370 

hyperthermia, we observed high-voltage spikes with an average of 40 ms duration. 371 

Such spikes as well as stepwise sequential LFP changes have been also observed in 372 

human patients with FSs (Morimoto et al., 1991). Thus, the mouse FS model in our 373 

study likely mimics neuronal activities of human neonates during FSs. In humans, it is 374 

not realistic to precisely examine the correlations between LFP and behaviors during 375 

FSs because the onset of seizures are unpredictable and usually encountered at home. 376 

Thus, the LFP recoding system in mouse FS models are helpful to pharmacologically 377 

assess the mechanisms underlying FS-related neuronal activity and potentially the 378 

molecular backgrounds of FSs. 379 

Using the recording system, we found that the GABAA receptor modulators 380 

increased the neural circuit activity in the early phase of FSs, leading to the emergence 381 

of epileptic events (Figure 5). It is likely that the GABAA receptor modulators enhanced 382 

depolarizing GABAA receptor signaling in the early phase of FS induction because 383 

co-administration of bumetanide suppressed neural circuit excitability. However, it 384 

should be noted that the effects of bumetanide on experimental FSs remain 385 

controversial (Koyama et al., 2012; Reid et al., 2013; Vargas et al., 2013; Ben-Ari et al., 386 
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2016; Hernan and Holmes, 2016). The brain levels of bumetanide after systemic 387 

administration are usually lower than the levels required for the effective activation of 388 

NKCC1 likely because bumetanide is highly ionized at physiological pH, resulting in 389 

poor penetration into the brain. To increase the efficacy of NKCC1 activation, various 390 

prodrugs of bumetanide or alternative NKCC1 blockers with enhanced penetration into 391 

the brain have been developed and drugs that enhance Cl- extrusion via KCC2 have 392 

also been investigated (Erker et al., 2016; Hampel et al., 2018). In the present study, we 393 

found that bumetanide alone did not affect the seizure phenotypes, but it suppressed 394 

the GABAA receptor modulator-mediated deterioration of seizures in experimental FSs. 395 

It is known that benzodiazepines have lower toxicity than barbiturates generally (Fraser, 396 

1998) and a previous work has reported that the co-administration of bumetanide and 397 

phenobarbital is effective for suppressing seizures in neonatal seizure models other 398 

than FS models (Dzhala et al., 2008; Cleary et al., 2013). Thus, our results suggest the 399 

potential for a combination therapy of bumetanide and diazepam for FSs treatment.  400 

Our findings suggest that the use of high-dose GABAA receptor modulators 401 

could exacerbate FS phenotypes likely via activating immature neurons when the GABA 402 

excitatory/inhibitory shift is not completed. It has been reported that GABAA receptor 403 

modulators, especially barbiturates, could provoke neuronal damages that result in 404 

abnormal behaviors such as impaired cognition and depression in children (Brodie and 405 

Kwan, 2012; Kaushal et al., 2016). Thus, GABAA receptor modulators such as 406 

benzodiazepines and barbiturates should be carefully used in children, and behavior 407 

should be monitored. It should be noted that our study focused on the induction phase 408 

of FSs in mouse pups and that the effects of GABAA receptor modulator and 409 

bumetanide can be variable depending on the stage of FSs, the age, and the dose of 410 
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reagents used. Finally, we showed that the co-administration of bumetanide with GABAA 411 

receptor modulators could be effective for suppressing the induction and aggravation of 412 

FS phenotypes in mice. We hope that these findings can contribute to the establishment 413 

of therapeutic strategies to prevent the early-life FS-induced development of epileptic 414 

syndromes.  415 

  416 
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Figure legends  674 
 675 

Figure 1: GABAA receptor modulators increase susceptibility to febrile seizures in 676 

P11 mouse. (A) Experimental timeline of the induction of prolonged febrile seizures. (B) 677 

The elevation pattern of temperature during hyperthermia with the treatment of saline, 678 

pentobarbital, diazepam and bumetanide. n = 4-5 mice. (C) The incidence of clonus 679 

seizures per mouse with the treatment of saline, pentobarbital, diazepam and 680 

bumetanide. n = 4-5 mice. (Saline, 5/5; 0.01 mg/kg diazepam, 0/4; 1 mg/kg diazepam, 681 

5/5; 1 mg/kg diazepam + 10 mg/kg bumetanide, 0/5; 0.37 mg/kg pentobarbital, 5/5; 37 682 

mg/kg pentobarbital, 5/5; 37 mg/kg pentobarbital + 10 mg/kg bumetanide, 1/5; 10 mg/kg 683 

bumetanide, 2/4.) (D) Normalized duration of clonus seizures induced by hyperthermia. 684 

Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, Tukey’s test, n = 4-5 mice. 685 

(E) Latency of clonus seizures induced by hyperthermia. Data represent the mean ± 686 

SEM. *P < 0.05 and **P < 0.01 versus saline, Tukey’s test, n = 5 mice. (F) Threshold 687 

temperature of clonus seizures induced by hyperthermia. Data represent the mean ± 688 

SEM. *P < 0.05 and **P < 0.01 versus saline, Tukey’s test, n = 5 mice. See extended 689 

data, figure 1-1. 690 

 691 

Figure 2: GABAA receptor modulators decrease susceptibility to febrile seizures 692 

in P14 mouse. (A) The incidence of clonus seizures per mouse with the treatment of 693 

saline, pentobarbital, diazepam and bumetanide. n = 5 mice. (Saline, 3/5; 1 mg/kg 694 

diazepam, 0/5; 1 mg/kg diazepam + 10 mg/kg bumetanide, 0/5; 37 mg/kg pentobarbital, 695 

0/5; 37 mg/kg pentobarbital + 10 mg/kg bumetanide, 0/5; 10 mg/kg bumetanide, 2/5.) 696 

(B) Normalized duration of clonus seizures induced by hyperthermia. Data represent the 697 

mean ± SEM. *P < 0.05 and **P < 0.01, Tukey’s test, n = 5 mice. 698 
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 699 

Figure 3: Cortical LFP recordings from a neonatal mouse subjected to 700 

hyperthermia induction. (A) Experimental timeline of LFP recordings. The drug was 701 

administered 15 min before the induction of hyperthermia. (B) Images of electrodes and 702 

electrode interfaces used for LFP recordings and a P10 mouse. The recording devices 703 

on the left were ready-made and those on the right were improved. (C) Top view of the 704 

mouse brain showing the positions of an LFP recording electrode (bottom, medial 705 

parietal association cortex or primary somatosensory trunk) and a reference electrode 706 

(top, frontal cortex). AP: anteroposterior; LM: lateromedial; DV: dorsoventral. (D) 707 

Histological verification of a recording site labelled with DiI in a coronal brain section. (E) 708 

A schematic image of the recording system. (F) Left, a representative LFP trace before 709 

hyperthermia with typical physiological events (indicated by an asterisk) and a 710 

representative LFP trace during hyperthermia with epileptiform discharges time-locked 711 

to the occurrence of chronic seizures (CSs) are shown. Right, representative LFP traces 712 

of artifact, physiological event and epileptic event are shown.  713 

 714 

Figure 4: GABAA receptor modulators increase epileptic events 10 min after the 715 

induction of hyperthermia. (A) Top: A representative LFP trace in the early period of 716 

hyperthermia under the administration of pentobarbital (37 mg/kg). Middle: A 717 

representative “large amplitude (LA) event” indicated by a cyan arrow in the top LFP 718 

trace. Bottom: A representative “epileptic event” indicated by a red arrow in the top LFP 719 

trace. (B) LFP traces from mice injected with drugs. Detected LA events are labelled in 720 

cyan, and the entire epileptic events are labelled in red. (C) A raster plot of LA events 721 

(cyan) and epileptic events (red) in each drug-treated group. Each row represents each 722 
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mouse, and each dot represents LA events or epileptic events (n = 4-5 mice in each 723 

group). See extended figure 4-1 and 4-2 for details of definition of LA events. 724 

 725 

Figure 4-1 (An extended Figure to support Figure 4): Detection of LA events. An 726 

LA event met the following three criteria: (i) The LFP envelope exceeded a threshold of 727 

the mean+50×SD; (ii) The rise time was more than 10 ms and less than 200 ms; and (iii) 728 

The sharpness index exceeded 2. Among the LA events, events in which the amplitude 729 

of the first peak was more than 3 mV were specifically extracted as epileptic events. 730 

 731 

Figure 4-2 (An extended Figure to support Figure 4): Amplitudes of LA events. (A) 732 

A pseudo-coloured raster plot of LA events in a pre-hyperthermia period. Each dot 733 

indicates a single LA event, and each row indicates each mouse in individual 734 

drug-treated groups. Each dot is colour-coded according to the amplitude of each LA 735 

event. (B) The same as Figure 4-2A, but plotted for data obtained during hyperthermia. 736 

The black ticks indicate when the recording stopped. The initial 10-min period is 737 

magnified in time at the bottom. 738 

 739 

Figure 5: GABAA receptor modulator-mediated epileptic events are suppressed 740 

by bumetanide. Across-group comparisons of the median amplitude of LA events (A), 741 

the latency to the first epileptic events (B), and the epileptic events / LA events (C) after 742 

the induction of hyperthermia. *P < 0.05 and **P < 0.01, Tukey’s test, n = 4-5 mice. 743 

 744 

Table 1: Basic characteristics of P11 mice in individual drug-treated groups used 745 

for hyperthermia tests. The first three rows represent the types of drugs used (PENT: 746 
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Pentobarbital; BUME: Bumetanide), the concentration of the drugs, and whether 10 747 

mg/kg bumetanide was co-administered or not. The following rows below the double 748 

line show the average body weight at P11, the number of animals exhibiting seizures 749 

out of the total number of animals tested, the average rectal temperature during 750 

hyperthermia induction, and the highest rectal temperature during hyperthermia. 751 

 752 

Table 2: Basic characteristics of P14 mice in individual drug-treated groups used 753 

for hyperthermia tests. The first three rows represent the types of drugs used (PENT: 754 

Pentobarbital; DZP: Diazepam; BUME: Bumetanide), the concentration of the drugs, 755 

and whether 10 mg/kg bumetanide or not was co-administered. The following rows 756 

below the double line show the average body weight at P14, the number of animals 757 

exhibiting seizures out of the total number of animals tested, the average rectal 758 

temperature during hyperthermia induction, and the highest rectal temperature during 759 

hyperthermia. 760 

 761 

  762 
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Table 1 763 

Drug Saline PENT DZP BUME 

Conc. 

(mg/kg) 
- 0.37 37 37 0.01 1 1 10 

Bume. (+/-) - - - + - - + + 

Body 

weight 

at P11 (g) 

5.4 

± 

0.26 

4.5 

± 

0.12 

5.3 

± 

0.16 

5.3 

± 

0.12 

6.0 

± 

0.17 

5.6 

± 

0.15 

5.0 

± 

0.19 

5.2 

± 

0.20 

Seizure 5/5 5/5 5/5 1/5 0/4 5/5 0/5 2/4 

Death 0/5 0/5 0/5 1/5 0/4 5/5 5/5 1/4 

Average 

temp. (°C) 

39.6 

± 

0.46 

40.0 

± 

0.47 

39.4 

± 

0.57 

37.7 

± 

0.02 

39.4 

± 

0.40 

38.8 

± 

0.73 

37.7 

± 

0.02 

39.6 

± 

0.50 

Highest 

temp. (°C) 

42.1 

± 

0.30 

42.2 

± 

0.16 

42.1 

± 

0.07 

41.1 

± 

0.16 

41.2 

± 

0.16 

41.3 

± 

0.18 

40.2 

± 

0.17 

41.6 

± 

0.14 
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Table 2 767 

Drug Saline PENT DZP BUME 

Conc. (mg/kg) - 37 37 1 1 10 

BUME (+/-) - - + - + + 

Body eight 

at P14 (g) 

6.1 

± 

0.13 

6.4 

± 

0.095 

6.3 

± 

0.13 

6.4 

± 

0.073 

6.2 

± 

0.17 

6.3 

± 

0.10 

Seizure 3/5 0/5 0/5 0/5 0/5 2/5 

Mortality 0/5 0/5 0/5 5/5 5/5 5/5 

Average 

temp. (°C) 

40.7 

± 

0.45 

39.8 

± 

0.64 

39.7 

± 

0.63 

40.3 

± 

0.56 

39.6 

± 

0.68 

40.7 

± 

0.65 

Highest temp. 

(°C) 

42.8 

± 

0.27 

42.0 

± 

0.18 

42.1 

± 

0.15 

42.3 

± 

0.13 

42.3 

± 

0.26 

42.6 

± 

0.055 
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