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The nonsteroidal anti-inflammatory drug 
meclofenamate mitigates kainic acid–induced 
seizures via TRPM4 inhibition
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Transient receptor potential melastatin 4 (TRPM4) is a Ca2+-activated non-selective cation channel that regulates various physiologic
al functions of excitable cells. In accordance with our previous findings, TRPM4 is known to be present and to be functionally active in 
hilar mossy cells where it controls seizure susceptibility. With the help of in vivo and in vitro electrophysiological and histological 
experiments, we investigated the effect of TRPM4 channel inhibition upon kainic acid–induced seizures. In this study, we present 
that in vivo administration of meclofenamate a novel blocker of TRPM4 before kainic acid injection reduces both seizure frequency 
and duration in mice. Furthermore, our findings reveal that meclofenamate treatment prior to kainic acid injection selectively reduced 
mossy cell loss in the ventral hippocampus. Interestingly, we observed elevated expression of TRPM4 in mossy cells of the ventral 
hippocampus highlighting the heterogenity of these neurons in the hippocampus. In addition, patch clamp recordings revealed that 
meclofenamate modulates both the spontaneous activity and the action potential dynamics of mossy cells. Lastly, we revealed the pres
ence of TRPM4 transcript in human mossy cells. Altogether, these findings suggest that pharmacological inhibition of TRPM4 may 
reduce seizure frequency thus possibly protect mossy cells.
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Graphical Abstract

Introduction
The dentate gyrus (DG) is considered as a gateway to the 
hippocampus as it filters the incoming information from the 
cortex.1 The DG plays a vital function in a number of cogni
tive tasks, such as learning, memory formation and anxiety.2

Moreover, the DG is associated with the pathophysiology of 
several neuro-psychiatric conditions, such as medial temporal 
lobe epilepsy.3 Based on these diverse functions, it is particu
larly important to understand how the neuronal subpopula
tions within the DG ensure its normal functions and how 
these are disrupted in disease. A long-standing question in 
the field is the role of a specific cell type called mossy cells 
(MC) both in the healthy and diseased DG.

MCs are located exclusively within the hilus of the DG, 
with projections to the ipsilateral and contralateral DG.3

MCs innervate both glutamatergic granule cells and inhibi
tory GABAergic interneurons.4-6 Thus, they can either dir
ectly excite or -through GABAergic interneurons- indirectly 
inhibit the granule cells.7 Despite their possible role in both 
DG excitation and inhibition, current data indicate that un
der physiological conditions MCs exert a net inhibitory 

effect on DG.8 However, in certain conditions, MC excita
tion of granule cells can increase. For instance, in status epi
lepticus (SE), the inhibitory function of MCs can turn into a 
strong excitation within the DG.9 Thus, inhibiting MCs dur
ing SE can reduce seizure severity.9

In our previous study, we demonstrated that transient re
ceptor potential melastatin 4 (TRPM4) a member of the 
transient receptor potential family of ion channels10 is ex
pressed in hilar MCs, and as a Ca2+-activated cation channel 
regulates their intrinsic electrophysiological properties.11 In 
addition, we showed that TRPM4 plays a role in MC death 
following SE thus altering seizure susceptibility, as well as 
epilepsy-related memory impairments. Based on our previ
ous results, we hypothesized that the pharmacological block
ing of TRPM4 may stand as a basis for novel seizure 
management strategies. However, up until now, the lack of 
potent and in vivo applicable TRPM4 blockers limited our 
possibilities to test the physiological effect of TRPM4 inhib
ition during seizures. Especially, because the most often used 
TRPM4 blocker 9-phenantrol has highly unfavourable 
pharmacokinetic properties,12 and it is only partially 
selective.13,14 Similarly, flufenamic acid is reported to block 
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TRPM4; however, because of its frequent adverse effects and 
poor water solubility, it is not ideal candidate for in vivo ex
periments.15 CBA is introduced recently as a potent and se
lective small molecule TRPM4 blocker; however, its in 
vivo applicability is not yet proved.16 Recently, we identified 
that the nonsteroidal anti-inflammatory drug meclofena
mate is a potent antagonist of TRPM4 and applicable in 
vivo.17 Meclofenamate is used to treat muscular pain and 
arthritis. As a nonsteroidal anti-inflammatory drug, it inhi
bits cyclooxygenases and therefore prevents prostaglandin 
synthesis. The half-life of meclofenamate ranges between 1 
and 5 h when taken orally.18

Here, we show that the in vivo administration of meclofena
mate reduced the length of epileptic seizures and delayed the 
first behavioural seizures following systemic kainic acid (KA) 
injection in mice. Furthermore, MC loss often seen after SE 
was reduced in the ventral region of the hippocampus—where 
TRPM4 is more abundantly expressed—upon meclofenamate 
treatment. These effects are most likely TRPM4 dependent 
since the application of meclofenamate in Trpm4−/− mice 
had no protective effect in KA-induced seizures. Of note, 
in vitro application of meclofenamate modified the intrinsic 
electrophysiological properties of MCs and reduced their ex
citability in epileptic conditions. Finally, we showed that 
TRPM4 is expressed in human MCs as well, highlighting 
the translational aspects of our findings.

Materials and methods
Experimental animals
We used 8–10 weeks old male C57BL/6N mice [wild type 
(WT)] and age-matched Trpm4−/− mice. Female mice were 
not used in the study because of the known sex differences 
in SE induction and mortality.19 The Trpm4−/− mouse line 
generated earlier20 was bred in homozygous form, and after 
every fourth generation, mice were backcrossed into the 
C57BL/6N background, which served as the WT. The fol
lowing primer pairs were used for genotyping: WT and 
knock out (KO) reverse 5′-gtt tga tgt ctc ctt cag tcg-3′; KO 
forward: 5′-gag ttc ctg tcc tcc taa agg-3′; WT forward: 
5′-acc tac agg aaa cct cgg gg-3′. Moreover, naïve male 
C57BL/6N mice (n = 4) were used for the evaluation of the 
Trpm4 mRNA expression in the hippocampus. Mice were 
housed in cages (3–5 mouse/cage) under a 12 h light/12 h 
dark cycle with free access to water and standard rodent 
food. All procedures were performed according to the 
European Community Council Directive and approved by 
the local ethics committee (Ethics Committee on Animal 
Research of Pécs, Hungary, BA02/2000-49/2023).

Implantation of electrodes for EEG 
measurement
The EEG electrodes consisting of two recording electrodes 
(tungsten, 0.05 mm, insulated, GoodFellow) a reference 

and a ground wire were prepared individually. The wires 
were soldered to a custom-made six-pin connector suitable 
to be connected with the preamplifier. For the electrode im
plantation, mice were placed under deep anaesthesia by in
halation of oxygen containing isoflurane (5% induction, 
2% maintenance). The head of the mice was shaved, and 
part of the skin was removed. The stereotaxic location of 
the craniotomy for the electrodes was the following: record
ing electrodes into the hippocampus: AP: −2.00 mm, ML: 
1.05 mm (right and left); reference electrode: AP: 
−2.00 mm, ML: 2.05 mm to the left side. First, using a dental 
drill, three craniotomies were made (each smaller than 1 mm 
in diameter) in accordance with the abovementioned loca
tions so that the EEG electrodes could be implanted (DV: 
−1.6 mm). The fourth electrode (ground electrode) was in
serted under the skin. Finally, the six-pin connector was fixed 
to the skull with dental cement. After the surgery, all mice 
were transferred back into their home cages (three mice/ 
cage) and treated with carprofen (s.c. 5 mg/kg) for pain re
lief. During the following 3 days, the animals were kept un
der postoperative observation.

Treatments
Before the EEG-recording, mice were transferred to the test
ing room for acclimatization. Each mouse was weighed to 
calculate the exact treatment doses. For the control group, 
mice were treated with 200 µL of sterile injection water 
i.p., while drug-treated mice were injected with meclofena
mate i.p. (Sigma-Aldrich, M4531-1G, dose: 20 mg/kg dis
solved in sterile injection water). The treatment dose was 
determined based on our previous publication.17

Induction of seizures with i.p. kainic 
acid injection
For seizure induction, mice were treated with i.p. KA 
(Sigma-Aldrich, 420318, dose: 10 mg/kg dissolved in sterile 
injection water, pH was not adjusted) 15 min after either ve
hicle or meclofenamate treatment.

Video-EEG monitoring
Right after KA injection, mice were placed into a 25 cm ×  
25 cm transparent cage for video-EEG monitoring. To re
cord the EEG waves of the hippocampus, a preamplifier 
was inserted into the six-pin connector via a multichannel 
commutator (Moflon Technology LTD, MC190), allowing 
the mice to freely explore and move within the cage. EEG sig
nal was acquired at 1 kHz and band pass filtered at 1.6– 
2000Hz (Supertech BioAmp, AD Instruments PowerLab). 
The video-EEG monitoring was performed for 90 min. We 
recorded EEG waves with LabChart software (AD 
Instruments) and captured simultaneously behavioural ac
tivities/seizures with a webcam (Alcor AWC1080). Videos 
were scored based on the Racine’s scale, seizures were con
sidered behavioural if Grade 3 or higher seizures were 
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observed (forelimb clonus without rearing). At the end of the 
session, i.p. diazepam injection (dose: 5 mg/kg) was deliv
ered. After the diazepam injection, animals were placed 
back to their home cages. All mice in our study experienced 
SE after KA injection and all of them survived for the next 3 
weeks.

Slice preparation
In vitro patch clamp recordings were performed in acute 
horizontal brain slices taken from naïve male C57BL/6N 
mice as it was described earlier.11 Since TRPM4 is more 
abundantly expressed in ventral MCs (see results), we used 
ventral slices for patch clamp studies.

In vitro electrophysiological 
recordings
Patch clamp electrophysiological recordings were carried 
out as it was described earlier.11 When it is indicated, modi
fied ACSF was used with 0 mM MgCl2 and 5 mM KCl. 
10 μM meclofenamate (Sigma-Aldrich, 211281) 100 μM 
4-Aminopyridine (Sigma-Aldrich 275875) or 1 μM Gabazin 
(Tocris 1262) was applied into the bath solution, when 
indicated.

RNAscope in situ hybridization in 
mouse and human hippocampus
Four representative middle and ventral hippocampal sec
tions of naïve C57BL/6 mice were used for RNAscope ISH. 
Two human hippocampal tissue blocks were coronally or
iented, and the sections illustrated by Supplementary Fig. 7
were subjected to RNAscope ISH.

The RNAscope staining was optimized for PFA fixed tis
sue21 RNAscope experiments were performed based on the 
supplier instruction (ACD, Hayward, CA, USA) to visualize 
Trpm4 (ACD; Cat. No.:534621) and Cart (ACD; Cat. No.: 
432001-C3). After the RNAscope procedure, mouse samples 
were treated with the special AT-rich sequence-binding pro
tein 1 (SATB1) primary antibody (mouse 1:250, SantaCruz, 
sc-376096) overnight. After washing, the slides were incu
bated with secondary antibody (donkey 1:500, Jackson 
ImmunoResearch Labs 715-585-150) for 3 h at room tem
perature in dark and then counterstained with DAPI 
(ACD), air-dried and cover-slipped with glycerol-PBS (1:1). 
RNAscope ISH was combined with immunofluorescence 
for CART to visualize the border of the TRPM4 positive neu
rons. After the RNAscope procedure, slides were treated 
with polyclonal rabbit anti-CART antibody (Phoenix 
H-003-62 (55–102)) diluted to 1:10.000, for 12 h at 24°C. 
After 2 min × 15 min washes, Alexa 488-conjugated donkey 
anti-rabbit antibody (Jackson Immunoresearch Europe Ltd., 
Cambridgeshire, United Kingdom; Cat. No: 711-545-152, 
diluted to 1:500) was used for 3 h. Sections were counter
stained with DAPI (ACD) and covered with ProLong Gold 
Antifade (Thermo Fisher Scientific, Waltham, MA, USA) 

mounting medium. Trpm4 mRNA signal appeared as well 
distinguishable fluorescent dots around the cell nucleus 
(stained with SATB1). The number of dots per cell was 
manually counted and averaged in 10 cells per section. In to
tal, 10 middle sections and 10 ventral sections, from 3 mice 
were used. Mouse and human 3-plex positive (ACD; Cat. 
No: 320881) control probes specific to Polr2a mRNA (fluor
escein), Ppib mRNA (Cy3), Ubc mRNA (cyanine 5, Cy5) 
and 3-plex negative (ACD; Cat. No: 320871) control probes 
to bacterial dabP mRNA were tested on mouse and human 
hippocampus. The 3-plex positive control probes produced 
clear signals in the human and mouse DG, while the negative 
control probes did not give any detectable fluorescence in the 
samples (Supplementary Fig. 1).

Human hippocampus samples
Control subjects: SKO29R (right) HC3—perfusion-fixed 
and TBSKO1 HC—immersion-fixed (n = 2) studied in this 
project had no diagnosed neurological or psychiatric disorders 
or brain trauma, died from any not-brain-related cause and 
displayed no signs of brain neuropathologies (Supplementary 
Table 1).

Perfusion control: after the brain removal, perfusion via 
cannula inserted into the internal carotid and vertebral arteries 
was performed within a time window of 2 to 5 h post-mortem. 
Perfusion was performed with 1.5 L of 0.33% heparin con
taining physiological saline for 30 min, then with 4–5 L of a 
Zamboni fixative solution containing 4% paraformaldehyde 
and 0.2% picric acid in phosphate buffer (pH 7.4) over a dur
ation of 1.5–2 h. After perfusion, 0.5–1 cm thick blocks were 
cut from the cortical regions of the brain. Regions were identi
fied according to Brodmann division22 and post-fixed in the 
Zamboni solution overnight23

Immersion control: the brain removal was performed 
within 2 to 5 h post-mortem. The hippocampus were identi
fied according to the Allen human brain atlas.24 After that 
tissue samples were immediately cut into 0.5–1 cm thick 
blocks and immersed into a Zamboni fixative containing 
4% paraformaldehyde, and 0.2% picric acid in 0.1 M PB 
(the same fixative solution used for the brain perfusion). 
Fixative was changed hourly to a fresh solution during con
stant agitation for 6 h, and the blocks were then post-fixed 
overnight, in the same fixative23 Tissue samples of the 
hippocampal region were microdissected. The hippocampus 
were identified according to the Allen human brain atlas24

and post-fixed in the Zamboni solution overnight.25 The 
brain samples were sectioned for 30 μm thickness using a 
Leica VT1000S vibratome (Leica Biosystems, Wetzlar, 
Germany); then, the sections were collected and stored in 
sterile PBS, containing sodium azide (0.01%) at 4°C. For 
long-term storage at −20°C, they were transferred into anti- 
freeze solution.

The studies on perfused human brain samples received eth
ical approval from the Regional and Institutional Committee 
of Science and Research Ethics of the Scientific Council of 
Health (Hungary) (ETT TUKEB 15032/2019/EKU) and was 
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conducted in adherence to the principles of the Declaration 
of Helsinki.

Immunohistochemistry and confocal 
imaging
Two days following KA injection, animals were deeply 
anaesthetized and transcardially perfused with ice-cold 
saline followed by 4% paraformaldehyde in 0.1 M PBS 
(pH = 7.4). Brains were removed and postfixed in 4% paraf
ormaldehyde solution. For immunohistochemistry, the right 
side of the brains was sliced with a vibratome (Leica, 
VS1000 s) into 40 μm thick sections in the horizontal plane. 
To determine MC loss after SE, six sections/mouse (three 
from central, three from ventral part) were collected and 
stained with SATB1 antibody. First, slices were washed 
2 ×  in 0.1 M PBS and incubated with SATB1 antibodies 
(1:250, SantaCruz, sc-376096) overnight at 4 oC. On the fol
lowing day, slices were washed 2 ×  in 0.1 M PBS and incu
bated with a fluorescent dye (Alexa 594) conjugated 
donkey secondary antibodies raised against the host species 
of the primary antibody (1:500, Jackson ImmunoResearch 
Labs, 715-585-150) for 2 h at room temperature. Then, slices 
were washed 2 ×  in 0.1 M PBS, put on a glass slide and cov
ered with ProLong Gold antifade reagent (Invitrogen, 
P36934).

To determine the cell loss after SE, confocal pictures were 
taken using a Nikon Eclipse Ti2-E confocal microscope 
(10 ×  and 20 ×  objectives), and all SATB1 positive cells in 
the hilus were counted using ImageJ software, finally average 
number of central and ventral MCs were calculated for each 
mouse. The analysis of the experiments was blind to the 
treatment of the animals.

Statistical analysis
For spike analysis, we first defined the standard deviation 
(SD) for each recording from a spike free ‘baseline’ period 
at the beginning of the recordings using LabChart software. 
Spikes were regarded as fast events (> 10 Hz) with amplitude 
higher than 7 SDs of the given recording (Supplementary 
Fig. 2). Seizure was considered as train of spikes with a fre
quency of at least 0.5 Hz and a duration of at least 5 s. 
When it is not specified, the reported spike numbers are total 
spikes during both ictal and inter-ictal periods. Seizures with 
no behavioural signs were called electrographic seizure. 
Seizures with clear behavioural signs (Racine scale 3 or high
er) were considered as behavioural seizure. Seizures were 
considered SE if appeared in both recording electrodes and 
persisted ≥ 5 min.9 The analysis of the EEG experiments 
was blind to the phenotype and the drug application. 
Spectral power analysis was performed on a 30 min record
ing period following the first seizure in each mice using 
LabChart (AD Instruments) software. Data are represented 
as mean ± SD. The normality of samples was tested with 
Shapiro–Wilk test. Normally distributed samples were 
compared with two sample or paired sample Student’s 

t-test; non-normally distributed data were compared with 
Mann–Whitney test or Wilcoxon Signed rank test. ANOVA 
test with Tukey’s post-hoc test for normally distributed data 
were used for three or more group comparison by OriginPro 
2016. Statistics are summarized in Supplementary Table 2.

Results
Meclofenamate treatment delays 
behavioural seizures after kainic acid 
injection
To evaluate the effect of meclofenamate on neuronal excit
ability during seizures, first electrodes were inserted into 
the left and right dorsal hippocampus. Two days later, 
mice received either an i.p. injection of meclofenamate or ve
hicle (control group) and 15 min later SE was induced with 
i.p. KA injection (Fig. 1A) a widely used model for experi
mental SE.26,27 Immediately after the KA injection, mice 
were connected to a video-EEG recording system to monitor 
seizures (Fig. 1B and C). These experiments revealed that the 
latency period prior to the first electrographic seizure (for 
definition of seizure see methods) was not different in the me
clofenamate-injected compared to the vehicle-injected mice 
(saline = 14.92 ± 7.06 min, n = 9; meclofenamate = 18.38  
± 10.73 min, n = 8; P = 0.44, two sample t-test; Fig. 1D); 
however, the first behavioural seizure occurred significantly 
later (saline = 34.59 ± 7.09 min, n = 9; meclofenamate =  
51.28 ± 14.22 min, n = 8; P = 0.007, two sample t-test) in 
meclofenamate-injected compared to vehicle-injected mice 
(Fig. 1E). After that, we analyzed spectral power during 
the first 30 min of SE focusing on the major frequency bands: 
theta (4–8 Hz), alpha (9–14 Hz), beta (15–30 Hz) and gam
ma (31–100 Hz) but found no significant changes in neither 
of the frequency bands (Fig. 1F and Supplementary Fig. 3).

Meclofenamate reduces spiking 
activity after KA injection
To further understand the effect of meclofenamate on KA in
duced seizures, we analyzed the spike transients including 
spike number, frequency and amplitude (Fig. 2A and B) dur
ing the whole recording period (90 min). Notably, meclofe
namate-treatment significantly reduced the number of 
spikes (ictal and inter-ictal) (saline = 7699.88 ± 4573.22, n =  
9; meclofenamate = 4259.62 ± 2950.32, n = 8; P = 0.048, 
Mann–Whitney test) and therefore increased the interspike 
interval (saline = 0.84 ± 0.34 s, n = 9; meclofenamate = 1.84 ±  
1.35 s, n = 8; P = 0.05, two sample t-test) compared to ve
hicle treatment (Fig. 2C and D). Furthermore, total time spent 
with seizure during the 90 min recording period was also sig
nificantly shorter upon meclofenamate treatment (saline =  
34.46 ± 16.27 min, n = 9; meclofenamate = 18.18 ± 13.10 
min, n = 8; P = 0.039, two sample t-test; Fig. 2E). Of note, 
no difference was present between meclofenamate or vehicle 
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treatment concerning the amplitude of the individual spikes 
(saline = 0.46 ± 0.13 mV, n = 9; meclofenamate = 0.59 ±  
0.26 mV, n = 8; P = 0.22, two sample t-test; Fig. 2F) and the 
number of seizures (saline = 25.88 ± 10.03, n = 9; meclofena
mate = 22.25 ± 16.83, P = 0.59, n = 8; two sample t-test; 
Fig. 2G). Next, we defined whether meclofenamate-treatment 
also decreased the occurrence and severity of chronic seizures. 
Six saline and seven meclofenamate-treated mice were used for 
24 h EEG recordings 3–4 weeks after SE. In these experiments 
four out of six saline-injected while one out of seven meclo
fenamate-injected mice experienced spontaneous seizures 
(Supplementary Fig. 4). Notably, spike numbers and seiz
ure numbers during the 24 h recording session (ictal and 
inter-ictal spikes) were significantly lower in the meclofe
namate treated compared to saline treated group (saline =  
1183.33 ± 1827.61, (ictal:531, inter-ictal:652.3) n = 6; meclo
fenamate = 501.7 ± 1198.83, (ictal:18.6, inter-ictal:483) n =  
7; P = 0.026, Mann–Whitney test and saline = 2.83 ± 2.99, 

n = 6; meclofenamate = 0.14 ± 0.37, n = 7; P = 0.041, Mann– 
Whitney test, respectively). Although there was a tendency 
for decreased seizure duration as well (saline = 82.5 ±  
143.96 s, n = 6; meclofenamate = 4.71 ± 12.47 s, n = 7; 
P = 0.061, Mann–Whitney test), these parameters were 
not significantly different.

Meclofenamate has no anticonvulsive 
effect on Trpm4−/− mice
To test whether the anticonvulsant effect of meclofenamate 
is TRPM4 specific, we repeated the above detailed experi
ments on Trpm4−/− mice (Fig. 3A and B). Interestingly, 
meclofenamate-treatment had no significant effect on neither 
of the analyzed parameters including the number of seizures 
(saline = 14 ± 4.37, n = 8; meclofenamate = 20 ± 7.01, n = 9; 
P = 0.054, two sample t-test), the first electrographic (saline =  
25.64 ± 14.3 min, n = 8; meclofenamate = 17.57 ± 4.89 min, 

Figure 1 Behavioural seizures are delayed after meclofenamate treatment. (A) Left, Timeline of the experiments. Mice were 
implanted with EEG electrodes, 2 days later, they underwent saline- or meclofenamate-treatment and 15 min later kainic acid (KA) injection. 
Seizures were detected for 90 min. Right, Cartoon showing the position of the electrodes. (B and C) Representative EEG recordings showing the 
onset of status epilepticus (SE) (upper panel) and corresponding spectrograms (lower panel) in vehicle (black) and meclofenamate (blue) treated 
WT mice after KA injection. Statistics showing the (D) first electrographic seizure, the (E) first behavioural seizure and (F) power densities after 
seizure onset (30 min) (theta-P = 0.91, alpha-P = 0.59, beta-P = 0.32, gamma-P = 0.89). N = 9 for saline and 8 for meclofenamate, two sample 
t-test. Data are presented as mean ± SD. Each data points represent individual animals. GND, ground; LHC, left hippocampus; RHC, right 
hippocampus; SE, status epilepticus.
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n = 9; P = 0.13, two sample t-test) and behavioural seizures 
(saline = 30.46 ± 14.54 min, n = 8; meclofenamate = 21.72 ±  
9.13 min, n = 9; P = 0.15, two sample t-test), the total time 
spent with seizure (saline = 19.87 ± 10.71 min, n = 8; meclo
fenamate = 22.74 ± 7.38 min, n = 9; P = 0.52, two sample 
t-test), the interspike interval (saline = 1.19 ± 0.85 s, n = 8; 
meclofenamate = 0.84 ± 0.41 s, n = 9; P = 0.28, two sample 
t-test), the spike amplitude (saline = 0.46 ± 0.2 mV, n = 8; 
meclofenamate = 0.51 ± 0.15 mV, n = 9; P = 0.59, two sam
ple t-test) and the number of spikes (saline = 5677.25 ±  
2932.79, n = 6; meclofenamate = 6208.22 ± 2500.77, n = 6; 
P = 0.69, two sample t-test; Fig. 3C–I). Interestingly, some 
of the seizure parameters in the vehicle-treated Trpm4−/− 

animals were similar to those of meclofenamatetreated WT 
mice including seizure duration and number of spikes indicat
ing that genetic ablation or pharmacological blocking of 

TRPM4 results in similar phenotype in terms of seizure 
susceptibility.

Ventral MCs are protected after KA 
injection in meclofenamate treated 
WT mice
To examine the effect of meclofenamate-treatment in MC 
vulnerability, 2 days after the SE experiments (i.p. KA injec
tion) mice were sacrificed and their whole brain was removed 
(Fig. 4A). Horizontal brain slices were immunostained with 
the previously identified MC specific marker SATB1.11 From 
each mouse, six sections were collected: three from the mid
dle and three from the ventral part of the hippocampus, the 
number of MCs per section was determined and averaged for 

Figure 2 Meclofenamate reduces spiking activity after KA injection. (A and B) Representative EEG recordings of a behavioural seizure 
(upper) magnified view (middle panel) and corresponding spectrograms (lower) in saline (black) and meclofenamate (blue) treated WT mice after 
KA injection. Statistics showing the (C) number of spikes, the (D) interspike interval, the (E) total time spent with seizure, the (F) spike amplitudes 
and the (G) total number of seizures during the 90 min recording period after KA injection. N = 9 for saline and eight for meclofenamate, Mann– 
Whitney test (C); two sample t-test (D–G). Data are presented as mean ± SD. Each data points represent individual animals.

Meclofenamate reduces seizure severity                                                                                  BRAIN COMMUNICATIONS 2025, fcaf229 | 7



each mouse (Fig. 4B and C). These experiments revealed that 
meclofenamate-treatment did not affect the surviving rate of 
MCs in the central hippocampus (saline = 50.7 ± 7.82, n = 9; 
meclofenamate = 51.47 ± 11.39, n = 8; P = 0.98, one-way 
ANOVA, Tukey’s post-hoc). However, we found a significant
ly higher number of surviving MCs in the ventral hippocampus 
upon meclofenamate-treatment (saline = 58 ± 17.28, n = 19; 
meclofenamate = 91.93 ± 13.81, n = 17; P = 1.62 × 10−4, one- 
way ANOVA, Tukey’s post-hoc; Fig. 4D and E). Of note, MC 
number in saline-injected control mice in central and ventral 
hippocampus were 73.12 ± 8.1, n = 8 and 82 ± 9.41, n = 8, 

respectively indicating that KA injection reduced MC number 
in both regions, but meclofenamate-treatment was able to re
duce MC loss in the ventral hippocampus.

Trpm4 is more abundantly expressed 
in ventral MCs
Clearly, the better survival rate of ventral compared to cen
tral MCs upon meclofenamate treatment following KA injec
tion raised a vital question: is there a difference between 
these cell populations? It has been previously shown that 

Figure 3 Meclofenamate has no anticonvulsive effect on Trpm4−/− mice. (A and B) Representative EEG recordings (upper) and 
corresponding spectrograms (lower) in vehicle- (black) and meclofenamate-treated (red) mice after kainic acid (KA) injection in Trpm4−/−mice. 
Statistics showing the (C) total number of seizures (P = 0.054, t = −2.08), the (D) first electrographic seizure (P = 0.13, t = 1.5), the (E) first 
behavioural seizure (P = 0.15, t = 1.5) the (F) total seizure duration (P = 0.52, t = −0.64), the (G) interspike interval (P = 0.28, t = 1.11), the (H) 
spike amplitudes (P = 0.59, t = −0.54), and the (I) number of spikes during the 90 min recording period after KA injection (P = 0.69, t = −0.4). N =  
8 for Trpm4−/−

saline and nine for Trpm4−/−
meclofenamate, two-sample t-test. Data are presented as mean ± SD. Each data points represent individual 

animals.
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dorsal and ventral MCs are not entirely homogeneous 
cell populations regarding their axonal projections.28,29

However, the most obvious explanation to our finding could 
be that dorsal and ventral MCs might not be homogenous in 

terms of Trpm4 expression too. To address this possibility, 
we performed RNAscope ISH to detect Trpm4 mRNA tran
scripts given the controversy in the literature concerning the 
immune-histochemical alternatives.30 Trpm4 RNAscope and 

Figure 4 Ventral mossy cells are protected after KA injection in meclofenamate-treated WT mice. (A) left: Timeline of the 
experiments: 2 days after SE induction (detailed in Figs 2 and 3) mice were sacrificed for histological studies. Right: cartoon showing the positions of 
the histological slices. Representative confocal images of SATB1 immunopositive neurons in the central (B) and ventral hippocampal (C) layer 
from saline, saline + KA and meclofenamate + KA-treated WT mice. Statistics showing the number of mossy cells in saline, saline + KA and 
meclofenamate + KA-treated mice from the central (D) and ventral (E) hippocampus. n = 8 for salinecentral, nine for saline + KAcentral and eight for 
meclofenamate + KAcentral, eight for salineventral, nine for saline + KAventral and eight for meclofenamate + KAventral, One-way ANOVA, Tukey’s 
post-hoc test. Data points represent average MC numbers from individual animals (from each mouse 3 section from central and 3 from ventral 
region were used to calculate an average). Data are presented as mean ± SD. Scale bar is 100 µm. GCL, granule cell layer.
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SATB1 immunostaining outcomes reinforced our previous 
finding that SATB1 positive MCs also express Trpm4 
(Fig. 5A–C).11 Interestingly, quantification of the RNAscope 
signal showed that ventral MCs contain significantly more 
Trpm4 transcripts compared to central MCs (central = 7.99 ±  
1.04, n = 10; ventral = 9.55 ± 1.57, n = 10; P = 0.017, two 
sample t-test; Fig. 5D).

Meclofenamate influences intrinsic 
electrophysiological properties of 
MCs
To test the direct effect of meclofenamate on MCs, we per
formed whole-cell patch clamp recordings in horizontal 
brain slices containing the hippocampal formation. In cer
tain cases, biocytin-filled cells were stained with SATB1 for 

post-hoc identification, as described earlier.11 We and others 
showed previously that MCs are intrinsically active and 
TRPM4 might modulate this activity.11,31 Therefore, we ex
plored whether meclofenamate has any effect on the intrinsic 
activity of MCs. Using the current clamp configuration, we 
showed that the frequency of the spontaneous APs was sig
nificantly lower upon meclofenamate treatment (ACSF =  
0.89 ± 1.12 Hz, n = 10; meclofenamate = 0.41 ± 0.57 Hz, 
n = 10; P = 0.048, Wilcoxon signed ranks test; Fig. 6A and 
B). Next, we asked whether meclofenamate has any effect 
on the intrinsic excitability of MCs including changes in 
the threshold for AP. Thus, MCs were injected with increas
ing steps of current pulses to depolarize the cells and trigger 
AP firing in control conditions (ACSF) and in the presence of 
meclofenamate (Fig. 6C and D) while the cells’ resting mem
brane potential were held at ∼ −65 mV. These experiments 
revealed that meclofenamate did not change the threshold 

Figure 5 Higher Trpm4 expression in ventral compared to central mossy cells (MCs). Representative confocal images (A–C) of 
RNAscope labelling of Trpm4 (green) and immunofluorescence staining of SATB1 (magenta) as a marker of mossy cells in central and ventral 
hippocampus. Cell nuclei are stained with DAPI (blue). Note, that SATB1 stains exclusively the nucleus of neurons; therefore, Trpm4 signal in the 
proximity of SATB1 staining is likely in the cytoplasm of mossy cells. Significantly more RNAscope transcripts were found in the ventral compared 
to central MCs (D). Data points represent hippocampal slices (RNAscope puncta averaged from 10 cells/slice). n = 10 dorsal slices and 10 ventral 
slices, from three mice were used. Data are presented as mean ± SD, two sample t-test. CA3: cornu Ammonis area 3. Scale bar 100 µm (A and B) 
and 5 µm (C). GCL, granular cell layer.
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Figure 6 Meclofenamate modifies electrophysiological properties of mossy cells (MCs). (A) Representative spontaneous action 
potentials (APs) from MCs in control conditions (black) and upon meclofenamate-treatment (blue). (B) Statistics of AP frequency in control 
conditions (n = 10, black) and upon meclofenamate-treatment (n = 10, blue), Wilcoxon Signed Ranks Test. (C) Representative voltage traces from 
MCs in control conditions (black) and upon meclofenamate-treatment (blue). (D) Current versus firing rate relationship in control conditions  
(n = 11, black) and upon meclofenamate-treatment (n = 11, blue). Two sample T-test (p/t values: 25 pA = 0.66/0.44, 50 A = 0.61/0.5, 75 pA = 0.85/0.18, 
100 pA = 0.91/0.11, 125 pA = 0.38/−0.89, 150 pA = 0.5/−0.68, 175 pA = 0.4/−0.86). (E) Overlay of APs from MCs in control conditions (black) and 
upon meclofenamate-treatment (blue). Amplitudes of the representative APs are normalized to each other for better visibility. (F) Statistics of AP 
duration at 90% of AP amplitude (APD90) from MCs in control conditions (n = 11, black) and upon meclofenamate-treatment (n = 11, blue) paired 
sample t-test. (G) Representative voltage clamp traces from MCs during hyperexcitable conditions in control (black) and upon meclofenamate- 
pretreatment (blue). (H) Statistics showing the frequency of cEPSCs in control conditions (n = 11, black) and upon meclofenamate treatment  
(n = 11, blue), one-way ANOVA. (I) Representative current clamp traces from MCs during hyperexcitable conditions in control (black) and upon 
meclofenamate-pretreatment (blue). (J) Statistics showing the frequency of spontaneous APs in control conditions (n = 11, black) and upon 
meclofenamat- treatment (n = 10, blue) one-way ANOVA. Data are presented as mean ± SD. Each data point represents recording from individual 
MCs, one MC was measured per each animal.
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to elicit APs. We and others demonstrated previously that 
TRPM4 as a Ca2+ activated cationic current can prolong 
the repolarization of the AP.32,33 Interestingly, meclofenamate 
treatment shortened the AP, measured at 90% of the repolar
ization (ACSF = 1.93 ± 0.28 ms, n = 11; meclofenamate =  
1.75 ± 0.31 ms, n = 11; P = 0.0016, paired sample t-test) indi
cating a possible blockade of TRPM4 (Fig. 6E and F). Of note, 
the above-mentioned parameters were not significantly 
changed in Trpm4−/− MCs upon meclofenamate treatment 
(Supplementary Fig. 5). Basic electrophysiological properties 
including resting membrane potential, input resistance, mem
brane time constant and cell capacitance were not significantly 
different upon meclofenamate treatment (Supplementary Fig. 
6). To further evaluate the role of meclofenamate on MC ex
citability during epileptic conditions, we stimulated seizure- 
like events in vitro by depolarization (zero Mg2+ and high 
extracellular K+), gamma-aminobutyric acid receptor 
blockade (Gabazine) and K+-channel blockade (4-AP). 
Spontaneous activity of MCs was recorded in both current 
and voltage clamp mode first in standard recording conditions 
and then during pharmacologically induced hyperexcitability. 
The in vitro pharmacological stimulation resulted in very large 
amplitude spontaneous bursts of compound excitatory post
synaptic currents in voltage clamp mode as described earlier34

and in high frequency AP firing in current clamp mode 
(Fig. 6G and I). Interestingly, the compound excitatory postsy
naptic currents on MCs were significantly reduced if meclofe
namate was administered (1 min) prior the drug application 
(Hyperexcitable = 1.78 ± 1.55 Hz, n = 11; Hyperexcitable +  
meclo = 0.62 ± 0.69 Hz, n = 11; P = 0.015, one-way ANOVA, 
Tukey’s post-hoc; Fig. 6H). In comparison, the frequency of 
APs after drug application were not statistically different 
(Hyperexcitable = 6.05 ± 3.61 Hz, n = 11; Hyperexcitable +  
meclo = 4.36 ± 2.91 Hz, n = 10; P = 0.36, one-way ANOVA, 
Tukey’s post-hoc; Fig. 6J) although the same tendency was 
present.

TRPM4 is expressed in human MCs
To map the expression of TRPM4 in human MCs, we per
formed RNAscope in situ hybridization to detect even very 
low level of mRNA on hippocampus samples from post- 
mortem human brain (Supplementary Fig. 7). To identify 
MCs within the hilar region, we performed a duplex 
RNAscope staining as well as immunostaining using a probe 
against the cocaine- and amphetamine-regulated transcript 
peptide (CART) as a molecular marker.35 These experiments 
revealed that TRPM4 mRNA is present in the CART- 
positive human MCs from both samples (Fig. 7 and 
Supplementary Fig. 8).

Discussion
In this study, we report that the nonsteroidal anti- 
inflammatory drug meclofenamate effectively curtailed spik
ing activity induced by KA. Specifically, we demonstrated 

that in vivo application of meclofenamate reduced the dur
ation of epileptic seizures, the number of spikes and the onset 
of behavioural seizures. Moreover, MC loss often seen after 
SE was reduced in the ventral region of the hippocampus 
upon meclofenamate treatment. These effects of meclofena
mate are most likely TRPM4 specific, since application of 
meclofenamate in Trpm4−/− mice had no protective effect 
in the KA model. Furthermore, using patch clamp record
ings, we showed that meclofenamate alters spontaneous ac
tivity and AP dynamics of MCs. Finally, we demonstrated 
that human MCs also express TRPM4.

In our previous work, both the morphological and func
tional presence of Trpm4 in hilar MCs were reported for 
the first time along with the finding that TRPM4 as a 
Ca2+-activated cation channel regulates MCs’ intrinsic elec
trophysiological properties.11 Our findings indicated that 
the intracellular Ca2+ increase during synaptic events acti
vates TRPM4 and amplifies the original input. However, this 
amplifier function turns into a drawback during pro-epileptic 
insults and can worsen the cellular damage caused by excito
toxicity. Our results therefore highlighted that TRPM4 might 
be a promising drug target in seizure management. 
Interestingly, it has been shown recently that TRPM4 and 
NMDA receptor coupling can cause excitotoxicity in neu
rons.36 However, the most often used TRPM4 blockers are 
partially selective13,14 and have unfavourable pharmacokinet
ics in vivo.12 Recently, we identified meclofenamate as a potent 
TRPM4 antagonist and proved in vivo that it has a so far un
recognized anti-arrhythmic effect via TRPM4 blockade in the 
heart.17

Meclofenamate is a nonsteroidal anti-inflammatory drug, 
and it is a potent inhibitor of the enzyme cyclooxygenase, 
thereby inhibiting prostaglandin production. It is a Food 
and Drug Administration approved drug; however, it is most
ly replaced by diclofenac nowadays. Interestingly, previous re
ports had already suggested that meclofenamate might have 
anticonvulsive effect by blocking gap junctions or activating 
KCNQ2/3 potassium channels; however, the exact mechan
ism remained elusive.37,38 Recently, it has been shown that 
meclofenamate can inhibit CLC-2 chloride channels as well 
regulating cellular excitability.39On the other hand, to our 
best knowledge, no data are available about the functional ex
pression of neither KCNQ2/3 potassium channels nor CLC-2 
chloride channels in MCs. Clearly, more experiments are 
needed to clarify the role of these channels in MCs if any. 
Recently, we identified that meclofenamate is a promising 
blocker of TRPM4, since unlike the other known TRPM4 in
hibitors (9-phenantrol, flufenamic acid) meclofenamate has 
favourable water solubility and pharmacokinetics and its ef
fect on other ion channels is limited.17,37

Using KA as a proconvulsant to induce SE and later the de
velopment of spontaneously recurring seizures is a frequently 
used epilepsy model in mouse.27 In our experiments, meclofe
namate-treatment prior to the administration of KA remark
ably reduced the severity of seizures. Of note, it reduced the 
time spent with seizures, the number of spikes and the onset 
of behavioural seizures. Additionally, spontaneous seizures 
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Figure 7 Human hippocampal mossy cells express TRPM4 mRNA. (A) Shows a montage of stitched confocal images that show the 
coronal section of the human hippocampus. The borders of the main hippocampal areas were indicated: cornu Ammonis (CA)1, CA2, CA3 and the 
dentate gyrus (DGR) with its molecular (m), granular (g) and subgranular (sg) layer. The fimbria, the alveus (alv) and a longitudinally cut thicker 
blood vessel (v) in the DGR are also recognizable. The boxed area no. 1 is shown in higher magnification in B upon immunofluorescence labelling 
(IF) for cocain- and amphetamine-regulated transcript peptide (CART, green) combined with RNAscope in situ hybridization (ISH) for TRPM4 
(red) and CART (white) mRNAs. (C) Indicates ideally cut mossy cells in the boxed area of B. The magenta boxed area is indicated with high 
magnification in D. The individual channels illustrating CART IF (green, D1), TRPM4 mRNA ISH (red, D2), and CART mRNA (white, D3) were 
merged with the channel of 4′,6-diamidino-2-phenylindole (DAPI, blue) nuclear counterstaining. The boxed area no. 2 is indicated in E. A mossy 
cell that was ideal for imaging is further magnified in F. (G) Shows the same mossy cell in high magnification that is visible in the magenta box in F. 
(G1) Illustrates the CART IF, G2 the TRPM4 mRNA, while G3 the CART mRNA. In the high magnification images of D and G, the borders of the cells 
were indicated by white dotted lines, based on the green CART IF that is a marker of human mossy cells (see our reference Seress et al.35). The 
yellow dotted line borders cytoplasmic areas, where lipofuscin accumulation is observable, that causes some autofluorescence in all channels 
resulting in a yellow shade in the merge images. The RNAscope ISH signal puncta that indicate individual mRNA transcripts were highlighted by 
white arrowheads for CART mRNA and white arrowheads with red borders for TRPM4 transcripts. Note, that we identified a number of signal dots 
inside the karyoplasma that does not contain lipofuscin, besides some cytoplasmic signal puncta. The merge (D, G) high magnification images 
illustrate that these signal dots do not correspond to lipofuscin as they are not yellow. Bars: 1 mm in A, 100 μm in B and E, 25 μm in C and F, 5 μm 
in D and G.
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and spike numbers were also less frequent in meclofenamate- 
treated mice weeks after SE, most likely because of the reduced 
initial epileptogenic insult. However, the first electrographic 
seizure was not delayed upon meclofenamate-treatment. 
What could be the target of meclofenamate to achieve such 
antiseizure effect? In our next set of experiments, we found 
that meclofenamate has no anticonvulsive effect at all using 
Trpm4−/− mice indicating that it most likely acts via 
TRPM4 inhibition. Considering our previous observations 
that TRPM4 acts as an amplifier on EPSPs, one can speculate 
that blocking TRPM4 can lead to decreased MC excitability 
and therefore can reduce spiking during seizures. 
Interestingly, it has been shown recently that flufenamaic 
acid, the non-specific blocker of TRPM4 can abolishes epilep
tiform activity in the entorhinal cortex.40

It has to be noted as well that SE also leads to brain inflam
mation which can effect epileptogenesis.41 Since meclofena
mate is a NSAID one can assume that its anti-inflammatory 
effect plays a role in our observations rather than its blocking 
effect on TRPM4. However, the onset of inflammatory pro
cesses starts the earliest 2–3 h after SE while we observed 
clear anti-seizure effects during the first 90 min after KA in
jection.42 Furthermore, we did not see any effect of meclofe
namate on Trpm4−/− mice suggesting that the reported 
outcome of meclofenamate-treatment is more likely lies on 
the blockade of TRPM4 rather than its anti-inflammatory ef
fect or its off-target effect via other ion channels.

Hippocampal cell loss is a common characteristic of SE 
both in rodents and human patients.43,44 Interestingly, it 
has been shown earlier that glibenclamide—a non-specific 
TRPM4 antagonist—can improve cell loss in status epilep
ticus.45 Among other cell types, hilar MCs are the most vul
nerable to epileptic insults.46 Here, we demonstrated that 
meclofenamate treatment reduced MC loss after KA injec
tion. Intriguingly, the reduced loss was present in the ventral 
but not in the middle part of the hippocampus. It has been 
previously shown that MCs might not homogenous across 
the dorsoventral axis of the hippocampus. Two independent 
studies found that dorsal and ventral MCs differ significantly 
in their axonal projections and therefore may have different 
functional roles.28,29 Our results extend these findings about 
inhomogeneity of MCs with a higher expression of TRPM4 
in the ventral part. One can speculate that ventral MCs might 
be more vulnerable to KA-induced seizures because of the high
er TRPM4 expression and higher excitability. Interestingly, 
early studies already suggested that there is a subpopulation 
of MCs with lower threshold for perforant path activation.47

Clearly, further studies are needed to clarify the physiological 
and pathophysiological role of different MC subpopulations.

We and others showed previously that TRPM4 as a 
Ca2+-activated cation channel contributes to neuronal excit
ability, AP dynamics and can support pacemaker activ
ity.11,48 Blocking TRPM4 with 9-phenantrol can decrease 
spontaneous activity of MCs and abolish subthreshold mem
brane potential oscillations on pacemaker neurons.11,48

Here, we showed that meclofenamate did not change the 
threshold for AP firing in MCs. Nevertheless, it decreased 

their spontaneous AP firing indicating that most likely the 
amplitudes of the excitatory inputs were reduced by meclofe
namate. Furthermore, meclofenamate shortened the AP dur
ation indicating the blockade of a Ca2+ activated depolarizing 
current at the late phase of the AP. Of note, the electrophysio
logical changes caused by meclofenamate application are very 
similar to those found in Trpm4−/− MCs.11 In our voltage 
clamp recordings, we occasionally detected large amplitude 
compound EPSCs, which were heavily increased in frequency 
upon hyperexcitable conditions (low Mg2+ high extracellular 
K+, GABAR and K+ channel blockade). These compound exci
tatory postsynaptic currents are proposed to arise from highly 
synchronized firing of the recurrent cornu Ammonis (CA) 3 
network, and they were previously recorded in epileptic 
rats.34,49,50 Interestingly, meclofenamate decreased the fre
quency of these compound excitatory postsynaptic currents 
further supporting our hypothesis that TRPM4 has a role in 
amplifying synaptic input onto MCs.

Finally, using human post-mortem hippocampus, we pro
vide here the first direct evidence that TRPM4 is expressed in 
human MCs as well, emphasizing the translational aspects of 
our study. Of note, we must also mention that TRPM4 is ex
pressed in various other cell types besides neurons10; therefore, 
systemic administration of a TRPM4 blocker must be handled 
with special caution because of the possible side effects.

Taken together, we report here a so far unknown antisei
zure effect of the nonsteroidal anti-inflammatory drug me
clofenamate via blocking TRPM4 in hilar MCs. Previously 
we already showed that deletion of TRPM4 can protect 
MCs during acute seizures.11 However, as a limitation of 
our previous work, it must be noted that global deletion of 
a protein may lead to uncertain compensatory changes, 
which might affect our experimental results. The main find
ing of the current study is that we were able to show that 
blocking TRPM4 acutely in a WT mice results in a very simi
lar antiseizure effect as it was shown in Trpm4−/− mice. 
These findings are specifically important since MC cell loss 
is one of the major hallmark of TLE7 thus, protecting MCs 
during insults often leading to temporal lobe epilepsy such 
as SE might be antiepileptogenic.9 Of note, meclofenamate 
is already an Food and Drug Administration approved 
drug thus it could be an ideal candidate for drug reposition
ing.51 Finally, our results further support that besides cardiac 
pathologies, TRPM4 is a promising drug target in seizure 
management, demonstrating the urgent need for more potent 
and more selective TRPM4 antagonists.
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Supplementary material is available at Brain Communications 
online.
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