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Status epilepticus (SE) is a neurologic emergency characterized by prolonged or rapidly recurring seizures.
Increased intracellular calcium concentration ([Ca®*1) occurring after SE is a key mediator of excitotoxicity that
contributes to the brain damage associated with the development of epilepsy. Accumulated evidence indicates

PD;;ltrolene that dantrolene, a ryanodine receptor (RyR) blocker may have protective effects against the SE-induced damage.
. . We evaluated whether dantrolene (10 mg/kg, i.p.) administered twice, 5 min and 24 h after the lithium-

Brain glucose metabolism . o R . X

Neuroprotection pilocarpine-induced SE in rats, had neuroprotective effects. Dantrolene by itself had no effects on control rats.

However, it exacerbated the signs of damage in rats that underwent SE, increasing brain glucose hypometabolism
as measured by PET neuroimaging 3 days after SE. Likewise, the neurohistochemical studies revealed that
dantrolene aggravated signs of hippocampal neurodegeneration, neuronal death and microglia-induced neuro-
inflammation. Besides, the damaging effects were reflected by severe body weight loss. Overall, our results point
towards a deleterious effect of dantrolene in the lithium-pilocarpine-induced SE model. Nonetheless, our results
are in opposition to the reported neuroprotective effects of dantrolene. Whether the mechanisms underlying
[Ca*]; increase might significantly differ depending on the particularities of the model of epilepsy used and
general experimental conditions need further studies. Besides, it is yet to be determined which isoform of RyRs
significantly contributes to Ca?™-induced excitotoxicity in the lithium-pilocarpine SE rat model.

1. Introduction

Epilepsy is one of the most common chronic neurological disorders
characterized by a persistent drift to generate spontaneous seizures and
by its disabling consequences (Fisher et al., 2017). Among the types of
epilepsy, temporal lobe epilepsy (TLE) is the most predominant focal
epilepsy in adults, being highly refractory to the current pharmaco-
therapy (Tang et al., 2017). TLE is accompanied by hippocampal

sclerosis (Janszky et al., 2005) and interictal glucose hypometabolism in
the epileptogenic focus (Kumar and Chugani, 2017a, 2017b). The latter
can be efficiently evaluated by 2-deoxy-2-[18F] fluoro-D-glucose ([*8F]
FDG) positron emission tomography (PET) neuroimaging. Furthermore,
in TLE patients, interictal focal hypometabolism is one of the best early
biomarkers of epilepsy (O’Brien et al., 2008).

One of the most used animal models of epilepsy is the lithium-
pilocarpine rat model of status epilepticus (SE) (Ahmed Juvale and

Abbreviations: AD, Alzheimer’s disease; BW, Body weight; ['®F]FDG, 2-deoxy-2-[*®F]fluoro-D-glucose; ER, Endoplasmic reticulum; GFAP, Glial fibrillary acidic
protein; IP3, Inositol 1,4,5-tris-phosphate; IP3R, IP3 receptor; MRI, Magnetic resonance imaging; NMDA, N-methyl-d-aspartate; NMDAR, NMDA receptor; PET,
Positron emission tomography; RyR, Ryanodine receptor; SE, Status epilepticus; SERCA, Sarco/endoplasmic reticulum calcium ATPase; TLE, Temporal lobe epilepsy;
TSPO, Translocator protein 18 kDa.
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Che Has, 2020). This model reproduces many features of human TLE
(Brandt et al., 2015; Turski et al., 1983). The SE induced by pilocarpine
is followed by a latent (or silent) period (Pitkanen, 2002) that is char-
acterized by generalized brain hypometabolism (Garcia-Garcia et al.,
2023; Lee et al., 2012). Brain hypometabolism is accepted as an early
marker of epileptogenesis (Zhang et al., 2015) that occurs concurrently
with neurodegeneration, neuronal death, neuroinflammation and reac-
tive gliosis (Garcia-Garcia et al., 2023; Rossi et al., 2013). Brain hypo-
metabolism has been attributed, among others, to neuronal death,
reduction in synaptic density (Kumar and Chugani, 2017a, 2017b), and
cerebral hypoperfusion (Bascunana et al., 2021).

Epileptogenic activity is also associated with abnormally elevated
intracellular Ca®* concentrations ([Ca®*] i) which is a key mediator that
contributes ultimately to the excitotoxic damage, being excitotoxicity
one of the main mechanisms underlying neuronal cell death and plas-
ticity changes associated with the development of epilepsy (Steinlein,
2014). Studies in the pilocarpine model have revealed that SE increases
[Ca®*]; in the CA1 hippocampal neurons, that remain high afterwards
(Raza et al., 2001, 2004). Rise in [Ca”]i involves N-methyl-d-aspartate
(NMDA) receptor (NMDAR) activation (DeLorenzo et al., 1998; Rice and
Delorenzo, 1998), inhibition of sarco/endoplasmic reticulum calcium
ATPase (SERCA) activity and increased activities of the inositol 1,4,5-tri-
s-phosphate (IP3) receptor (IPsR) (Pal et al., 2001) and the ryanodine
receptor (RyR) (Nagarkatti et al., 2010; Niebauer and Gruenthal, 1999;
Yoshida and Sakai, 2006).

Dantrolene is an RyR antagonist that at high doses also blocks
NMDAR (Obenaus et al., 1989; Salinska et al., 2008). Dantrolene is
currently approved for the treatment of malignant hyperthermia (Yang
et al., 2023).

Regarding excitotoxicity, dantrolene suppresses neuronal injury
induced by metabotropic glutamate receptor activation in neonatal rats
(McDonald et al., 1993) and neuroprotective effects have been reported
in some models of SE (Mori et al., 2005; Niebauer and Gruenthal, 1999).

No studies have been reported evaluating the potential neuro-
protective effects of dantrolene in the rat lithium-pilocarpine model of
SE, much less on its effects on brain metabolic activity. Accordingly, we
have evaluated the short-term effects of post-SE dantrolene adminis-
tration on brain glucose metabolism by [ISF]FDG PET and on histo-
chemical markers of neuroprotection and neuroinflammation.

2. Materials and methods
2.1. Animals

A total of 44 adult male Sprague-Dawley rats (Charles River Labo-
ratories Spain) weighing 288.9 + 5.6 g at the beginning of the study
were used. Rats were housed in standard rat cages (2 rats/cage), on a
ventilated rack (Tecniplast, Italy) under controlled conditions of tem-
perature (22 + 2 °C) and lighting (12 h light/dark cycle; 8:00 a.m.-8:00
p-m.). During the acclimation period as well as during the experimental
procedure, rats had ad libitum access to standard rodent food, except for
the 12h before the PET scans. The study was approved by the Animal
Research Ethical Committee of the Universidad Complutense de Madrid
and by the Autonomous Community of Madrid (PROEX 222.1/20), and
it was conducted in accordance with regulations of the European Union
(2010/63/UE) and Spain (RD53/2013) regarding animal welfare. All
efforts were made to minimize, as much as possible, both the number of
animals used and their suffering.

2.2. Lithium-pilocarpine rat model of SE

The procedure has been previously reported (Garcia-Garcia et al.,
2023). Briefly, lithium chloride (LiCl) was administered (127 mg/kgi.p.,
Sigma-Aldrich) 18-20 h before the induction of SE by pilocarpine.
Thirty minutes before pilocarpine injection (25 mg/kg, i.p.; Sigma-
—Aldrich, St. Louis, MO), rats were pre-treated with methyl-scopolamine
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(2 mg/kg, i.p.) to minimize the peripheral cholinergic effects. The dose
of 25 mg/kg of pilocarpine was selected based on previous studies of our
group as well as by other research groups (Rigoulot et al., 2004; Walton
and Treiman, 1988; Yang et al., 2014).

According to the Racine scale, the onset of SE was considered when
the animal reached the stage 4 (rearing with forelimb clonus) and
showed continuous seizure activity (Racine, 1972). After 45 min, the
seizure state was interrupted by administering pentobarbital (25 mg/kg,
i.p.). The pilocarpine-treated rats that did not reach SE were discarded
from the experiment. Control rats went through to the same adminis-
tration schedule, but 1 ml/kg saline solution (SAL) was used instead of
drugs.

2.3. Dantrolene administration

Dantrolene (Sigma-Aldrich, St. Louis, MO) was intraperitoneally
administered at a dose of 10 mg/kg dissolved in distilled water, pH =
9.3. Dantrolene was administered twice, 5 min after the SE induced by
pilocarpine and 24h after the SE. The dose of dantrolene was selected
based on previous studies on rats (Berg et al., 1995; Niebauer and
Gruenthal, 1999; Popescu et al., 2002; Yoshida and Sakai, 2006).

The initial experimental groups were as follows: (1) control rats
(SAL + VEH group, n = 8); (2) rats injected with pilocarpine (PILO +
VEH group, n = 14); (3) rats injected with dantrolene (SAL + DANT
group, n = 8) and (4) rats injected with both pilocarpine and dantrolene
(PILO + DANT, n = 14). Some rats died within the 24h after either
pilocarpine and/or dantrolene administration rendering the following
groups: (1) control rats (SAL + VEH group, n = 8); (2) rats injected with
pilocarpine (PILO + VEH group, n = 12); (3) rats injected with dan-
trolene (SAL + DANT group, n = 6) and (4) rats injected with both
pilocarpine and dantrolene (PILO + DANT, n = 8). Three days after
pilocarpine (or saline) injection, brain glucose metabolism was evalu-
ated by in vivo [*F]FDG PET.

2.4. Body weight (BW) measurements

Rats were weighted at 6 time points during the experimental pro-
cedures: (i) initial BW, 24h before pilocarpine administration; (ii) at the
moment of pilocarpine injection; (iii) 24h after pilocarpine adminis-
tration; (iv) 48h after pilocarpine administration; (v) 72h after pilocar-
pine administration, at the moment of PET neuroimaging and (vi) 96h
after pilocarpine administration on the day of sacrifice. Rats were
sacrificed by decapitation and brains were collected and stored until
further neurohistochemical analyses.

2.5. [®F]FDG PET neuroimaging

To evaluate brain glucose metabolism, static ['8F]FDG PET scans
were carried out 3 days after the SE, during the silent period. Protocols
for image acquisition and processing have been previously detailed
(Garcia-Garcia et al., 2023). A dual PET/CT (computed tomography)
scanner was used (Albira scanner, Bruker NMI, Billerica, Massachusetts,
U.S.A.). The radiotracer [‘®F]FDG was injected into the tail vein
(approximately 13 MBg-350 pCi-in 0.2 ml of 0.9%; Curium Pharma,
Madrid, Spain). Thirty minutes later, rats were anesthetized by iso-
flurane, placed into the tomograph and the images were acquired.
Anesthesia reduces neuronal activity therefore decreasing the [*8FIFDG
uptake in the rodent brain. However, in static studies, most of the uptake
of [18F]FDG occurs in the awake animal within the 30 min before
anesthesia (Gold et al., 2018; Matsumura et al., 2003). In addition, brain
['8F]FDG uptake by isoflurane-anesthetized rodents has been shown to
be the one that most closely reflects the [*8F]FDG uptake of awake an-
imals (Bascunana et al., 2019b; Jahreis et al., 2021).

The tomographic images were reconstructed and processed by
PMOD 3.6 software (PMOD Technologies Ltd., Zurich, Switzerland). The
steps for quantification of the metabolic activity were the following: (1)
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co-registration of the acquired images to a magnetic resonance image
(MRI) rat brain template; (2) regional [18F]FDG uptake values acquisi-
tion and (3) normalization to the standardized uptake value (SUV, g/ml)
based on the animal BW, the dose injected and the corrected [*®FIFDG
uptake decay as an index of the regional glucose metabolism.

2.6. Neurohistochemical assessments

Rats were sacrificed by decapitation the day after the PET acquisi-
tions. Brains were dissected, cut longitudinally into two halves, frozen
on dry ice, and stored at —80 °C. From the left halve of the brain, slices
(30 pm-thickness) were collected using a cryostat (Leica CM1850, Leica
Biosystems, Germany). Sections containing the hippocampus (6 slices/
slide) were thaw-mounted onto Superfrost Plus slides (Thermo Scienti-
fic, Germany), dried on a hot plate and stored into slide boxes at —80 °C
until the day of the assays.

2.6.1. Nissl staining

Qualitative evaluation of neuronal viability and hippocampal
disruption was done with toluidine blue staining. Thus, slides were
stained in 0.5% toluidine blue for 1:30 min, decolorized and dehydrated
in graded ethanols: (i) 96% ethanol (10 s) and (ii) 100% ethanol (2 x 10
s). Then, the sections were cleared twice (2 min and 5 min) in Neo-
Clear™ xylene substitute (Merck-Sigma). Finally, the slides were cover-
slipped with DPX mounting medium (Herter, Barcelona, Spain). The
images were captured with a digital camera (Leica DFC425, Leica,
Germany) coupled to a microscope (Leica DM, 2000 LED, Leica,
Germany).

2.6.2. Hippocampal neurodegeneration

Fluoro-Jade C staining was performed following the original proto-
col (Schmued et al., 2005) with minor modifications. Briefly, The brain
sections were fixed in 4% formaldehyde in phosphate buffer pH 7.4 (10
min), rinsed in basic alcohol, 100% ethanol, distilled water, 0.06% po-
tassium permanganate, 0.1% acetic acid solution containing 0.0001%
Fluoro-Jade C (Millipore, Darmstadt, Germany), distilled water, and
xylene. Then, the slides were cover-slipped with DPX (Herter, Barcelona,
Spain). The images were captured with a digital camera (Leica
DFC3000G) coupled to a microscope (Leica DM, 2000 LED) by using the
FITC filter. At the hippocampal CAl, CA3 and hilus, the fluorescence
signal was measured using ImageJ 1.46r software. The average value for
each rat was calculated and the results were expressed as percentage vs
the control group (SAL + VEH).

2.6.3. Reactive astrogliosis

Glial fibrillary acidic protein (GFAP) one-step immunofluorescence
was carried out as previously reported (Garcia-Garcia et al., 2023).
Briefly, the slices were fixed in 4% formaldehyde in phosphate buffer pH
7.4, washed, and then blocked and permeabilized with 3% BSA, 0.1%
Triton X-100 in TBS (60 min). Afterwards, sections were incubated
overnight with the anti-GFAP-Cy3 antibody (1:500, Sigma Aldrich) in
1% BSA in TBS at 4 °C. Then, the slides were washed in 0.1% Tween 20
dissolved in TBS (3x for 5 min each) and embedded with home-made
Mowiol mounting medium. The images were captured and evaluated
using the same optical system used for Fluoro-Jade C, but in this case
using the TRITC filter. For each brain section containing the CA1, CA3
and hilus areas at the anterior (dorsal) hippocampus, the fluorescence
intensity was measured using ImageJ 1.46r software. As with the
Fluoro-Jade C measurements, the average value for each rat was
calculated and the results were expressed as percentage vs the control
group (SAL + VEH).

2.6.4. Microglia-mediated neuroinflammation

In addition, we carried out [°H]PK11195 autoradiography to eval-
uate the translocator protein (TSPO; 18 kDa), formerly known as the
peripheral benzodiazepine receptor (PBR). [3H] PK11195
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autoradiography was performed following the protocol previously re-
ported (Foucault-Fruchard et al., 2017) with minor modifications. The
slides were dried on a hot plate at 37 °C (10 min), preincubated with 50
mM Tris-HCl pH 7.4 at RT (15 min) and then incubated with 1 nM [3H]
PK11195 (PerkinElmer) in preincubation buffer for 60 min. Then, the
samples were washed with ice-cold preincubation buffer (2 x 5 min) and
dipped in ice-cold distilled water. The slides were air-dried and exposed
to Kodak BioMax MR autoradiography film (Carestream, U.S.A.) for
approximately 2 months. After manual development, the film was
placed onto a light box (Kaiser Prolite 5000, Kaiser Fototechnik, Ger-
many) and the images were captured with a camera (Leica DFC425)
coupled to a stereomicroscope (Leica MZ6). The optical density values
obtained from the selected brain regions were used as an index of
neuroinflammation.

2.7. Statistical analyses

Data from PET and histochemical studies were analyzed by two-way
analysis of variance (ANOVA) with pilocarpine and dantrolene treat-
ments as the two main factors. When interaction between factors was
significant, further post hoc Tukey tests were performed. The changes on
BW vs initial BW were analyzed by two-way ANOVA with repeated
measures, with treatments and time as factors followed by post-hoc
Tukey test. Mortality rates in pilocarpine treated groups were
analyzed by z-test for rates and proportions. In all cases, statistical sig-
nificance was considered when p < 0.05. Data are shown as mean +
SEM. Statistical analyses were performed using SigmaPlot 11.0 software
(Systat Software Inc.).

3. Results

Rats in the pilocarpine treated groups reached SE within 34.95 +
4.29 min. Two rats from the PILO + VEH group (14.3%) and 6 rats from
the PILO + DANT group (42.9%) died within the 24h after the SE
induced by pilocarpine. Despite the apparent increase in the death rate
in the PILO + DANT group, the effect did not reach statistical signifi-
cance (z-test p = 0.052).

The two-way ANOVA for repeated measures regarding BW changes
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Fig. 1. Dantrolene aggravated the acute BW loss in response to the SE induced by
lithium-pilocarpine further impairing the ability of the rats to recuperate. Cumulative
BW changes throughout the experimental period ranging from the day of LiCl
administration (—24h) to the day of sacrifice (+96h) are depicted. BW changes
were calculated as a percentage of initial BW (—24h). Shaded area indicates the
12h fasting period before PET acquisitions. Data are shown as mean + SEM (n
= 6-12 rats/group, rats that survived the experimental procedure). Significant
differences are depicted as: *p < 0.001 different from PILO + VEH; *p < 0.003
different from initial BW; ®p < different from respective control groups, two-
way ANOVA followed by post-hoc Tukey tests.
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throughout the experimental period (Fig. 1) revealed significant effects
of treatment (p < 0.001), time (p < 0.001) and interaction between
treatment and time (p < 0.001). Post hoc analyses indicated that, as
expected, one day after SE, both PILO + VEH and PILO + DANT rats lost
weight (p < 0.001 and p = 0.002 respectively) in a comparable manner
(p = 0.82). In the following days, PILO + VEH rats were able to maintain
a stable BW gain ending the experiment with a lower BW gain than their
respective control SAL + VEH rats (96h, p = 0.004). By contrast, dan-
trolene aggravated the BW loss and PILO + DANT rats ended the
experiment with a lower BW gain than PILO + VEH (p < 0.001). Dan-
trolene treatment alone in SAL + DANT rats had no significant effects on
BW gain compared with SAL + VEH.

Apart from the hypothalamus and midbrain, a marked hypo-
metabolism measured as standardized uptake value (SUV) was statisti-
cally significant in all the epilepsy-related brain areas 3 days after the
induction of SE (Fig. 2A). Dantrolene alone (SAL + DANT) had no sig-
nificant effect on glucose brain metabolism. However, it exacerbated the
hypometabolism induced by SE in all areas (p < 0.001, Fig. 2A and B).

As can be noticed by the Nissl staining images (Fig. 3), SE resulted in
an ostensible reduction in hippocampal neurons at the CA1, hilus and
CA3 subregions. Dantrolene alone had no apparent effects either in rats
from SAL + DANT or PILO + DANT groups. These qualitative results
were in line with and supported by those obtained from Fluoro-Jade C
fluorescence labeling (Fig. 4). As expected, Fluoro-Jade C fluorescence
labeling revealed no signs of neurodegeneration in SAL + VEH. On the
other hand, SE in the PILO + VEH group resulted in significant neuro-
degeneration in the CA1 (p < 0.001), hilus (p = 0.002) and CA3 (p =
0.006) hippocampal subregions when compared with SAL-VEH. Dan-
trolene alone had no effects on Fluoro-Jade C labeling, but it signifi-
cantly exacerbated the neurodegeneration in the PILO + DANT rats (p <
0.001 in all three areas).

To investigate the effects of dantrolene on activation of hippocampal
astrocytes following lithium-pilocarpine-induced SE, we conducted
GFAP immunohistochemistry, measuring the fluorescence signal at the
hippocampal hilus (Fig. 5). Astrocytes became activated in response to
SE (PILO + VEH) as reflected by the approximately 150% increase in the
GFAP fluorescence signal (vs SAL + VEH group, p < 0.001; Fig. 5B).
Even though quantitative measurements were not carried out, Fig. 5A
shows that astroglia activation was accompanied by a qualitative
apparent thickening of astrocyte bodies and processes. Dantrolene had
no effects on astrocytic activation either when administered alone or
after pilocarpine.

[*H]PK11195 autoradiography showed that SE resulted in a marked
neuroinflammation in all the brain areas analyzed (Fig. 6A). Specif-
ically, at the hippocampus, pilocarpine-induced SE (VEH + PILO)
resulted in an increased optical density of 125% compared with the
values obtained in the VEH + SAL group (p < 0.001; Fig. 6B). Dantrolene
by itself had no effects on [*H]PK11195 binding. However, dantrolene
administration in rats that underwent SE significantly intensified hip-
pocampal neuroinflammation (p < 0,005; Fig. 6B) compared with PILO
+ VEH group.

4. Discussion

Herein, we report that dantrolene exerts generalized deleterious ef-
fects exacerbating the damage induced by SE in the lithium-pilocarpine
rat model, contradicting the reported beneficial effects of dantrolene in
various animal models of SE.

Epileptogenic activity has been associated with abnormally high
[Ca2+]i levels which acts as a key mediator of excitotoxicity, neuronal
cell death and plasticity changes associated with the development of
epilepsy (Steinlein, 2014). This [Ca®"]; increase has been also reported
in the rat pilocarpine model of SE (Raza et al., 2001, 2004). Accordingly,
therapeutic interventions reducing the elevated [Ca®"]; have risen as
strategies with neuroprotective potential (Steinlein, 2014). In this
context, dantrolene acting as a RyR antagonist, and blocking the

European Journal of Pharmacology 985 (2024) 177073

NMDAR when used at high doses (Obenaus et al., 1989; Salinska et al.,
2008), reduces Ca?* influx and mobilization of Ca®" from intracellular
stores, making it an attractive potential neuroprotective agent.

In our current study, SE in the PILO + VEH group resulted in short-
term brain glucose hypometabolism (Fig. 2), hippocampal neuro-
degeneration and neuronal death (Figs. 3 and 4), astrogliosis (Fig. 5) and
microglia-mediated neuroinflammation (Fig. 6). These results agree
with studies reported by other groups (Goffin et al., 2009; Guo et al.,
2009; Zhang et al., 2015) as well as by us (Garcia-Garcia et al., 2023;
Slowing et al., 2023).

As far as we know, this is the first study that evaluates the effects of
dantrolene on brain glucose metabolism during the latent period on the
lithium-pilocarpine rat model of SE. Our results consistently show that
dantrolene exacerbated most of the signs of damage induced by SE in the
PILO + DANT group, including brain glucose hypometabolism that, is
not only accepted as an early biomarker of epileptogenesis, but it is also
associated to neuronal loss (Dubé et al., 2000), altered neuronal excit-
ability, reduced synaptic density (Kumar and Chugani, 2017a, 2017b),
and cerebral hypoperfusion (Bascunana et al., 2021), among other
alterations.

It is well known that neuroinflammation, involving activation of
both microglia and astroglia, contributes to the progression of epilepsy
in humans (Devinsky et al., 2013) and are hallmarks of TLE in humans
(Briellmann et al., 2002; Chauveau et al., 2024; Papadopoulos et al.,
2006). Furthermore, these features are reproduced by the pilocarpine
models of SE, with lithium (Bulduk et al., 2019; Garcia-Garcia et al.,
2023; Slowing et al., 2023) and without (Do Nascimento et al., 2012), as
well as by other models of acute seizures (Garcia-Garcia et al., 2018;
Jupp et al., 2012). Interestingly, dantrolene exacerbated the effects of SE
on microglia-mediated neuroinflammation but not on astrocyte reac-
tivity. In this regard, it is interesting to notice that SE in the rat
lithium-pilocarpine model triggers a sequential activation of glial cells.
Thus, an early acute activation of microglia (24h) is followed by a later
astrocytic activation (Bascunana et al., 2019a). The lack of effect of
dantrolene on SE-induced astroglia reactivity might be explained by this
temporal factor. Therefore, we cannot discard that, if assessed later than
4 days after SE, dantrolene might have also increased astroglia
reactivity.

The overall deleterious effects of dantrolene were also reflected by
the worsening of BW loss in response to SE (Fig. 1), impairing the ability
of the animals to respond to the metabolic demands imposed by the SE.
Interestingly, dantrolene (15 mg/kg/day x 7days) decreases caloric
intake and BW gain in rats allowed to an ad lib high fat diet after a food
restriction period (Wires et al., 2017). Even though dantrolene did not
reach statistical significance increasing mortality (p = 0.052), it is
noticeable that the mortality rate after SE increased from 14.3% in the
PILO + VEH group to 42.9% in the PILO + DANT group suggesting an
additive effect of dantrolene potentiating the mortality induced by
pilocarpine.

Our results show a consistent generalized deleterious effect of dan-
trolene exacerbating the damage induced by SE in the lithium-
pilocarpine rat model. Nevertheless, they are difficult to reconcile
with the dantrolene’s previously reported neuroprotective effects in
various models of epileptogenesis. For example, in the kainic acid model
of SE, dantrolene (10 mg/kg, i.p.) administrated 30-60 min after kainic
acid has shown neuroprotective effects reducing neuronal loss in the
hippocampal CA3 (Berg et al., 1995). Likewise, in the electrogenic
model of limbic SE, dantrolene (10 mg/kg, i.p.), administered 15 or 140
min after the SE, had time-dependent neuroprotective effects in the
hippocampus, being observed when dantrolene was administered 15
min after SE but not after 140 min (Niebauer and Gruenthal, 1999).
Besides, neuroprotective effects of dantrolene have been reported in
seizures induced by organophosphates (Deshpande et al., 2016) and by
TsTX (Nencioni et al., 2004). Regarding the rat pilocarpine model of SE,
without lithium pretreatment, neuroprotective effects of dantrolene on
CAl and on CA3 hippocampal areas have also been reported when
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Fig. 2. SE induced by lithium-pilocarpine in adult male rats led to a significant hypometabolism in key areas known to be involved in epileptogenesis, effect that was exacerbated
by dantrolene. Regional brain glucose metabolism was evaluated by ['®FIFDG PET 3 days after the SE. (A) Regional brain uptake in the 4 experimental groups is
shown as SUV units (mean + SEM, n = 6-12 rats/group, rats that survived the experimental procedure). (B) In each panel: representative CT (upper row), [\*FIFDG
PET (mid row) and [*®F]FDG PET/CT fused images (bottom row) in coronal, sagittal and trans-axial views scaled to SUV of the 4 experimental groups. Significant
differences are depicted as: **p < 0.005 PILO + VEH vs. SAL + VEH; ###p < 0.001, PILO + DANT vs SAL + DANT; $P < 0.05; $3p 0.01, PILO + VEH vs PILO +
DANT, two-way ANOVA followed by post-hoc Tukey tests.
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Fig. 3. Nissl (blue toluidine) staining micrographs from adult male rat brains. Micrographs illustrate, in a qualitative manner, the damage induced by SE induced by
lithium-pilocarpine on the anterior hippocampal areas CA1, CA3 and hilus 3 days after the insult. It can be observed that this effect is aggravated by dantrolene

administration.

administered 30 min after the SE (Royero et al., 2020). Yet, none of the
abovementioned studies were conducted in the rat lithium-pilocarpine
model of SE and it is likely that the intrinsic characteristics of this
model might explain, at least partially, these discordant results. Thus,
lithium pre-treatment increases sensitivity of muscarinic receptors 1
(M) to pilocarpine in rats (Clifford et al., 1987). This heightened pilo-
carpine sensitivity results in greater IP3 increase that, through IP3R,
induces Ca?* release from the ER to the cytoplasm (Clifford et al., 1987;
Honchar et al., 1983; Sherman et al., 1985). It is interesting to notice
that IP3Rs, but not RyRs, seem to be the major mediator of Ca®" release
from stores in the in vitro hippocampal neuronal culture (Pal et al.,
2001). In this context, dantrolene has been proven ineffective in pre-
venting hippocampal neuronal loss in slices exposed to oxygen-glucose
deprivation (Martinez-Sanchez et al., 2004). Likewise, dantrolene does
not prevent astroglia reactivity in some epilepsy models involving
IPsR-mediated [Ca®*]; increase (Ding et al., 2007; Heuser et al., 2018).
These data suggest that depending on the model studied, other mecha-
nisms independent of RyRs activation may be involved in mediating
[Ca?"]; increase. In fact, epileptogenic activity has been shown to
depend on many mechanisms, including increased hippocampal gluta-
mate levels and NMDAR activation (Nagao et al., 1996; Naylor et al.,
2013; Rice and Delorenzo, 1998). The glutamate excitatory signaling
pathways and/or IPsR-mediated [Ca®']; increase might play a more
significant role than RyRs in the lithium-pilocarpine rat model. None-
theless, the exacerbated damage induced by post-SE dantrolene is still
paradoxical.

Three RyR isoforms (RyR1-3) have been identified (Abu-Omar et al.,
2018; Yamaguchi, 2020). Studies in neuronal cultures have shown that
the neuroprotective effects of dantrolene mainly relay on the blockade of

RyR1 (Mikami et al., 2016). Various RyR2 mutations have been asso-
ciated with benign epilepsy in children (Ma et al., 2021). However, even
though RyR2 is the most predominant isoform in brain (Abu-Omar et al.,
2018; Yamaguchi, 2020), it is not blocked by dantrolene (Inan and Wei,
2010; Zhao et al., 2001). Finally, regarding RyR3, studies in animal
models of Alzheimer’s disease (AD) have shown that up-regulation of
RyR3 is neuroprotective (Supnet et al., 2010) and that the RyR3
blockade by dantrolene exacerbates neuronal damage (Zhang et al.,
2010). In the same line, it has been suggested that the neuroprotective
effects of dantrolene may depend on the stage of AD, being deleterious at
the later ones (Liu et al., 2014). Thus, further investigation might be
needed to determine the role played by the different RyRs isoforms
under neuropathological conditions as well as their regulation by
dantrolene.

Again, stressing the potential impact of the methodological differ-
ences, it is important to notice that the studies in the aforementioned
animal models of epilepsy reporting neuroprotective effects of dan-
trolene, were carried out with adult Wistar rats (Berg et al., 1995;
Nencioni et al., 2004; Niebauer and Gruenthal, 1999; Royero et al.,
2020) whereas we have used adult Sprague-Dawley male rats. Impor-
tantly, marked rat inter-strain differences have been reported between
Wistar and Sprague-Dawley regarding the SE incidence and severity
(Langer et al., 2011).

Summing up, our results indicate that post-SE dantrolene adminis-
tration aggravates the SE-induced neurological damage, contradicting
the existing literature. We suggest that the mechanisms underlying the
increase in [Ca?*]; might significantly differ depending on the intrinsic
characteristics of the model studied as well as on the methodological
conditions. Furthermore, it remains unknown how RyRs are regulated,
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