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ARTICLE INFO ABSTRACT

Keywords: Perampanel (PER) is a potent third-generation antiepileptic drug only available for oral administration. Addi-
Perampanel tionally, PER has shown potential in managing epilepsy comorbidities such as anxiety. Previously, we demon-
Intranasal

strated that the intranasal (IN) administration of PER, loaded in a self-microemulsifying drug delivery system
(SMEDDS), improved brain-targeting and exposure in mice. Herein, we investigated PER brain biodistribution,
its anticonvulsant and anxiolytic effects, and its potential olfactory and neuromotor toxicity after IN adminis-
tration to mice (1 mg/kg). PER showed a rostral-caudal brain biodistribution pattern when administered
intranasally. At short times post-nasal dosing, high PER concentrations were found in olfactory bulbs (olfactory
bulbs/plasma ratios of 1.266 + 0.183 and 0.181 =+ 0.027 after IN and intravenous administrations, respectively),
suggesting that a fraction of the drug directly reaches brain through the olfactory pathway. In the maximal
electroshock seizure test, IN PER protected 60% of mice against seizure development, a substantially higher
value than the 20% protected after receiving oral PER. PER also demonstrated anxiolytic effects in open field and
elevated plus maze tests. Buried food-seeking test showed no signs of olfactory toxicity. Neuromotor impairment
was found in rotarod and open field tests at the times of PER maximum concentrations after IN and oral ad-
ministrations. Nevertheless, neuromotor performance was improved after repeated administrations. Compared
with IN vehicle, PER IN administration decreased brain levels of L-glutamate (0.91 £ 0.13 mg/mL vs 0.64 +
0.12 mg/mL) and nitric oxide (100 + 15.62% vs 56.62 + 4.95%), without interfering in GABA levels. Altogether,
these results suggest that the IN PER delivery through the developed SMEDDS can be a safe and promising
alternative to the oral treatment, which supports the design of clinical studies to evaluate the IN PER delivery to
treat epilepsy and neurological-related conditions as anxiety.

Brain biodistribution
Anticonvulsant
Anxiolytic
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1. Introduction

Epilepsy is one of the most prevalent neurological diseases world-
wide (World Health Organization, 2019). In addition to high mortality,
patients with uncontrolled epilepsy experience a decrease in their
quality of life and can develop a number of other central nervous system
(CNS) disorders (Keezer et al., 2016; Lukawski and Czuczwar, 2021),
such as depression and anxiety (Gonzalez-Martinez et al., 2022; John-
stone et al., 2021; Rauh et al., 2022). Therefore, it is imperative to find
safer and more effective pharmacological alternatives capable of treat-
ing epilepsy as the primary disorder and the associated conditions
(Lukawski and Czuczwar, 2021).

Currently, the chronic administration of antiepileptic drugs remains
the main therapeutic option for epileptic seizures control (Jacob and
Nair, 2016). However, 30% of the epilepsy patients continue to present
uncontrolled seizures and/or unacceptable drug side effects (Lukawski
and Czuczwar, 2021; Patsalos, 2015). This is mostly associated to the
burden of pharmacoresistant epilepsy, in which patients develop
recurrent seizures despite the use of the most appropriate currently
available antiepileptic drugs (AEDs) (fLukawski and Czuczwar, 2021;
Mesraoua et al., 2019). Thus, in order to improve the treatment and
prognosis of patients with drug-resistant epilepsy, the investigation of
new and more effective drugs is still ongoing (Bialer et al., 2022a,
2022b). In parallel, there is also interest in searching for improved
strategies that allow an increase in the brain-targeting of clinically
established AEDs. Among these alternative strategies, intranasal (IN)
administration stands out (Costa et al., 2019; Kapoor et al., 2016; Pan-
dey et al., 2022).

In addition of being safe, non-invasive, easy to handle and, therefore,
more patient-friendly than other administration approaches [e.g., rectal,
intravenous (IV)], the IN route also allows drug molecules to bypass the
blood-brain barrier (BBB) (Costa et al., 2021; Keller et al., 2021; Pires
and Santos, 2018). This is mainly related with the nasal cavity being the
only anatomical area that directly connects the brain to the external
environment, allowing a partial direct nose-to-brain delivery of drugs
(Crowe et al., 2018; Keller et al., 2021; Meirinho et al., 2022b). Addi-
tionally, the proportion of a drug that is not directly transported from
nose-to-brain and that is instead absorbed through the nasal mucosa into
the systemic circulation, also avoids the gastrointestinal and hepatic
first-pass effect, increasing the amount of drug systemically available to
reach the brain (Crowe et al., 2018; Kapoor et al., 2016; Meirinho et al.,
2022b). Hence, the IN doses required to attain therapeutic brain con-
centrations can be 2- to 10-fold lower than the oral ones, which allows to
reach therapeutic effects with less peripheral adverse drug reactions and
drug interactions (Bonferoni et al., 2019). Nevertheless, since the ca-
pacity of the human nasal cavity is very restricted, it only enables the
administration of small dose volumes (25-250 pL) (Bonferoni et al.,
2019; Froelich et al., 2021; Kapoor et al., 2016).

To increase drug strength in small volumes, the use of alternative and
improved formulation strategies, such as a self-microemulsifying drug
delivery system (SMEDDS), can be a promising option (Gupta et al.,
2013; Meirinho et al., 2022b; Rajpoot et al., 2019). This type of system is
able to maintain highly lipophilic drugs in a solubilized state even after
contact with aqueous environments (e.g., nasal mucous). This happens
due to the formation of an in situ microemulsion, with drugs being
immediately entrapped into small lipidic droplets (sizes below 100 nm)
(Meirinho et al., 2022b). By encapsulation into these oil droplets, labile
molecules can also be protected from chemical and enzymatic degra-
dation. Furthermore, the formed small droplets also generate a large
interfacial surface that promotes the partitioning of drug molecules from
the oil phase to the cell membranes interface, improving their local
absorption and, consequently, their brain bioavailability (Buya et al.,
2020; Meirinho et al., 2022b).

Even considering the aforementioned advantages of SMEDDS, IN
administration still requires relatively potent drugs to be effective in
reaching the intended purposes. In this context, perampanel (PER), a
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potent third-generation AED (European Medicines Agency, 2022; Pat-
salos, 2015), stands out as the ideal drug, being for that an attractive
choice to be formulated for IN administration. Besides its potency, PER
acts through a unique mechanism of action: it is a selective, non-
competitive  antagonist of  a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) ionotropic glutamate receptors, which
enables the reduction of seizures and prevents glutamate-induced
neurotoxicity (European Medicines Agency, 2022; Patsalos, 2015). So,
PER can be a promising alternative to control other types of seizures
beyond those for which it is currently approved. In fact, its therapeutic
efficacy has already been demonstrated in cases of pharmacoresistant
epilepsy (Chang et al., 2020; Ikemoto et al., 2019) and in status epi-
lepticus after PER nasogastric delivery (Newey et al., 2019; Rahbani
etal., 2019; Strzelczyk et al., 2019). Additionally, a phase I clinical study
has recently demonstrated that an IV solution of PER may be an inter-
changeable alternative to oral PER in treating status epilepticus (Hussein
et al., 2022). However, similarly to nasogastric administration, the IV
route is also an invasive and difficult approach to be implemented in an
emergency condition, a situation that can be overcome by using an IN
formulation of PER.

Considering the anxiolytic action of several AEDs (Mula et al., 2007;
Van Ameringen et al., 2004), it could also be possible that the PER
unique mechanism of action leads to anxiolytic effects. Actually, Bektas
et al. (2020) study revealed that the intraperitoneal (IP) administration
of PER resulted in good pre-clinical evidence in treating anxiety. In fact,
the use of PER in anxiety treatment can be of great advantage since PER
is not associated with addiction, respiratory depression and hypotension
risks, contrary to what occurs with the administration of benzodiaze-
pines, the current gold standard treatment for anxiety and status epi-
lepticus (American Epilepsy Society, 2016; Der-Nigoghossian et al.,
2019). Additionally, regardless of the clinical conditions, the use of PER
might be potentiated by administrating it through the IN route, possibly
allowing an increase in PER brain bioavailability using lower doses.

Having this in mind, we previously developed a SMEDDS, loaded
with 6 mg/mL of PER, for IN administration (Meirinho et al., 2022a).
Before performing the in vivo studies, the formulations, containing or not
PER, were fully characterized, showing promising features in terms of
droplet size upon dilution, pH, viscosity, and in vitro PER release. Then,
PER was intranasally delivered to mice (1 mg/kg) using a small dose
volume of 5 pL/30 g body weight. The maximum concentrations (Cpax)
of PER in plasma and brain were considerably higher and were achieved
significantly faster with the IN administration compared with the oral
route [i.e., the time to reach maximum concentrations (tyax) of PER was
15 min vs 120 min, respectively]. After IN administration, total exposure
of PER in plasma and brain was also significantly higher, with brain-to-
plasma ratios obtained from IN PER being higher at all time points
relative to oral dosing. At least until 4 h post-IN dose, plasma concen-
trations of PER in mice were maintained within the therapeutic range
assumed as a reference for humans (0.1 — 1 pg/mL), which did not occur
after oral administration (Meirinho et al., 2022a, 2021; Reimers and
Berg, 2018). Another important finding of our previous study was the
absence of histopathological toxicity of the developed SMEDDS, both
systemically and locally in the nasal epithelium (Meirinho et al., 2022a).

Thus, we hypothesized that the previously developed SMEDDS
(encoded as FH5) loading PER at 6 mg/mL could be therapeutically
effective, which led us to explore this formulation with PER in the
current study. Firstly, the biodistribution of PER in different anatomical
brain sections was characterized after its IN administration to mice. In a
second phase, we investigated the potential of IN PER to cause olfactory
and neuromotor toxicity. At a later stage, we explored whether or not IN
administration of PER could be superior to the oral route in preventing
the occurrence of electrically-induced acute seizures in mice. Addi-
tionally, since administration of PER already demonstrated in vivo
anxiolytic effects, we further tested if the IN administration of PER could
also be beneficial for this purpose. A neurochemical evaluation was also
performed in order to support the obtained pharmacodynamic results.
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2. Materials and methods
2.1. Materials

PER (99.9% purity) was a gift sample from MSN Laboratories Ltd.
(Hyderabad, India). Fycompa® 0.5 mg/mL oral suspension (Eisai
GmbH, Germany) and diazepam (DZP) 10 mg/2 mL injectable solution
(Labesfal, Portugal) were commercially obtained from a local pharmacy
(Covilha, Portugal). Terbinafine hydrochloride (99.5% purity), used as
internal standard during the bioanalysis, was gently provided by Blue-
pharma (Coimbra, Portugal). Pentobarbital sodium injection solution
(Eutasil®) and the isoflurane solution used for inhaled anaesthesia
(Ecuphar IsoFlo®) were purchased from Ceva (Libourne, France). A
sample of diethylene glycol monoethyl ether (Transcutol® HP) was
kindly supplied by Gattefossé (Saint-Piest, France) and samples of
macrogolglycerol hydroxystearate (Kolliphor® RH 40) were donated by
BASF Europe. Triglycerides medium-chain (Miglyol® 812) and propyl-
ene glycol were obtained from Acofarma (Barcelona, Spain). Acetoni-
trile (HPLC grade), analytical grade triethylamine, 85% ortho-
phosphoric acid, sodium hydrogen carbonate and sodium bicarbonate
were all acquired from Fisher Scientific (Leicestershire, United
Kingdom). Isopropanol (98% purity) and absolute ethanol (99.8% pu-
rity) were purchased from Honeywell Riedel-de Haén™ (Seelze, Ger-
many); potassium hydroxide (KOH) from Fisher Scientific
(Leicestershire, UK); monobasic and dibasic sodium phosphate from
Acros Organics (Geel, Belgium); zinc sulphate (ZnSO4) heptahydrate
from VWR (Leuven, Belgium); magnesium sulphate (MgSO4) and tri-
chloroacetic acid from Panreac (Barcelona, Spain); N—(1-naphthyl)-
ethylenediamine dihydrochloride and sulfanilamide from Alfa Aesar
(Karlsruhe, Germany); copper(Il) sulphate anhydrous from Scharlau
(Istanbul, Turkey); ninhydrin and D-tartaric acid from Sigma-Aldrich
(St. Louis, MO, USA). Sodium chloride solution (NaCl) 0.9% was ob-
tained from B. Braun Medical (Queluz de Baixo, Portugal). Ultra-pure
water was obtained from a Milli-Q water apparatus, 0.22 pm filter, of
Merck (Darmstadt, Germany).

2.2. Experimental animals

Healthy adult male CD-1 mice were obtained from local certified
facilities (Faculty of Health Sciences of the University of Beira Interior,
Covilha, Portugal). All mice aged between 8 and 10 weeks and had
weights from 30 to 45 g. Animals were housed under controlled envi-
ronment conditions (12/12 h light-dark cycles, temperature at 20 +
2 °C and relative humidity of 50 & 5%), receiving sterile tap water and
standard rodent diet ad libitum (4RF21, Mucedola, Italy). The animal
experimental procedures were approved by the local Animal Welfare
and Ethical Review Body, in agreement with the regulations of the Eu-
ropean Directive 2010/63/EU (European Parliament and Council of the
European Union, 2010).

2.3. Preparation of intranasal perampanel and comparative treatments

The SMEDDS loading PER, for now on designated as FH5 + PER, was
prepared as reported in Meirinho et al. (2022a). Miglyol® 812 (10%),
Kolliphor® RH40 (40%) and Transcutol HP (40%) were weighted and
mixed in the defined proportions. Then, an appropriate amount of PER
was dissolved in the anhydrous preconcentrate by vortex-mixing and
ultrasonic dissolution. Water (10%) was finally added dropwise, and the
formulation was homogenized by gentle inversion and stored at room
temperature, protected from light, until used. The final concentration of
PER was 6 mg/mL, allowing an IN administration of 1 mg/kg using a
volume of 5 pL/30 g of mouse body weight (Meirinho et al., 2022a).

The IV administration of PER was used as comparative treatment in
the brain biodistribution study. For that, a clear solution of PER was
prepared by dissolving it in a mixture of propylene glycol/NaCl 0.9%/
ethanol (50:30:20, v/v/v) to reach a final drug concentration of 0.25
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mg/mL. This allowed an IV administration of 0.5 mg/kg by a slow in-
jection (approximately for 1 min) in mice tail veins of a volume of 60 pL/
30 g mouse body weight (Meirinho et al., 2022a).

For oral administration of PER, used as comparative treatment dur-
ing the pharmacodynamic studies, Fycompa® 0.5 mg/mL oral suspen-
sion was 5-fold diluted with ultra-pure water to reach a final PER
concentration of 0.1 mg/mL. This allowed an administration dose of 1
mg/kg in a volume of 300 pL/30 g mouse body weight using an adequate
gavage feeding tube coupled to a syringe (Meirinho et al., 2022a).

IP injection of DZP, a very well-known anxiolytic drug here used as
positive control in anxiety behavioural tests, was prepared by diluting
16.7-fold the commercial injectable solution (diazepam Labesfal® 10
mg/2 mL) in NaCl 0.9%. The final concentration was 0.3 mg/mlL,
allowing to administer 1 mg/kg using a volume of 90 pL/30 g mouse
body weight (Bektas et al., 2020; Fan et al., 2019; Lin et al., 2021; Tabari
and Tehrani, 2017).

A solution of ZnSOy4, used as positive olfactory impairment control in
the buried food-seeking test, was prepared at a concentration of 10%
(w/v) by diluting an appropriate amount of ZnSO4 heptahydrate in
ultra-pure water. The solution was intranasally administered to mice at a
volume of 5 pL/30 g mouse body weight.

2.4. In vivo pharmacokinetics of perampanel — A brain biodistribution
study

The brain biodistribution study was carried in male CD-1 mice
randomly divided into two experimental groups: the first group received
a single IN dose of FH5 + PER (1 mg/kg), and the second one received a
single dose of a slow IV tail vein injection of PER (0.5 mg/kg) (Fig. 1).
Before proceeding to IN or IV administrations, each mouse was anes-
thetized with pentobarbital (60 mg/kg) through IP injection and kept in
a warm environment to avoid hypothermia. At pre-determined times
after PER administration (i.e., 5, 15, 30 and 60 min; n = 4 per time-
point), mice were again subjected to anesthesia and cardiac puncture
was used to collect blood into 1 mL tubes containing K3-EDTA (BD
Vacutainer®). Immediately after the blood collection, brain was
collected and gently washed using a 0.9% NaCl solution. After it, each
excised brain was placed on an ice block to be easily dissected into ol-
factory bulbs, frontal cortex, cerebellum, and remaining part of the brain
(Fig. 1). Blood samples were centrifuged at 3351 g for 10 min at 4 °C to
obtain plasma samples. The different brain sections were homogenized
in a 1 M sodium phosphate buffer pH 5 (4 mL/g tissue) using an Ultra-
Turrax tissue homogenizer (Ika Ultra-Turrax® T25 Basic, Staufen, Ger-
many). The homogenates were then centrifuged at 17,350 g for 15 min
at 4 °C. Both plasma and homogenate supernatants were stored at
—20 °C, protected from light, until analysis.

The determination of PER concentrations in plasma and homogenate
supernatants of each brain section were performed using a fully vali-
dated high-performance liquid chromatography (HPLC) method previ-
ously developed by our research group (Meirinho et al., 2020). Briefly,
100 pL of biological sample were spiked with 20 pL of terbinafine (100
pg/mL). Then, 200 pL of isopropanol followed by 100 pL of 1 M MgSO4
were added to induce a salting-out effect. The mixture was then vortex-
mixed for 1 min, centrifuged at 12,300 g for 3 min, and the upper organic
layer was transferred to a glass tube to be further evaporated under
gentle nitrogen stream (45 °C). The obtained dried sample was recon-
stituted using 200 pL of mobile phase, centrifuged for another 3 min at
12,300 g and 20 pL of the remaining supernatant was injected into the
chromatographic system.

PER analysis was performed using a HPLC system (Shimadzu Cor-
poration, Japan) equipped with a DGU-20A5R automatic degasser, a LC-
20AD quaternary solvent pump, a CTO-10AS VP column oven, a SIL-
20ACHT refrigerated automatic injector and a RF-20AXS fluorescence
detector. Data acquisition and instrumentation were controlled using
the LabSolutions software (Shimadzu Corporation, Japan). The separa-
tion of PER and internal standard was accomplished using a reversed-
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Fig. 1. Schematic representation of in vivo perampanel (PER) biodistribution study in different parts of the brain (olfactory bulb, frontal cortex, cerebellum, and
remaining part of the brain). The study was performed after a single administration of intranasal (IN) FH5 + PER at a dose of 1 mg/kg, and after the intravenous (IV)

administration of a PER solution at a dose of 0.5 mg/kg.

phase LiChroCART® Purospher Star column (C;g 55 mm x 4 mm; 3 pm),
protected by a LiChroCART® Purospher Star precolumn (C1g 4 mm x 4
mm; 5 pm) (Merck, Darmstadt, Germany), both maintained at 35 °C. The
mobile phase [ultrapure water containing 1% (v/v) triethylamine at pH
2.5 adjusted with ortho-phosphoric acid/acetonitrile (53:47, v/v)] was
flushed at 1 mL/min. Terbinafine was detected at 254/372 nm while
PER at 275/430 nm, with retention times of 2 and 3 min, respectively.

To compare the brain distribution pattern of PER after IN and IV
administrations, the concentration of PER was determined in each sec-
tion of the brain and in plasma after specific times post-dosing, being
then graphically plotted. At each time after administration, comparisons
between PER concentrations in plasma and in each section of the brain,
and comparisons of PER concentrations between olfactory bulbs, frontal
cortex, cerebellum and remaining part of the brain were performed by a
two-way ANOVA with Dunnett’s post-hoc test. Tissue-to-plasma con-
centration ratios of PER obtained at each time post-dosing in the groups
that received IN and IV administrations were then calculated and
compared by a two-way ANOVA analysis with Sidak’s post-hoc test.
Statistically significant differences were considered for a p-value lower
than 0.05 (p < 0.05).

2.5. In vivo pharmacodynamic evaluation of perampanel

After IN administration, several pharmacodynamic effects of PER
were evaluated. Since PER is a clinically well-established AED (Euro-
pean Medicines Agency, 2022), the main purpose was to assess if the IN
administration of PER resulted in a higher anticonvulsant activity in an
animal model of acute seizures — the maximal electroshock seizure
(MES) test - than its oral administration, the only pharmaceutical form
currently available (European Medicines Agency, 2016). Since the focus
of the present work was to evaluate the viability of PER delivery by nasal

route, it was also highly important to evaluate if the developed SMEDDS,
loading or not PER, could cause any olfactory toxicity. Furthermore,
since the most frequently identified adverse effects following PER
administration are dizziness, somnolence and fatigue (European Medi-
cines Agency, 2022; Patsalos, 2015), our focus was also to study if
intranasally delivered PER could compromise mice neuromotor behav-
iours such as locomotion and coordination. Finally, since it is already
reported that PER can also be beneficial in anxiety treatment (Bektas
etal., 2020), we also investigated the anxiolytic potential of IN PER in in
vivo anxiety models.

A schematic representation of all the performed pharmacodynamic
tests is given in Fig. 2. All the IN administrations were performed within
1 min after induction of anaesthesia using isoflurane at 3.5% (v/v)
combined with an oxygen flow of 800 mL/min. The defined post-dose
assessment times were based on previously determined pharmacoki-
netics profiles (i.e., 15 min and 2 h, which are the t;,x of PER after IN
and oral administrations, respectively; and 4 h is a time point in which
the PER concentrations obtained in mice after IN administration are still
within the human therapeutic range) (Meirinho et al., 2022a, 2021;
Reimers and Berg, 2018).

2.5.1. Anticonvulsant activity evaluation

The anticonvulsant activity of PER was evaluated by the MES test
following all procedures of the Anticonvulsant Screening Program
approved by the National Institute of Neurological Disorders and Stroke
(Rockville, USA) (National Institute of Neurological Disorders and and
Stroke, 2016). MES is a model of generalized tonic-clonic seizures and
allows to evaluate if a compound is able to prevent seizure spread when
all the neurological circuits are maximally active (Barker-Haliski et al.,
2018; National Institute of Neurological Disorders and and Stroke,
2016).
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Fig. 2. Schematic representation of in vivo pharmacodynamic studies performed in different mice groups after receiving all different treatments under study, in a
single dose or in a repeated dose regimen. DZP, diazepam; FH5, self-microemulsifying drug delivery system developed for perampanel intranasal administration;

PER, perampanel.

The anticonvulsant activity of PER was evaluated after 15 min, 2 h
and 4 h of a single IN and oral administration of PER (1 mg/kg), and in a
control group that received the IN vehicle FH5 (n = 5 per time point).

To perform the MES test, each animal received an electrical stimulus
of 60 Hz (50 mA) delivered during 0.2 s through auricular electrodes
connected to an electroconvulsometer (ECT Unit, Ugo Basile, Varese,
Italy). Prior to stimulation, electrodes and mice ears were moistened
with a NaCl 0.9% solution to improve conductivity. The tonic extension
of the hindlimbs after animals receive the electrical stimulus is

|
A. Buried Food-Seeking Test

considered the endpoint of the test. Animals not exhibiting the hindlimb
tonic extension component of the seizures are considered protected from
MES-induced seizures (Castel-Branco et al., 2009; Matias et al., 2017;
National Institute of Neurological Disorders and and Stroke, 2016).

2.5.2. Olfactory toxicity assessment

A possible impairment of mice olfactory sense caused by the IN
administration of FH5 or FH5 + PER was assessed following validated
protocols of the buried food-seeking test (Fig. 3A) (Lehmkuhl et al.,

B. Rotarod Test

C. Open-Field Test

D. Elevated-Plus Maze Test

Fig. 3. Schematic illustration of the different behavioural studies conducted in mice groups after receiving the treatments under study.
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2014; Yang, 2009).

The buried food-seeking test relies on the natural tendency of mice to
use olfactory information for foraging, navigating and other natural
activities. Thus, olfactory assessment is critical to proper interpreting
numerous mouse behaviours that could further impair other behav-
ioural tests. The assumption of this study is that food-restricted mice,
which fail to use odour cues to locate the food, are likely to have deficits
in olfactory abilities. In fact, most mice with normal olfaction can find
the hidden food piece within a few seconds (Lehmkuhl et al., 2014;
Machado et al., 2018).

Mice were randomly divided into four groups (n = 6): the negative
control group (IN NaCl 0.9%); the IN free-drug FH5 group (5 pL/30 g);
the IN FH5 + PER group (1 mg/kg); and the positive control group [IN
ZnS04 10% (w/Vv)]. Except for ZnSO4, which was only administered in a
single dose, 24 h before the test, the remaining groups were intranasally
administered once a day for 7 consecutive days.

Twenty-four hours before the buried food-seeking test, mice were
subjected to food deprivation, but with access to water ad libitum. To
perform the test, each mouse was placed in individual clean cages with a
3 cm-thick corn-cob bedding, being allowed to explore it for 30 min.
Then, mice were removed, and a 2-3 g chow pellet was randomly buried
approximately 2 cm under the bedding surface. Each mouse was placed
back into the cage that had already explored and were video recorded
during all experiment. The time between the animal introduction into
the cage and the moment at which the animal uncovers the pellet and
starts to eat it is scored as the latency to find the food pellet. The latency
was measured in seconds up to a maximum of 300 s.

Statistical comparisons between the latency of the negative group
(IN NaCl 0.9%) and the latency of the positive control and test groups
were performed using a one-way ANOVA analysis with Tukey’s post-hoc
test. Statistically significance was considered for a p-value lower than
0.05 (p < 0.05).

2.5.3. Neuromotor impairment evaluation

The neuromotor impairment and coordination of mice were pri-
marily evaluated by the well-established rotarod test (Fig. 3B) using a
rotarod apparatus (Ugo Basile, Varese, Italy) (Deacon, 2013).

Before the administrations, all animals were trained on rotarod (4 to
20 rpm for 2 min) two times a day for three consecutive days (Deacon,
2013). Then, the animals were randomly divided into three groups (n =
6): a group receiving the IN formulation vehicle FH5 (5 pL/30 g); a
group receiving IN FH5 + PER (1 mg/kg); and the third group receiving
the oral suspension of PER (1 mg/kg). The test was performed 15 min, 2
h and 4 h after a single dose administration. Then, the administrations
continued to be performed once a day for 7 consecutive days, and the
test was repeated on the 7th day, 15 min, 2 h and 4 h after the last
administration. At the pre-determined time-points after PER single and
repeated administrations, the rotarod test was conducted at a constant
speed of 20 rpm for 2 min, as described in Food and Drug Administration
pharmacology review of PER oral formulations (U.S. Food and Drug
Administration, 2012). The latency to fall was recorded, being it indic-
ative of the neuromotor toxicity caused by the treatment.

Statistical comparisons between the time spent in rotarod of negative
control group (IN FH5) and the test groups (IN FH5 + PER and oral PER)
were determined by a two-way ANOVA with Dunnett’s post-hoc test,
with statistically significant differences considered for a p-value lower
than 0.05 (p < 0.05).

2.5.4. Locomotion and anxiolytic evaluation

The combined neuromotor and anxiolytic effects of IN PER were
evaluated by the open field and the elevated plus maze tests. For that,
mice were randomly divided into four different groups (n = 6): the
negative control group receiving the IN vehicle FH5 (5 pL/30 g); the
positive control group of anxiolytic effects receiving IP DZP (1 mg/kg); a
group receiving IN FH5 + PER (1 mg/kg) and tested 15 min after
administration; and another group receiving IN FH5 + PER (1 mg/kg)
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and tested 4 h post-administration. Both negative and positive groups
were tested 30 min after administration.

2.5.4.1. Open field test. Open field (Fig. 3C) is a functional test used to
evaluate locomotion/exploratory and anxiety stereotypical behaviours,
being herein used to evaluate those effects after IN PER administration.

Locomotor and exploratory activities are considered as the general
parameters to study the central action of a drug. An increase in these
parameters indicates an index of alertness and a decrease is indicative of
impaired neurological processes and sedation. Basal locomotion and
exploratory activities are measured by the total distance travelled and
by the average locomotion speed of mice during the test (Chang et al.,
2020; Diniz et al., 2019).

The open field test is also intended for screening anxiolytic or anx-
iogenic effects of compounds. Less anxious mice tend to spend more time
exploring the open central area of the arena. On the contrary, more
anxious mice prefer staying close to the walls and travel more on the
periphery of the box (Kraeuter et al., 2019a).

Activity in the open field was evaluated using an Actimot device (TSE
systems Inc. MI, USA). Each mouse was individually placed in the center
of the arena and left to freely explore it for 5 min. The total distance
travelled, the average speed, the number of entries in the central and
peripheric zones and the number of rearings were automatically recor-
ded using the TSE Phenomaster software (TSE systems Inc. MI, USA).
Between animals, the arena was always cleaned with 70% ethanol to
eliminate odor disturbance.

Statistically comparisons between all groups were determined by a
one-way ANOVA with Tukey’s post-hoc test, with significance set for a p-
value lower than 0.05 (p < 0.05).

2.5.4.2. Elevated plus maze test. The possible anxiolytic effects of IN
PER were also evaluated using the elevated plus maze test (Fig. 3D). This
test consists of an elevated apparatus standing 60 cm above the ground,
with two open arms (36 x 6 cm) and two closed arms (36 x 6 x 15 cm)
joined together by a central compartment (6 x 6 cm). This is the gold
standard test used for screening anxiety stereotypical behaviours. It is
based on the natural tendency of mice to avoid open and/or elevated
places balanced with their innate curiosity to explore new areas. So, a
less anxious mouse will spend more time exploring the exposed arms of
the apparatus, whereas a mouse with high levels of anxiety will have
tendency to spend more time in the protected arms (Ari et al., 2019;
Kraeuter et al., 2019b).

Each mouse was placed in the central compartment of the apparatus
and was video recorded for 5 min. The number of entries, the total
distance travelled, and the time spent in open and closed arms, together
with the number of rearings and dippings were automatically recorded
by the ANY-maze tracking software (Stoelting Europe, Dublin, Ireland).

Statistically comparisons between all groups were determined by a
one-way ANOVA with Tukey’s post-hoc test, with statistically significant
differences considered for a p-value lower than 0.05 (p < 0.05).

2.6. Neurochemical evaluation in whole brain

After receiving a single dose of each treatment, mice previously
subjected to behavioural tests were sacrificed 4 h post-dosing. Brains
were collected after decapitation for neurochemical analysis of the
levels of nitric oxide, gamma-aminobutyric acid (GABA) and L-gluta-
mate. With that purpose, brain homogenates supernatants were ob-
tained by the homogenization of brains in a 1 M sodium phosphate
buffer pH 5 (4 mL/g tissue) using an Ultra-Turrax tissue homogenizer.
The homogenates were then centrifuged at 17,350 g for 15 min at 4 °C
and the supernatants were subsequently collected for further analysis.

In all cases, statistical comparisons between all groups were deter-
mined by a one-way ANOVA with Tukey’s post-hoc test, with signifi-
cance level being set for a p-value<0.05 (p < 0.05).
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2.6.1. Nitric oxide assay

The quantity of nitric oxide levels in brain homogenates supernatants
was determined by the reduction of nitrate to nitrite, which then reacts
with Griess reagent to form a chromophore azo derivative that can be
spectrophotometrically measured (Green et al., 1982; Mustafa et al.,
2013).

A volume of 100 pL of brain homogenate supernatant was incubated
with 100 pL of Griess reagent (1% sulfanilamide in 5% ortho-phosphoric
acid and 0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride) for
10 min at room temperature, protected from light. The absorbance of the
produced azo derivatives was then measured at 546 nm in a microplate
reader (Bio-Rad Laboratories, Hercules, USA).

Nitric oxide levels were expressed as a percentage relatively to the
absorbance of the control brain samples (IN FH5). The results corre-
spond to the mean + standard deviation (SD) of the brain nitric oxide
percentages of the six animals (n = 6) belonging to each test group used
in the behavioural studies.

2.6.2. L-Glutamate assay

A L-glutamate assay kit from Megazyme (Bray Business Park, Bray,
Co. Wicklow, Ireland) was used to measure L-glutamate concentrations
in brain homogenates supernatants by following the manufacture’s
protocol (Megazyme, 2018).

A volume of 100 pL of brain homogenate supernatant was depro-
teinized using an equal volume of 10% trichloroacetic acid. After
centrifugation at 12,300 g for 10 min at 4 °C, the supernatant was
neutralized to pH 7 with 1 M KOH and L-glutamate was quantified by a
colorimetric method following the manufacturer’s instructions. The
principle of the method is based on the L-glutamate oxidation by
nicotinamide-adenine dinucleotide, in the presence of glutamate dehy-
drogenase, leading to the formation of 2-oxoglutarate, reduced
nicotinamide-adenine dinucleotide (NADH) and ammonium ions (NHZ).
A further reaction between NADH and iodonitrotetrazolium chloride
(INT), catalyzed by diaphorase, forms an amount of INT-formazan
product that is stoichiometric with the amount of L-glutamate. The
INT-formazan was measured at 492 nm in a microplate reader (Bio-Rad
Laboratories, Hercules, USA) and L-glutamate concentrations were
calculated by Equation 1, where AAgmple is the difference between the
blank and the samples absorbance, AAgtandarq is the difference between
the blank and L-glutamate standard solution absorbance, the concen-
tration of L-glutamate in standard solution is 0.1 mg/mL, and F is the
dilution factor used in sample dilution during preparation:

AAgumple
[L —glutamate] = e

The results correspond to the mean + SD of L-glutamate concentra-
tions obtained in the brain of the six animals (n = 6) belonging to each
test group used in the behavioural studies.

x [L — glutamate]y, ...q % F(Eq. 1).

2.6.3. GABA assay

The levels of GABA in brain homogenates supernatants were deter-
mined by the measurement of the fluorescent products formed when
GABA reacts with ninhydrin in an alkaline medium (Kandeda et al.,
2022; Lowe et al., 1958).

A volume of 100 pL of brain homogenate supernatant was depro-
teinized using an equal volume of 10% trichloroacetic acid. After
centrifugation at 12,300 g for 10 min at 4 °C, the supernatant was
collected and its pH was adjusted to 7 with 1 M KOH. 200 pL of 14 mM
ninhydrin (in 0.5 M carbonate-bicarbonate buffer pH 9.95) was then
added to 100 pL of the deproteinized supernatant. The mixture was
incubated at 60 °C for 30 min and then cooled to room temperature,
followed by the addition of 5 mL of freshly prepared alkaline copper-
tartrate reagent (10 mM sodium carbonate, 1.32 mM copper sulphate
and 2.2 mM tartaric acid), vortex and incubation at 25 °C for 15 min.
The fluorescence of the formed products was measured at 355/460 nm
in a spectrofluorometer (SpectraMax Gemini EM, Molecular Devices,
San Jose, CA), being it proportional to the GABA concentrations in brain
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homogenates.

GABA levels were expressed as a percentage relatively to the
absorbance of the control brain samples (IN FH5). The results corre-
spond to the mean + SD of the brain GABA percentages of the six ani-
mals (n = 6) belonging to each test group used in the behavioural
studies.

3. Results
3.1. In vivo brain biodistribution study

To support the previously obtained data regarding a possible direct
nose-to-brain delivery of PER (Meirinho et al., 2022a), a brain bio-
distribution study was performed to understand if PER followed a
somewhat rostral-caudal biodistribution after its IN (1 mg/kg) and IV
(0.5 mg/kg) administrations.

At specific time-points post-dosing up to 60 min, PER concentrations
were quantified in olfactory bulbs, frontal cortex, cerebellum, remaining
part of the brain and in the respective plasma samples (Fig. 4). The
tissue-to-plasma ratios were also calculated for olfactory bulbs, frontal
cortex, cerebellum and remaining part of the brain following IN and IV
administrations (Table 1).

By examining Fig. 4B, it is noteworthy that the concentrations of PER
in the studied sections of the brain at all times post-IV administration
were significantly lower (p < 0.001) than the respective concentrations
in plasma. However, no statistically significant differences were found
between PER concentrations in the different brain sections, being that
consistent with the similar tissue-to-plasma ratios obtained at all time
points post IV-dose (Table 1). That might demonstrate a somewhat
uniform distribution of PER in brain after being intravenously admin-
istered. On the other hand, at all times post-IN delivery, the olfactory
bulb was the only brain section that did not show statistically significant
differences in PER concentrations comparatively with the ones attained
in plasma (Fig. 4A). Actually, at 15 min post IN-dosing — the ty,x of PER
in whole brain after IN administration (Meirinho et al., 2022a) — the
concentrations of PER in the olfactory bulbs were even higher than in
plasma. In contrast, at that same time post-dosing, significantly lower
PER concentrations (p < 0.001) can be observed in frontal cortex, cer-
ebellum and remaining part of the brain comparatively with the ones in
olfactory bulbs, which shows a higher accumulation of PER in the ol-
factory bulbs at the IN PER tpx. This is in line with the olfactory bulb/
plasma ratio obtained 15 min after IN administration, with olfactory
bulb/plasma ratios after 5 and 15 min of IN PER administration showing
to be significantly higher than the corresponding tissue-to-plasma ratios
calculated for IV administration (Table 1). It is only after 60 min of IN
instillation that the concentrations of PER start to became more uni-
formly distributed between olfactory bulb, frontal cortex, cerebellum,
and remaining part of the brain.

Altogether, the analysis of PER concentrations over time in the
different brain parts suggests a direct nose-to-brain drug delivery of IN
PER due to an unequal distribution from rostral to more caudal brain
areas, contrary to the more homogenous tissue distribution of PER found
after IV dosing.

3.2. Anticonvulsant activity evaluation

Since oral PER (Fycompa®) is currently approved for the therapy of
generalized tonic-clonic seizures (European Medicines Agency, 2022;
Patsalos, 2015), the anticonvulsant activity of IN PER was evaluated
using the MES test, a highly representative in vivo model of these seizures
types (Barker-Haliski et al., 2018; National Institute of Neurological
Disorders and and Stroke, 2016). After application of the electric stim-
ulus, the occurrence of hindlimbs tonic extension in each mouse was
recorded. If that extension did not occur, the animals were considered
protected against MES-induced seizures. This protection was evaluated
15 min, 2 h and 4 h after a single IN and oral dose administration of PER
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Fig. 4. Perampanel concentration in plasma, olfactory bulbs, frontal cortex, cerebellum and remaining part of the brain up to 60 min after intranasal (1 mg/kg) (A)
and intravenous (0.5 mg/kg) (B) administration of PER to mice. Data correspond to mean + standard error of the mean (SEM) of four mice in each time group (n =
4). Statistically significant differences between perampanel concentrations in plasma and different sections of the brain (highlighted by * symbols) and between the
different brain sections (highlighted by # symbols) were evaluated by a two-way ANOVA with Dunnett’s post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001,
####/****p < 0.0001.

Table 1
Tissue-to-plasma concentration ratios of perampanel after intranasal (1 mg/kg) and intravenous (0.5 mg/kg) administrations to mice. Data expressed as mean +
standard error of the mean (SEM) of four mice in each time group (n = 4). At each time after administration, statistically significant differences (**p < 0.01) between

intranasal and intravenous groups are marked.

Concentration ratios (mean + Intranasal administration

Intravenous administration

SEM) 5 min 15 min 30 min 60 min 5 min 15 min 30 min 60 min

Olfactory bulb/Plasma 0.617 + 1.266 + 0.578 + 0.463 + 0.198 + 0.181 + 0.242 + 0.176 +
0.067** 0.183%* 0.142 0.159 0.011 0.027 0.084 0.048

Frontal cortex/Plasma 0.292 + 0.048 0.329 + 0.039 0.205 + 0.268 + 0.246 + 0.238 + 0.329 + 0.167 +
0.016 0.034 0.006 0.041 0.143 0.044

Cerebellum/Plasma 0.201 + 0.053 0.294 + 0.065 0.304 + 0.289 + 0.249 + 0.237 + 0.307 + 0.166 +
0.100 0.046 0.016 0.042 0.082 0.024

Remaining brain/Plasma 0.241 + 0.049 0.253 + 0.019 0.223 + 0.270 + 0.267 + 0.277 + 0.355 + 0.140 +
0.033 0.038 0.009 0.037 0.093 0.023

(1 mg/kg). The number of protected animals after each treatment and
the respective protection rate (expressed as percentage of the total
number of animals tested) are summarized in Table 2. All animals that
only received the IN vehicle FH5 experienced MES endpoint, thus
ensuring that FH5 was devoid of intrinsic anticonvulsant activity.

After the IN-dose administration of PER, the results indicate a higher
protection rate against MES-induced seizures comparatively with the
obtained after oral administration (Table 2). A protection rate of 60%
was obtained 15 min post IN dosing, which is the tp,x of PER after a
single IN dose (Meirinho et al., 2022a). The same protection rate is
maintained at least until 2 h after IN administration, only decreasing for
20% after 4 h. On the contrary, at all times after a single oral dose, the
obtained protection rate was only of 20%, a considerably lower value
compared with the data obtained after IN administration of PER. These
data suggest that the IN administration of PER (1 mg/kg) results in a
higher anticonvulsant protection when compared with its oral admin-
istration at the same dose.

Table 2

In vivo anticonvulsant protection following intranasal (IN) administration of
perampanel (PER) loaded in FH5 (FH5 + PER, 1 mg/kg) and oral administration
of a PER suspension (1 mg/kg) to mice (n = 5). The anticonvulsant evaluation
was performed at different times after a single dose administration of each
treatment.

Maximal electroshock seizure (MES) test

Time post- FH5 + PER (1 mg/kg) Oral suspension (1 mg/kg)

dosing . R
Mprotected/ % Protection  Mprotected/ % Protection
Ntest Mtest

15 min 3/5 60 1/5 20

2h 3/5 60 1/5 20

4h 1/5 20 1/5 20

3.3. Olfactory toxicity assessment

Since mice behaviours greatly depend on their olfactory sense, a
possible olfactory impairment caused by the IN administration of FH5
and FH5 + PER was assessed by the buried food-seeking test.

As demonstrated in Fig. 5, IN administrations of FH5 and FH5 + PER
did not demonstrate any loss of olfactory sense in mice after 7 consec-
utive days of repeated administrations. The latency to eat food was
comparable between animals that were intranasally administered with
FH5, FH5 + PER and NaCl 0.9% (Fig. 5), and significantly lower than in
the animals treated with 10% ZnSO4 (291.8 + 11.67 s), a compound
known for destroying olfactory epithelium in mice (McBride et al.,
2003). These data suggest that the previously developed SMEDDS,
loaded or not with PER, is safe for the olfactory epithelium and that the
following behavioural assays could be carried out without bias.

3.4. Neuromotor impairment evaluation

3.4.1. Rotarod test

The minimal neuromotor impairment was firstly evaluated by the
time spent in the rotarod apparatus after the IN or oral dosing of PER at
1 mg/kg, administered either in a single or after a repeated-dose
regimen (Fig. 6A and 6B, respectively).

After a single dose administration, comparisons with the IN vehicle
FHS5 indicate a significant decrease on the time spent in rotarod, 15 min
after the IN administration of PER and 2 h post oral dosing (Fig. 6A).
This indicates a slightly neuromotor impairment induced by PER at the
corresponding IN and oral ty,ax of PER in brain (Meirinho et al., 2022a).
At 4 h post-administrations, the time spent in the rotarod was similar
between the animal groups that received the IN vehicle (FH5), IN PER
(FH5 + PER) and oral PER. This might indicate that mice fully recover
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Fig. 5. Latency time (s) evaluated in the buried food-seeking test. Data corre-
spond to mean + standard deviation (SD, n = 6) of the time that starved ani-
mals took to find and start eating the buried food pellet after intranasal
administration of the formulation vehicle (FH5) and FH5 loaded with per-
ampanel (FH5 + PER) for 7 consecutive days. A single dose of intranasal ZnSO4
solution at 10% was used as positive olfactory impairment control, and a 7-days
repeated intranasal dosing of NaCl 0.9% was used as negative control for ol-
factory impairment. Statistically significant differences between negative con-
trol and test groups were evaluated by a one-way ANOVA with Tukey’s post-
hoc test. p < 0.0001.

their neuromotor activity at longer times post-dosing, demonstrating a
reduction of minimal neuromotor impairment caused by PER at longer
times post-dosing.

After 7-days of repeated administrations, no significant differences
on the time spent in rotarod were found between groups (Fig. 6B). These
findings indicate that a continuous dosing schedule of IN and oral
administration can decrease the neuromotor impairment effects of PER
found in the rotarod at PER tp,,x values after a single dose administration
(i.e., 15 min and 2 h).

3.4.2. Open field test

The effects on locomotion and exploratory behaviours after a single
IN administration of PER at 1 mg/kg were evaluated in an open field
apparatus by the analysis of the total distance travelled by mice and
their respective average speed (Fig. 7).

Before using DZP as a positive anxiolytic control, it was first
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necessary to confirm that its IP administration at a dose of 1 mg/kg only
resulted in anxiolytic effects without compromising the locomotor ac-
tivity (da Cruz et al., 2019; Fan et al., 2019). Mice treated with IP DZP
did not reveal significant differences in the distance traveled and in the
average speed compared with mice treated with the IN vehicle (Fig. 7),
thus ensuring that DZP will not cause neuromotor impairment during
the following anxiety tests. A single dose of IN administration of PER
resulted in a trend to decrease locomotor and exploratory behaviours 15
min post IN administration, being this in accordance with the neuro-
motor impairment effects demonstrated in the rotarod test (Fig. 6). This
is confirmed by the reduction in total distance travelled (Fig. 7A) and in
the average speed of mice (Fig. 7B) during the open field test, although
not statistically different when compared with the same data of the IN
FH5 group. After 4 h of IN PER administration, mice fully recover their
motor ability. In fact, there is even a statistically significant increase in
the total distance traveled and in the average speed 4 h after mice
received an IN dose of PER compared to the same data obtained in mice
after 15 min of an IN PER administration (Fig. 7A and 7B). This re-
inforces that mice fully recover their locomotor activity at longer times
post-dosing, as already demonstrated by the normalization of the neu-
romotor impairment effects in rotarod 4 h after PER administration.
Interestingly, the total distance travelled and the average speed of the
mice 4 h after the IN administration of PER were also significantly
greater (p < 0.05) than those obtained with IN FH5, but comparable to
the data obtained in the mice that received the anxiolytic DZP. This may
be a clue as to the existence of similar effects between IP administration
of DZP and the effect of IN administration of PER at longer times post-
dosing that are not purely influenced by neuromotor activity.

3.5. Anxiolytic evaluation

3.5.1. Open field test

The possible anxiolytic effects of IN PER were firstly evaluated in the
open field test by analyzing the number of entries of mice in the central
area of the arena and the number of rearings during the test (Fig. 8).

The number of entries in the central area and the number of rearings
significantly increased (p < 0.05) in mice treated with IP DZP compared
with mice treated with IN FH5 (Fig. 8), revealing the already known
anxiolytic effects of this drug (i.e., positive control). A single IN
administration of PER (1 mg/kg) significantly increased the number of
entries in the central area of the open field arena 4 h after administration
when compared with the IN FH5 group (Fig. 8A). The number of rear-
ings of the group that received IN PER 4 h after administration was also
significantly higher than the number of rearings obtained in the negative
control (IN FH5) (Fig. 8B). This might indicate a possible anxiolytic
effect of PER at longer times after a single IN dose when PER
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Fig. 6. Neuromotor effects evaluated by the rotarod test in mice subjected to intranasal (IN) or oral administration of perampanel (PER). Data correspond to mean +
standard deviation (SD, n = 6) of the time that mice spent in rod after a single dose administration (A) and a 7-day repeated dose administration (B) of IN or oral PER.
IN formulation vehicle (FH5) was used as control. Statistically significant differences between the control and test groups were evaluated by a two-way ANOVA with

Dunnett’s post-hoc test. *p < 0.05.
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Fig. 7. Locomotor activity evaluated in the open field test. Data correspond to mean =+ standard deviation (SD, n = 6) of the total distance travelled (A) and average
speed (B) of mice 15 min and 4 h after receiving a single intranasal (IN) administration of FH5 + perampanel (PER) (1 mg/kg), and 30 min after receiving the IN-
formulation vehicle (FH5). Intraperitoneal (IP) diazepam (DZP) (1 mg/kg) was also tested in the open field 30 min after administration in order to ensure that its
anxiolytic effects were not biased by its effects in locomotor activity. Statistically significant differences were evaluated by a one-way ANOVA with Tukey’s post-hoc

test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 8. Anxiolytic effects evaluated in the open field test. Data correspond to mean + standard deviation (SD, n = 6) of the number of entries in the central area (A)
and the number of rearings (B) of mice 15 min and 4 h after receiving a single intranasal (IN) administration of FH5 + perampanel (PER) (1 mg/kg). Mice controls
were tested 30 min after receiving intraperitoneal (IP) diazepam (DZP) (1 mg/kg) or IN formulation vehicle (FH5). Statistically significant differences between
groups were evaluated by a one-way ANOVA with Tukey’s post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001.

concentrations are lower but still consistent with the reference thera-
peutic range in humans.

3.5.2. Elevated plus maze test

The possible anxiolytic effects of IN PER were also evaluated in the
elevated plus maze test. The behavioural responses of mice were
quantified in terms of percentage of entries in open arms (PEOA), per-
centage of time spent in open arms (PTOA) and distance travelled in
open arms (DTOA) of the elevated plus maze apparatus. The obtained
results are shown in Fig. 9.

10

The administration of IP DZP resulted in a statistically significant
increase (p < 0.05) of PEOA, PTOA and DTOA in the elevated plus maze
test compared with the IN FH5 control (Fig. 9). Gathering the data ob-
tained in the open field test, this came to reinforce the anxiolytic effects
of DZP without compromising the locomotor activity, making it an
adequate positive control drug for anxiolytic activity evaluation. At 4 h
after a single IN administration of PER, the PEOA was significantly
higher (p < 0.05) than after the IN administration of FH5, here used as
negative control (Fig. 9A). The PTOA and the DTOA were also greater 4
h after a single IN PER treatment, even though no statistical differences
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Fig. 9. Anxiolytic effects evaluated in the elevated plus maze test. Data correspond to mean =+ standard deviation (SD, n = 6) of percentage of entries in open arms
(PEOA) (A), percentage of time spent in open arms (PTOA) (B), and distance travelled in open arms (DTOA) (C) by mice after 15 min and 4 h of receiving a single
intranasal (IN) administration of FH5 + perampanel (PER) (1 mg/kg) and 30 min after receiving a single dose of intraperitoneal (IP) diazepam (DZP) (1 mg/kg) and
IN formulation vehicle (FH5). Statistically significant differences were evaluated by a one-way ANOVA with Tukey’s post-hoc test. *p < 0.05, ***p < 0.001.
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Fig. 10. Brain levels of L-glutamate (mg/mL) (A), GABA (%) (B) and nitric oxide (%) evaluated after a single dose administration of FH5 [intranasal (IN) formulation
vehicle], intraperitoneal (IP) diazepam (DZP) at 1 mg/kg, IN perampanel (PER) at 1 mg/kg and an oral suspension of PER at 1 mg/kg to different mice groups. Data
correspond to mean + standard deviation (SD, n = 6) of the neurochemical levels. Statistically significant differences between groups that received dose treatments vs
dose control (IN FH5) were evaluated by a one-way ANOVA with Tukey’s post-hoc test. *p < 0.05, **p < 0.01***p < 0.0001.
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were found when compared with negative control (Fig. 9B and 9C,
respectively). The values of PEOA, PTOA and DTOA 4 h after IN PER
administration were found close to those obtained in animals adminis-
tered with IP DZP. That might suggest similar anxiolytic effects between
DZP and IN PER at longer time post-dosing. Still, when mice were
evaluated 15 min after receiving a single dose of IN PER, they displayed
a decrease in all the evaluated parameters, with PTOA being signifi-
cantly lower than the obtained in the IP DZP group (p < 0.05), as well as
significantly lower than in the group evaluated 4 h after a single IN PER
dosing (p < 0.05). That can possibly be explained by the prevalence of
neuromotor impairment effects over the anxiolytic effects of PER at
short times post IN dosing.

3.6. Neurochemical evaluation in whole brain

After being subject to behavioural tests (rotarod, open field and
elevated plus maze test), mice were sacrificed and the respective brains
were dissected and homogenised to quantify the levels of L-glutamate,
GABA and nitric oxide.

A decrease in brain concentrations of L-glutamate was obtained after
a single dose administration of IN and oral PER, being it significantly
smaller when PER was intranasally administered (0.64 + 0.12 mg/mL)
compared with the concentration obtained after the administration of
the IN vehicle FH5 (0.91 + 0.13 mg/mL) (Fig. 10A). Even without sta-
tistical significance, the analysis of Fig. 10A also highlights that L-
glutamate levels are lower after nasal administration compared with the
obtained after a single oral administration of the same dose of PER.

GABA levels remained similar between the different animal groups
after a single dose treatment with IN vehicle, IP DZP, IN FH5 + PER (1
mg/kg) and oral PER (1 mg/kg) (Fig. 10B).

Regarding brain levels of nitric oxide (Fig. 10C), a statistically sig-
nificant decrease in nitric oxide levels occurred in the groups intrana-
sally (55.6 + 5.68%) and orally (56.62 + 4.95%) administered with a
single dose of PER compared with mice that received a single dose of IN
FH5 (100 + 15.62%).

4. Discussion

PER is an antiepileptic drug with highly attractive pharmacological
properties (Patsalos, 2015), which means that its therapeutic potential
can be extended to other epilepsy types and CNS disorders. However,
PER is only available as oral tablets and suspension (European Medi-
cines Agency, 2022). This limits its brain concentration and bioavail-
ability, since PER needs to cross several absorptive membranes and pass
through the complex BBB until reach the brain parenchyma (Meirinho
et al., 2022b).

Once PER is a highly potent lipophilic drug, in an early study we have
developed a non-toxic SMEDDS - FH5 - for the IN administration of PER.
This allowed us to reach our goals of increasing PER brain exposure and
bioavailability when compared with a single oral administration of the
same dose (1 mg/kg) (Meirinho et al., 2022a). In fact, by presenting
several advantages in being used as vehicles for IN administration, the
IN delivery with SMEDDS formulations has proven to enhance absorp-
tion and bioavailability of different CNS-active drugs (Meirinho et al.,
2022b). They are able to solubilize high concentrations of lipophilic
drugs, which are then entrapped in the microemulsion oil droplets
formed after contact with nasal mucous (Buya et al., 2020; Meirinho
et al.,, 2022b). In this way, drugs are maintained stable and can be
absorbed through nasal epithelium entrapped in nanometric droplets
(<100 nm). Furthermore, since droplet sizes <200 nm potentiate de-
livery through olfactory and trigeminal nerves (Nguyen et al., 2022), the
direct nose-to-brain transport can be enhanced, leading to higher drug
concentrations in the brain. In fact, our previous study demonstrated
that a percentage of the PER intranasally administered reached brain by
a direct pathway [drug targeting efficiency (DTE) of 116.3% and direct
transport percentage (DTP) of 14.03%] (Meirinho et al., 2022a). Based
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on PER quantification up to 12 h post-dosing, we also hypothesized that
the percentage of PER that directly reached the brain made it through
the olfactory pathway (Meirinho et al., 2022a). Unlike the trigeminal
pathway, the uptake through the olfactory pathway affords a preferen-
tial drug delivery to olfactory bulb, which are located in the rostral
portion of the brain (Fig. 1) (Serralheiro et al., 2014).

To explore our previous hypothesis, after IN administration of PER,
we characterized its biodistribution in olfactory bulbs, frontal cortex,
cerebellum and remaining part of the brain (Fig. 4 and Table 1). With
that, we confirmed a higher delivery efficiency of PER to olfactory bulbs
via the nasal route. Therefore, it is probable that the percentage of PER
that quickly reaches the brain through direct nose-to-brain transport
made it preferentially through the olfactory pathway. There is also ev-
idence that drugs administered intranasally can be directly transported
from olfactory mucosa to the cerebrospinal fluid (CSF), and then
delivered into the brain parenchyma by the CSF circulation (Colombo
et al., 2011; Inoue et al., 2020; Yu et al., 2011; Yu and Kim, 2009). So, it
is also possible that CSF might have contributed to the distribution of
PER into the brain tissue after IN dosing. Thus, to better understand the
nose-to-brain delivery of PER, in future studies the sampling and anal-
ysis of CSF should be performed. Nevertheless, among other factors, the
direct nose-to-brain transport of PER could be explained by the droplet
size upon dilution (20.07 + 0.03 nm), homogeneous distribution (PDI of
0.06 + 0.001) and composition of the previously developed FH5
(Meirinho et al., 2022a) able to promote an enhancement of the endo-
thelial permeability and the olfactory passage of PER after its IN
administration.

The high and fast brain exposure of PER after its IN single dosing
could be of great advantage concerning its potential therapeutic appli-
cations. So, we tested the IN delivery of PER in an animal model of
generalized tonic-clonic seizures (MES test) and compared the IN PER
anticonvulsant efficacy with the obtained after oral administration of
PER at the same dose. In agreement with the possible efficiency of the IN
route in delivering PER to brain and with the previous brain pharma-
cokinetic results (Meirinho et al., 2022a), when compared with a single
oral administration of PER, an improved anticonvulsant activity was
obtained after a single IN dose. The protection rate against MES-induced
seizures was particularly higher at shorter times post IN single dosing,
being it maintained until 2 h of that dosing (Table 2). This is consistent
with brain Cp,x being reached 15 min post single IN dosing. So,
considering these results, the possible use of PER nose-to-brain delivery
in status epilepticus treatment might be here reinforced, as already pro-
posed in our previous study (Meirinho et al., 2022a) and by several
authors after PER nasogastric (Newey et al., 2019; Rahbani et al., 2019;
Strzelczyk et al., 2019) and IV administrations.

The anxiolytic potential of a single IP dose of PER was previously
demonstrated in a non-clinical study performed by Bektas et al. (2020).
So, once anxiety is a common comorbidity in patients with epilepsy
(Gonzalez-Martinez et al., 2022; Johnstone et al., 2021; Rauh et al.,
2022), we intended to study if nasal PER delivery to the brain will also
present anxiolytic effects, which would possibly be translated into great
clinical advantages and as an alternative to the benzodiazepines use. The
obtained results in open field and elevated plus maze tests demonstrated
a lack of anxiolytic effects 15 min post IN single PER administration to
mice. However, in both anxiety models, PER showed anxiolytic effects in
mice 4 h post single IN administration, a post-dosing time in which mice
plasmatic concentrations were expectably within the reference thera-
peutic range in humans (Meirinho et al., 2022a). The lack of anxiolytic
effects 15 min after IN PER dosing could be explained by the possible
neuromotor impairment caused by PER. That was revealed by a reduc-
tion in motor coordination, exploratory behaviours and locomotion
activity of mice in rotarod and open field tests 15 min after IN single PER
delivery, being it consistent with the rotarod test results 2 h after a single
oral administration of PER. Similar to benzodiazepines, where sedative
effects prevail when higher doses are administered but anxiolytic effects
are more prevalent after the administration of lower doses, these results
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may reveal that a single dose of 1 mg/kg, either administered intrana-
sally or orally, can be associated with some neuromotor deficits when
PER concentrations in mice plasma and brain are higher - at PER tyx.
However, when the plasmatic and brain levels of PER are lower at later
phases post dosing (e.g., after 4 h of IN dosing), anxiolytic effects may
prevail. A normalization of the motor impairment effects was found in
the rotarod test after administering PER to mice once a day for 7
consecutive days (Fig. 6). Even though the pharmacokinetic parameters
may be different between mice and humans (Meirinho et al., 2022a; U.S.
Food and Drug Administration, 2012), these findings are consistent with
the clinical data describing that most adverse effects of PER occur during
the titration phase and tend to subside within a few weeks (Bonanni
et al., 2021).

The neurochemical findings in whole brain after the different treat-
ments might support the obtained non-clinical pharmacodynamic re-
sults. A decrease in L-glutamate concentrations occurred after IN and
oral administration of PER, being significantly lower when PER was
intranasally administered compared with the IN administration of the
vehicle. PER is known to pharmacologically act as a selective non-
competitive antagonist of AMPA receptors, thereby reducing cerebral
glutamatergic neurotransmission, consequently decreasing neuronal
excitability (European Medicines Agency, 2022; Patsalos, 2015). How-
ever, that does not explain what could lead to the decrease of L-gluta-
mate levels observed in this study. Still, an in vitro study that used
glioblastoma cells demonstrated that PER led to an increase in the
expression of GLUL, a gene that encodes a glutamine synthetase protein,
further leading to an increase of the reconversion of glutamate into
glutamine, decreasing by this way the cytosolic levels of glutamate
(Damavandi et al., 2023). Even though that could explain the results
here obtained, this cannot be interpreted with certainty without further
studies being carried out. The obtained GABA levels in mice dosed with
IP DZP were similar to those obtained in mice receiving the IN vehicle
(FH5). That is not surprising since DZP only increases the efficiency of
synaptic transmission of GABA without increasing GABA levels (U.S.
Food and Drug Administration, 2002). Also, the GABA levels in mice
brain dosed with IN and oral PER did not reveal any difference
comparatively with IN FH5 and IP DZP. Even though most anxiolytic
effects are related with an upregulation of the GABAergic system, the
here obtained results might reveal that the possible anxiolytic effects of
PER did not occur by modulation on GABA neurotransmission, as it
occurs with the anxiolytic effects mediated by DZP. In general, the mice
groups that demonstrated a decrease of L-glutamate levels also revealed
a decrease in cerebral nitric oxide levels. In fact, it is reported that a
stimulation of the AMPA receptors by L-glutamate can increase the
influx of calcium, causing an increase of nitric oxide levels that conse-
quently leads to oxidative stress. Additionally, it is also reported that this
increase in nitric oxide production is consistent in experimental
epileptogenic and anxiety attacks, with elevated nitric oxide being
particularly related to both the cause and consequence of convulsions
(fukawski and Czuczwar, 2021; Walia et al., 2018). In fact, animal
models of acquired epilepsy have shown an increase in nitric oxide levels
and in mitochondrial oxidative stress, which can possibly be one of the
causes of the subsequent cell damage after persistent seizures (f.ukawski
and Czuczwar, 2021).

5. Conclusions

The present study reveals that the IN route can promote a somewhat
rostral-caudal distribution of the high potent antiepileptic drug PER
when formulated in the safe developed SMEDDS — FH5. Additionally, it
is suggested that intranasally administrated PER was delivered to brain
by a combination of both systemic transport and a direct olfactory
neuronal pathway. This work also came to establish a possible rela-
tionship between the previous pharmacokinetic data and the superior
pharmacodynamic effects resulting from the nose-to-brain delivery of
PER. In fact, the obtained data demonstrate a greater anticonvulsant and
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anxiolytic activities after a single IN administration of PER, only causing
a slight neuromotor impairment when PER attains its maximal plasma
and brain concentrations. Thus, the IN administration of PER formulated
in the previously developed SMEDDS could be very promising alterna-
tive to the oral and IV formulations in managing acute seizure clusters
and status epilepticus emergencies. So, all the set of evidence resulting
from our work can support the design of future clinical trials to
demonstrate the usefulness of the IN administration of PER to humans so
that its delivery to the brain can be improved with less peripheral sys-
temic exposure, possibly resulting in an improved clinical efficacy/
safety binomial in epilepsy treatment and in related anxiety disorders.

CRediT authorship contribution statement

Sara Meirinho: Conceptualization, Methodology, Investigation,
Validation, Formal analysis, Data curation, Writing — original draft.
Marcio Rodrigues: Supervision, Methodology, Conceptualization,
Writing — review & editing. Adriana O. Santos: Writing — review &
editing. Amilcar Falcao: Supervision, Funding acquisition. Gilberto
Alves: Supervision, Methodology, Conceptualization, Resources, Fund-
ing acquisition, Project administration, Writing — review & editing.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
[Sara Meirinho reports financial support was provided by Foundation
for Science and Technology.].

Data availability

No data was used for the research described in the article.

Acknowledgements

Sara Meirinho was supported by Foundation for Science and Tech-
nology (FCT) with a PhD fellowship (SFRH/BD/136028/2018). The
authors also acknowledge the support provided by the CICS-UBI projects
UIDB/00709/2020 and UIDP/00709/2020, financed by national funds
through the Portuguese Foundation for Science and Technology/
MCTES; CENTRO-01-0145-FEDER-000013 and Centro-01-0145-FEDER-
000019 - C4 Cloud Computing Competence Center, cofinanced by the
ERDF through the Programa Operacional Regional do Centro (Centro
2020), in the scope of the Sistema de Apoio a Investigagao Cientifica e
Tecnologica - Programas Integrados de IC&DT. In addition, a specially
thank is here left by the authors to the MSN Laboratories Ltd. (Hyder-
abad, India) for the kind supply of perampanel, to Fabio Rodrigues that
helped in the assembling of the elevated plus maze apparatus, and to
Ana Carolina Gongalves that helped with the nitric oxide assay.

References

European Medicines Agency, 2022 accessed 4.14.23. https://www.ema.europa.eu/
documents/product-information/fycompa-epar-product-information_en.pdf.

American Epilepsy Society, 2016. Treatment of Prolonged Seizures in Children and
Adults [WWW Document]. URL https://www.aesnet.org/clinical-care/clinical-
guidance/guideline-prolonged-seizures (accessed 9.22.22).

Ari, C., D’Agostino, D.P., Diamond, D.M., Kindy, M., Park, C., Kovécs, Z., 2019. Elevated
plus maze test combined with video tracking software to investigate the anxiolytic
effect of exogenous ketogenic supplements. JOVE J. Vis. Exp. 2019, 1-10. https://
doi.org/10.3791/58396.

Barker-Haliski, M., Harte-Hargrove, L.C., Ravizza, T., Smolders, L., Xiao, B., Brandt, C.,
Loscher, W., 2018. A companion to the preclinical common data elements for
pharmacologic studies in animal models of seizures and epilepsy. A Report of the
TASK3 Pharmacology Working Group of the ILAE/AES Joint Translational Task
Force. Epilepsia Open 3, 53-68. https://doi.org/10.1002/epi4.12254.

Bektas, N., Arslan, R., Alyu, F., 2020. The anxiolytic effect of perampanel and possible
mechanisms mediating its anxiolytic effect in mice. Life Sci. 261 https://doi.org/
10.1016/j.1fs.2020.118359.


https://www.ema.europa.eu/documents/product-information/fycompa-epar-product-information_en.pdf
https://www.ema.europa.eu/documents/product-information/fycompa-epar-product-information_en.pdf
https://doi.org/10.3791/58396
https://doi.org/10.3791/58396
https://doi.org/10.1002/epi4.12254
https://doi.org/10.1016/j.lfs.2020.118359
https://doi.org/10.1016/j.lfs.2020.118359

S. Meirinho et al.

Bialer, M., Johannessen, S.I., Koepp, M.J., Levy, R.H., Perucca, E., Perucca, P., Tomson,
T., White, H.S., 2022a. Progress report on new antiepileptic drugs: A summary of the
Sixteenth Eilat Conference on New Antiepileptic Drugs and Devices (EILAT XVI): II.
Drugs in more advanced clinical development. Epilepsia 1-28. https://doi.org/
10.1111/epi.17376.

Bialer, M., Johannessen, S.I., Koepp, M.J., Levy, R.H., Perucca, E., Perucca, P., Tomson,
T., White, H.S., 2022b. Progress report on new antiepileptic drugs: A summary of the
Sixteenth Eilat Conference on New Antiepileptic Drugs and Devices (EILAT XVI): L.
Drugs in preclinical and early clinical development. Epilepsia 0, 1-18. https://doi.
org/10.1111/epi.17373.

Bonanni, P., Gambardella, A., Tinuper, P., Acone, B., Perucca, E., Coppola, G., 2021.
Perampanel as first add-on antiseizure medication: Italian consensus clinical practice
statements. BMC Neurol. 21, 1-8. https://doi.org/10.1186/512883-021-02450-y.

Bonferoni, M.C., Rossi, S., Sandri, G., Ferrari, F., Gavini, E., Rassu, G., Giunchedi, P.,
2019. Nanoemulsions for “nose-to-brain” drug delivery. Pharmaceutics 11, 1-17.
https://doi.org/10.3390/pharmaceutics11020084.

Buya, A.B., Beloqui, A., Memvanga, P.B., Préat, V., 2020. Self-nano-emulsifying drug-
delivery systems: From the development to the current applications and challenges
in oral drug delivery. Pharmaceutics 12, 1-52. https://doi.org/10.3390/
pharmaceutics12121194.

Castel-Branco, M.M., Alves, G.L., Figueiredo, 1.V., Falcao, A.C., Caramona, M.M., 2009.
The maximal electroshock seizure (MES) model in the preclinical assessment of
potential new antiepileptic drugs. Methods Find. Exp. Clin. Pharmacol. 31, 101-106.
https://doi.org/10.1358/mf.2009.31.2.1338414.

Chang, F.M., Fan, P.C., Weng, W.C., Chang, C.H., Lee, W.T., 2020. The efficacy of
perampanel in young children with drug-resistant epilepsy. Seizure 75, 82-86.
https://doi.org/10.1016/j.seizure.2019.12.024.

Colombo, G., Lorenzini, L., Zironi, E., Galligioni, V., Sonvico, F., Balducci, A.G.,
Pagliuca, G., Giuliani, A., Calza, L., Scagliarini, A., 2011. Brain distribution of
ribavirin after intranasal administration. Antiviral Res. 92, 408-414. https://doi.
org/10.1016/j.antiviral.2011.09.012.

Costa, C., Moreira, J.N., Amaral, M.H., Sousa Lobo, J.M., Silva, A.C., 2019. Nose-to-brain
delivery of lipid-based nanosystems for epileptic seizures and anxiety crisis.

J. Control. Release 295, 187-200. https://doi.org/10.1016/j.jconrel.2018.12.049.

Costa, C.P., Moreira, J.N., Sousa Lobo, J.M., Silva, A.C., 2021. Intranasal delivery of
nanostructured lipid carriers, solid lipid nanoparticles and nanoemulsions: A current
overview of in vivo studies. Acta Pharm. Sin. B 11, 925-940. https://doi.org/
10.1016/j.apsb.2021.02.012.

Crowe, T.P., Greenlee, M.H.W., Kanthasamy, A.G., Hsu, W.H., 2018. Mechanism of
intranasal drug delivery directly to the brain. Life Sci. 195, 44-52. https://doi.org/
10.1016/j.1fs.2017.12.025.

da Cruz, K.R., Ianzer, D., Turones, L.C., Reis, L.L., Camargo-Silva, G., Mendonca, M.M.,
da Silva, E.S., Pedrino, G.R., de Castro, C.H., Costa, E.A., Xavier, C.H., 2019.
Behavioral effects evoked by the beta globin-derived nonapeptide LVV-H6. Peptides
115, 59-68. https://doi.org/10.1016/j.peptides.2019.03.002.

Damavandi, P., Pasini, F., Fanella, G., Cereda, G.S., Mainini, G., DiFrancesco, J.C.,
Trinka, E., Lattanzi, S., 2023. Perampanel in Brain Tumor-Related Epilepsy: A
Systematic Review. Brain Sci. 13 https://doi.org/10.3390/brainsci13020326.

Deacon, R.M.J., 2013. Measuring motor coordination in mice. JOVE J. Vis. Exp. 1-8
https://doi.org/10.3791/2609.

Der-Nigoghossian, C., Rubinos, C., Alkhachroum, A., Claassen, J., 2019. Status
epilepticus - Time is brain and treatment considerations. Curr. Opin. Crit. Care 25,
638-646. https://doi.org/10.1097/MCC.0000000000000661.

Diniz, T.C., de Oliveira Junior, R.G., Miranda Bezerra Medeiros, M.A., Gama e Silva, M.,
de Andrade Teles, R.B., dos Passos Menezes, P., de Sousa, B.M.H., Abrahao Frank, L.,
de Souza Aratijo, A.A., Russo Serafini, M., Staniscuaski Guterres, S., Pereira Nunes,
C.E., Salvador, M.J., da Silva Almeida, J.R.G., 2019. Anticonvulsant, sedative,
anxiolytic and antidepressant activities of the essential oil of Annona vepretorum in
mice: Involvement of GABAergic and serotonergic systems. Biomed. Pharmacother.
111, 1074-1087. https://doi.org/https://doi.org/10.1016/j.biopha.2018.12.114.

European Medicines Agency, 2016. Fycompa - All authorized presentations [WWW
Document]. URL https://www.ema.europa.eu/documents/all-authorised-
presentations/fycompa-epar-all-authorised-presentations_en.pdf.

European Parliament, Council of the European Union, 2010. DIRECTIVE 2010/63/EU OF
THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 22 September 2010 on
the protection of animals used for scientific purposes.

Fan, J., Li, D., Chen, H.S., Huang, J.G., Xu, J.F., Zhu, W.W., Chen, J.G., Wang, F., 2019.
Metformin produces anxiolytic-like effects in rats by facilitating GABAA receptor
trafficking to membrane. Br. J. Pharmacol. 176, 297-316. https://doi.org/10.1111/
bph.14519.

U.S. Food and Drug Administration, 2002. Valium- New Drug Application [WWW
Document] [WWW Document]. Valium. URL https://www.accessdata.fda.gov/
drugsatfda_docs/appletter/2021,/0132630rig1s096ltr.pdf (accessed 9.13.22).

U.S. Food and Drug Administration, 2012. Fycompa - Clinical Pharmacology and
Biopharmaceutics Reviews [WWW Document] [WWW Document]. Drugs@FDA FDA
Approv. Drug Prod. URL https://www.fda.gov/downloads/Drugs/
DevelopmentApprovalProcess/DevelopmentResources/UCM332052.pdf (accessed
4.14.23).

Froelich, A., Osmatek, T., Jadach, B., Puri, V., Michniak-Kohn, B., 2021. Microemulsion-
based media in nose-to-brain drug delivery. Pharmaceutics 13, 1-37. https://doi.
org/10.3390/pharmaceutics13020201.

Gonzalez-Martinez, A., Planchuelo-Gémez, A., Vieira Campos, A., Martinez-Dubarbie, F.,
Vivancos, J., De Toledo-Heras, M., 2022. Perceived quality of life (QOLIE-31-P),
depression (NDDI-E), anxiety (GAD-7), and insomnia in patients with epilepsy
attended at a refractory epilepsy unit in real-life clinical practice. Neurol. Sci. 43,
1955-1964. https://doi.org/10.1007/s10072-021-05595-3.

14

International Journal of Pharmaceutics 642 (2023) 123145

Green, L.C., Wagner, D.A., Glogowski, J., Skipper, P.L., Wishnok, J.S., Tannenbaum, S.R.,
1982. Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal.
Biochem. 126, 131-138. https://doi.org/10.1016/0003-2697(82)90118-X.

Gupta, S., Kesarla, R., Omri, A., 2013. Formulation Strategies to Improve the
Bioavailability of Poorly Absorbed Drugs with Special Emphasis on Self-Emulsifying
Systems. ISRN Pharm. 2013, 1-16. https://doi.org/10.1155/2013/848043.

Hussein, Z., Majid, O., Boyd, P., Aluri, J., Ngo, L.Y., Reyderman, L., 2022. Intravenous
Perampanel as an Interchangeable Alternative to Oral Perampanel: A Randomized,
Crossover, Phase I Pharmacokinetic and Safety Study. Clin. Pharmacol. Drug Dev.
11, 878-888. https://doi.org/10.1002/cpdd.1107.

Ikemoto, S., Hamano, S. ichiro, Hirata, Y., Matsuura, R., Koichihara, R., 2019. Efficacy
and serum concentrations of perampanel for treatment of drug-resistant epilepsy in
children, adolescents, and young adults: comparison of patients younger and older
than 12 years. Seizure 73, 75-78. https://doi.org/10.1016/j.seizure.2019.10.023.

Inoue, D., Furubayashi, T., Tanaka, A., Sakane, T., Sugano, K., 2020. Effect of
Cerebrospinal Fluid Circulation on Nose-to-Brain Direct Delivery and Distribution of
Caffeine in Rats. Mol. Pharm. 17, 4067-4076. https://doi.org/10.1021/acs.
molpharmaceut.0c00495.

Jacob, S., Nair, A.B., 2016. An Updated Overview on Therapeutic Drug Monitoring of
Recent Antiepileptic Drugs. Drugs R D 16, 303-316. https://doi.org/10.1007/
540268-016-0148-6.

Johnstone, B., Malpas, C.B., Velakoulis, D., Kwan, P., O’Brien, T.J., 2021. Psychiatric
symptoms are the strongest predictors of quality of life in patients with drug-
resistant epilepsy or psychogenic nonepileptic seizures. Epilepsy Behav. 117, 107861
https://doi.org/10.1016/j.yebeh.2021.107861.

Kandeda, A.K., Mabou, S.T., Moutchida, C., 2022. An aqueous extract of Lantana camara
attenuates seizures, memory impairment, and anxiety in kainate-treated mice:
Evidence of GABA level, oxidative stress, immune and neuronal loss modulation.
Epilepsy Behav. 129, 108611 https://doi.org/10.1016/j.yebeh.2022.108611.

Kapoor, M., Cloyd, J.C., Siegel, R.A., 2016. A review of intranasal formulations for the
treatment of seizure emergencies. J. Control. Release 237, 147-159. https://doi.org/
10.1016/j.jconrel.2016.07.001.

Keezer, M.R., Sisodiya, S.M., Sander, J.W., 2016. Comorbidities of epilepsy: Current
concepts and future perspectives. Lancet Neurol. 15, 106-115. https://doi.org/
10.1016/51474-4422(15)00225-2.

Keller, L.A., Merkel, O., Popp, A., 2021. Intranasal drug delivery: opportunities and
toxicologic challenges during drug development. Drug Deliv. Transl. Res. https://
doi.org/10.1007/513346-020-00891-5.

Kraeuter, A.-K., Guest, P.C., Sarnyai, Z., 2019b. The Elevated Plus Maze Test for
Measuring Anxiety-Like Behavior in Rodents, in: Pre-Clinical Models: Techniques
and Protocols, Methods in Molecular Biology. Humana Press, New York, NY. https://
doi.org/https://doi.org/10.1007/978-1-4939-8994-2_4.

Kraeuter, A.-K., Guest, P.C., Sarnyai, Z., 2019a. The Open Field Test for Measuring
Locomotor Activity and Anxiety-Like Behavior. In: Pre-Clinical Models: Techniques
and Protocols, Methods in Molecular Biology. Humana Press, New York, NY,
pp. 44-45.

Lehmkuhl, A.M., Dirr, E.R., Fleming, S.M., 2014. Olfactory assays for mouse models of
neurodegenerative disease. JOVE J. Vis. Exp. https://doi.org/10.3791/51804.

Lin, Y.S., Peng, W.H., Shih, M.F., Cherng, J.Y., 2021. Anxiolytic effect of an extract of
Salvia miltiorrhiza Bunge (Danshen) in mice. J. Ethnopharmacol. 264, 113285
https://doi.org/10.1016/j.jep.2020.113285.

Lowe, L.P., Robins, E., Eyerman, G.S., 1958. The fluorimetric measurement of glutamic
decarboxylase and its distribution in brain. J. Neurochem. 3, 8-18. https://doi.org/
10.1111/j.1471-4159.1958.tb12604.x.

Lukawski, K., Czuczwar, S.J., 2021. Understanding mechanisms of drug resistance in
epilepsy and strategies for overcoming it. Expert Opin. Drug Metab. Toxicol. 17,
1075-1090. https://doi.org/10.1080/17425255.2021.1959912.

Machado, C., Reis-Silva, T., Lyra, C., Felicio, L., Malnic, B., 2018. Buried Food-seeking
Test for the Assessment of Olfactory Detection in Mice. Bio-Protocol 8, 1-8. https://
doi.org/10.21769/bioprotoc.2897.

Matias, M., Campos, G., Silvestre, S., Falcao, A., Alves, G., 2017. Early preclinical
evaluation of dihydropyrimidin(thi)ones as potential anticonvulsant drug
candidates. Eur. J. Pharm. Sci. 102, 264-274. https://doi.org/10.1016/j.
€jps.2017.03.014.

McBride, K., Slotnick, B., Margolis, F.L., 2003. Does intranasal application of zinc sulfate
produce anosmia in the mouse? An olfactometric and anatomical study. Chem.
Senses 28, 659-670. https://doi.org/10.1093/chemse/bjg053.

Megazyme, 2018. L-Glutamic Acid Assay Kit [WWW Document] [WWW Document]. URL
https://www.megazyme.com/documents/Assay_Protocol/K-GLUT_DATA.pdf
(accessed 1.17.23).

Meirinho, S., Campos, G., Rodrigues, M., Fortuna, A., Falcao, A., Alves, G., 2020. Salting-
out assisted liquid-liquid extraction method optimized by design of experiments for
the simultaneous HPLC analysis of perampanel and stiripentol in mouse matrices.
J. Sep. Sci. 43, 4289-4304. https://doi.org/10.1002/jssc.202000656.

Meirinho, S., Rodrigues, M., Fortuna, A., Falcao, A., Alves, G., 2021. Liquid
chromatographic methods for determination of the new antiepileptic drugs
stiripentol, retigabine, rufinamide and perampanel: A comprehensive and critical
review. J. Pharm. Anal. 11, 405-421. https://doi.org/10.1016/j.jpha.2020.11.005.

Meirinho, S., Rodrigues, M., Ferreira, C.L., Oliveira, R.C., Fortuna, A., Santos, A.O.,
Falcao, A., Alves, G., 2022a. Intranasal delivery of lipid-based nanosystems as a
promising approach for brain targeting of the new-generation antiepileptic drug
perampanel. Int. J. Pharm. 622 https://doi.org/10.1016/].ijpharm.2022.121853.

Meirinho, S., Rodrigues, M., Santos, A.O., Falcao, A., Alves, G., 2022b. Self-Emulsifying
Drug Delivery Systems: An Alternative Approach to Improve Brain Bioavailability of
Poorly Water-Soluble Drugs through Intranasal Administration. Pharmaceutics 14.
https://doi.org/10.3390/pharmaceutics14071487.


https://doi.org/10.1186/s12883-021-02450-y
https://doi.org/10.3390/pharmaceutics11020084
https://doi.org/10.3390/pharmaceutics12121194
https://doi.org/10.3390/pharmaceutics12121194
https://doi.org/10.1358/mf.2009.31.2.1338414
https://doi.org/10.1016/j.seizure.2019.12.024
https://doi.org/10.1016/j.antiviral.2011.09.012
https://doi.org/10.1016/j.antiviral.2011.09.012
https://doi.org/10.1016/j.jconrel.2018.12.049
https://doi.org/10.1016/j.apsb.2021.02.012
https://doi.org/10.1016/j.apsb.2021.02.012
https://doi.org/10.1016/j.lfs.2017.12.025
https://doi.org/10.1016/j.lfs.2017.12.025
https://doi.org/10.1016/j.peptides.2019.03.002
https://doi.org/10.3390/brainsci13020326
https://doi.org/10.3791/2609
https://doi.org/10.1097/MCC.0000000000000661
https://doi.org/10.1111/bph.14519
https://doi.org/10.1111/bph.14519
https://doi.org/10.3390/pharmaceutics13020201
https://doi.org/10.3390/pharmaceutics13020201
https://doi.org/10.1007/s10072-021-05595-3
https://doi.org/10.1016/0003-2697(82)90118-X
https://doi.org/10.1155/2013/848043
https://doi.org/10.1002/cpdd.1107
https://doi.org/10.1021/acs.molpharmaceut.0c00495
https://doi.org/10.1021/acs.molpharmaceut.0c00495
https://doi.org/10.1007/s40268-016-0148-6
https://doi.org/10.1007/s40268-016-0148-6
https://doi.org/10.1016/j.yebeh.2021.107861
https://doi.org/10.1016/j.yebeh.2022.108611
https://doi.org/10.1016/j.jconrel.2016.07.001
https://doi.org/10.1016/j.jconrel.2016.07.001
https://doi.org/10.1016/S1474-4422(15)00225-2
https://doi.org/10.1016/S1474-4422(15)00225-2
https://doi.org/10.1007/s13346-020-00891-5
https://doi.org/10.1007/s13346-020-00891-5
http://refhub.elsevier.com/S0378-5173(23)00565-3/h0205
http://refhub.elsevier.com/S0378-5173(23)00565-3/h0205
http://refhub.elsevier.com/S0378-5173(23)00565-3/h0205
http://refhub.elsevier.com/S0378-5173(23)00565-3/h0205
https://doi.org/10.1016/j.jep.2020.113285
https://doi.org/10.1111/j.1471-4159.1958.tb12604.x
https://doi.org/10.1111/j.1471-4159.1958.tb12604.x
https://doi.org/10.1080/17425255.2021.1959912
https://doi.org/10.21769/bioprotoc.2897
https://doi.org/10.21769/bioprotoc.2897
https://doi.org/10.1016/j.ejps.2017.03.014
https://doi.org/10.1016/j.ejps.2017.03.014
https://doi.org/10.1093/chemse/bjg053
https://doi.org/10.1002/jssc.202000656
https://doi.org/10.1016/j.jpha.2020.11.005
https://doi.org/10.1016/j.ijpharm.2022.121853
https://doi.org/10.3390/pharmaceutics14071487

S. Meirinho et al.

Mesraoua, B., Deleu, D., Kullmann, D.M., Shetty, A.K., Boon, P., Perucca, E., Mikati, M.
A., Asadi-Pooya, A.A., 2019. Novel therapies for epilepsy in the pipeline. Epilepsy
Behav. 97, 282-290. https://doi.org/10.1016/j.yebeh.2019.04.042.

Mula, M., Pini, S., Cassano, G.B., 2007. The role of anticonvulsant drugs in anxiety
disorders: A critical review of the evidence. J. Clin. Psychopharmacol. 27, 263-272.
https://doi.org/10.1097/jcp.0b013e318059361a.

Mustafa, H.N., El Awdan, S.A., Hegazy, G.A., 2013. Protective role of antioxidants on
thioacetamide-induced acute hepatic encephalopathy: Biochemical and
Ultrastructural study. Tissue Cell 45, 350-362. https://doi.org/10.1016/j.
tice.2013.06.001.

National Institute of Neurological Disorders and, Stroke, 2016. Public Access to
Neuroactive & Anticonvulsant Chemical Evaluations (PANAChE) [WWW
Document]. URL https://panache.ninds.nih.gov/Home/CurrentModels (accessed
7.25.22).

Newey, C.R., Mullaguri, N., Hantus, S., Punia, V., George, P., 2019. Super-Refractory
Status Epilepticus Treated with High Dose Perampanel: Case Series and Review of
the Literature. Case Reports Crit. Care 1-7. https://doi.org/10.1155/2019/3218231.

Nguyen, T.T., Nguyen, T.T.D., Tran, N.M.A., Van Vo, G., 2022. Lipid-Based Nanocarriers
via Nose-to-Brain Pathway for Central Nervous System Disorders. Neurochem. Res.
47, 552-573. https://doi.org/10.1007/s11064-021-03488-7.

Pandey, M., Jain, N., Kanoujia, J., Hussain, Z., Gorain, B., 2022. Advances and
Challenges in Intranasal Delivery of Antipsychotic Agents Targeting the Central
Nervous System. Front. Pharmacol. 13, 1-14. https://doi.org/10.3389/
fphar.2022.865590.

Patsalos, P.N., 2015. The clinical pharmacology profile of the new antiepileptic drug
perampanel: A novel noncompetitive AMPA receptor antagonist Pharmacokinetics of
Perampanel in Adults. Epilepsia 56, 12-27. https://doi.org/10.1111/epi.12865.

Pires, P.C., Santos, A.O., 2018. Nanosystems in nose-to-brain drug delivery: A review of
non-clinical brain targeting studies. J. Control. Release 270, 89-100. https://doi.
0rg/10.1016/j.jconrel.2017.11.047.

Rahbani, A., Adwane, G., Jomaa, N., 2019. Oral Perampanel for the Treatment of Super-
Refractory Status Epilepticus. Case Rep. Neurol. Med. 1-3 https://doi.org/10.1155/
2019/8537815.

Rajpoot, K., Tekade, M., Pandey, V., Nagaraja, S.H., Youngren-Ortiz, S.R., Tekade, R.K.,
2019. Self-microemulsifying drug-delivery system: Ongoing challenges and future
ahead. Drug Delivery Systems. Elsevier Inc., in, pp. 393-454.

15

International Journal of Pharmaceutics 642 (2023) 123145

Rauh, R., Schulze-Bonhage, A., Metternich, B., 2022. Assessment of Anxiety in Patients
With Epilepsy: A Literature Review. Front. Neurol. 13 https://doi.org/10.3389/
fneur.2022.836321.

Reimers, A., Berg, J.A., 2018. Reference ranges for antiepileptic drugs revisited : A
practical approach to establish national guidelines Reference ranges for antiepileptic
drugs revisited : a practical approach to establish national guidelines. Drug Des.
Devel. Ther. 12, 271-280. https://doi.org/10.2147/DDDT.S154388.

Serralheiro, A., Alves, G., Fortuna, A., Falcao, A., 2014. Intranasal administration of
carbamazepine to mice: A direct delivery pathway for brain targeting. Eur. J. Pharm.
Sci. 60, 32-39. https://doi.org/10.1016/j.ejps.2014.04.019.

Strzelczyk, A., Knake, S., Kalvidinen, R., Santamarina, E., Toledo, M., Willig, S.,
Rohracher, A., Trinka, E., Rosenow, F., 2019. Perampanel for treatment of status
epilepticus in Austria, Finland, Germany, and Spain. Acta Neurol. Scand. 139,
369-376. https://doi.org/10.1111/ane.13061.

Tabari, M.A., Tehrani, M.A.B., 2017. Evidence for the involvement of the GABAergic, but
not serotonergic transmission in the anxiolytic-like effect of bisabolol in the mouse
elevated plus maze. Naunyn. Schmiedebergs. Arch. Pharmacol. 390, 1041-1046.
https://doi.org/10.1007/500210-017-1405-0.

Van Ameringen, M., Mancini, C., Pipe, B., Bennett, M., 2004. Antiepileptic Drugs in the
Treatment of Anxiety Disorders. Drugs 64, 2199-2220. https://doi.org/10.2165/
00003495-200464190-00004.

Walia, V., Garg, C., Garg, M., 2018. Anxiolytic-like effect of pyridoxine in mice by
elevated plus maze and light and dark box: Evidence for the involvement of
GABAergic and NO-sGC-cGMP pathway. Pharmacol. Biochem. Behav. 173, 96-106.
https://doi.org/10.1016/j.pbb.2018.06.001.

World Health Organization, 2019. Epilepsy [WWW Document]. URL https://www.who.
int/news-room/fact-sheets/detail/epilepsy (accessed 4.14.23).

Yang, M., 2009. Simple Behavioral Assessment of Mouse Olfaction. Curr. Protoc.
Neurosci. 1-14 https://doi.org/10.1002/0471142301.

Yu, C., Gu, P., Zhang, W., Cai, C., He, H., Tang, X., 2011. Evaluation of submicron
emulsion as vehicles for rapid-onset intranasal delivery and improvement in brain
targeting of zolmitriptan. Drug Deliv. 18, 578-585. https://doi.org/10.3109/
10717544.2011.600784.

Yu, H., Kim, K., 2009. Direct nose-to-brain transfer of a growth hormone releasing
neuropeptide, hexarelin after intranasal administration to rabbits. Int. J. Pharm.
378, 73-79. https://doi.org/10.1016/j.ijpharm.2009.05.057.


https://doi.org/10.1016/j.yebeh.2019.04.042
https://doi.org/10.1097/jcp.0b013e318059361a
https://doi.org/10.1016/j.tice.2013.06.001
https://doi.org/10.1016/j.tice.2013.06.001
https://doi.org/10.1155/2019/3218231
https://doi.org/10.1007/s11064-021-03488-7
https://doi.org/10.3389/fphar.2022.865590
https://doi.org/10.3389/fphar.2022.865590
https://doi.org/10.1111/epi.12865
https://doi.org/10.1016/j.jconrel.2017.11.047
https://doi.org/10.1016/j.jconrel.2017.11.047
https://doi.org/10.1155/2019/8537815
https://doi.org/10.1155/2019/8537815
http://refhub.elsevier.com/S0378-5173(23)00565-3/h0320
http://refhub.elsevier.com/S0378-5173(23)00565-3/h0320
http://refhub.elsevier.com/S0378-5173(23)00565-3/h0320
https://doi.org/10.3389/fneur.2022.836321
https://doi.org/10.3389/fneur.2022.836321
https://doi.org/10.2147/DDDT.S154388
https://doi.org/10.1016/j.ejps.2014.04.019
https://doi.org/10.1111/ane.13061
https://doi.org/10.1007/s00210-017-1405-0
https://doi.org/10.2165/00003495-200464190-00004
https://doi.org/10.2165/00003495-200464190-00004
https://doi.org/10.1016/j.pbb.2018.06.001
https://doi.org/10.1002/0471142301
https://doi.org/10.3109/10717544.2011.600784
https://doi.org/10.3109/10717544.2011.600784
https://doi.org/10.1016/j.ijpharm.2009.05.057

	Nose-to-brain delivery of perampanel formulated in a self-microemulsifying drug delivery system improves anticonvulsant and ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Experimental animals
	2.3 Preparation of intranasal perampanel and comparative treatments
	2.4 In vivo pharmacokinetics of perampanel – A brain biodistribution study
	2.5 In vivo pharmacodynamic evaluation of perampanel
	2.5.1 Anticonvulsant activity evaluation
	2.5.2 Olfactory toxicity assessment
	2.5.3 Neuromotor impairment evaluation
	2.5.4 Locomotion and anxiolytic evaluation
	2.5.4.1 Open field test
	2.5.4.2 Elevated plus maze test


	2.6 Neurochemical evaluation in whole brain
	2.6.1 Nitric oxide assay
	2.6.2 L-Glutamate assay
	2.6.3 GABA assay


	3 Results
	3.1 In vivo brain biodistribution study
	3.2 Anticonvulsant activity evaluation
	3.3 Olfactory toxicity assessment
	3.4 Neuromotor impairment evaluation
	3.4.1 Rotarod test
	3.4.2 Open field test

	3.5 Anxiolytic evaluation
	3.5.1 Open field test
	3.5.2 Elevated plus maze test

	3.6 Neurochemical evaluation in whole brain

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


