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Abstract: Essential oils have been advertised endlessly to be very beneficial for the health
of humans, and an extensive amount of research examines the validity of such claims.
In contribution, the current study evaluates the neuroprotective properties of Citronellol and
Geraniol essential oils (EOs). In relationship to the biophysical gating properties of different the
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunits, the EOs were
administered to HEK293 (Human embryonic kidney 293) cells and examined for any inhibition
and effect on desensitization or deactivation rates, using whole-cell patch-clamp electrophysiology.
Our results demonstrated the highest levels of inhibition from Citronellol oil by four-fold on all
AMPARs subunits. Likewise, Geraniol oil had a similar inhibiting impact on the receptors, and both
oils decreased the desensitization and deactivation rates of the inhibited receptors. Thus, the examined
EOs of this study portray neuroprotective qualities by targeting AMPARs activation and reducing
desensitization and deactivation rates. Finally, the results of the current study entail a better
understanding of AMPARs, provides a natural template for future drug synthesis to treat neurological
diseases associated with excessive AMPAR activation, and offers a possible mechanism by which
these essential oils deploy their ‘calming’ effect.
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1. Introduction
Essential oils (EOs) are usually extracted from plants and are used for aromatherapy, which is
an alternative medicine that demonstrates the healing effect to the aromatic compounds presented in
the oil [1,2]. Although its therapeutic potential remains controversial, the usage of essential oil has
been increasingly popular in the general population [3]. Many EOs are currently being presented to
showcase a wide range of benefits; two important EOs are the Citronellol and Geraniol oils. Citronellol
oil is obtained from different species of lemongrass (Cymbopogon) and is mostly composed of Citronellol
and Geraniol, which are found in over 70 other plants [4]. To the contrary, Geraniol oil is composed
of different extracted molecules from the essential oils of various plants, including rose, geranium,
and palmarosa species [4–7].
The health benefits of Citronellol include antibacterial, antidepressant, antiseptic, antispasmodic,
anti-inflammatory, deodorant, diaphoretic, diuretic, febrifuge, fungicidal, insect repellent, stomachic,
stimulant, tonic, and vermifuge effects. Although Geraniol is composed of a combination of plants,
its health benefits are of similar to those observed by Citronellol oil [5–7]. Accumulating evidence
suggests that both of these oils have a calming effect and reduce anxiety, stress, and depression, yet their
neuroprotective properties remain obscure [3,6]. Hence, the current study evaluates these EOs for
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neuroprotective qualities to the activity of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor, AMPARs.
AMPARs are part of the ionotropic glutamate receptor family (iGluRs) that respond to glutamate.
These receptors are responsible for the majority of the fastest excitatory neurotransmission and
play a significant role in important brain activity, such as learning and memory formation [8,9].
However, excessive AMPARs have been associated with neurotoxicity, which is linked to various
neurodegenerative diseases. An increasing body of evidence suggests the progression and pathogenesis
of several diseases are related to the mechanism of neuronal death caused by excitotoxicity [10]. Thus,
glutamate-induced excitotoxicity has been implicated in many different neurological disorders, such as
epilepsy, ischemia, amyotrophic lateral sclerosis (ALS), and Alzheimer’s disease (AD) [11,12].
In an attempt to treat various chronic neurodegenerative disorders, multiple studies researched
the possibilities of potential AMPAR antagonists to reduce the excitotoxicity [8,13]. In fact, due to drug
resistance, a new target for anti-epileptic and anti-seizures is towards AMPAR inhibition, precisely
drugs that act as non-competitive inhibitors [12–16]. However, many of the researched antagonists fail
at the clinical trials due to low efficacy or severe side effects, such as respiratory depression, sedation,
tolerance, dependence, and extrapyramidal symptoms [14]. Moreover, many of the possible drug
candidates for AMPARs possess selectivity towards specific AMPAR subunits, which fails to be effective
in many diseases, such as ALS [13]. Research is currently fixated on the neuroprotective properties of
various essential oils and natural components to counteract undesired side effects [17–20]. The current
study investigates the possible mechanism for such an effect in AMPAR inhibition. Moreover, through
a natural approach, we aim to investigate the potential possibility of these EOs on inhibiting the activity
of AMPARs and provide a possible drug candidate for diseases associated with excessive AMPAR
activation. Equally as important, the results of this study shed light on the protein-receptor interaction
and allow a better understanding of AMPARs. The inhibition of AMPARs was calculated by using
an electrophysiological approach to record the whole-cell current (patch clamp), with and without
the administration of EOs into human embryonic kidney cells HEK293. The same methodology
was also applied to investigate the effect of these EOs on other biophysical gating properties, i.e.,
the desensitization and deactivation rates of AMPARs. Alteration in the kinetics of the receptor’s
desensitization and deactivation rates can also signify the potential of the oils in drug synthesis. Finally,
the study will examine these EOs individually on the most abundant homomeric and heterologous
AMPAR subunits; GluA1, GluA2, GluA1/2, and GluA2/3.
2. Material and Methods
2.1. HEK293 Cell Patch-Clamp Recordings
The whole-cell patch-clamp technique was used in the electrophysiology recordings of HEK293
cells to obtain the activation, desensitization, and deactivation rates of the expressed AMPARs. Using
Sutter’s instrument; the integrated patch amplifier (IPA, Novato, CA 94949, USA), the whole-cell
recordings were optimized, and data acquisition was analyzed using Igor Pro7 (Wave Metrics, Inc.
Lake Oswego, OR 97036, USA). SutterPatch Software v. 1.1.1 (Sutter Instruments, Novato, CA 94949,
USA) was used to replicate the cells’ membrane currents; hence, the sampling frequency was set at
10 kHz, while the low-pass filter was set to 2 kHz. Borosilicate glass was used to fabricate the patch
electrodes with a resistance of 2–4 MΩ. The extracellular solution contained (values are in mM):
150 NaCl, 2.8 KCl, 0.5 MgCl2 , 2 CaCl2 , 10 HEPES adjusted to pH 7.4 with NaOH. Upon succeeding a
gigaseal with an AMPAR expressed HEK293 cell, it was interchangeably exposed to three different
solutions; the first contained the glutamate alone, the second contained glutamate + Citronellol while
the last tube contained glutamate + Geraniol. The cell was supplied with these solutions one at a time,
exchanged every 500 ms, from a double barrel glass (theta tube) that was also constantly supplying the
cell with a solution of 110 CsF, 30 CsCl, 4 NaCl, 0.5 CaCl2 , 10 Trypsin EDTA solution B (0.25%), EDTA
(0.05%), 10 HEPES, adjusted to pH 7.2 with CsOH (values are in mM), from the other barrel. The theta
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tube was mounted on a high-speed piezo solution switcher (AutoMate Scientific, Inc. Berkeley,
CA 94710, USA) to mimic the speed of naturally-induced AMPAR currents. The control were the
baseline currents produced from supplying the cell with glutamate alone, tested and recorded before
and after each exposure of the cell to the oils. AMPAR-current deactivation and desensitization were
fitted with two exponentials, and the weighted tau (τw) was calculated as τw = (τf × af) + (τs × as),
where (af) and (as) are the relative amplitudes of the fast (τf) and slow (τs) exponential component.
Hence, the currents were evoked by the application of 3 mM glutamate for desensitization while for
deactivation, the cells were administered 1 mM of glutamate for 500 ms. To compare the current
before and after the administration of the EOs, the currents (I) at the steady-state was normalized
to the current obtained with agonist alone (I0 ). The same concept follows for the currents obtained
from separately and individually treating the cell with the selected EOs. Inhibition was calculated as a
percentage of the difference in current amplitude from the pulse before to antagonist application and
the second pulse after the current stabilization post-antagonist application. Significance compared
with AMPAR expressed alone or with AMPAR+ compound of interest; p-value (one-way ANOVA):
* < 0.05, ** < 0.01, *** < 0.001, ns: not significant.
2.2. cDNA Transient Transfection in HEK293 Cells
All AMPARs subunits used in this experiment are in the flip isoform (pBlueScript), which were
obtained from S. F. Heinemann (Salk Institute, La Jolla, CA, USA) and subcloned in pRK for expression
in HEK293. P. H. Seeburg (Max Planck Institute for Medical Research, Heidelberg, Germany) gifted
the laboratory with the GluA2 unedited form (R607Q) (flip isoforms) and enhanced green fluorescent
protein (EGFP) in pRK5. Homomeric AMPAR plasmids were cotransfected with a GFP expression
vector (1 µg of GluA1 or GluA2, 1 µg GFP) in HEK293 cells by chemical-mediated transfection.
Likewise, heterologous AMPAR plasmids were transfected in the same manner under a 1:1.2 ratio.
Each cell had a specific AMPAR subunit expressed, to maintain the level of expression throughout the
experiment and to individually examine the effect of the oils on the specific receptor, be it homomeric or
heteromeric. Cells were then seeded in Petri dishes in DMEM supplemented with 10% foetal calf serum
and antibiotics and maintained in a humidified incubator at 37 ◦ C and 5% CO2 . Highly fluorescent
cells were identified and selected for recording. Cells of similar initial current, produced from the
glutamate alone before oil exposure, were used in the sample size to reduce the range of variability in
AMPAR expression and as a result, current discrepancies.
2.3. HEK293 Cell Culture and Transfection
The electrophysiology recording occurred two to three days after transfecting the cells of a
temperature and membrane potential set at 22 ◦ C and −60 mV, respectively. For the purpose of cell
culturing and transfection all HEK293 cells (Sigma, 89555 Steinheim am Albuch, Germany) were
grown in a medium of DMEM, Dulbecco Modified Eagle Medium, (Sigma, Ronkonkoma, NY 11779,
USA) which contained 0.1 mg/mL streptomycin, and 1 mM sodium pyruvate (Biological Industries,
Beit-Haemek, Israel) and a 10% of FBS, foetal bovine serum. Before transfection, the cells were
sub-cultured twice a week and left in the incubator for 24 hours, set at 37 ◦ C, 5% CO2 . After DNA
preparation and cell culturing the transient cDNA was transfected in HEK293 cells. The transfection
reagent that was used was jetPRIME (Polyplus: New York, NY 11779, USA) after which the cells
were left for 36hrs in the incubator. Finally, to prepare the cells for whole-cell patch-clamp, they were
replanted from the 12-well plates to coverslips coated with Laminin (1 mg/mL; Sigma, Steinheim am
Albuch, Germany).
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3.1. Effect of Oils on the Peak Current of AMPARs
3.1. Effect of Oils on the Peak Current of AMPARs
To inquire direct effects of the essential oils on amplitude generated by AMPARs, Heterologous
To inquire direct effects of the essential oils on amplitude generated by AMPARs, Heterologous
expression (GluA1/2 and GluA2/3) and Homologous expression of GluA1 and GluA2 subunits in
expression (GluA1/2 and GluA2/3) and Homologous expression of GluA1 and GluA2 subunits in
HEK293 cells were individually and separately examined via whole-cell patch-clamp with and
HEK293 cells were individually and separately examined via whole-cell patch-clamp with and without
without the administration of the compound of interest. The peak currents of AMPA receptors
the administration of the compound of interest. The peak currents of AMPA receptors subunits with
subunits with glutamate alone and no treatment are 834 ± 45 pA, 1330 ± 77 pA, 520 ± 39 pA, 443 ± 45
glutamate alone and no treatment are 834 ± 45 pA, 1330 ± 77 pA, 520 ± 39 pA, 443 ± 45 pA, for GluA1,
pA, for GluA1, GluA2, GluA1/2, and GluA2/3, respectively as shown in Figure 1A. The essential
GluA2, GluA1/2, and GluA2/3, respectively as shown in Figure 1A. The essential Citronellol oil was
Citronellol oil was applied to the cell and resulted in a drastic reduction in the peak current of the
applied to the cell and resulted in a drastic reduction in the peak current of the AMPARs previously
AMPARs previously mentioned to 185 ± 23 pA, 380 ± 26 pA, 121 ± 19 pA, and 153 ± 32 pA. Likewise,
mentioned to 185 ± 23 pA, 380 ± 26 pA, 121 ± 19 pA, and 153 ± 32 pA. Likewise, the effect of Geraniol
the effect of Geraniol oil had a similar impact on the peak current of AMPAR subunits. Hence, the
oil had a similar impact on the peak current of AMPAR subunits. Hence, the peak current of GluA1,
peak current of GluA1, GluA2, GluA1/2, and GluA2/3 were reduced to the following readings; 232 ±
GluA2, GluA1/2, and GluA2/3 were reduced to the following readings; 232 ± 31 pA, 429 ± 35 pA,
31 pA, 429 ± 35 pA, 163 ± 17 pA, and 164 ± 35 pA Figure 1B showcases whole-cell current traces from
163 ± 17 pA, and 164 ± 35 pA Figure 1B showcases whole-cell current traces from GluA1 channels
GluA1 channels (most significant) expressed in HEK-293 cells in the absence (left) and presence
(most significant) expressed in HEK-293 cells in the absence (left) and presence (right) of Citronellol oil.
(right) of Citronellol oil.
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3.2. Influence of Oils on the Desensitization Rate
The Inhibition
theDesensitization
EOs on AMPAR
3.2. Influence
of Oils onofthe
Rateactivity shed light on the possibility of their impact on
other biophysical gating properties of AMPARs such as desensitization (Figure 2). The average
The Inhibition of the EOs on AMPAR activity shed light on the possibility of their impact on
desensitization time of GluA1, GluA2, GluA1/2, and GluA2/3 were as follows; 2.9 ± 0.1 ms, 2.4 ± 0.1 ms,
other biophysical gating properties of AMPARs such as desensitization (Figure
2). The average
5.1 ± 0.3 ms, and 2.4 ± 0.2 ms denoting an average rate (τ = 1/ms) of 0.34 ms−1 , 0.42 ms−1 , 0.20 ms−1 ,
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as
follows;
2.9
±
0.1 ms, 2.4 ± 0.1
and 0.42 ms−1 , respectively Figure 2A. A decrease in desensitization rate was in GluA1, GluA2
ms, 5.1 ± 0.3 ms, and 2.4 ± 0.2 ms denoting an average rate (τ = 1/ms) of 0.34 ms−1, 0.42 ms−1, 0.20 ms−1,
homologous AMPARs and GluA1/2 and GluA2/3 Heterologous AMPARs upon treating the cells with
and 0.42 ms−1, respectively Figure 2A. A decrease in desensitization rate was in GluA1, GluA2
homologous AMPARs and GluA1/2 and GluA2/3 Heterologous AMPARs upon treating the cells
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Figure 3. Effect of oils and compounds on AMPAR Deactivation. (A). The graphical representation
that summarizes the weighted time constants for deactivation (τW deact) for the whole cell recordings
Figure 3. Effect of oils and compounds on AMPAR Deactivation.
(A). The graphical representation
of all AMPARs subunits, conducted at −60 mV, pH 7.4, and 22 ◦ C, upon 1 ms application of 10 mM
that summarizes the weighted time constants for deactivation (τW deact) for the whole cell recordings
glutamate alone (black), glutamate + Citronellol (white), and from glutamate + Geraniol (grey). (B).
of all AMPARs subunits, conducted at −60 mV, pH 7.4, and 22 °C, upon 1 ms application of 10 mM
Pairs of representative whole-cell current traces from GluA1 channels (most significant) expressed in
glutamate alone (black), glutamate + Citronellol (white), and from glutamate + Geraniol (grey). (B).
HEK-293 cells in the absence (left) and presence (right) of Citronellol oil. Data shown are mean ± SEM;
Pairs of representative whole-cell current traces from GluA1 channels (most significant) expressed in
n = 4 (number of patch cells in the whole-cell configuration). A one-way ANOVA test was used to
HEK-293 cells in the absence (left) and presence (right) of Citronellol oil. Data shown are mean ± SEM;
measure the significance: * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.
n = 4 (number of patch cells in the whole-cell configuration). A one-way ANOVA test was used to
measure the significance: * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.
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essential oils was irrelevant to glutamate concentration, a suggestion they act as noncompetitive
inhibitors. Due to excessive concentration of glutamate and as a result over activation of AMPARs,
noncompetitive inhibitors are a significantly essential and desirable target in drug synthesis to treat
the disease associated with AMPARs.
The administration of multi-components or single essential oils or their constituents in conventional
medicine, complementary alternative medicine, folk medicine, and aromatherapy has been known
for a long time, and its relevance is steadily growing [16–18]. In the last few years, many scientific
investigations were established to assess the effectiveness and the mechanisms of action of these
compounds on the central nervous system [19,23,24]. The results of the current study demonstrate
the tested EOs implement their calming effects by directly inhibiting AMPARs but also reducing
the desensitization and deactivation rates. The interaction between the oils and receptor is at a
noncompetitive antagonist site that is crucial in the mechanism of the other AMPAR biophysical
properties. Hence, desensitization is caused by ion channel pore closure without the disassociation
of the ligand from the receptor. On the contrary, the deactivation of AMPARs is characterized as the
natural decay in current after the dissociation of glutamate from the receptor and closure of the channel
gate [25,26]. Computational ligand docking is needed to assess how the action of these oils targets
all kinetics of the receptor’s activation, deactivation, and desensitization. Nonetheless, reducing the
desensitization and deactivation rates of AMPARs indirectly portrays neuroprotective properties as this
will reduce the signal transduction and excessive activation of AMPARs, which is of pharmaceutical
significance in treating epilepsy, ALS, and other neurological diseases.
However, only one pharmaceutical drug is currently in the market and is known as Perampanel.
This drug is primarily used as an antiepileptic drug, yet has numerous serious side effects such as
depression, anxiety, paranoia, weight gain, and joint and back pain [21]. In response, the current study
investigates two conventional essential oils; the Citronellol and Geraniol oils as possible AMPAR
antagonist. In attempt to reduce the side effect seen from Perampanel these oils have been documented
to be antidepressant, anti-inflammatory, diuretics etc., hence the result of the study indicates that not
only do they inhibit AMPARs, but also provide a natural antagonist of no side effects. In the same
manner as the reduction in peak current, the desensitization and deactivation rates also decreased,
insinuating the action of EOs target all biophysical properties of the AMPAR subunits in the same way.
The level of inhibition between the EOS was distinct as the Citronellol oil inhibited AMPARs
subunit by four folds while the Geraniol oil inhibition was by only three-fold. Moreover, the inhibition
between AMPAR subunits was also biased in that specific subunits were more susceptible to inhibition
than others hence, the AMPAR subunit that was significantly impacted the most was GluA1 followed
by its heteromeric subunit GluA1/A2, then GluA2 and, finally, GluA2/3. Both oils portrayed the
same bias to specific AMPAR subunits, suggesting the action of these oils is similar and target the
same antagonist site. However, due to the discrepancy seen in inhibition, the Citronellol is a more
favorable and stable antagonist for AMPARs than the Geraniol oil. Although both oils favor certain
AMPAR subunits, they remained to significantly inhibit all tested subunits, which is critical significance
because unlike Talampanel that failed in clinical trials, due to its effectiveness on certain AMPAR
subunits [22], these oils deploy their neuroprotective properties on all AMPARs. Finally, the inhibition
of both essential oils was irrelevant to glutamate concentration, suggestion they act as non-competitive
inhibitors. Due to excessive concentration of glutamate and as a result over activation of AMPARs,
noncompetitive inhibitors are a significantly important and desirable target in drug synthesis to treat
the disease associated with AMAPRs.
The administration of multi-components or single essential oils or their constituents in conventional
medicine, complementary/alternative medicine, folk medicine, and aromatherapy has been known
for a long time, and its relevance is steadily growing [17,18]. In the last few years, many scientific
investigations have been established to assess the effectiveness and the mechanisms of action of these
compounds on the central nervous system [19,20]. Previously, we have shown no inhibitory effect from
Origanum syriacum L. and Lavandula dentate L. essential oils on any of the tested AMPAR subunits [6].
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Although they influenced the desensitization and deactivation of the AMPARs, the results given
previously were not as significant in comparison to the present oils that non-competitively inhibit
AMPARs. The results of the current study demonstrate the tested EOs implement their calming
effects by directly inhibiting AMPARs but also reducing the desensitization and deactivation rates.
The interaction between the oils and receptor is at a noncompetitive antagonist site that is crucial in
the mechanism of the other AMPAR biophysical properties. Hence, desensitization is caused by ion
channel pore closure without the disassociation of the ligand from the receptor. On the other hand,
the deactivation of AMPARs is characterized as the natural decay in current after the dissociation of
glutamate from the receptor and closure of the channel gate [14,16]. Computational ligand docking is
needed to assess how the action of these oils targets all kinetics of the receptor’s activation, deactivation
and desensitization. Nonetheless, reducing the desensitization, and deactivation rates of AMPARs
may indirectly portray neuroprotective properties, as this will reduce the signal transduction and
excessive activation of AMPARs, which is of pharmaceutical significance in treating epilepsy, ALS, and
other neurological diseases.
5. Conclusions
In conclusion, our study provides an alternative natural template for drug synthesis that targets
AMPARs of all subunits. Additionally, we provide a mechanism by which these oils deploy their calming
effect and reduced anxiety. Previously reported implications in excessive activation or overexpression
of AMPARs in various neurological diseases encouraged research to target AMPARs inhibition, which,
as a result, act as anticonvulsant treatment. Only one FDA approved an anticonvulsant drug, proposed
to have neuroprotective properties by inhibiting and targeting AMPARs, is currently on the market
with numerous side effects. Hence, this paper provides evidence of the tested EO’s possessing similar
neuroprotective properties yet are non-synthetic. Moreover, we notice an inhibition of all tested
subunits but biased favoritism for the calcium-permeable AMPAR subunits than calcium impermeable.
This is significant in understanding the neurological disorders related to a dysregulation in AMPAR
subunit expression and a better aim to target the specific subunits as well as understand the difference in
structure-protein interaction between various AMPARs. Finally, the study also enhanced the potential
neuroprotective properties of the tested EOs as they also decreased the desensitization and deactivation
rates of AMPARs. We hope to continue this study in induced ALS rodents and report the effect of the
EOs on the progression of the disease.
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