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Background: Citrus essential oil (EO) has been used for mood elevation and sedative hyp-

notic purposes. However, scientific proofs of its central nervous system (CNS) action

remained largely unexplored. This study investigated chemotypes, electrical brain waves

and sleep-wake effects of the essential oil from Citrus reticulata in rat model.

Methods: Chemical contents of citrus EO were analyzed using gas chromatography-mass

spectrometry (GCeMS). Male Wistar rats implanted with electrodes on the frontal and

parietal skulls were used for electroencephalographic (EEG) recording while inhaling the

citrus EO (200 ml on cotton wool). Diazepam (10 mg/kg, p.o.) was used as a standard anxi-

olytic drug. EEG frequency analyses were performed by using Fast Fourier transform. All

data were statistical analyzed using One-way ANOVA followed by Tukey's test.

Results: GCeMS analysis revealed D-limonene (95.7%) as a major constituent of citrus EO.

The EEG results showed that overall EEG patterns of citrus EO effects were relatively similar

to that of diazepam. However, significant differences between treatments were seen from

sleep-wake analyses. Diazepam significantly increased episode numbers of awake and

non-rapid eye movement (REM) sleep and reduced averaged episode duration. On the other

hand, the citrus EO significantly decreased REM sleep latency and increased total time and

episode numbers of REM sleep.

Conclusion: These findings demonstrated unique CNS effects of C. reticulata EO with EEG

fingerprints and sleep-wake profiles. The data might be useful for citrus essential oil sub-

classification and clinical application.
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At a glance of commentary

Scientific background on the subject

Previously, essential oils (EOs) have been used for

emotional and sleep/wake modifications. Mostly, they

are known to enhance alertness or sleepiness. However,

specific effects of each essential oil including citrus EO

remained to be explored.

What this study adds to the field

Citrus EO reduced time to enter sleep stage and

increased REM sleep. EEG patterns induced by citrus EO

were distinguished from that of diazepam, a standard

anxiolytic drug. These data are useful as EEG fingerprint

for sub-classification of citrus EO.
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Essential oils (EOs) from various plant species have long been

used in traditional medicine for emotional improvements and

some other purposes. Moreover, EOs are added in many

health products for inducing relaxation. In aromatherapy,

several EOs are helpful in reducing anxiety symptoms [1].

They are important components of aromatherapy that have

been widely used for multiple health purposes such as stress

reduction [2], night time sleep modification [3], modulation of

mood [4] ormanagement of work-related stress perception [5].

In general, beneficial effects of EOs have been claimed and

studied mostly by using questionnaires or subjective

methods. In order to develop drug discovery of EOs, more

scientific proofs of their biological effects are needed.

Various citrus EOs have been used in alternative therapies

for mental problems. The effects of bergamot (Citrus bergamia)

EO inhalation on mental health and well-being were reported

[6]. Neroli (Citrus aurantium L.) EO inhalation is also an easy

and applicable method to reduce anxiety in patients with

acute coronary syndrome [7]. Moreover, Citrus aurantium

blossom oil is an effective intervention to reduce anxiety

during labor and first stage labor pain [8]. These findings

strongly confirm that citrus EOs possess CNS effects and

reduce the severity of stress in particular. Apart from the CNS

effects, EO from Citrus limetta Risso (Rutaceae) also exhibited

its in vitro and in vivo profiles the treatment of inflammation

linked skin diseases [9]. In addition, antioxidant activity of this

EO was confirmed by cell-free and cell-based assays [10].

These findings suggest multiple bioactive properties of citrus

EOs.

In Thailand, Citrus reticulata Blanco. plants have been

mostly cultivated and popularly used in orange juice in-

dustries. Previously, EO from Citrus spp. has gained some in-

terests for its central nervous system (CNS) action in the

treatment of anxiety and sleep problems [11]. In behavioral

studies, oral administration of C. reticulata EO was found to

reduce anxiety in mice using lightedark box and marble-

burying tests and prolong sleeping time induced by ether

inhalation [12]. However, it was important to compare
anxiolytic effects of citrus EO on electrical brain waves and

sleep-wake patterns to that of standard anxiolytic drug in

experimental animals.

Electroencephalography (EEG) is a technique used to detect

local field potential as a result of electrical potential syn-

chronization and desynchronization of neuronal population

in the brain. EEG patterns in response to drug administration

known as electropharmacograms have been used to charac-

terize drug action in specific brain areas [12,13]. In particular,

EEG technique has frequently been used for determining

quantitative sleep-wakefulness [14] and EEG power activity

[15]. Therefore, this technique is practical to examine the ef-

fects of EOs on brain function.

However, effects of EO from C. reticulata have been rarely

studied in terms of electrical brain activity or local field po-

tential. Investigation of its CNS effects on electrical brainwave

would provide EEG fingerprints or biomarkers. These data are

necessary for classification and possible application of EOs as

alternative choices for some mental illnesses.

The aim of this study was to investigate the effects of C.

reticulata EO on EEG power activity and sleep-wake cycle in

rats. Male rats with electrodes implanted on the skull over

the frontal and parietal cortices were given the citrus EO

inhalation while recording EEG signals. Quantitative data of

sleep-wakefulness were analyzed following inhalation the

citrus EO.
Materials and methods

Essential oil extraction

The fruit of C. reticulata Blanco. cv. Sai-Nam-Phueng was ob-

tained from Khlong Lan district, Kamphaeng Phet province,

Thailand. The peels were washed and dried with hot air oven

(40e50 �C) and milled to minimize the approximate particle

size 0.5 cm. Three kilograms of prepared peels were loaded

into a high pressure stainless steel extractor tank. The extract-

laden carbon dioxide was sent to the two separator tanks.

These prepared peelswere extractedwith supercritical carbon

dioxide. The best extraction condition gave the oleoresin de-

posit in the first separator and the second separator contained

two immiscible phase of EOs and water. The EOs were sepa-

rated and filtered. Anhydrous sodium sulphate was added for

elimination of trace water. Temperature and pressure were

controlled for the extractor (40 �C and 13 MPa), the first

separator (40 �C and 9 MPa) and of the second separator (20 �C
and 6MPa). Time for equilibrium condition and extractionwas

1.0 and 2.0 h, respectively. The EO was used as the pilot scale

SCO2 (GuangzhouMassonNewSeparation Technology, China)

which belongs to Thai Traditional and Herbal Development

Center (TTHD), located at module 1, Biotechnology Pilot Plant,

Thailand Science Park, Klong 1, Klongluang, Pathumtani,

Thailand.

Gas chromatography-mass spectrometry (GCeMS) method

Chemical identification and quantification of EOs was inves-

tigated by Gas Chromatography-Mass spectrometry (Thermo

https://doi.org/10.1016/j.bj.2020.05.017
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electron Corporation, Fortune Scientific Thailand) at Thai

Traditional and Herbal Development Center (TTHD), located

at module 1, Biotechnology Pilot Plant, Thailand Science Park,

Klong 1, Klongluang, Phathumtani, Thailand. The columnwas

ZB-5ms. Helium (TIG) was used as the carrier gas at a flow rate

of 1 ml/min. The programmed column temperature was

ramped from 60 �C to 250 �C at a rate of 3 �C/min, and hold at

60 �C for an additional 5 min. The temperature at injection

port was 200 �C, and at detector port was 270 �C. Detectionwas

based on electron ionization (EI) mass spectrometry. Peak

identification was carried out by comparisons with those

available in Wiley 7n.L Database.

Animals

Adult male Wistar rats weighing 300e350 g were purchased

from the Southern Animal Facility, Faculty of Science, Prince

of Songkla University. The environmental condition was

controlled with room temperature (24 ± 2 �C), humidity

(55 ± 10%), and a 12/12 h light/dark cycle (light on 6:00). The

rats were housed individually in plexiglas home cage and

given food pellets and water ad libitum. The experimental

protocols for the care and use of the rats were guided and

approved by the Animals Ethical Committee of Prince of

Songkla University. The project license number is MOE

0521.11/064.

Surgery

Skull surgery process was performed as previously described

[16,17]. Briefly, the rats were anesthetized with intramuscular

injection of 45 mg/kg Zoletil® 100 (Virbac, Thailand). To study

cortical EEG in animals, stainless steel screw electrodes were

permanently implanted on the skull to pick up electrical

signal from epidural layer over the frontal and parietal

cortices. This is a standard method used for detection of drug

effects on electrical brain activity. In details, stainless steel

screw electrodes were stereotaxically implanted over the

frontal skull (AP; þ2 mm, ML; 3 mm) and the parietal cortex

(AP;�3.7mm,ML; 3mm) into the left side of the skull by using

bregma as the landmark. The electrode fixed at the midline

over the cerebellum (AP; �11.8 mm, ML; 0 mm) was used as a

reference and ground electrode. Basically, the cerebellum

mainly contributes its function on motor control. Moreover,

ground electrode is needed to reduce noise interference and

stabilize signal recording. Mostly, the cerebellum is used for

these purposes. Bipolar electromyogram (EMG) stainless steel

wire electrodes (15 mm in diameter; A-M Systems, Inc.,

Washington, United States) were inserted into bilateral dorsal

neck muscles. All electrodes were secured in place with

acrylic resin (Unifast Trad, Tokyo, Japan). Following the sur-

gery, the rats were used for the experiment after a 10-day

recovery period.

Drug administration

The rats were divided into 3 groups to receive either distilled

water (n ¼ 9), 10 mg/kg diazepam (n ¼ 7) or 200 mL C. reticulata

EO (n¼ 7). The sample size of animals per groupwas calculated

by using the Resource Equation Approach [18] and following
other related studies in similar field of research. N number was

calculated from the equation n¼DF/kþ 1,whereDF is degree of

freedom (acceptable range for ANOVA is between 10 and 20). DF

was normally estimated from the equation DF ¼ N - k ¼ kn -

k ¼ k (n - 1), where N ¼ total number of subjects, k ¼ number of

groups, and n¼ number of subjects per group. This study had 3

groups and estimated DF at 15. Therefore, n was equal to 7.5.

This was also justified in accordance with 3R's to determine

minimum number of animals but maintain appropriate num-

ber to promote scientific progress.

The anxiolytic Zopam or diazepam (Global Pharm Co, Ltd.,

Thailand) was dissolved in distilledwater. Diazepam 10mg/kg

body weight as a positive control was orally administered

using stainless steel feeding gavage. Both C. reticulata EO

(200 mL, i.h.) and distilled water (found to produce equal

response of EEG pattern to that of sunflower oil, a non-

aromatic general plant oil, in a preliminary study) were

inhaled. Either the citrus EO or distilled water was pipetted on

a cotton wool and put on saw dust in their home cage inside a

soundproof chamber. The baseline EEG was recorded for

30 min with ambient air inhalation and followed with 1-h

recording for the effects of either distilled water, diazepam

or the citrus EO administration. All experiments were tested

between 12:00 and 17:00 h.

EEG recording and data processing

Before the start of experiment, rats were acclimatized with

recording condition being connected with EEG recording ca-

bles inside the soundproof chamber (60 cm � 60 cm x 60 cm,

length x width x height) between 12:00 and 16:00 for 3

consecutive days. The EEG and EMG signals were amplified

and digitized at 400 Hz (sampling rate) and filtered (EEG, a low-

pass 100 Hz, high-pass 0.1 Hz; EMG, a low-pass 100 Hz, high-

pass 10 Hz) by using a Bio Amp system and PowerLab 4/20

system (AD Instrument Pty Ltd, Sydney, Australia) with 12-bit

A/D converter and stored in PC through the program LabChart

v7.3.2 (AD Instrument Pty Ltd, Sydney, Australia). For the data

processing, The EEG signals were processed through

0.8e100 Hz band-pass filter. The digitized EEG data were

segmented into 512-point (50% overlap). The signals were

converted to power spectra by the fast Fourier Transform al-

gorithm (Hanning window cosine transform) by using the

program LabChart v7.3.2. Then the power spectra of 1.28-sec

sweeps of selected period were averaged to give the power

spectra of the period. The power spectra were divided into

multiple discrete frequency bands according to previous

studies: Delta (0.8e3.9 Hz), Theta (4.7e7.0 Hz), Alpha

(7.8e12.5 Hz), Beta1 (13.3e18.0 Hz), Beta2 (18.8e35.2 Hz),

Gamma (35.9e100 Hz) [15,19e21]. These spectra in each fre-

quency band of each group were averaged and relatively

calculated as percent baseline.

In general, it is high deviation of EEG powers among indi-

vidual animals. Different animals produced different baseline

levels of EEG power. It's necessary to normalize data in rela-

tion to baseline level. The data of EEG power recorded during a

30-min period of pretreatmentwere used as baseline levels for

values of each animals. The data of post-treatment of each rat

were normalized in relation with its baseline level and

expressed in % baseline values.

https://doi.org/10.1016/j.bj.2020.05.017
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Fig. 1 Chemical composition of essential oil from C. reticulata Blanco. cv. Sai-Nam-Phueng peel (A). GCeMS chromatogram of C.

reticulata cv. Sai-Nam-Pueung peel oil extracted by supercritical carbon dioxide method. (B) Essential oil from the peel of C.

reticulata Blanco. cv. Sai-Nam-Pueung was analyzed by GCeMS. The major compositions were monoterpenes. D-Limonene was

the main component of the essential oil.
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Continuous signals from a period of 1 h following the start

of treatment were collected for analysis of EEG power spec-

trums. This was in a purpose for screening if there are

particular frequencies sensitive to the treatment. However,

this did not show temporal information of response that

emerges in time scale to the treatment. Therefore, the present

studywas also designed to analyze and show the oscillation of
some frequencies of interest in time domain. The data were

analyzed and expressed every 1 min.

Sleep-wake state analysis

Three brain states of sleep-wake cycles were classified. There

are wakefulness, non-rapid eye movement (non-REM) sleep or

https://doi.org/10.1016/j.bj.2020.05.017
https://doi.org/10.1016/j.bj.2020.05.017


Fig. 2 Effects of diazepam and citrus EO on frontal EEG powers of 6 discrete frequency ranges (n ¼ 7e9). (A) Averaged percent

baseline powers are expressed as means ± S.E.M. of spectral powers. (B) Powers of discrete frequency bands were divided for

separately statistical analysis. *, ***p < 0.05, 0.001, respectively, compared with control levels and #p < 0.05 compared with

diazepam levels (one-way ANOVA followed by Tukey's post hoc test).
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rapid eye movement (REM) sleep according to the criteria pre-

viously described by Cheaha, D. et al., 2016 [16], as shown in

Fig. 5AeC and 6 (AeC). Firstly, wakefulness was characterized

by low-amplitude EEG thetawave (6e9 Hz) from the frontal and

parietal cortices, high-voltage EMG activities and high density

of theta power in the parietal cortex seen in a spectrogram.

Secondly, non-REM sleepwas identified by high-voltage of slow

EEG frequencies in both cortices, low EMG activities, and

increased broad frequency activity in both cortices with

particular highlight in delta range of spectrograms. Finally, REM

sleepwas seenwith low frontal EEG amplitude but high parietal

EEG amplitude, low EMG activities and high theta power in

parietal a spectrogram. Sleep parameters were analyzed in

terms of sleep latency of non-REM and REM sleeps, total time

spent in each brain state, episode numbers of each brain state

and averaged episode duration of each brain state.
Statistical analysis

EEG power (% baseline) was calculated from signals recorded

during pre- and post-treatment periods. Baseline spectra
values were calculated from pre-treatment period and set at

100%, while post-treatment spectra values were referenced

with baseline to obtain percent baseline values. Percent

baseline values were expressed as mean ± standard error of

the mean (S.E.M.) of each group. Differences were determined

using one-way analysis of variance (ANOVA), followed by

multiple comparisons using Turkey's Method. Differences

with p < 0.05 compared with control level were considered

statistically significant.
Results

Phytochemical profile

Chemical constituents were separated and percent yields of

each component were shown [Fig. 1A]. The chemotypes of the

EOfrompeelsofCitrus reticulataBlanco. cv.Sai-Nam-Puengwere

identified by GCeMS [Fig. 1B]. D-limonene (95.7%) was found to

be a major constituent of this EO. a-pinene (0.5%), b-pinene

(1.1%) and d-3-carene (1.5%) were found asminor constituents.

https://doi.org/10.1016/j.bj.2020.05.017
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Fig. 3 Effects of diazepam and citrus EO on parietal EEG powers of 6 discrete frequency ranges (n ¼ 7e9). (A) Averaged percent

baseline powers are expressed as means ± S.E.M. of spectral powers. (B) Powers of discrete frequency bands were divided for

separately statistical analysis. *p < 0.05, compared with control levels (one-way ANOVA followed by Tukey's post hoc test).
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EEG power spectrums induced by the citrus essential oil
inhalation

Representative raw LFP signals recorded from the frontal and

parietal cortices were shown [Fig. 5]. Frontal and parietal EEG

signals following 3 different treatments were collected. Raw

EEG data were processed through fast Fourier Transform for

frequency analysis. Data were analyzed and expressed in

spectrums of frequency power (% baseline) in the frequency

range from 0.8 to 100 Hz.

In the frontal cortex, C. reticulata EO appeared to increase

powers of slow frequencies in comparison to control levels

[Fig. 2A]. The citrus EO was found to produce similar effects to

that of diazepam particularly for 10e20 Hz frequency range.

Therefore, datawere divided into powers of 6 frequency bands

for statistical analysis [Fig. 2B]. One-way ANOVA revealed

significant differences found in delta [F (2, 18) ¼ 15.18,

p < 0.001], theta [F (2, 18) ¼ 13.98, p < 0.001], alpha [F (2,

18) ¼ 5.10, p < 0.019], beta1 [F (2, 18) ¼ 12.73, p < 0.01] and

gamma [F (2, 18) ¼ 5.67, p < 0.05] bands. Multiple comparison

analyses also indicated significant increases in powers of
these frequency bands. Altogether, the citrus EO produced

similar effects to that of diazepam.

In the parietal cortex, effects of C. reticulata EO were also

seen. The citrus EO produced similar patterns of power spec-

trum to that produced by diazepam [Fig. 3A]. When analyzed

in each frequency band, significant changes were found in

delta [F (2, 18) ¼ 4.80, p < 0.05], theta [F (2, 18) ¼ 6.25, p < 0.05],

alpha [F (2, 18)¼ 10.16, p< 0.01], beta1 [F (2, 18)¼ 11.32, p < 0.01]

and gamma [F (2, 18) ¼ 4.87, p < 0.05] [Fig. 3B]. However,

multiple comparisons indicated that the citrus EO signifi-

cantly increased EEG powers only in alpha and beta1 and

decreased EEG powers of gamma frequency ranges.

Time-course effects of C. reticulata EO inhalation

EEG powers of 3 frequency ranges (0.8e7.0, 7.8e15.6 and

35.9e100 Hz) following the inhalation were shown in time

domain [Fig. 4]. In the frontal cortex, diazepam administration

and the inhalation of C. reticulata EO appeared to increase

power of 0.8e7.0, 7.8e15.6 Hz particularly at the end of 60-min

period. Both treatments also decreased EEG powers of

https://doi.org/10.1016/j.bj.2020.05.017
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Fig. 4 Oscillations in the time domain of EEG powers in the frontal and parietal cortices. Percent baseline powers of 3 frequency

ranges (0.8e7.0, 7.8e15.6 and 35.9e100 Hz) were analyzed every 1 min following administration with diazepam and citrus EO

(n ¼ 7e9).

Fig. 5 Raw EEG signals and spectrograms in the frontal and parietal cortices following oral administration of diazepam and

inhalation of the citrus EO in comparison to that of control treatment (distilled water). Representative EEG tracings of each

group were selected during awake (A), non-REM (B) and REM (C) sleep periods. Data were also converted into spectrograms to

present electrical activity in frequency and time domains.
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Fig. 6 Identification of awake (A), non-REM (B) and REM (C) periods. Multiple brain states were identified by using EEG spectral

powers and spectrograms. Sleep-wake effects of administration with diazepam and citrus EO were determined in terms of

sleep latency (D), number of episode (E), total time spent (F) and averaged episode duration (G) (n ¼ 7e9). *, **p < 0.05, 0.01,

0.001, respectively, compared with control levels (one-way ANOVA followed by Tukey's post hoc test).
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35.9e100 Hz frequency range. Similar patterns of change in

EEG power were seen in the parietal cortex. Diazepam

administration and the inhalation of C. reticulata EO also

increased powers of 0.8e7.0, 7.8e15.6 Hz and decreased EEG

powers of 35.9e100 Hz frequency ranges.

Effects of C. reticulata EO inhalation on sleep-wake cycle

EEG signals from the frontal and parietal cortices and pat-

terns of EMG signals were analyzed for classification of brain

states of animals. Fast Fourier transform (FFT) and EEG

spectrograms were used to reveal the overall EEG powers of

broad frequency range. Awake periods were identified with

fast frequency oscillation and high EMG activity [Fig. 6A].

Theta frequency from the parietal cortex appeared to domi-

nate during wakefulness. Non-REM sleep was identified with

slow wave activity from both cortices [Fig. 6B]. High power

oscillations were seen especially for the slow frequencies.

The most unique pattern of brain waves was observed during

REM sleep [Fig. 6C]. During REM sleep period, extremely high

theta activity was detected in the parietal but not the frontal

cortex. Therefore, EEG signals recorded during a 1-hr period

were analyzed for the identification of wakefulness, non-REM

and REM sleep.

Sleep-wake patterns were evaluated in terms of sleep la-

tency [Fig. 6D], episode number [Fig. 6E], total time spent

[Fig. 6F] and averaged episode duration [Fig. 6G] of 3 brain

states. Each parameter was separately analyzed for statistical

determination. One-way ANOVA revealed significant differ-

ence in sleep latency [F (2, 20) ¼ 4.54, p < 0.05]. Multiple

comparisons also indicated a significant difference between

REM sleep latencies of control and the citrus EO group. No

significant difference was seen for non-REM sleep parameter.
When analyzed in term of episode number of each param-

eter, significant changes were found for awake, non-REM and

REM parameters [F (2, 20) ¼ 5.48, p < 0.05, F (2, 20) ¼ 6.37,

p < 0.01 and F (2, 20) ¼ 3.59, p < 0.05, respectively]. Multiple

comparisons confirmed that diazepam significantly

increased episode numbers of awake and non-REM sleep and

the C. reticulata EO significantly increased episode numbers of

REM sleep. Next, significant change was seen for total time of

only REM sleep parameters [F (2, 20) ¼ 4.65, p < 0.01]. The

citrus EO was found to significantly increase time spent in

REM sleep. Finally, averaged episode durations of each

parameter were evaluated. Significant change was found

only for the state of awake [F (2, 20) ¼ 3.96, p < 0.05]. Multiple

comparisons revealed that diazepam significantly decreased

awake episode duration. Altogether, patterns of brain activity

following different treatments can be observed from raw EEG

tracings or spectrograms in time domain [Fig. 5AeC]. Partic-

ularly, the EEG spectrograms exhibited dynamics of sleep-

wake rhythm.
Discussion

The present study identified chemotypes of the citrus EO from

peels of Citrus reticulata Blanco. cv. Sai-Nam-Pueng. Its

chemical profile was consistent with previous studies of the

citrus EOs. Great proportion of limonene in various EOs from

fruits that belong to the genus Citrus was consistently re-

ported [22]. Basically, they comprise more than 90 percent

volatile fractions [23,24]. The monoterpene hydrocarbons

limonene is among other volatile constituents that appear to

constitute the majority of the whole citrus oil [25]. In terms of

bioactivity, limonene, a major component, or its related

https://doi.org/10.1016/j.bj.2020.05.017
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molecules have been demonstrated to produce anxiolytic ef-

fects [26]. Monoterpenes linalool and b-pinene, 2 minor con-

stituents, also exhibited an antidepressant-like effect through

interaction with the monoaminergic system [27]. EOs from

various aromatic plants appear to contain different pro-

portions of constituents. These might explain why the di-

versity is high among the effects of various EOs.

This study demonstrated the sensitive effects of C. retic-

ulata EO on brain waves in animalmodel. It was demonstrated

that gamma frequency reflected cortical hyperexcitability of

stressed animals [28]. Reduction of EEG powers in this brain

wave is correlated with stress attenuation. On the other hand,

increased activities of lower frequency rangeswere associated

with anxiolytic or sedative effects as found in responses to

diazepam and zolpidem [29]. Changes in these frequency

ranges suggest partial common CNS actions between the ef-

fects of citrus EO and those standard anxiolytics. Previously,

Citrus sp. EO inhalation was demonstrated to increase a wide

frequency range which included theta, alpha1, alpha2, and

beta1 activities in the frontal cortex and alpha2 and beta1 in

the parietal cortex [30]. The present study also showed in-

creases in powers of slow frequency ranges and decreases in

powers of fast frequency ranges in the frontal cortex. Similar

changes in EEG power activity were also found in the parietal

cortex. These data appeared to be consistent with those pre-

vious findings. In addition, C. bergamia EO administration

activated EEG power spectra in theta (4.25e8 Hz) band ￼.

Inhalation of (þ)-limonene, a major component of citrus oil,

was found to activate high beta (20e30 Hz) activities in the

right temporal region of human [31]. These studies appeared

to suggest the links between pharmacologicalmodifications of

neurotransmitter systemand changes of discrete brainwaves.

Change in theta (4.75e6.75 Hz) activity was induced by a drug

acting at norepinephrine a2 receptors [32]. An increase in

alpha2 (9.75e12.5 Hz) oscillation in the frontal cortex was

correlated with inactivation of the dopaminergic and opioid

receptors [33]. Moreover, beta2 (18.75e35 Hz) activities were

influenced by drugs acting at GABAA receptors as found in

cases of diazepam treatment [34,35]. These reports suggest

that C. reticulata EO mediates CNS effects via multiple neuro-

transmitter systems. An increase in alpha2 (9.75e12.5 Hz)

oscillation in the frontal cortex was correlated with inactiva-

tion of the dopaminergic and opioid receptors [33]. Moreover,

beta2 (18.75e35 Hz) activities were influenced by drugs acting

at GABAA receptors as found in cases of diazepam treatment

[34,35]. These reports suggest that C. reticulata EO mediates

CNS effects viamultiple neurotransmitter systems. Inhalation

of (þ)-limonene, amajor component of citrus oil, was found to

activate high beta (20e30 Hz) activities in the right temporal

region of human [31]. These studies appeared to suggest the

links between pharmacological modifications of neurotrans-

mitter system and changes of discrete brain waves. Previ-

ously, an increase in the EEG theta-rhythm (4.3e7.2 Hz) in the

cortex of freely moving rats was produced by a drug acting at

norepinephrine a2 receptors [32]. An increase in alpha2

(9.75e12.5 Hz) oscillation in the frontal cortex was correlated

with inactivation of the dopaminergic and opioid receptors

[33]. Moreover, beta2 (18.75e35 Hz) activities were influenced

by drugs acting at GABAA receptors as found in cases of

diazepam treatment [34,35]. These reports suggest that C.
reticulata EO mediates CNS effects via multiple neurotrans-

mitter systems. An increase in alpha2 (9.75e12.5 Hz) oscilla-

tion in the frontal cortex was correlated with inactivation of

the dopaminergic and opioid receptors [33]. Moreover, beta2

(18.75e35 Hz) activities were influenced by drugs acting at

GABAA receptors as found in cases of diazepam treatment

[34,35]. These reports suggest that C. reticulata EO mediates

CNS effects via multiple neurotransmitter systems.

The data from time-course analyses also reflected the

delay period for the citrus EO to be absorbed through various

pathways such as respiratory or olfactory systems. The mol-

ecules of EO were believed to enter the bloodstream and cross

the bloodebrain barrier to act on the CNS. The molecules can

be absorbed through the olfactory system and delivered to the

CNS by dissolving in cerebrospinal fluid [36]. Alternatively,

there were nerve impulses that transmitted olfactory sensa-

tion from mitral cells in the olfactory bulb to the piriform

cortex and further to many brain areas involved in various

emotional functions [37]. By the way, C. reticulata EO inhala-

tion produced significant changes in EEG pattern mostly from

30 to 60min. Thismight suggest slow actions of C. reticulata EO

on the olfactory pathways in the brain.

In terms of mechanism, D-limonene exerted an anxiolytic-

like effect not via benzodiazepine (GABAA) receptors [38].

Previously, D-limonene exerted sedative effect via adenosine

(A2A) receptors [39]. Linalool and b-pinene, minor components

of citrus EO, produced antidepressant via serotonin (5-HT1A)

receptors, noradrenergic (a2 and b) receptors and dopamine

(D1) receptors [27]. Therefore, C. reticulata EO is likely to pro-

duce its CNS action through multiple neurotransmitter sys-

tems that modulate some changes in EEG pattern.

The results from sleep-wake cycle analyses showed that C.

reticulata EO enhanced REM sleep. These C. reticulata EO effects

were totally different from that of diazepam. With the EO

inhalation, animals spent less than half the time spent by

control animals to enter REM sleep. C. reticulata group spent

more time in REM sleep and entered REM state more

frequently than control animals. These effects may rely on D-

limonene that was found to stimulate adenosine A2A re-

ceptors [40]. Adenosine A2A agonist was demonstrated to in-

crease pontine acetylcholine release [41]. Previously, REM

sleep induction was associated with cholinergic activation in

the pontine reticular formation [41,42]. It is well known that

REM sleep disturbance was correlated with pathogenesis of

aging [43] or Alzheimer's disease [44].

Diazepam effects on sleep parameters were confirmed

with previous reports from related studies. Basically, diaz-

epam was found to modify mean duration of non-REM sleep

[45] and reduced non-REM sleep latency [46]. The present

study demonstrated that diazepam produced a tendency of

decrease in non-REM latency (non-significant) and signifi-

cant increases in episode numbers of awake and non-REM

sleep.

Diazepam reduces anxiety and promotes sleep via benzo-

diazepine site on GABAA receptors [47]. Anxiety is among

chronic disorders that need prolonged treatment. Some un-

desirable effects of benzodiazepines such as sedation, muscle

relaxant, dependence or tolerance were evidenced [48,49].

Therefore, searching for new alternativemedicineswith other

modes of CNS action might be more preferable. Previously,

https://doi.org/10.1016/j.bj.2020.05.017
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citrus oils have been demonstrated to exhibit similar anxio-

lytic or sedative effects to that of diazepam. However, some

different mechanisms were found to mediate different CNS

actions. Anxiolytic-like effects induced by (þ)-limonene was

not blocked by flumazenil, a benzodiazepine receptor antag-

onist [38]. On the other hand, lemon EO exposure led to lower

corticosterone release [50]. Later, limonene appeared to

antagonize the effects of corticotropin-releasing factor in so-

cial interaction test in mice [51]. Previously, increases in

exploratory activity and power of fast frequency hippocampal

EEG were produced by the inhalation of bergamot EO (Citrus

bergamiaRisso et Poiteau) in rats [52]. Apart from the effects on

EEG pattern, bergamot EO inhalation was also demonstrated

to exhibit anxiolytic-like/relaxant effects in animal behav-

ioural tasks even though these effects were not superimpos-

able to those of the diazepam [53]. Consistently,

antinociceptive effect of bergamot EO inhalation was seen in

mice [54]. Recently, changes in cerebral activity produced by

Origanum majorana essential oil inhalation were seen as im-

provements of stress treatment in bruxistic patients [55].

These findings support that electrical brain wave is sensitive

for investigation of essential oil effects.
Conclusions

Particularly, the present EEG data clearly indicated the differ-

ences between frequency brain waves stimulated by C. retic-

ulata EO and diazepam. These findings suggested that some

CNS actions that mediate the effects of C. reticulata EO are

distinct to that of benzodiazepines. Taken together, C. reticulata

EO inhalation produced unique EEG patterns and modified

sleep-wake parameters. In particular, it might be beneficial for

sleep improvement in some neurodegenerative conditions.
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