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Abstract
Ethanol is one of the most highly abused psychoactive compounds worldwide and induces sedation and hypnosis. The his-
taminergic system is involved in the regulation of sleep/wake function and is a crucial player in promoting wakefulness. To 
explore the role and mechanism of the histaminergic system in ethanol-induced sedation and hypnosis, we recorded locomotor 
activity (LMA) and electroencephalography (EEG)/electromyography (EMG) in mice using an infrared ray passive sensor 
recording system and an EEG/EMG recording system, respectively, after administration of ethanol. In vivo microdialysis 
coupled with high performance liquid chromatography and fluorometry technology were used to detect histamine release 
in the mouse frontal cortex (FrCx). The results revealed that ethanol significantly suppressed LMA of histamine receptor 
1 (H1R)-knockout (KO) and wild-type (WT) mice in the range of 1.5–2.5 g/kg, but suppression was remarkably stronger 
in WT mice than in H1R-KO mice. At 2.0 and 2.5 g/kg, ethanol remarkably increased non-rapid eye movement sleep and 
decreased wakefulness, respectively. Neurochemistry experimental data indicated that ethanol inhibited histamine release 
in the FrCx in a dose-dependent manner. These findings suggest that ethanol induces sedation and hypnosis via inhibiting 
histamine release in mice.
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Introduction

Ethanol (alcohol) is one of the most highly abused psychoac-
tive compounds worldwide [1]. It produces extensive effects 
on the central nervous system (CNS) [2], for example, a 
variety of studies have documented that acute ethanol treat-
ment induces sedation and hypnosis. In rodents, irrespective 

of the time of administration, acute ethanol treatment also 
reduces sleep onset latency and increases non-rapid eye 
movement (NREM) sleep [3–7]. Local bilateral infusion of 
ethanol (0.047, 0.24, and 0.47 μmol) into the preoptic region 
dose-dependently increases NREM sleep [8]. In healthy 
non-alcoholics, acute ethanol intake reduces the time to fall 
asleep (sleep onset latency) and consolidates and enhances 
the quality (delta power) and quantity of NREM sleep dur-
ing the first half of the night [6]. In alcoholics, those sleep 
impairments are so severe that they are the primary predic-
tors of relapse in recovering alcoholics [9, 10]. Thus, it is of 
paramount importance to identify the mechanism underlying 
the effects of ethanol on sedation and hypnosis.

Previous findings implicated the GABA system as play-
ing a role in modulating the sedation/hypnosis of etha-
nol [11–14]. Fang et al. found that ethanol dose-depend-
ently increased NREM sleep in mice, which was related 
to the adenosinergic system with the A2A receptor, one 
of the receptors for the hypnotic effects of ethanol [7]. 
More recently, increasing attention has been paid to the 
effect of ethanol on the “excitatory” behaviors of mice 
that are altered by histamine in the brain. For example, 
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pretreatment with immepip, a histamine H3 receptor 
(H3R) agonist, diminishes ethanol-induced locomotor 
activity (LMA) and increases the motor-impairing effects 
of ethanol on a balance beam, while the H3R antagonist 
ciproxifan inhibits ethanol-evoked conditioned place 
preference (CPP) in mice [15]. Histamine is required for 
H3R-mediated inhibition of alcohol-CPP, and the brain 
histaminergic system exerts an inhibitory role in alcohol 
reward in mice [16]. H3R is an autoreceptor in presynap-
tic histaminergic neurons that controls histamine turnover 
by feedback inhibition of histamine synthesis and release 
[17]. Moreover, pretreatment with histamine or the hista-
mine precursor l-histidine attenuates the acute anxiolytic-
like effect of ethanol on the elevated plus maze in mice 
[18], although insufficient intake of histidine reduced the 
brain histamine content, leading to anxiety-like behaviors 
in mice [19]. These findings indicate that ethanol may alter 
locomotor activity, motor balance, CPP, rewarding, anxi-
ety, etc. “excitatory behaviors” via influencing histamine 
in the brain.

Histamine is an important biological active neuro-
transmitter secreted by histaminergic neurons that origi-
nate from the tuberomammillary nucleus (TMN) of the 
posterior hypothalamus and project efferent nerve fibers 
to almost all parts of the brain in mammals [20, 21]. It 
is commonly accepted that histamine is involved in the 
regulation of sleep–wake function, especially as a cru-
cial player in promoting wakefulness through histamine 
H1R and/or H3R [22–27] and spontaneous LMA [28, 29]. 
Some evidences also indicate that brain-derived histamine 
plays an important role in the sedative effects of ethanol. 
Lintunen et al. reported that rats genetically selected for 
their high tolerance to the ataxic effects of ethanol exhibit 
higher levels of brain histamine, along with a higher 
density of histamine-immunoreactive nerve fibers [30]. 
In addition, pretreatment with the histamine precursor 
l-histidine significantly reduces ethanol-induced sedation 
[31], and ethanol itself also influences brain histamine 
contents, i.e. acute treatment of guinea-pigs with etha-
nol decreased histamine content in the hypothalamus, 
cerebral cortex, etc. regions and in the whole brain [32]. 
Based on these findings, we hypothesized that ethanol may 
induce sedation and hypnosis by inhibiting the histaminer-
gic transmission and histamine levels in the brain.

In the present study, we investigated the effect of the 
histaminergic system on ethanol-induced sedation and 
hypnosis in mice by recording LMA, electroencepha-
lography (EEG), and electromyography (EMG). In vivo 
microdialysis coupled with high-performance liquid chro-
matography (HPLC) and fluorometry was used to detect 
changes of histamine level induced by ethanol in mice to 
explore the mechanism underlying ethanol-induced seda-
tion and hypnosis.

Materials and Methods

Animals

Male inbred (C57BL/6J strain) WT and H1R-knockout (KO) 
mice [33] (11–13 weeks old, 22–26 g body weight) were 
used in these experiments. All animals were housed at a 
constant temperature (24 ± 0.5 °C) with relative humidity 
(60 ± 2%) and an automatically controlled 12 h:12 h light/
dark cycle (lights on at 07:00, illumination intensity ≈ 
100 lx) [34]. Animals had ad libitum access to food and 
water. The experimental protocols were approved by the 
Medical Experimental Animal Administrative Committee 
of Wannan Medical College.

Drugs and Chemicals

Ethanol, GABA, and histamine were purchased from Wako 
Pure Chemical Industries Ltd. (Osaka, Japan). All other 
chemicals were of analytical grade.

LMA Recordings

LMA for an individual H1R-KO or WT mouse was moni-
tored using a passive infrared sensor (Biotex, Kyoto, Japan) 
placed 17.5  cm above the floor of the recording cage 
(28 cm × 16.5 cm × 13 cm) as previously reported [35]. 
After the animals were placed into cages for a 3-day habitu-
ation period, their LMA were recorded for 24 h as the data 
under physiological conditions. Then, animals were injected 
(i.p.) with vehicle (saline, 0.9% NaCl) or different doses of 
ethanol at 20:00 (operating under the red light of approxi-
mately 10 lx illumination intensity) [34], and their LMA was 
recorded consecutively for 24 h after the injection. During 
monitoring, mice had free access to food and water.

Polygraphic Recordings and Vigilance State 
Analysis

Under chloral hydrate anesthesia (360 mg/kg, i.p.), H1R-WT 
mice were simultaneously implanted with electrodes for pol-
ysomnographic recordings using EEG and EMG. Implants 
consisted of two stainless-steel screws (1 mm diameter) 
inserted through the skull of the cortex (anteroposte-
rior, + 1.0 mm; left–right, − 1.5 mm from bregma) accord-
ing to the atlas of Paxinos and Franklin [36] and served as 
EEG electrodes. Two insulated stainless-steel, Teflon-coated 
wires were bilaterally placed into both trapezius muscles to 
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serve as EMG electrodes. All electrodes were attached to a 
microconnector and fixed to the skull with dental cement 
[37].

EEG and EMG recordings were performed by means of 
a slip ring, designed so that the behavioral movement of the 
mice would not be restricted [38]. After a 10-day recovery 
period, mice were housed individually in transparent barrels 
and habituated to the recording cable for 3–4 days before 
polygraphic recording. Sleep–wake states were monitored 
for 48 h, comprising baseline and experimental days. Base-
line recordings were taken in each animal for 24 h to serve as 
the control. Then, animals were injected (i.p.) with different 
doses of ethanol at 20:00 (operating under the red light of 
10 lx illumination intensity), and sleep–wake states were 
consecutively recorded for 24 h after the injection. During 
monitoring, mice had free access to food and water.

Cortical EEG and EMG signals were amplified and 
filtered (EEG, 0.5–30 Hz; EMG, 20–200 Hz) and then 
digitized at a sampling rate of 128 Hz and recorded using 
SleepSign (Kissei Comtec, Nagano, Japan) as described pre-
viously [23]. When complete, polygraphic recordings were 
automatically scored off-line by 4 s epochs as wakefulness, 
rapid eye movement (REM), or NREM sleep by SleepSign 
according to standard criteria [39], where (1) represents 
wakefulness (high EMG and low EEG amplitude and high 
theta activity concomitant with the highest EMG values) (2) 
represents NREM sleep (low EMG and high EEG ampli-
tude, high delta activity), and (3) represents REM sleep (low 
EMG and low EEG amplitude, high theta activity).

Dialysate Collection

H1R-WT mice were anesthetized using urethane (1.8 g/kg, 
i.p.), and a microdialysis probe (CMA/12, membrane length 
of 2 mm; CMA/Microdialysis, Stockholm) was stereotaxi-
cally inserted into the FrCx (anteroposterior, + 1.8 mm; right 
side, − 0.8 mm from bregma; depth, 2.3 mm beneath the 
surface of the skull) according to the atlas of Paxinos and 
Franklin [36] to collect dialysates to measure extracellular 
histamine (Fig. 1). The microdialysis probe was perfused 
with artificial cerebrospinal fluid (aCSF; composition [mM]: 
140 NaCl, 3 KCl, 1 MgCl2, 1.3 CaCl2, 2 Na2HPO4, and 0.2 
NaH2PO4, pH 7.4) at a flow rate of 2 μl/min. Two hours after 
insertion of the probe, dialysates were collected continu-
ously at 20-min intervals (40 μl each) for 1 h before saline or 
ethanol injection (i.p.) and until 3 h for detecting histamine 
since the pre-experimental result showed that at the end of 
3-h after ethanol administration, the decreased histamine 
level induced by ethanol (2.5 g/kg) in FrCx of mice was 
gradually returned to the basal level. Dialysates were kept at 
− 80 °C until assayed by HPLC-fluorometry for histamine.

Dialysate Histamine Measurement

Histamine levels in dialysates were assessed by HPLC-
fluorometry [22, 40]. Briefly, 35 µl of dialysate sample was 
injected into a column packed with a cation exchanger, TSK 
gel SP2SW (Ø 6 mm × 150 mm; Tosoh, Tokyo, Japan), and 
eluted with 0.25 M KH2PO4 at a flow rate of 0.9 ml/min. 
Histamine was post-labeled with 0.1% o-phthalaldehyde 
under alkaline conditions and detected fluorometrically in 
an F1080 fluorometer (Hitachi, Tokyo, Japan) using exci-
tation and emission wavelengths of 360 nm and 450 nm, 
respectively.

Chromatograms for histamine were recorded and ana-
lyzed using Millennium32 Chromatography Manager Soft-
ware (Waters, Milford, MA).

Statistical Analysis

All data are expressed as means ± SEMs. For in vivo micro-
dialysis studies, the mean values of histamine found from 
three dialysate samples before administration of drugs were 
defined as the basal release, and subsequent fractions are 
expressed as percentages of this value. For LMA studies, 
the suppression rate of LMA was defined as a percent-
age: (LMAsaline − LMAalcohol) /LMAsaline × 100% (where 
LMAalcohol is the 4-h accumulated count of LMA after injec-
tion of different concentrations of alcohol, and LMAsaline is 
the 4-h accumulated count of LMA after injection of saline). 
Statistical analyses were performed using analysis of vari-
ance (ANOVA) followed by post hoc Newman-Keuls test or 
two-tailed Student’s t-test. In all cases, P < 0.05 was inter-
preted as statistically significant.
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Fig. 1   Schematic representation of implantation sites for microdialy-
sis probes. Probe sites in the frontal cortex (FrCx) of mice are shown
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Results

Under Physiological Conditions, LMA Exhibits 
Nocturnal Rhythm Changes in Both H1R‑KO and WT 
mice

Under physiological conditions, as shown in Fig. 2, WT mice 
exhibited a clear nocturnal rhythm of LMA being high dur-
ing the dark period and low during the light period. Accu-
mulated LMA during the dark period was approximately 4.3 
times that in the light period (Fig. 2a). Similarly, H1R-KO mice 
also exhibited the same LMA rhythm as WT mice in which 
accumulated LMA during the dark period was approximately 
4.2 times that in the light period (Fig. 2b). There were no sig-
nificant differences in LMA either during the dark period or 
during the light period between the two genotypes of mice 
[P = 0.4360 and P = 0.9115, respectively] (Fig. 2c).

Ethanol Suppresses LMA in Both H1R‑KO 
and WT Mice but Exerts Stronger Effects 
in WT Mice

At a dose of 2.0 g/kg, ethanol significantly suppressed LMA 
of both genotypes of mice compared with saline. However, 
the suppression was significantly stronger in WT mice than 
in H1R-KO mice. In WT mice, the suppression was sus-
tained for approximately 4 h [all P values < 0.05] (Fig. 3a), 
whereas it only lasted 1 h in H1R-KO mice [P = 0.0009] 
(Fig. 3b). For comparison of the differences in ethanol dose 
on LMA, we calculated the 4-h accumulated count of LMA 
after ethanol administration. The results revealed that etha-
nol dose-dependently suppressed LMA in both H1R-KO 
[F(3,23) = 9.982, P = 0.000; Q-value for 2.5 g/kg or 1.5 g/
kg versus saline = 7.358 or 5.343; corresponding P-values 
all < 0.01] and WT mice [F(3,23) = 15.890, P = 0.000; Q-value 
for 2.5 g/kg or 1.5 g/kg versus saline = 9.053 or 5.138; corre-
sponding P-values all < 0.01] (Fig. 3c) but that the suppression 
was stronger in WT mice than in H1R-KO mice [for 2.0 g/kg, 
P = 0.045; for 2.5 g/kg, P = 0.01] (Fig. 3c). In WT mice, sup-
pression rates of 4-h LMA after ethanol administration were 
32%, 68%, and 94% at doses of 1.5, 2.0, and 2.5 g/kg ethanol, 
respectively. In contrast, in H1R-KO mice, these rates were 
23%, 45%, and 77%, respectively [for 2.0 g/kg, P = 0.0083; for 
2.5 g/kg, P = 0.002] (Fig. 3d).

Ethanol Induces Hypnotic Effects in Mice

To determine whether ethanol exerted a hypnotic effect in mice 
during the dark phase, ethanol doses of 1.5, 2.0, or 2.5 g/kg 
were administered at 20:00 on the day of the experiment. Time 
course changes revealed that 2.5 g/kg ethanol significantly 

increased NREM sleep while decreasing wakefulness and 
REM sleep in mice compared with the saline group [P < 0.05] 
(Fig. 4a). Ethanol increased hourly NREM sleep times by 52%, 
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Fig. 2   Locomotor activity (LMA) of H1R-KO and wild-type (WT) 
mice under physiological conditions. Ten-minute LMA of H1R-WT 
(a) and H1R-KO (b) mice and comparison of LMA during both dark 
and light periods between the two genotypes (c) are shown. Values 
represent the mean ± SEMs (n = 7–8). Two-tailed Student’s t-test was 
used to analyze statistical significance; no difference was observed 
between H1R-KO and WT mice during either the dark or the light 
period
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39%, 25%, 23%, 12%, and 59% relative to the saline group dur-
ing the first six hours after administration, respectively.

The total amounts of time spent in NREM, REM sleep, 
and wakefulness during the 6 h following treatment with 
ethanol in mice are summarized in Fig. 4b. At 2.0 and 2.5 g/
kg, ethanol significantly increased NREM sleep by 25% and 
26% [F(3,20) = 3.619, P = 0.031; Q-value for 2.0 g/kg or 2.5 g/
kg versus saline = 3.711 or 4.113, corresponding P-values 
all < 0.05], while decreasing wakefulness by 10% and 15% 
[F(3,20) = 4.251, P = 0.021; Q-value for 2.5  g/kg versus 
saline = 3.428, P = 0.029] and REM sleep [F(3,20) = 3.851, 
P = 0.024; Q-value for 2.5  g/kg versus saline = 3.517, 
P = 0.021], respectively. These results indicate that ethanol 
increases NREM sleep in mice.

Ethanol Inhibits Histamine Release 
in the FrCx of Anesthetized Mice

As shown in Fig. 5a, 2.0 g/kg ethanol inhibited hista-
mine release in the FrCx of mice to 62% and 50% of basal 
release at 40 and 60 min, respectively. Decreased hista-
mine levels gradually returned to basal levels. When 2.5 g/
kg ethanol was given, histamine release was decreased 
more rapidly, reaching its minimal level of 26% of basal 
release 40 min after dosing [F(3,44) = 8.479, P = 0.000; 
for 1.5 g/kg, 2.0 g/kg or 2.5 g/kg versus saline, P-values 
all < 0.05; for 2.5 g/kg versus 1.5 g/kg, P-values all < 0.05] 
(Fig. 5a).
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Fig. 3   Effects of ethanol on locomotor activity (LMA) in H1R-KO 
and WT mice. Time-courses (a, b), four-hour accumulated amounts 
(c) and 4-h suppression rates (d) of LMA after administration of 
ethanol or saline are shown. Each circle or square represents hourly 
mean counts of LMA. The solid arrow indicates the time point for i.p. 

Injection. Values represent the mean ± SEMs (n = 6–7). ANOVA fol-
lowed by post hoc Newman-Keuls test or two-tail Student’s t-test was 
used to analyze statistical significance; *P < 0.05, **P < 0.01 versus 
saline group, 1.5 g/kg ethanol group, or WT mice
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For exploring the dose–effect relationship between eth-
anol and ethanol-induced inhibition of histamine release, 
we calculated the total level of histamine released over a 
2-h period following ethanol administration. As shown in 
Fig. 5b, total levels of histamine released were 0.43 ± 0.04, 

0.31 ± 0.03 and 0.28 ± 0.03 pmol/2 h at doses of 1.5, 2.0 and 
2.5 g/kg ethanol, respectively. Ethanol given at a dose of 2.0 
or 2.5 g/kg resulted in histamine release being significantly 
higher compared to the 1.5 g/kg dose [F(3,13) = 32.643, 
P = 0.000; Q-value for 2.0 g/kg or 2.5 g/kg versus 1.5 g/

Fig. 4   Effects of ethanol on 
sleep and wakefulness in mice. 
Time-courses (a), six-hour 
accumulated amounts (b) 
of non-rapid eye movement 
(NREM) sleep, rapid eye 
movement (REM) sleep and 
wakefulness after administration 
of ethanol or saline are shown. 
Each circle represents hourly 
mean values of each stage. The 
solid arrow indicates the time 
point for i.p. injection. Values 
represent the mean ± SEMs 
(n = 6). ANOVA followed by 
post hoc Newman-Keuls test 
or two-tailed Student’s t-test 
was used to analyze statistical 
significance; *P < 0.05 versus 
saline group or 1.5 g/kg ethanol 
group
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kg = 3.628 or 4.355, the corresponding P-values all < 0.05] 
(Fig. 5b), indicating that ethanol inhibits histamine release 
in a dose-dependent manner.

Discussion

In the present study, we demonstrated that ethanol induces 
sedative and hypnotic effects, while ethanol-induced inhibi-
tion of histamine release was observed in the FrCx. These 
findings suggest that the sedative and hypnotic effects of 
ethanol result from inhibition of the histaminergic system.

Histaminergic neurons located in the TMN are critical 
in regulating motion and wakefulness. Histamine exerts its 
effects through four receptors (H1, H2, H3 and H4), which 
are widely distributed throughout the brain [20, 25]. Previ-
ous studies have found that the histaminergic system plays 
a major role in the regulation of spontaneous LMA which 
is a classic index for sedation. During wakefulness, extra-
cellular histamine levels in the anterior hypothalamic area 
and spontaneous LMA are positively correlated in rats [28]. 
Furthermore, histaminergic neurons are active only during 
wakefulness, and their activity is related to a high level of 
vigilance in mice. Conversely, histaminergic neurons cease 
firing during the drowsy state, which is characterized by low 
vigilance levels [29]. We report for the first time that the 
inhibitory effect of ethanol on spontaneous LMA in H1R-KO 
mice was significantly weaker than in WT mice, indicating 
that the histaminergic system may play an important role in 
the ethanol-induced sedative effect.

Here, we provided explicit results illustrating that 2.5 g/
kg ethanol administration induced sustained increases in 
NREM sleep for more than 6 h in mice. This phenomenon 
is consistent with previous studies. For example, a clinical 
study demonstrated that alcohol-increased SWS (slow wave 
sleep) during the first part of the night is more clearly associ-
ated with a high alcohol dose in healthy young adults [41]. 
In addition, ethanol producing the effects of drowsiness and 
hypnosis has also been reported in rodents [5]. Histamine, 
an arousal neurotransmitter, has been proven to regulate 
cortical neurons by promoting cortical wakefulness, likely 
either through direct cortical projections or by tonic con-
trol over the sleep-generating mechanisms in the preoptic 
hypothalamus of cats [42–44]. Moreover, histamine concen-
tration is highly positively correlated with active wakeful-
ness in mice [45, 46], in which the histamine release was 
3.8 times higher during wake episodes than during sleep 
episodes [45]. These results suggest that the concentration 
change of cortical histamine plays a role in the regulation 
of sleep–wake behavior. On the other hand, it has been 
verified that ethanol may change brain histamine levels by 
affecting the histamine metabolism and release processes in 
the histaminergic pathway of the brain. Subramanian et al. 

reported that depolarisation-induced release of histamine 
was inhibited by ethanol in the hypothalamus, thalamus and 
cortex of rats, and also ethanol decreased histidine decar-
boxylase (HDC) activity in the brain [47]. Rawat found that 
maternal ethanol consumption during pregnancy results in 
an increase in the cerebral histamine levels of the fetus, and 
the brain histamine levels are highest towards latter part of 
the pregnancy and lowest in the adult brains, whereas the 
brain HDC activity is lowest in the fetal brains and highest in 
the adult brains [48]. Moreover, Itoh et al. found that a large 
dose of ethanol apparently decreases histamine turnover in 
the mouse hypothalamus to influence brain histamine levels 
[49]. And further different doses of ethanol may cause differ-
ent effects on histamine concentration and HDC activity in 
different brain regions, which may be involved two separate 
dose-dependent neurochemical effects of ethanol [50]. In 
present study, we used an in vivo microdialysis method to 
investigate the relationship between histamine release and 
ethanol, and demonstrated that ethanol decreased histamine 
levels in the FrCx. Taken together, we speculate that ethanol 
decreases the excitatory effect of histaminergic systems in 
the cortex, leading to sedation and hypnosis in mice.

As to how ethanol inhibits histamine release in the FrCx, 
Sun et al. reported that ethanol may inhibit the excitability 
of histaminergic neurons in mouse TMN slices via poten-
tiating GABAergic transmission onto the neurons at both 
pre- and postsynaptic sites [14]. We found that CGS21680, 
an adenosine A2A receptor agonist, induces sleep by inhib-
iting the histaminergic system through increasing GABA 
release in the TMN in rats [22]. And some previous studies 
showed that ethanol increased GABA release in different 
brain regions. For example, Smith et al. found that 0.5 and 
1.0 g/kg ethanol exhibited dose-related increases in GABA 
in the nucleus accumbens and dorsal striatum of rats 
[51]. Chronic ethanol-treated rats exhibited an approxi-
mately four-fold increase in baseline GABA dialysate con-
tent in the central nucleus of the amygdala (CeA) com-
pared with naive rats. Moreover, in vivo administration of 
ethanol (0.1, 0.3, and 1.0 mM) produced a dose-depend-
ent increase in GABA release in CeA dialysate in both 
chronic ethanol-treated and naive rats [52]. Taken together, 
we speculate that ethanol may increase GABA release in 
the TMN to inhibit histamine release in the FrCx in mice.

Comprehensively analyzing these findings, it is logi-
cal that systemically administration of ethanol induces 
effects of sedation and hypnosis through increasing GABA 
release to potentiate GABAergic transmission onto neu-
rons to suppress the TMN, a wakefulness center.
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