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Abstract 

Paeoniflorin (PF, C23H28O11), one of the principal active ingredients of 

Paeonia Radix, exerts depressant effects on the central nervous system. The 

aim of this study was to determine whether PF could modulate sleep 

behaviors and the mechanisms involved. Electroencephalogram (EEG) and 

electromyogram (EMG) recordings in mice showed that PF administered i.p. 

at a dose of 25 or 50 mg/kg significantly shortened the sleep latency and 

increased the amount of non-rapid eye movement 

(NREM).Immunohistochemical study revealed that PF decreased c-fos 

expression in the histaminergical tuberomammillary nucleus (TMN). The 

sleep-promoting effects and changes in c-fos induced by PF were reversed 

by 8-cyclopentyl-1,3-dimethylxanthine (CPT), an adenosine A1 receptor 

antagonist, and PF-induced sleep was not observed in adenosine A1 receptor 

knock-out mice. Whole-cell patch clamping in mouse brain slices showed 

that PF significantly decreased the firing frequency of histaminergic neurons 

in TMN, which could be completely blocked by CPT. These results indicate 

that PF increased NREM sleep by inhibiting the histaminergic system via A1 

receptor.  
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Introduction 

Insomnia is a prevalent disorder characterized by difficulties in initiating 

or maintaining sleep which results in fatigue, impaired concentration, 

thereby seriously impacting the quality of life (Zisapel, 2012).     

Non-benzodiazepine drugs (Z-drugs), such as zolpidem, are the first line of 

management for insomnia followed by benzodiazepines (BZ) and other 

drugs. The multiple adverse effects hamper the application of Z-drugs and 

the BZ (Besnard et al., 2007; Greenblatt and Roth, 2012). BZ could increase 

the risk of dependence and potential for abuse; therefore, BZ are commonly 

used for the short-term management of insomnia (Morin, 2006). Z-drugs are 

effective for initiating sleep but are not as effective as BZ for improving 

sleep quality or efficiency. Furthermore, their prolonged use produces 

adverse effects similar to those observed with BZ (Zammit, 2009). Therefore, 

there is a need for hypnotic agents that not only decrease sleep latency but 

also increase total sleep time and sleep efficiency without significant adverse 

effects.  

Paeoniflorin (PF, C23H28O11, 5-beta-[(benzoyloxy)methyl] 

tetrahydro-5-hydroxy-2-methyl- 

2,5-methano-1H-3,4-dioxacyclobuta[cd]pentalen-1alpha(2H)-yl-beta-D-gluc

opyranoside, for chemical structure to see Figure 1) (Aimi et al., 1969) is 
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one of the principal active ingredients of Paeonia Radix, a traditional 

Chinese herbal medicine derived from the root of Paeonia lactiflora Pall. 

Paeoniflorin exerts anticonvulsive effects on experimental febrile seizures 

(Hino et al., 2012). The observation suggests that PF might have a 

sleep-promoting effect.  

Accumulating evidence suggests that the effects of PF are closely 

associated with the adenosine A1 receptor (R, A1R). PF can bind to A1R (Liu 

et al., 2005) and potentiate the analgesic effects of an A1R agonist 

N6-cyclopentyl adenosine (CPA) (Liu et al., 2006a). PF has also been shown 

to reduce the MPTP-induced toxicity by activating A1R (Liu et al., 2006b).  

The A1Rs are widely expressed in the cortex, thalamus, hippocampus, and 

basal ganglia regions (Thakkar et al., 2002; Huang et al., 2007; Oishi et al., 

2008; Huang et al., 2011; Lazarus et al., 2013). Oishi et al reported that A1R 

was highly expressed in histaminergic neurons of the TMN, which are 

located in the caudolateral hypothalamus (Oishi et al., 2008). In the 

mammalian brain, histaminergic output from the TMN is thought to play an 

important role in mediating forebrain arousal (Parmentier et al., 2002; 

Gondard et al., 2013). We speculated that PF may promote sleep by 

inhibiting the histaminergic system via A1R.  

In the present study, we characterized the sleep-wake behavior of mice by 
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recording EEG and EMG. Using a specific A1R antagonist CPT and A1R 

knockout (KO) mice to test the sleep promoting effect of PF. In addition, 

c-fos immunostaining and whole-cell patch clamping were used to explore 

the mechanisms responsible for the sleep-promoting effects of PF.  
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Materials and Methods 

Animals  

Male inbred C57BL/6J mice (weighing 20-28 g, 11-13 weeks old) were 

obtained from the Laboratory Animal Center, Chinese Academy of Sciences 

(Shanghai, China). Male A1R KO mice and their WT littermate controls of 

the inbred C57BL/6 strains from heterozygotes were generated as previously 

described (Johansson et al., 2001). PCR with the animal tail DNA was used 

to determine their genotypes (Goldman et al., 2010; Xiao et al., 2011). We 

also used glutamate decarboxylase 67 (GAD67)-green fluorescent protein 

(GFP) knock-in mice, in which GFP is expressed in GABAergic neurons 

under control of the endogenous GAD67 promoter (Tamamaki et al., 2003). 

The animals were housed individually at a constant temperature (24±0.5℃) 

with ad libitum food and water and ventilation fans to mask ambient noise. 

Mice were entrained to a 100 lux light/ dark cycle of 12:12 h (lights on 7 

A.M.-7 P.M.).  

All experiments were carried out in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals. 

 

Chemicals  

PF was purchased from Lihua Medicine Co., Ltd. (Ningbo, China) with 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

9 
 

purity above 98%. Rabbit polyclonal anti-c-fos antibody was obtained from 

Abcam (Cambridge, MA). Biotinylated goat anti-rabbit IgG and 

avidin-biotin peroxidase bought from Vector (Vector La boratories Inc., 

Burlingame, CA); CPT and 3, 3′-diamino-benzidine-tetrahydrochloride 

(DAB) from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). 

 

Polygraphic recordings and vigilance state analysis  

Under pentobarbital anesthesia (50 mg/kg, i.p.), mice were chronically 

implanted with electrodes for polysomnographic recordings of EEG and 

EMG. Two stainless steel screws (1 mm in diameter) were inserted through 

the skull above the cortex (antero-posterior, +1.0 mm; left–right, −1.5 mm 

from bregma or lambda), and served as EEG electrodes (Franklin and 

Paxinos, 1997) . Two insulated stainless steel, teflon-coated wires were 

bilaterally placed into both trapezius muscles and served as EMG electrodes. 

All electrodes were attached to a microconnector and fixed onto the skull 

with dental cement. Wounds were closed and mice given postoperative 

analgesia (meloxicam; 5 mg/kg, sc; once per day for 2 days). After the 

surgical procedure, the mice were maintained undisturbed in the housing 

room for at least 10 days. The mice were habituated to the recording cable 

for 3-4 days before polygraphic recording.  
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The EEG and EMG recordings were carried out by means of a slip ring 

designed so that the behavioral movement of the mice would not be 

restricted. All mice that were subjected to EEG recordings received vehicle 

and drug treatment on 2 consecutive days. On day 1, the mice were treated 

with vehicle (i.p.) at 21:00. On day 2, mice were treated with PF at 21:00. 

The dosages of paeoniflorin were selected based on a previous study (Yu et 

al., 2007) and our preliminary data. We chose 21:00 as injection time, 

because mice were most active after lights turn off, so that the hypnotic 

effects are expected to be easily shown. 

Vigilance State Analysis  

The EEG/EMG signals were amplified and filtered (EEG, 0.5-30 Hz; EMG, 

20-200 Hz), then digitized at a sampling rate of 128 Hz, and recorded using 

SLEEPSIGN software as described before (Qu et al., 2008; Qu et al., 2010; 

Qu et al., 2012). The vigilance states were automatically classified off-line in 

4 second epochs into REM sleep, NREM sleep, and wakefulness by 

SLEEPSIGN, according to the standard criteria (Chen et al., 2012). As a 

final step, defined sleep–wake stages were examined visually and corrected 

if necessary. 

 

Pharmacological treatments  
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PF was dissolved in saline, and diazepam and CPT was dissolved in saline 

with 5% dimethyl-sulfoxide (DMSO). PF was administered i.p. at 21:00 on 

the experimental day at a dose of 12.5, 25 or 50 mg/kg. Diazepam at 6 

mg/kg is used as a positive control for sleep changes. All drugs were freshly 

prepared prior to use, and injection volume (10 ml/kg) was kept constant for 

in vivo experiments. For baseline data, mice were injected i.p. with vehicle 

(10 ml/kg). To test receptor mechanisms, thirty minutes before the PF 

injection, mice were pretreated with CPT i.p. at 1 or 2 mg/kg.  

Immunohistochemistry  

Seven groups of mice were used. One group was treated with vehicle, and 

three groups were injected i.p. with PF at doses of 12.5, 25, and 50 mg/kg, 

respectively. To test receptor mechanisms, the other three groups of mice 

were used, CPT 2 mg/kg+ vehicle, CPT 1 mg/kg + PF 50 mg/kg and CPT 2 

mg/kg + PF 50 mg/kg group, respectively. Thirty minutes before the PF 

injection, mice were pretreated with CPT i.p. at 1 or 2 mg/kg. PF 

administration at 21:00, the animals were anesthetized with 10% chloral 

hydrate and perfuse with saline solution, then followed by 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4) after PF 

injected 1 h. Their brains were then removed and immersed in 20% sucrose 

overnight. Thereafter, frozen sections were cut at 30 μm in coronal planes by 
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use of a freezing microtome (Leica Microsystems, Wetzlar, Germany). 

Immunohistochemistry was performed in accordance with the free floating 

method described earlier (Chen et al., 2011; Chen et al., 2012; Qu et al., 

2012). Sections were incubated at room temperature for 24 h with a rabbit 

polyclonal antibody against c-fos at a 1:10000 dilution in PBS containing 

0.3% Triton X-100. On the second day, the sections were incubated with a 

1:1000 dilution of biotinylated goat anti-rabbit secondary antibodies for 1h 

followed by a 1:1000 dilution of avidiniotin peroxidase for 1 h at room 

temperature. Finally they were exposed for 5-10 min at room temperature to 

a solution of 0.05% DAB containing 0.01% H2O2. Sections were mounted, 

dehydrated, and cover slipped. Digital images were viewed and captured 

using the Olympus DP 72 microscope (Olympus, USA). Figures were 

assembled and adjusted for brightness and contrast in Adobe Photoshop 

(Adobe Systems Inc, San Jose, CA).  

 

Confocal microscopy  

The sections were incubated with rabbit anti-(histidine decarboxylase, HDC) 

antibody (1:500; Euro-Diagnostica). Incubation time was 24 h in a rotary 

shaker at a room temperature. Sections were then washed in 0.01 M PBS and 

incubated in a secondary antibody containing Texas Red (TR) donkey 
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anti-rabbit (1:100; Jackson ImmunoResearch) antibodies prepared with 0.3% 

Triton X-100 in 0.01 M PBS for 2 hours in the dark on a rotary shaker and 

sealed with nail polish. All image were recorded by a confocal 

laser-scanning microscope (Leica TCS-NT, Heidelberg, Germany) with 

excitation/emission wavelengths set to 488/520 nm for GFP and 561/620 nm 

for Texas Red in the sequential mode. The images were acquired at 0.5 mm 

steps and analyzed with Leica TCS NT/SP SCANWARE (version 1.6.587) 

software (Kukko-Lukjanov and Panula, 2003). 

 

Electrophysiology  

Slice preparation  

Coronal tissue slices containing the TMN were prepared from heterozygous 

GAD67-GFP knock-in mice (28-42 day) housed under standard conditions. 

The transgenic mouse line expressing enhanced green fluorescent protein 

(eGFP) under the control of the regulatory region of mouse GAD67 gene 

was used to identify histaminergic neurons in the TMN. Animals were 

anesthetized using isoflurane and killed by decapitation. The brain was 

quickly removed and placed in ice-cold artificial CSF (ACSF) saturated with 

carbogen (95% O2/5% CO2), in which NaCl had been replaced by 207 mM 

sucrose for 2 min. TMN was identified according to the stereotaxic 
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coordinates (Franklin and Paxinos, 1997). Coronal brain slice from the 

posterior hypothalamus (300 μm thick) containing TMN was cut using a 

vibratome (Leica VT 1000 S) in ice-cold ACSF containing (in mM): NaCl 

130, KCl 5, CaCl2 2.4, MgSO4 1.3, NaH2PO4 1.24, NaHCO3 20 and glucose 

10. Slices (300 µm thick) were quickly transferred to the recording bath, 

where they were continuously perfused with oxygenated ACSF and allowed 

to equilibrate for 1 h at 32°C before the recording began (Wang et al., 2013). 

Paeoniflorin was dissolved and diluted with fresh ACSF (1:1000) before use. 

All drugs were diluted in fresh ACSF to the final concentration immediately 

before the experiment. 

 

Patch-clamp recordings in the whole-cell configuration  

Patch electrodes were pulled from borosilicate glass capillaries (1.5 mm o.d., 

0.8 mm i.d., Harvard Apparatus, France) on a Brown-Flaming micropipette 

puller (Model P-97, Sutter Instrument, Novato, CA, USA). The patch 

electrodes had a resistance of 4-6 MΩ when filled with the pipette solution 

containing (in mM): potassium gluconate, 130; KCl, 10; MgCl2, 2; Hepes, 

10; MgATP, 2; and NaGTP, 0.3, with pH adjusted to 7.3 with KOH (Kolaj et 

al., 2008). The micropipettes were attached to an electric microdrive (MP 

285, USA) and placed under visual control in contact with the soma of the 
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selected cell. Neurons were current clamped (I output=0 pA) to record 

spontaneous action potentials.  

TMN neurons were identified under visual guidance using 

infrared-differential interference contrast (IR-DIC) video microscopy with a 

×40 water immersion objective lens. The images were detected with an 

IR-sensitive CCD camera and displayed on a monitor. We only selected 

brightly fluorescent neurons throughout this study as “GAD positive”. 

In whole-cell and attached cell configurations, electrical signals were 

obtained with an Axon 700B amplifier (Molecular Devices Co., USA), a 

Digidata CED1401 converter and Spike2 software (Cambridge Co., UK). 

Data were filtered at 1 kHz and sampled at 10 kHz. 

 

Statistical analysis  

All data were expressed as the means±SEM. Statistical analysis was 

performed with SPSS 17.0 (SPSS Inc., Chicago, IL). Time-course of the 

hourly amounts of each stage, histograms of sleep/wake amounts, 

sleep/wake stage transition number, number and duration of sleep/wake 

bouts and spikes were analyzed by the paired t-test, with each animal serving 

as its own control. For the sleep latency, total numbers of each vigilance 

stage, and number of c-fos immunoreactive neurons were analyzed by 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

16 
 

one-way repeated measures analysis of variance (ANOVA) followed by the 

Fisher probable least-squares difference (PLSD) test to determine whether 

the difference among groups was statistically significant. The significance 

level was set at P<0.05 for all statistical tests. Power analysis was performed 

by PASS. 
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Results 

PF increased NREM sleep and shortened sleep latency 

We examined the sleep-wake profile after i.p. injection of PF at 21:00 in 

mice when such animals spend most of their time in wakefulness. Diazepam 

was given at 6 mg/kg as a positive control. Typical examples of EEG, EMG, 

and hypnograms from a mouse given vehicle or PF at a dose of 50 mg/kg are 

shown in Fig. 2A. PF was given at 50 mg/kg and increased NREM sleep for 

1 h from 22:00 to 23:00 (power=0.994). As shown in Fig. 2B, PF 

significantly shortened the NREM sleep latency (time: F[1,20]=31.98, P<0.001; 

group: F[3,20]=6.15, P<0.01; time×group: F[3,20]=0.88, P>0.05 ) compared 

with vehicle. NREM sleep latency is defined as the time from the saline or 

PF injection to the appearance of the first NREM sleep episode lasting for at 

least 20 s. The latency to NREM sleep in mice treated with PF at 25 and 50 

mg/kg was 40.9±3.4 and 31.4±4.3 min, respectively, which were markedly 

and significantly shorter than the latencies of 87.3±19.9 and 81.8±3.5 min 

for respective vehicle injection. Similar changes were seen in the positive 

group given diazepam (6 mg/kg). The decrease in the sleep latency in the 

PF-injected mice clearly indicates that PF accelerated the initiation of 

NREM sleep. However, when PF was given at the low dose of 12.5 mg/kg, 

the sleep latency was 81.7±12. 7 s, which was not statistically different from 
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the latency of the vehicle-treated group (n=6-7, P>0.05). 

Figs. 2C and D summarize time courses of the hourly amounts of NREM 

and REM sleep at 50 mg/kg and their cumulative amounts for 2 h after the 

PF injection, respectively. As compared with the vehicle control, PF at 50 

mg/kg markedly increased the amount of NREM sleep, but did not affect 

REM sleep (Fig 2C). When PF was injected at a dose of 50 mg/kg on the 

experimental day, the animal spent more time sleeping than on control day. 

Although PF was given at 50 mg/kg only increased NREM sleep for 1 h 

which from 22:00 to 23:00. We still analyzed 2 h periods after application 

because PF significantly increased NREM sleep for 1 h and showed an 

increase tendency for additional 1 h after dosing. 

 There was no further disruption of the sleep architecture during the 

subsequent period. Similar time course profiles were observed with PF given 

at 25 mg/kg, the effect on sleep was lasted approximately 1 h (power=0.994, 

data not shown). However, when PF was given at 12.5 mg/kg, no significant 

change was found in the sleep-wake profile (data not shown). 

ANOVA analysis revealed that PF increased NREM sleep (time: 

F[1,23]=57.4, P<0.001; group: F[3,20]=10.37, P<0.001; time×group: F[3,20]=8.25, 

P<0.01, Fig. 2D ). PF given at 25 and 50 mg/kg significantly increased the 

total NREM sleep after the injection by 1.9- and 2.0-fold, respectively, in 
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comparison with the vehicle injection, whereas REM sleep was not affected. 

PF at 12.5 mg/kg did not affect the cumulative amount of NREM sleep or 

that of REM after injection (P>0.05). In contrast, diazepam at 6 mg/kg 

increased the total amount of NREM sleep by 2.95-fold compared with the 

vehicle control (P<0.01). There was no significant difference in REM sleep 

after injection between diazepam and its vehicle control. 

 

Involvement of adenosine A1R in the promotion of NREM sleep by PF 

To investigate the involvement of the adenosine A1R, we examined the 

effects of a selective adenosine A1R antagonist CPT on the sleep-promoting 

effect and sleep-wake profile of PF. 

The increase in NREM sleep lasted 1 h after PF (50 mg/kg) injection. The 

increase in NREM sleep by administration of PF (50 mg/kg) was completely 

suppressed by the pretreatment of CPT at 2 mg/kg (Fig. 3A). CPT at 2 

mg/kg alone showed no significant effects on total time spent in NREM 

sleep, but the increased total amount of NREM sleep induced by PF 50 

mg/kg was totally blocked by CPT at 2 mg/kg (Fig. 3B).  

To better understand the sleep-wake profile caused by PF, we determined 

the number and the mean duration of NREM and wake in 2h in which PF 

increased sleep significantly. The distribution of the episodes of NREM 
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sleep and stage transition number were also evaluated. As shown in Fig. 4, 

PF at 50 mg/kg only increased the number of NREM bouts during 64-128s, 

and 256-512s. However, the total number and mean duration of NREM sleep 

and wake episodes didn’t change. The mean duration and bouts of REM 

sleep were also not altered. CPT at 2 mg/kg totally blocked the changes of 

the number of bouts in NREM secondary to PF, indicating that A1R is 

crucial for the increased NREM sleep caused by PF. 

 

Effects of PF on characteristics of sleep-wake episodes and power density 

As shown in Fig. 5A, at a dose of 50 mg/kg, PF increased the number of 

state transitions from wakefulness (W) to NREM sleep (S) and from S to W. 

Neither a change in the number of transitions from S to REM (R) nor from R 

to W was found. State transitions from W to S and from S to W for 2 h after 

administration of PF 50 mg/kg were completely blocked by 2 mg/kg CPT, 

further indicating that A1R is crucial for the increased number of state 

transitions between wake and NREM by PF.   

Then, we determined the EEG power spectra during NREM sleep in mice. 

The power of each 0.5 Hz bin was first averaged across the sleep stages 

individually and then normalized as a group by calculating the percentage of 

each bin from the total power (0-24.5 Hz) of the individual animal. As 
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shown in Fig. 5C, there were no significant differences in EEG power 

density of NREM sleep between the PF treatment and the vehicle control. 

These results suggest that PF induced NREM sleep in a manner similar to 

physiological NREM sleep.  

 

NREM sleep promotion induced by PF in A1R WT mice, but not in A1R KO 

mice 

To clarify the importance of A1R for the effects of PF, we used littermate WT 

and A1R KO mice. PF given at 50 mg/kg increased NREM sleep in the WT 

mice 1h after the injection as compared with the vehicle control 

(power=0.996, Fig. 6A). However, A1R KO mice did not exhibit any 

significant increase in NREM sleep after administration of 50 mg/kg PF (Fig. 

6B). These results clearly indicate that the A1R is crucial in PF-induced 

sleep. 

 

PF increased c-fos expression in the VLPO and decreased c-fos expression 

in the TMN  

The immunohistochemistry experiments were used to examine the brain 

regions involved in the sleep-promoting effect of PF. To study the effect of 

PF on the VLPO sleep center and TMN, we counted the number of 
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c-fos-immunoreactive neurons in the VLPO and TMN. Fig. 7 shows c-fos 

expression of the VLPO (Fig. 7A, B) and TMN (Fig. 7C, D) in mice treated 

with vehicle or PF 50 mg/kg. There were only few fos-positive cells in the 

VLPO of the saline-treated group (Fig. 7A). PF significantly increased the 

number of c-fos-immunoreactive neurons expression in the VLPO (Fig. 7B, 

F[3,20]=35.2, P<0.001). Analysis for the number of c-fos-immunoreactive 

nuclei showed that PF at 25 mg/kg and 50 mg/kg increased the expression of 

c-fos in the VLPO by 3.8- and 4.6-fold, respectively, as compared with the 

vehicle control (Fig. 7E). PF significantly decreased the expression of c-fos 

in the TMN (F[3,20]=19.4, P<0.001). PF at 25 mg/kg and 50 mg/kg 

significantly decreased the expression of c-fos in the TMN by 57% and 68%, 

respectively, as compared with the vehicle control (Fig. 7F). These findings 

indicate that PF activated the VLPO sleep center, inhibited the TMN. Fig.7 

G-H shows representative c-fos photomicrographs of the VLPO and TMN 

(Fig. 7 I-J) of mice pretreated with CPT 2 mg/kg that were then given 

vehicle or PF 50 mg/kg. Pretreatment with CPT at 2 mg/kg completely 

antagonized the changes in the number of c-fos-positive cells caused by PF 

given at 50 mg/kg (Fig. 7K, L), whereas CPT at 1 mg/kg only partially 

blocked the effect. These results suggest that PF activated neurons in the 

VLPO and inactivated neurons in the TMN.  
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PF decreased the firing frequency of TMN histaminergic neurons via A1R  

To determine whether the PF could affect TMN histaminergic neurons in 

vitro, we used GAD67-GFP knock-in mouse brain slices to record TMN 

histaminergic neurons. We found a high degree of co-localization between 

histaminergic and GABAergic neurons in TMN of GAD67-GFP knock-in 

mouse (Fig. 8A). There are about 70% HDC-positive cells in the 

GFP-positive cells. Fig. 8B shows the represented TMN histaminergic 

neurons, which are multipolar with three to four long dendrites and 

diameters of approximately 20-30 μm. As originally demonstrated in TMN 

histaminergic neurons, cells recorded in the present study were all endowed 

with two important membrane rectifications (Haas and Reiner, 1988). The 

first one was revealed by a sag during hyperpolarizing pulses (dot in Fig. 8C) 

and has been shown to depend on the presence of an Ih current (Kamondi 

and Reiner, 1991). The second one was visible as a delayed return to the 

baseline (arrow in Fig. 8C) following hyperpolarizing pulses, and was 

shown to depend on transient outward IA currents (Greene et al., 1990). 

Following a hyperpolarization, return to resting potential strongly activates 

the transient outward current in TMN histaminergic neurons, while in the 

non-histaminergic neurons, which are rarely encountered, break spikes or 
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bursts follow the return to resting potential from a hyperpolarization. Thus, 

in current-clamp recordings in the whole-cell configuration, the effects on 

the membrane potential of transient outward current and 

hyperpolarization-activated current could be distinguished as previously 

reported (Haas and Reiner, 1988), and these cells displayed rather broad 

action potentials. TMN histaminergic neurons have a broad action potential 

with a Ca2+ shoulder on the downstroke, and a long after-hyperpolarization 

(arrowhead in Fig. 8D). Altogether these histochemical, morphological and 

electrophysiological characteristics allow unambiguous identification of 

histaminergic neurons in the TMN.  

PF significantly decreased the firing frequency of TMN histaminergic 

neurons (F[1,29]=55.3, P<0.001) (Fig. 8C). When the slices were continuously 

perfused with PF at concentrations of 100, 300 and 1000 μM, the average 

firing rates of TMN neurons decreased from 2.3±0.3 Hz to 1.9±0.2 Hz (n=9, 

P>0.05), from 2.3±0.5 Hz to 1.4±0.5 Hz (n=11, P<0.05) and from 2.5±0.4 

Hz to 0.9±0.2 Hz (n=11, P<0.01), respectively. PF administered at 1000 μM 

did not show the inhibition effect on histaminergic neurons in the presence 

of A1 receptor antagonist CPT (3 μM) (Fig. 8E, P>0.05, n=9), confirming 

that the action of PF was mediated by A1R.  
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Discussion 

The present study showed that PF shortened NREM sleep latency and 

increased NREM sleep. The A1R antagonist CPT reversed these effects, 

indicating that PF exerted its sleep promoting effects through activation of 

A1R. EEG delta activity is an indicator of the depth of NREM sleep (Tobler 

et al., 2001). In humans and rodents, BZ significantly decreases the total 

duration of wakefulness and increases NREM sleep, but is accompanied 

with typically reduced EEG delta activity in NREM sleep (Tobler et al., 

2001; Kopp et al., 2004). These effects are common for agonists acting at 

the benzodiazepine site, irrespective of whether they are BZ or Z-drugs, such 

as zolpidem or zopiclone (Aeschbach et al., 1994). However, unlike BZ, PF 

increased the total amount of NREM sleep but did not change the EEG 

power density of NREM sleep, suggesting that PF induces sleep similar to 

physiological sleep.  

PF significantly shortened NREM sleep latency and increased NREM 

sleep, but the hypnotic effect was not so lasting. The previous research 

reported that the mean half-lives of PF is 94.16 min in mice (Chen et al., 

1999).The short half-lives for PF is consistent with its short sleep-inducing 

effect. 

PF can quickly cross the blood brain barrier to reach brain tissues (He et 
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al., 2004) and bind to adenosine A1R (Liu et al., 2005). Adenosine A1R has 

been suggested to participate in multiple biological activities of PF, such as 

anti-hypotension (Cheng et al., 1999), neuronal protection (Liu et al., 2005) 

and the anti-visceral pain effect (Zhang et al., 2009). The adenosine A1R 

antagonist CPT blocked these effect induced by PF (Liu et al., 2005; Zhang 

et al., 2009). The A1R agonist increases sleep after perfusion into the BF and 

TMN (Murillo-Rodriguez et al., 2004; Oishi et al., 2008). The unilateral 

infusion of an A1R-selective antagonist into the BF decreased sleep (Strecker 

et al., 2000). However, administration of an A1R agonist into the lateral 

preoptic area induced wakefulness (Methippara et al., 2005). These findings 

indicated that the somnogenic or arousal effect via A1R is a 

region-dependent one. This is borne out by our previous finding that sleep 

amounts were not changed at all when an A1R agonist was infused into the 

lateral ventricle of mice (Urade et al., 2003). Benington (Benington et al., 

1995) also reported that CPA can only increase EEG slow-wave activity in 

NREM sleep when administered systemically in the rat, and did not show 

potent sleep promoting effects. Here we found that PF inhibited 

histaminergic firing rate by activating A1R on the cell body of TMN neurons. 

PF also decreased c-fos protein expression significantly in the TMN. 

Therefore, PF may promote sleep by directly inhibiting the activity of 
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histaminergic neurons in the TMN.  

The sleep-inducing effect of PF in wild-type littermates of A1R KO mice 

seems to be weaker than in C57BL/6J mice. In fact, compared with their 

respective baseline treated with vehicle, the increase of NREM sleep caused 

by PF in wild-type littermates of A1R KO and C57BL/6J mice, is 2.5-fold 

and 2.0-fold, respectively, because the baseline of NREM sleep in wild-type 

littermates of A1R KO mice is a little bit lower than in C57BL/6J mice. 

These results suggest similar hypnotic effects of PF in these WT and 

C57BL/6J mice. 

In conclusion, PF inhibited histaminergic neurons in TMN via A1R, 

increased the amount of NREM sleep and shortened sleep latency in mice. 

These effects are such that a test of the usefulness of PF in modifying sleep 

in man may be motivated.  

 

Authorship Contributions 

Participated in research design: Chen CR, Qu, Huang. Conducted 

experiments: Chen CR, Sun, Luo, Huang. Contributed new reagents or 

analytic tools: Zhao, Chen JF, Yanagawa. Performed data analysis: Chen CR, 

Sun, Luo. Wrote or contributed to the writing of the manuscript: Chen CR, 

Sun, Luo, Qu, Huang.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

28 
 

REFERENCES 

 

Aeschbach D, Dijk DJ, Trachsel L, Brunner DP and Borbely AA (1994) Dynamics of slow-wave activity 

and spindle frequency activity in the human sleep EEG: effect of midazolam and zopiclone. 

Neuropsychopharmacology 11:237-244. 

Aimi N, Inaba M, Watanabe M and Shibata S (1969) Chemical studies on the oriental plant drugs. 23. 

Peoniflorin, a glucoside of Chinese paeony root. Tetrahedron 25:1825-1838. 

Benington JH, Kodali SK and Heller HC (1995) Stimulation of A1 adenosine receptors mimics the 

electroencephalographic effects of sleep deprivation. Brain Res 692:79-85. 

Besnard S, Masse F, Verdaguer M, Cappelin B, Meurice JC and Gestreau C (2007) Time- and dose-related 

effects of three 5-HT receptor ligands on the genioglossus activity in anesthetized and conscious 

rats. Sleep Breath 11:275-284. 

Chen CR, Tan R, Qu WM, Wu Z, Wang Y, Urade Y and Huang ZL (2011) Magnolol, a major bioactive 

constituent of the bark of Magnolia officinalis, exerts antiepileptic effects via the 

GABA/benzodiazepine receptor complex in mice. Br J Pharmacol 164:1534-1546. 

Chen CR, Zhou XZ, Luo YJ, Huang ZL, Urade Y and Qu WM (2012) Magnolol, a major bioactive 

constituent of the bark of Magnolia officinalis, induces sleep via the benzodiazepine site of 

GABA(A) receptor in mice. Neuropharmacology 63:1191-1199. 

Chen LC, Lee MH, Chou MH, Lin MF and Yang LL (1999) Pharmacokinetic study of paeoniflorin in mice 

after oral administration of Paeoniae radix extract. J Chromatogr B Biomed Sci Appl 735:33-40. 

Cheng JT, Wang CJ and Hsu FL (1999) Paeoniflorin reverses guanethidine-induced hypotension via 

activation of central adenosine A1 receptors in Wistar rats. Clin Exp Pharmacol Physiol 

26:815-816. 

Franklin KBJ and Paxinos G (1997) The mouse brain in stereotaxic coordinates. Academic Press, San 

Diego. 

Goldman N, Chen M, Fujita T, Xu Q, Peng W, Liu W, Jensen TK, Pei Y, Wang F, Han X, Chen JF, 

Schnermann J, Takano T, Bekar L, Tieu K and Nedergaard M (2010) Adenosine A1 receptors 

mediate local anti-nociceptive effects of acupuncture. Nat Neurosci 13:883-888. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

29 
 

Gondard E, Anaclet C, Akaoka H, Guo RX, Zhang M, Buda C, Franco P, Kotani H and Lin JS (2013) 

Enhanced histaminergic neurotransmission and sleep-wake alterations, a study in histamine 

H3-receptor knock-out mice. Neuropsychopharmacology 38:1015-1031. 

Greenblatt DJ and Roth T (2012) Zolpidem for insomnia. Expert Opin Pharmacother 13:879-893. 

Greene RW, Haas HL and Reiner PB (1990) Two transient outward currents in histamine neurones of the rat 

hypothalamus in vitro. J Physiol 420:149-163. 

Haas HL and Reiner PB (1988) Membrane properties of histaminergic tuberomammillary neurones of the 

rat hypothalamus in vitro. J Physiol 399:633-646. 

He X, Xing D, Ding Y, Li Y, Xiang L, Wang W and Du L (2004) Determination of paeoniflorin in rat 

hippocampus by high-performance liquid chromatography after intravenous administration of 

Paeoniae Radix extract. J Chromatogr B Analyt Technol Biomed Life Sci 802:277-281. 

Hino H, Takahashi H, Suzuki Y, Tanaka J, Ishii E and Fukuda M (2012) Anticonvulsive effect of 

paeoniflorin on experimental febrile seizures in immature rats: possible application for febrile 

seizures in children. PLoS One 7:e42920. 

Huang ZL, Urade Y and Hayaishi O (2007) Prostaglandins and adenosine in the regulation of sleep and 

wakefulness. Curr Opin Pharmacol 7:33-38. 

Huang ZL, Urade Y and Hayaishi O (2011) The role of adenosine in the regulation of sleep. Curr Top Med 

Chem 11:1047-1057. 

Johansson B, Halldner L, Dunwiddie TV, Masino SA, Poelchen W, Gimenez-Llort L, Escorihuela RM, 

Fernandez-Teruel A, Wiesenfeld-Hallin Z, Xu XJ, Hardemark A, Betsholtz C, Herlenius E and 

Fredholm BB (2001) Hyperalgesia, anxiety, and decreased hypoxic neuroprotection in mice 

lacking the adenosine A1 receptor. Proc Natl Acad Sci U S A 98:9407-9412. 

Kamondi A and Reiner PB (1991) Hyperpolarization-activated inward current in histaminergic 

tuberomammillary neurons of the rat hypothalamus. J Neurophysiol 66:1902-1911. 

Kolaj M, Coderre E and Renaud LP (2008) Orexin peptides enhance median preoptic nucleus neuronal 

excitability via postsynaptic membrane depolarization and enhancement of glutamatergic afferents. 

Neuroscience 155:1212-1220. 

Kopp C, Rudolph U, Low K and Tobler I (2004) Modulation of rhythmic brain activity by diazepam: 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

30 
 

GABA(A) receptor subtype and state specificity. Proc Natl Acad Sci U S A 101:3674-3679. 

Kukko-Lukjanov TK and Panula P (2003) Subcellular distribution of histamine, GABA and galanin in 

tuberomamillary neurons in vitro. J Chem Neuroanat 25:279-292. 

Lazarus M, Chen JF, Urade Y and Huang ZL (2013) Role of the basal ganglia in the control of sleep and 

wakefulness. Curr Opin Neurobiol 23:780-785. 

Liu DZ, Xie KQ, Ji XQ, Ye Y, Jiang CL and Zhu XZ (2005) Neuroprotective effect of paeoniflorin on 

cerebral ischemic rat by activating adenosine A1 receptor in a manner different from its classical 

agonists. Br J Pharmacol 146:604-611. 

Liu DZ, Zhao FL, Liu J, Ji XQ, Ye Y and Zhu XZ (2006a) Potentiation of adenosine A1 receptor agonist 

CPA-induced antinociception by paeoniflorin in mice. Biol Pharm Bull 29:1630-1633. 

Liu HQ, Zhang WY, Luo XT, Ye Y and Zhu XZ (2006b) Paeoniflorin attenuates neuroinflammation and 

dopaminergic neurodegeneration in the MPTP model of Parkinson's disease by activation of 

adenosine A1 receptor. Br J Pharmacol 148:314-325. 

Methippara MM, Kumar S, Alam MN, Szymusiak R and McGinty D (2005) Effects on sleep of 

microdialysis of adenosine A1 and A2a receptor analogs into the lateral preoptic area of rats. Am J 

Physiol Regul Integr Comp Physiol 289:R1715-1723. 

Morin AK (2006) Strategies for treating chronic insomnia. Am J Manag Care 12:S230-245. 

Murillo-Rodriguez E, Blanco-Centurion C, Gerashchenko D, Salin-Pascual RJ and Shiromani PJ (2004) 

The diurnal rhythm of adenosine levels in the basal forebrain of young and old rats. Neuroscience 

123:361-370. 

Oishi Y, Huang ZL, Fredholm BB, Urade Y and Hayaishi O (2008) Adenosine in the tuberomammillary 

nucleus inhibits the histaminergic system via A1 receptors and promotes non-rapid eye movement 

sleep. Proc Natl Acad Sci U S A 105:19992-19997. 

Parmentier R, Ohtsu H, Djebbara-Hannas Z, Valatx JL, Watanabe T and Lin JS (2002) Anatomical, 

physiological, and pharmacological characteristics of histidine decarboxylase knock-out mice: 

evidence for the role of brain histamine in behavioral and sleep-wake control. J Neurosci 

22:7695-7711. 

Qu WM, Huang ZL, Xu XH, Matsumoto N and Urade Y (2008) Dopaminergic D1 and D2 receptors are 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

31 
 

essential for the arousal effect of modafinil. J Neurosci 28:8462-8469. 

Qu WM, Xu XH, Yan MM, Wang YQ, Urade Y and Huang ZL (2010) Essential role of dopamine D2 

receptor in the maintenance of wakefulness, but not in homeostatic regulation of sleep, in mice. J 

Neurosci 30:4382-4389. 

Qu WM, Yue XF, Sun Y, Fan K, Chen CR, Hou YP, Urade Y and Huang ZL (2012) Honokiol promotes 

non-rapid eye movement sleep via the benzodiazepine site of the GABA(A) receptor in mice. Br J 

Pharmacol 167:587-598. 

Strecker RE, Morairty S, Thakkar MM, Porkka-Heiskanen T, Basheer R, Dauphin LJ, Rainnie DG, Portas 

CM, Greene RW and McCarley RW (2000) Adenosinergic modulation of basal forebrain and 

preoptic/anterior hypothalamic neuronal activity in the control of behavioral state. Behav Brain 

Res 115:183-204. 

Tamamaki N, Yanagawa Y, Tomioka R, Miyazaki J, Obata K and Kaneko T (2003) Green fluorescent 

protein expression and colocalization with calretinin, parvalbumin, and somatostatin in the 

GAD67-GFP knock-in mouse. J Comp Neurol 467:60-79. 

Thakkar MM, Winston S and McCarley RW (2002) Orexin neurons of the hypothalamus express adenosine 

A1 receptors. Brain Res 944:190-194. 

Tobler I, Kopp C, Deboer T and Rudolph U (2001) Diazepam-induced changes in sleep: role of the alpha 1 

GABA(A) receptor subtype. Proc Natl Acad Sci U S A 98:6464-6469. 

Urade Y, Eguchi N, Qu WM, Sakata M, Huang ZL, Chen JF, Schwarzschild MA, Fink JS and Hayaishi O 

(2003) Sleep regulation in adenosine A2A receptor-deficient mice. Neurology 61:S94-96. 

Wang Q, Yue XF, Qu WM, Tan R, Zheng P, Urade Y and Huang ZL (2013) Morphine inhibits 

sleep-promoting neurons in the ventrolateral preoptic area via mu receptors and induces 

wakefulness in rats. Neuropsychopharmacology 38:791-801. 

Xiao D, Cassin JJ, Healy B, Burdett TC, Chen JF, Fredholm BB and Schwarzschild MA (2011) Deletion of 

adenosine A(1) or A((2)A) receptors reduces L-3,4-dihydroxyphenylalanine-induced dyskinesia in 

a model of Parkinson's disease. Brain Res 1367:310-318. 

Yu HY, Liu MG, Liu DN, Shang GW, Wang Y, Qi C, Zhang KP, Song ZJ and Chen J (2007) Antinociceptive 

effects of systemic paeoniflorin on bee venom-induced various 'phenotypes' of nociception and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

32 
 

hypersensitivity. Pharmacol Biochem Behav 88:131-140. 

Zammit G (2009) Comparative tolerability of newer agents for insomnia. Drug Saf 32:735-748. 

Zhang XJ, Chen HL, Li Z, Zhang HQ, Xu HX, Sung JJ and Bian ZX (2009) Analgesic effect of 

paeoniflorin in rats with neonatal maternal separation-induced visceral hyperalgesia is mediated 

through adenosine A(1) receptor by inhibiting the extracellular signal-regulated protein kinase 

(ERK) pathway. Pharmacol Biochem Behav 94:88-97. 

Zisapel N (2012) Drugs for insomnia. Expert Opin Emerg Drugs 17:299-317. 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

33 
 

Footnotes 

Chang-Rui Chen and Yu Sun equally contributed to the work. This study was supported 

in part by grants-in-aid for scientific research from the National Natural Science 

Foundation of China (81420108015, 81301135, 31171010, 31171049, 31121061, 

31271164, J1210041, 31471064, 31421091,81420108015, 31530035), the National Basic 

Research Program of China (2015CB856401, 2011CB711000), a key laboratory program 

of the Education Commission of Shanghai Municipality (ZDSYS14005), the Shanghai 

Committee of Science and Technology (13ZR1403200, 14JC1400900, 13dz2260700, 

13140903100), and the Shanghai Leading Academic Discipline Project (B119). 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 21, 2015 as DOI: 10.1124/jpet.115.227819

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#227819 
 

34 
 

LEGENDS for FIGURES 

 

Figure 1 The chemical structure of PF. 

 

Figure 2 Sleep-stage distributions produced by an i.p. administration of PF in mice. (A) 

Typical examples of polygraphic recordings and corresponding hypnograms in a mouse 

treated with vehicle or PF at a dose of 50 mg/kg. (B) Effect of PF on NREM sleep latency. 

Open and filled bars show the profiles for the respective baseline day (vehicle injection) 

and experimental day (PF and diazepam injection). (C) Time-course changes produced by 

the i.p. administration of PF at 50 mg/kg. Each circle represents the hourly mean±SEM of 

NREM and REM sleep. Open and filled circles indicate the baseline and experimental 

day profiles, respectively. PF was given at 21:00. The horizontal filled and open bars on 

the χ-axes indicate the 12-h dark and 12-h light periods, respectively. (D) Total time 

spent in NREM and REM sleep for 2 h after the PF and diazepam administration. Open 

and filled bars show the profiles for the respective baseline day (vehicle injection) and 

experimental day (PF and diazepam injection). Values are means±SEM (n=6–7). 

 *P<0.05, **P<0.01, compared with the vehicle group, as assessed by one-way repeated 

ANOVA, followed by PLSD test. 

 

Figure 3 Sleep-wake profiles produced by PF in mice pretreated with CPT. (A) Time 

course changes in NREM and REM sleep and waking after pretreatment with CPT (2 

mg/kg, i.p. at 20:30) and injection of PF (50 mg/kg, i.p. at 21:00) or vehicle in mice. Each 

circle represents the hourly mean amount of each stage. Open and closed circles represent 
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the profiles of vehicle and drug treatments. The horizontal filled and open bars on the 

χ-axes indicate the 12 h dark and 12 h light periods, respectively. (B) Total time spent in 

waking, NREM sleep, and REM sleep over the course of 2 h after the PF at 50 mg/kg in 

mice pretreated with CPT. Open and filled bars show the profiles for the vehicle-treated 

day and experimental day (CPT and PF injection). Values are means±SEM (n=5–7). 

*P<0.05, **P<0.01, relative to vehicle control, as assessed by two-tailed paired t test. 

 

Figure 4 Characteristics of sleep-wake episodes produced by the administration of PF at 

50 mg/kg, and CPT pretreatment followed by PF at 50 mg/kg. (A) Total number and 

mean duration of waking, NREM, and REM bouts in a 2 h period. (B) Changes in the 

numbers of NREM and REM bouts across different ranges of episode durations over the 

course of 2 h after the administration PF at 50 mg/kg, CPT 2 mg/kg + PF 50 mg/kg. Open 

and filled bars show the profiles for the respective baseline day (vehicle) and 

experimental day (PF, CPT + PF). Values are means ± SEM (n=5–7). 

 *P<0.05, **P<0.01, two-tailed paired t test. 

 

Figure 5 Sleep-wake state transitions during the 2 h following the administration of (A) 

PF or (B) CPT + PF. Open and filled bars show the profiles for the respective baseline 

day (vehicle) and experimental day (PF or CPT + PF). W, N, and R represent the stages 

for wakefulness, NREM, and REM sleep, respectively. Values are means ± SEM (n=5-7). 

*P<0.05, **P<0.01, two-tailed paired t test. EEG power density of NREM sleep after the 

administration of (C) PF or (D) CPT + PF. 
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Figure 6 NREM sleep increase after intraperitoneal administration of PF (50 mg/kg) in 

WT but not A1R KO mice. Time courses of NREM, REM sleep and wakefulness after PF 

treatment of WT mice (A) and KO mice (B) for A1R. Open and closed circles stand for 

the profiles of vehicle and PF treatments, respectively. On the experimental day, PF was 

given at 21:00, as indicated by the arrow. Values are means±SEM (n=5-6).  

*P<0.05 by the paired t test. 

 

Figure 7 PF increased c-fos-positive cells in the VLPO and decreased their number in 

TMN. Low- and high-power photomicrographs representative of the VLPO (A, a, B, b) 

and TMN (C, c, D, d), respectively, in which fos-positive cells were counted. The VLPO 

of vehicle- (A and a) and 50 mg/kg PF- (B and b) administered mice. The TMN of 

vehicle- (C and c) and 50 mg/kg PF- (D and d) administered mice (c, d: 

high-magnification views of the rectangular areas marked in “C” and “D,” respectively). 

Scale bars: c and d, 400 μm; C and D, 100 μm. Mean number of fos-positive cells in the 

VLPO (E) and TMN (F) of vehicle-, PF-treated groups, respectively. **p< 0.01, 

compared with the vehicle group; Pretreatment with CPT at 2 mg/kg did not influence fos 

expression in the VLPO (A, a) and TMN (C, c), CPT at 2 mg/kg blocked the increase in 

the number of fos-positive cells in the VLPO (B, b) and decrease in the number of cells in 

the TMN (D, d) caused by PF at 50 mg/kg. (E) Mean number of fos-positive cells in the 

VLPO and TMN, CPT at 1, 2 mg/kg blocked the increase in the number of fos-positive 

cells in the VLPO and decrease of it caused by PF at 50 mg/kg in a dose-dependent 

manner. Each value represents the mean±SEM (n=6).  

**P<0.01, compared with CPT at 2 mg/kg group, as assessed by one-way ANOVA 
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followed by Tukey’s test. 

 

Figure 8 Histochemical, morphological and electrophysiological characteristics of 

histaminergic neurons in the TMN slice of GAD67-GFP knock-in mice. Paeoniflorin 

reduces firing frequency of TMN histaminergic neurons in GAD67-GFP knock-in mice 

by acting on the A1 receptor. (A) Confocal image of a GAD67-GFP knock-in mice TMN 

brain slice containing cells expressing GAD67-GFP (left panel) and cells immunoreactive 

for HDC (center panel). A high degree of colocalization can be seen in the merged image 

(right panel). (B) Morphological properties of histamine neurons: TMN histaminergic 

neurons are rather large, with diameters of 20-30 μm. They are multipolar with three to 

four long dendrites. DIC image (top panel) and fluorescence image (bottom panel). (C) 

Electrophysiological identification of TMN histaminergic neurons: there is a 

hyperpolarization-activated inward rectification (due to the hyperpolarization-activated 

cationic current; Ih, dot) and an outward rectification that delays the return of the 

membrane potential to the resting potential (due to A-type K+ currents; IA, arrow). (D) 

TMN histaminergic neurons also displayed rather broad action potentials (arrowhead). (E) 

Examples of TMN histaminergic neurons firing activity recorded before and after the 

application of PF (1000 μM). PF (1000 μM) was without effect in the presence of CPT (3 

μM). (F) Bar plot of changes in the firing frequency with application of PF (100, 300, 

1000 μM) and PF (1000 μM) in conjunction with CPT (3 μM). The open, closed and gray 

columns show control, the groups treated with PF and CPT+PF, respectively. PF (1000 

μM) was without effect in the presence of CPT (3 μM) (two-tailed independent t test, 

P>0.05), confirming that the action of PF was mediated by the A1 receptor. Each value 
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represents the mean±SEM (n=8-11). 

 *P<0.05, **P<0.01, compared with their control, assessed by two-tailed paired t test. 

##P<0.01, PF versus CPT+PF, assessed by two-tailed independent t test. 
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