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A Single Low Dose of Dexmedetomidine Efficiently Attenuates Esketamine-Induced Overactive Behaviors and Neuronal Hyperactivities in Mice
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Introduction: Esketamine (Esk) (S(+)-ketamine) is now used as an alternative to its racemic mixture, i. e., ketamine in anesthesia. Esk demonstrated more powerful potency and rapid recovery in anesthesia and less psychotomimetic side effects comparing with ketamine, but Esk could still induce psychological side effects in patients. This study was to investigate whether dexmedetomidine (Dex) can attenuate the Esk-induced neuronal hyperactivities in Kunming mice.

Methods: Dexmedetomidine 0.25, 0.5, and 1 mg/kg accompanied with Esk 50 mg/kg were administrated on Kunming mice to assess the anesthesia quality for 1 h. The indicators, such as time to action, duration of agitation, duration of ataxia, duration of loss pedal withdrawal reaction (PWR), duration of catalepsy, duration of righting reflex (RR) loss, duration of sedation, were recorded for 1 h after intraperitoneal administration. The c-Fos expression in the brain was detected by immunohistochemistry and Western Blot after 1 h of administration. Considering the length of recovery time for more than 1 h in Dex and Dex with Esk groups, other mice were repeatedly used to evaluate recovery time from the administration to emerge from anesthesia.

Results: Dexmedetomidine dose-dependently increased recovery time when administrated with Esk or alone. Dex combined with Esk efficiently attenuated the duration of agitation, ataxia, and catalepsy. Dex synergically improved the anesthesia of Esk by increasing the duration of sedation, loss of RR, and loss of PWR. Esk induced the high expression of c-Fos in the cerebral cortex, hippocampus, thalamus, amygdala, hypothalamus, and cerebellum 1 h after administration. Western Blot results indicated that Dex at doses of 0.25, 0.5, and 1 mg/kg could significantly alleviate the Esk-induced c-Fos expression in the mice brain.

Conclusion: Dexmedetomidine ranged from 0.25 to 1 mg/kg could improve the anesthesia quality and decreased the neuronal hyperactivities and the overactive behaviors when combined with Esk. However, Dex dose-dependently increased the recovery time from anesthesia. It demonstrated that a small dose of Dex 0.25 mg/kg could be sufficient to attenuate Esk-induced psychotomimetic side effects without extension of recovery time in Kunming mice.
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INTRODUCTION

Ketamine is a mixture of the two enantiomers, namely, esketamine (Esk) (S (+)-ketamine) and R (–)-ketamine, which can produce the so-called “dissociative” anesthesia state. The dissociative situation is characterized by strong analgesia and small hypnotic properties (Marland et al., 2013; Bozymski et al., 2020; Jelen et al., 2021). Patients may experience hallucination, catalepsy, amnesia, perception alteration, and out-of-body sense during ketamine anesthesia (Bokor and Anderson, 2014; Grabski et al., 2020). This special anesthesia state indicates that ketamine or Esk induced excitatory activity in some brain regions (Herrera and Robertson, 1990; Vaisanen et al., 2004; Tian et al., 2018). Olney et al. (1989) reported that N-methyl-D-aspartate (NMDA) antagonist could cause transient reversible vacuolation in neurons in the posterior cingulate cortex of rats (Olney et al., 1991; Nowacka and Borczyk, 2019). These neuronal vacuolations come from the lysis of mitochondria, which was injured during the overexcitation. The neurotoxicity induced by ketamine remains a great concern in clinical practice. Esk, the S (+)-ketamine, was introduced into clinical practice with more potency, less psychotic effects than ketamine and its right-hand enantiomer, R (–)-ketamine (Bauer et al., 2019).

Esketamine displays 2–3-fold more efficient than ketamine. Comparing with ketamine, Esk demonstrates faster and smoother recovery with less respiratory inhibition and less psychotomimetic side effects (Himmelseher and Pfenninger, 1998). However, it was reported that Esk could still induce dissociation disorder during the therapy of treatment-resistant depression (TRD) (Himmelseher and Pfenninger, 1998). Esk may be a breakthrough therapeutic in TRD in the last 20 years due to its rapid action (Kaur et al., 2021). The action occurs within 2 h after intranasal administration and produces a significant effect within 2 days; however, most first-line antidepressants take 4–6 weeks to attain their full effects (Kaur et al., 2021). The dissociation disorder of Esk during TRD included a distortion of time and space, illusions, derealization, and depersonalization (Bozymski et al., 2020). Esk and ketamine exert their anesthesia effects through antagonizing NMDA glutamate receptors. But it is reported that ketamine-induced psychopathology results from glutamate increase in the anterior cingulate cortex (Stone et al., 2012). The increased glutamate was thought to inhibit GABAergic interneurons by ketamine. Therefore, the drug that can activate GABA receptors can be used to reduce Esk-induced psychoactive side effects. These drugs included dexmedetomidine (Dex), clonidine, propofol, midazolam, and diazepam.

Dexmedetomidine and clonidine are agonists of alpha-2 adrenergic receptors in the brainstem. Activation of alpha-2 adrenergic receptors produces sedation by stimulating inhibitory neurons such as GABAergic interneurons (Stone et al., 2012). Stimulation of inhibitory neurons decreases sympathetic outflow of the central nervous system, resulting in sedation, blood pressure decrease, and heart rate decrease. Dex was widely used with ketamine or Esk to prevent tachycardia, hypertension, salivation, and emergence phenomena. However, it is still uncertain if Dex can prevent the psychotic effects and neuronal hyperactivities from Esk when used together (Calhoun et al., 2015). The purpose of this study was to determine whether Dex could efficiently prevent Esk-induced psychotic effects and neuronal hyperactivities in mice.



MATERIALS AND METHODS


Ethics Statement

This study was approved by the Ethics Committee of Zhengzhou Central Hospital and was consistent with the Chinese Animal Welfare Act.



Animals

Male Kunming mice aged 1 month, weighing around 25 g, were purchased from the Animal Center of the Medical College of Zhengzhou University. Mice were housed (6–9 mice per cage) in individually ventilated cages with wood bedding in accordance with the Chinese guidelines. Food and water were freely accessible to the mice. The room temperature was maintained at 22 ± 2°C and a humidity of 45–60%. Animals were maintained under a 12-h light-dark cycle. The mice were acclimated to circumstances 2 h before the interventions.



Drugs

Esketamine was purchased from Hengrui Medicine Co., Ltd. (Lianyungang, Jiangsu Province, China). Dex was commercially available from Hengrui Pharmaceutical Co., Ltd (Jiangsu, Chinese medicine standard word H20090248, 2009-05-31, China).



Experimental Design

Fifty-two mice were randomly assigned to eight groups (Table 1). All mice in the table were sacrificed under deep anesthesia 1 h after treatment to harvest brains for immunohistochemistry and Western Blot. The brains were longitudinally cut into two halves. One half was immersed in 4% of paraformaldehyde for immunohistochemistry, and another half was immediately frozen in −80°C for protein extraction for Western Blot. The mice were supplied with oxygen and kept warm during the experiment. For the mice with deep anesthesia, the tail oxygen saturation (SpO2) was monitored to keep it over 90% by adjusting oxygen flow. The mice in the saline group were intraperitoneally injected with the same volume of saline as the Esk and Dex. The mice in the Esk group were intraperitoneally administrated with 50 mg/kg Esk. The mice in Dex 0.25 mg/kg group were intraperitoneally administrated with 0.25 mg/kg Dex. The mice in Dex 0.50 mg/kg were intraperitoneally administrated with 0.5 mg/kg Dex. The mice in Dex 1.0 mg/kg were intraperitoneally administrated with 1 mg/kg Dex. In the Dex 0.25 mg/kg + Esk group, Dex 0.25 mg/kg and Esk 50 mg/kg were mixed in one syringe for intraperitoneal administration for each mouse. In the Dex 0.5 mg/kg + Esk 50 mg/kg group, Dex 0.5 mg/kg and Esk 50 mg/kg were mixed in one syringe for intraperitoneal administration for each mouse. In the Dex 1 mg/kg + Esk group, Dex 0.5 mg/kg and Esk 50 mg/kg were mixed in one syringe for intraperitoneal administration for each mouse.


Table 1. The mice groups treated in this study.
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The Esk 50 mg/kg through intraperitoneal administration was referred to Bauer et al. (2019). The Dex dose was referred to Burnside et al. (2013). Burnside et al. used dexmedetomidine by a dose of 0.5 mg/kg. We used a higher dose of 1 mg/kg, a middle dose of 0.5 mg/kg, and a lower dose of 0.25 mg/kg to constitute a dose-effect curve in this study.



Experimental Procedure

Each mouse was placed alone in one cage for observation after intraperitoneal administration of the drugs. The mice were continually observed for 1 h before sacrifice. The animal behaviors, such as ataxia, catalepsy, excitation, sedation, pedal withdrawal reaction (PWR), and RR, were continuously observed for 1 h. In this study, we found that the effects of Esk lasted about 30 min, the effects of Dex lasted over 60 min, and there was almost no overactive behavior after the combination of Esk and Dex except transient ataxia. Therefore, we observed for 1 h to cover the effects of both Esk and Dex.

Time to action was defined as the time from the intraperitoneal injection to the appearance of any signs of ataxia, excitation, sedation, and catalepsy. Ataxia was characterized by the loss of coordination and balance in walking and keeping posture. Duration of ataxia was regarded as the accumulative time for ataxia during monitoring (Cendelin, 2014).

Excitation was defined as a state of excitement including myoclonic twitching and aimless running. Duration of excitation was the accumulative time of excitation during the 1-h observation (Bauer et al., 2019).

Catalepsy was defined as a state of immobilization combined with a noticeably increased muscle tone. Duration of catalepsy was the accumulative time of catalepsy during the monitoring (Bauer et al., 2019).

Sedation was defined as a state of immobilization, sleep-like posture, but still responsive to stimulation. Duration of sedation was recorded as the accumulative time of the situation of sedation (Taiji, 2004; Calhoun et al., 2015).

Pedal withdrawal reaction was used to evaluate the effects of analgesia after administration of Esk or Dex. The positive reaction was recorded when mice attempt to withdraw the limb to the toe pinch, and the negative reaction was recorded when mice had no response to the toe pinch. The pinch should not cause any injuries to the toes. Loss of PWR start was defined as three successive negative PWR. Recovery of PWR was defined as three positive PWR. Duration of loss of PWR is defined as the accumulative time of loss of PWR (Bauer et al., 2019).

Righting reflex was used to assess the anesthesia effect after administration of Esk or Dex (Burnside et al., 2013). The mouse was physically rolled into lateral recumbency by hand to evaluate RR. Loss of RR was recorded when the mouse was unable to recover from lateral recumbency to ventral recumbency without assisting three times. Recovery of RR was recorded when the mouse was able to roll unassistedly from lateral to sternal recumbency three times. Duration of loss of RR was defined as the accumulative time of loss of RR.

Recovery time was defined as the time from the injection of anesthetics to regaining of RR, PWR, and maintenance of a ventral recumbence posture (Bauer et al., 2019). Since recovery time is longer than 1 h, another 13 mice were used to observe beyond more than 1 h until complete recovery without sample collection. After 1-h observation, mice were terminally anesthetized by chloral hydrate and euthanized by decapitation, and the brain tissues were retrieved for immunohistochemistry and Western Blot.



Immunohistochemistry

Mice brains were put into 4% of paraformaldehyde for at least 24 h at 4°C. The brains were embedded in paraffin after dehydration and clearance. The paraffin-embedded tissue blocks were cut into a section at 4 μm thickness on a microtome. Sections on glass slides were deparaffinized and rehydrated before immunohistochemistry. Sections were boiled in citrate buffer (pH 6.0) for 20 min for antigen retrieval. The endogenous peroxidase was blocked by incubating in 3% of H2O2 solution for 10 min at room temperature. The primary antibody c-Fos (Bioss, China) was added onto the sections for incubating overnight at 4°C. The biotinylated secondary antibody and streptavidin-HRP were sequentially incubated with the sections. The antibody was stained using 3,3′-diaminobenzidine (DAB) substrate solution (Zsbio, China). The slides were counterstained by hematoxylin. The slides were dehydrated and cleared before mounting coverslips. Sections were visualized under a microscope (Olympus, Japan) 100 and 400 times.



Western Blot

Protein was extracted using radioimmunoprecipitation assay (RIPA) buffer (Epizyme, China) containing cocktail proteinase inhibitors. The protein concentration was quantified with a bicinchoninic acid (BCA) protein assay kit (Epizyme, China). The same amount of protein was run on sodium dodecyl sulfate (SDS)-polyacrylamide gels in the Tris/SDS buffer system and then transferred into polyvinylidene difluoride (PVDF) membranes. The membranes and the primary antibodies c-Fos (Bioss, China) were incubated together overnight and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (Abbkine, China). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Boster, China) was used as an internal reference antibody. The protein expression was analyzed using an electronic shelf label (ESL) scanner with Omni-ECL Enhanced Pico Light Chemiluminescence Kit (Epizyme Biotech, China), and signal intensities of the protein expression were quantified using NIH Image/J software (National Institutes of Health, Bethesda, MD).



Statistical Analysis

In this study, behavioral data presented are described as median with 25–75 percentiles (median, lower quartile-upper quartile). Median analysis was performed using the Kruskal-Wallis rank-sum test followed by the post-hoc test using R software (R Foundation for Statistical Computing, Vienna, Austria). The P-value is adjusted by the false discovery rate (FDR) procedure of Benjamini-Hochberg. The expression of Cellular protooncogene Fos (c-Fos) in Immunohistochemistry (IHC) was evaluated by calculating the numbers of staining positive cells in a high-power field (400 times). The IHC results were presented by mean ± SD (M±SD) and analyzed by the independent t-test to just compare the saline and Esk groups. Western Blot results were presented as mean ± SD (M±SD). The ANOVA test was used to analyze the c-Fos expression differences in all groups. P < 0.05 was considered as the significant difference.




RESULTS


General Behavioral Performance After Intraperitoneal Administration of Esk and Dex

After injection of Esk, the mice appeared gradually ataxia including the loss of coordination and balance in walking and keeping posture. Subsequently, the mice displayed excitation, which is characterized by myoclonic twitching and aimless running. During the excitation, some mice showed catalepsy, which demonstrated immobilization associated with intensive muscle tone all over the body, something like arched-back rigidity. After excitation and catalepsy, the mice returned to ataxia again and regained coordination and balance gradually. However, after intraperitoneal injection of Esk with Dex, mice demonstrated less ataxia and excitation without any catalepsy. One mouse died in the Dex 1 mg/kg + Esk group due to respiratory depression.



Time to Action

All groups showed similar onset times. There was no significant difference in onset time between these groups (Figure 1A).


[image: Figure 1]
FIGURE 1. Time to action and time to recovery after injection. (A) +P < 0.05, compared with esketamine (Esk), dexmedetomidine (Dex), and Dex + Esk groups. (B) Recovery time. ++P < 0.01, compared with Esk, Dex, and Dex + Esk group. **P < 0.01, compared with Dex and Dex + Esk group. ##P < 0.01, compared with Dex 0.5 mg/k, Dex 1 mg/kg, and Dex 0.25 mg/kg + ESk. ∧∧P < 0.01, compared with Dex 1 mg/kg and Dex + Esk. &&P < 0.01, compared with Dex 0.5 mg/kg + Esk and Dex 1 mg/kg.




Recovery Time

Recovery time was from 17.25 to 39 min with a median of 30 min in Esk groups. In combination with Esk, Dex dose-dependently extended recovery time. There was no difference between Dex + Esk groups and corresponding Dex groups (Figure 1B).



Overactive Behaviors

The Esk-alone group showed a longer duration of ataxia, excitation, and catalepsy than other groups (Figures 2A–C). There was no difference between the rest groups in duration of ataxia and excitation (Figures 2A,B). Catalepsy was a unique phenomenon for Esk. The other groups did not display any sign of catalepsy (Figure 2C).


[image: Figure 2]
FIGURE 2. Overactive behaviors including duration of excitation, ataxia, and catalepsy during 1 h observation after injection. (A) Duration of excitation. **P < 0.01, compared with saline, Dex, and Dex + Esk groups. (B) Duration of ataxia. **P < 0.01, compared with saline, Dex, and Dex + Esk groups. $$P < 0.01, compared with saline, !P < 0.05, compared with Saline. (C) Duration of catalepsy. **P < 0.01, compared with saline, Dex, and Dex + Esk groups.




Anesthesia Assessment

The Esk group displayed the shortest duration of sedation among all groups. There was no significant difference in duration of sedation between the other groups, but the duration of sedation was only observed within 1 h (Figure 3A). There was the longest duration of loss of RR and PWR in the Esk group with 1 mg/kg Dex (Figures 3B,C). Esk 0.5 and 0.25 mg/kg Dex had a similar duration of loss of PWR and RR. Esk alone shows the shortest duration of loss of PWR and RR among all groups. Dex with Esk had a longer duration of loss of PWR and RR than Dex alone. The Dex 1 mg/kg group had a longer duration of loss of PWR and RR than 0.5 mg/kg and 0.25 mg/kg Dex. There was no difference between 0.5 and 0.25 mg/kg Dex groups in the duration of loss of PWR and RR (Figures 3B,C).


[image: Figure 3]
FIGURE 3. Assessment of anesthesia qualities including duration of sedation, loss of righting reflex (RR), and loss of paw withdraw reaction during 1 h observation. (A) Duration of sedation. ++P < 0.01, compared with Esk, Dex, and Dex + Esk. **P < 0.01, compared with Dex and Dex + Esk groups. (B) Duration of loss of RR. +P < 0.05, compared with Esk.**P < 0.01, compared with Dex 1 mg/kg and Dex + Esk groups. ##P < 0.01, compared with Dex 1 mg/kg and Dex + Esk. ∧∧P < 0.01, compared with Dex 0.5 + Esk. &&P < 0.01, compared with Dex 0.25 mg/kg + Esk. $$P < 0.01, compared with Dex 1 mg/kg + Esk. &&P < 0.01, compared with Dex 1 mg/kg + Esk. (C) Duration of loss of pedal withdrawal reaction (PWR). ++P < 0.01, compared with Esk, Dex, and Dex + Esk groups. **P < 0.01, compared with Dex and Dex + Esk groups. ##P < 0.01, compared with Dex 0.5 mg/kg, Dex 1 g/kg, and Dex + Esk groups. ∧∧P < 0.01, compared with Dex 1 mg/kg and Dex + Esk groups. $P < 0.05, compared with Dex 1 mg/kg + Esk. $P < 0.05, compared with Dex 1 mg/kg + Esk.




c-Fos Expression in Mice Brain

c-Fos protein induced by Esk increased in neurons in the cerebral cortex, hippocampus, thalamus, amygdala, hypothalamus, and cerebellum in mice brains (Figures 4–9 and Supplementary Figure 1). Dex 0.25, 0.5, and 1 mg/kg decreased significantly the level of c-Fos expression in these regions triggered by Esk, which was presented in Western Blot results. Figures 4–9 show the representative results related to Esk -induced neuronal hyperactivities.


[image: Figure 4]
FIGURE 4. Expression of c-Fos in the cerebral cortex in the mice brain regions 1 h after injection of Esk. *P < 0.01, compared with the saline group (n = 6).



[image: Figure 5]
FIGURE 5. Expression of c-Fos in the hippocampus in the mice brain regions 1 h after injection of Esk. *P < 0.01, compared with the saline group (n = 6).



[image: Figure 6]
FIGURE 6. Expression of c-Fos in the thalamus in the mice brain regions 1 h after injection of Esk. *P < 0.01, compared with the saline group (n = 6).



[image: Figure 7]
FIGURE 7. Expression of c-Fos in the amygdala in the mice brain regions 1 h after injection of Esk. *P < 0.01, compared with the saline group (n = 6).



[image: Figure 8]
FIGURE 8. Expression of c-Fos in the hypothalamus in the mice brain regions 1 h after injection of Esk. *P < 0.01, compared with the saline group (n = 6).



[image: Figure 9]
FIGURE 9. Expression of c-Fos in the cerebellum in the mice brain regions 1 h after injection of Esk. *P < 0.01, compared with the saline group (n = 6).




Western Blot Result

Esketamine groups had higher levels of c-Fos than saline groups. Dex 0.25, 0.5, and 1 mg/kg with Esk showed less c-Fos expression than Esk alone. There was no significant difference in c-fos expression in Dex + Esk groups (P < 0.05) (Figures 10, 11).


[image: Figure 10]
FIGURE 10. Representative Western Blot results for c-Fos expression in mice whole brain at 1 h after injection.



[image: Figure 11]
FIGURE 11. Group analysis of c-Fos expression over the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ratio in mice whole brain at 1 h after injection. **P < 0.01, compared with saline and Dex groups. ++P < 0.01, compared with the Esk group.





DISCUSSION

Psychogenic effects were the major concern when ketamine or Esk was used in anesthesia. Dex, a highly selective α2 adrenoceptor agonist, was recommended to prevent ketamine-induced psychological effects and improve anesthesia quality (Calhoun et al., 2015). There is minimal knowledge regarding the efficacy of Dex on psychogenic effects of Esk. It is necessary to reveal the effect of Dex on Esk-induced psychological effects to guide clinical practice (Lee, 2019).

In this study, we found that the Esk-induced neuronal side effects were manifested as overactivities in mice behaviors and highly expressed c-Fos in mice brains; Dex at doses of 0.25, 0.5, and 1 mg/kg efficiently relieved Esk-induced neural overactivities including ataxia, excitation, and catalepsy; Dex at doses of 0.25, 0.5, and 1 mg/kg efficiently alleviated the Esk-induced neurotoxicity, which was manifested as the c-Fos expression in the mice brain; Dex and Esk synergically improved the anesthesia quality, which was assessed by PWR and RR; and Dex dose-dependently extended the recovery time, whether using it alone or in combination with Esk.

Ketamine and its enantiomer S(+)-ketamine isoform, Esk, both have dissociative effects (Zanos et al., 2018). The dissociative effects include loss of self, inability to move the body, and isolation of mind from body. The symptoms are similar to schizophrenia and are called schizophrenia-like changes (Marland et al., 2013). The patient with ketamine anesthesia will experience emergence phenomena, which manifested by floating sensation, vivid pleasant dreams, nightmares, hallucination, and delirium (Bokor and Anderson, 2014). It was revealed that Esk could induce neuronal hyperactivities in mice, which were manifested as high expression of c-Fos in this study. The neurotoxicity may relate to the behavioral changes after the administration of ketamine (Vaisanen et al., 2004). The abnormal behaviors including ataxia, excitation, and catalepsy were consistent with the c-Fos expression in brain regions, which contained the cerebral cortex, hippocampus, thalamus, hypothalamus, and cerebellum. c-Fos expression is widely used to indicate neuronal hyperactivities, especially high glutamatergic input and subsequent activation of NMDA receptors. Therefore, in this study, c-Fos was applied to confirm neuronal excitation (Cano-Ramirez et al., 2021). To prevent these side effects, midazolam, propofol, and Dex were widely used with ketamine or Esk. Dex was commonly used with Esk in animal anesthesia (Bauer et al., 2019). Because of using Dex antagonist, and atipamezole, Dex dose is usually high in animal anesthesia. No matter how much dose of Dex was used, atipamezole can reverse its effect in about 5 min (Bauer et al., 2019). However, there is no Dex antagonist for human so far. Therefore, it is important to determine the optimal dosage of Dex to prevent Esk-induced neurotoxicity in clinical practice.

In this study, we found that Dex 0.25, 0.5, and 1 mg/kg efficiently alleviated the Esk-induced overactive behaviors and neuronal toxicity. There was no difference between these doses in abnormal behaviors and c-Fos expression. But the recovery time was extended to about 10 h in the mice treated with the combination of 0.5 or 1 mg/kg Dex with Esk. The recovery time of the combination of 0.25 mg/kg Dex with Esk was about only 1.5 h. Considering recovery time, 0.25 mg/kg Dex is the priority over 0.5 or 1 mg/kg Dex to efficiently alleviate Esk-induced neuronal side effects in Kunming mice. In addition, in this study, the duration of anesthesia, which was demonstrated by loss of RR and PWR, was also about 1.5 h and fit for most minor surgery.

Dexmedetomidine was recommended to administrate intravenously by a loading dose of 1 μg/kg followed by an infusion of 0.2–0.7 μg/kg/h (Weerink et al., 2017; Reel and Maani, 2021). According to our results, first, it may be not necessary to infuse Dex continuously after a loading dose when using with Esk because Dex has a long half time (about 120 min in human) (Weerink et al., 2017); second, the loading dose should be decreased to improve side effects when using with Esk.

According to pharmacological mechanisms, Esk and Dex have opposite effects on the cardiovascular system. During anesthesia, Esk and ketamine have side effects of increased blood pressure and heart rate; however, Dex and clonidine lowered blood pressure and heart rate (Mondardini et al., 2019; Wang et al., 2019, 2021; Reel and Maani, 2021). Therefore, it is reasonable to combine Esk and Dex or clonidine in anesthesia, especially in pediatric anesthesia. It was reported that the combination of ketamine and clonidine was more effective than the nebulization of ketamine alone and caused no serious adverse effects including hemodynamic instability (Shekhar et al., 2019). Jigar Patel et al. also found that combined low-dose clonidine and ketamine-induced perioperative sedation and effective suppression of sympathetic response with stable hemodynamics (Patel et al., 2016). This study also showed that the combination of Dex and Esk could synergically enhance each other in sedation and analgesia. In this study, it was indicated that the duration of loss of RR, duration of loss of PWR, and duration of sedation in combination groups were longer than that in groups with corresponding doses of Dex or Esk alone. Therefore, combination administration extremely decreases the dose of Dex and Esk to get the desired anesthesia situation, which needs a higher dose when using alone. Less doses of Dex and Esk will produce less side effects. The side effects of Dex included hypotension, bradycardia, and respiratory depression, and extension of recovery time (Bokor and Anderson, 2014). This study focused on the recovery time, without assessment of hypotension, bradycardia, and hypothermia. Evidence has proved that less Dex causes less incidence of hypotension, bradycardia, and hypothermia (Burnside et al., 2013). In this study, one mouse with Dex 1.0 mg + Esk died due to respiratory depression during the experiment. Moreover, it was also indicated that a high dose of Esk or ketamine produces a high incidence of psychological effects in patients (Fedgchin et al., 2019; Popova et al., 2019; Bozymski et al., 2020). So, the combination of Dex and Esk not only improves the quality of anesthesia but also decreases their dose and the incidence of side effects of each other.

Respiratory depression is a severe side effect for both Esk and Dex. Both Esk and Dex must be used under monitoring and available breath support. However, it was widely accepted that Dex and clonidine have less effect on respiratory function due to their unique mechanism, alpha-2 agonist (Nguyen et al., 2017). However, in this study, we found that Dex can dose-dependently extend the recovery time. It implied that an unnecessary high dose of Dex may still cause respiratory depression in anesthesia. In fact, in this study, one mouse administrated with Dex and Esk died due to respiratory depression. So, attention should be paid to breathing depression when a high dose of Dex is used with any other anesthetics.

In this study, the mice were about 1 month old which is considered immature. This is the limitation of this study. The adult mice are about from 3 to 6 months. So, in this study, the interpretation of the findings may favor the administration of Esk and Dex in pediatric anesthesia. Another limitation of this study is that the number of mice in each group was small. Most subgroups had six mice. The small number of mice might not represent the general changes of behaviors for all mice.



CONCLUSION

This study suggested that Dex at doses of 0.25, 0.5, and 1 mg/kg could efficiently alleviate Esk-induced neuronal side effects in mice. However, only 0.25 mg/kg Dex could efficiently prevent Esk-induced neuronal side effects without extension of recovery time. Therefore, consideration of recovery time, a single low dose of Dex could be sufficient to prevent the psychological effects induced by Esk in mice. These findings may help to guide the administration of Dex with Esk in clinical anesthesia to avoid the side effects of each other. A further clinical study is necessary to determine the optimal dosage of Dex to prevent Esk-induced neuronal side effects.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee of Zhengzhou Central Hospital.



AUTHOR CONTRIBUTIONS

QC prepared and wrote the manuscript, performed data analysis, and contributed to manuscript review and preparation. KZ aided in study design, collected and analyzed data, and contributed to manuscript writing and review. YB collected data, prepared tables and figures, and contributed to manuscript review and preparation. HS prepared and performed the animal experiment. DZ contributed to the experiment of Western Blot. MZ prepared and performed an IHC experiment. PZ improved English writing. XJ designed this study, performed data analysis, contributed to manuscript writing and review, and supervised all aspects of this study. All authors read and approved the final manuscript.



ACKNOWLEDGMENTS

The authors thank Jianping Ye for constructive discussions.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2021.735569/full#supplementary-material

Supplementary Figure 1. The regions of c-Fos expression in the mice brain.



REFERENCES

 Bauer, C., Schillinger, U., Brandl, J., Meyer-Lindenberg, A., Ott, A., and Baumgartner, C. (2019). Comparison of pre-emptive butorphanol or metamizole with ketamine +medetomidine and s-ketamine + medetomidine anaesthesia in improving intraoperative analgesia in mice. Lab Anim. 53, 459–469. doi: 10.1177/0023677218815208

 Bokor, G., and Anderson, P. D. (2014). Ketamine: an update on its abuse. J. Pharm. Pract. 27, 582–586. doi: 10.1177/0897190014525754

 Bozymski, K. M., Crouse, E. L., Titus-Lay, E. N., Ott, C. A., Nofziger, J. L., and Kirkwood, C. K. (2020). Esketamine: a novel option for treatment-resistant depression. Ann. Pharmacother. 54, 567–576. doi: 10.1177/1060028019892644

 Burnside, W. M., Flecknell, P. A., Cameron, A. I., and Thomas, A. A. (2013). A comparison of medetomidine and its active enantiomer dexmedetomidine when administered with ketamine in mice. BMC Vet. Res. 9:48. doi: 10.1186/1746-6148-9-48

 Calhoun, G., Wang, L., Almeida, L. E., Kenyon, N., Afsar, N., Nouraie, M., et al. (2015). Dexmedetomidine ameliorates nocifensive behavior in humanized sickle cell mice. Eur. J. Pharmacol. 754, 125–133. doi: 10.1016/j.ejphar.2015.02.027

 Cano-Ramirez, H., Perez-Martinez, L. P., and Hoffman, K. L. (2021). Dataset on c-Fos expression within components of corticostriatal thalamocortical circuits during the expression of a compulsive-like behavior in the female rabbit: Brain-behavior relationships. Data Brief 34:106696. doi: 10.1016/j.dib.2020.106696

 Cendelin, J. (2014). From mice to men: lessons from mutant ataxic mice. Cerebellum Ataxias 1:4. doi: 10.1186/2053-8871-1-4

 Fedgchin, M., Trivedi, M., Daly, E. J., Melkote, R., Lane, R., Lim, P., et al. (2019). Efficacy and safety of fixed-dose esketamine nasal spray combined with a new oral antidepressant in Treatment-Resistant Depression: Results of a Randomized, Double-Blind, Active-Controlled Study (TRANSFORM-1). Int. J. Neuropsychopharmacol. 22, 616–630. doi: 10.1093/ijnp/pyz039

 Grabski, M., Borissova, A., Marsh, B., Morgan, C. J. A., and Curran, H. V. (2020). Ketamine as a mental health treatment: are acute psychoactive effects associated with outcomes? A systematic review. Behav. Brain Res. 392:112629. doi: 10.1016/j.bbr.2020.112629

 Herrera, D. G., and Robertson, H. A. (1990). N-methyl-D-aspartate receptors mediate activation of the c-fos proto-oncogene in a model of brain injury. Neuroscience 35, 273–281. doi: 10.1016/0306-4522(90)90081-E

 Himmelseher, S., and Pfenninger, E. (1998). [The clinical use of S-(+)-ketamine–a determination of its place]. Anasthesiol. Intensivmed. Notfallmed. Schmerzther 33, 764–770. doi: 10.1055/s-2007-994851

 Jelen, L. A., Young, A. H., and Stone, J. M. (2021). Ketamine: a tale of two enantiomers. J. Psychopharmacol. 35, 109–123. doi: 10.1177/0269881120959644

 Kaur, U., Pathak, B. K., Singh, A., and Chakrabarti, S. S. (2021). Esketamine: a glimmer of hope in treatment-resistant depression. Eur. Arch. Psychiatry Clin. Neurosci. 271, 417–429. doi: 10.1007/s00406-019-01084-z

 Lee, S. (2019). Dexmedetomidine: present and future directions. Korean J. Anesthesiol. 72, 323–330. doi: 10.4097/kja.19259

 Marland, S., Ellerton, J., Andolfatto, G., Strapazzon, G., Thomassen, O., Brandner, B., et al. (2013). Ketamine: use in anesthesia. CNS Neurosci. Ther. 19, 381–389. doi: 10.1111/cns.12072

 Mondardini, M. C., Amigoni, A., Cortellazzi, P., Di Palma, A., Navarra, C., Picardo, S. G., et al. (2019). Intranasal dexmedetomidine in pediatrics: update of current knowledge. Minerva Anestesiol. 85, 1334–1345. doi: 10.23736/S0375-9393.19.13820-5

 Nguyen, V., Tiemann, D., Park, E., and Salehi, A. (2017). Alpha-2 agonists. Anesthesiol. Clin. 35, 233–245. doi: 10.1016/j.anclin.2017.01.009

 Nowacka, A., and Borczyk, M. (2019). Ketamine applications beyond anesthesia - a literature review. Eur. J. Pharmacol. 860:172547. doi: 10.1016/j.ejphar.2019.172547

 Olney, J. W., Labruyere, J., and Price, M. T. (1989). Pathological changes induced in cerebrocortical neurons by phencyclidine and related drugs. Science 244, 1360–1362. doi: 10.1126/science.2660263

 Olney, J. W., Labruyere, J., Wang, G., Wozniak, D. F., Price, M. T., and Sesma, M. A. (1991). NMDA antagonist neurotoxicity: mechanism and prevention. Science 254, 1515–1518. doi: 10.1126/science.1835799

 Patel, J., Thosani, R., Kothari, J., Garg, P., and Pandya, H. (2016). Clonidine and ketamine for stable hemodynamics in off-pump coronary artery bypass. Asian Cardiovasc. Thorac. Ann. 24, 638–646. doi: 10.1177/0218492316663359

 Popova, V., Daly, E. J., Trivedi, M., Cooper, K., Lane, R., Lim, P., et al. (2019). Efficacy and safety of flexibly dosed esketamine nasal spray combined with a newly initiated oral antidepressant in treatment-resistant depression: a randomized double-blind active-controlled study. Am. J. Psychiatry. 176, 428–438. doi: 10.1176/appi.ajp.2019.19020172

 Reel, B., and Maani, C. V. (2021). Dexmedetomidine. Treasure Island, FL: StatPearls.

 Shekhar, S., Gupta, A., Gunjan, G.upta S., and Singh, K. (2019). Comparison of nebulized ketamine and ketamine with clonidine in postoperative sore throat. Anesth Essays Res. 13, 313–316. doi: 10.4103/aer.AER_19_19

 Stone, J. M., Dietrich, C., Edden, R., Mehta, M. A., De Simoni, S., Reed, L. J., et al. (2012). Ketamine effects on brain GABA and glutamate levels with 1H-MRS: relationship to ketamine-induced psychopathology. Mol. Psychiatry 17, 664–665. doi: 10.1038/mp.2011.171

 Taiji, K. (2004). [Dexmedetomidine hydrochloride (Precedex), a new sedative in intensive care, its pharmacological characteristics and clinical study result]. Nippon. Yakurigaku Zasshi 124, 171–179. doi: 10.1254/fpj.124.171

 Tian, Z., Dong, C., Fujita, A., Fujita, Y., and Hashimoto, K. (2018). Expression of heat shock protein HSP-70 in the retrosplenial cortex of rat brain after administration of (R,S)-ketamine and (S)-ketamine, but not (R)-ketamine. Pharmacol. Biochem. Behav. 172, 17–21. doi: 10.1016/j.pbb.2018.07.003

 Vaisanen, J., Ihalainen, J., Tanila, H., and Castren, E. (2004). Effects of NMDA-receptor antagonist treatment on c-fos expression in rat brain areas implicated in schizophrenia. Cell. Mol. Neurobiol. 24, 769–780. doi: 10.1007/s10571-004-6918-7

 Wang, J., Huang, J., Yang, S., Cui, C., Ye, L., Wang, S. Y., et al. (2019). Pharmacokinetics and safety of esketamine in chinese patients undergoing painless gastroscopy in comparison with ketamine: a randomized, open-label clinical study. Drug Des. Devel. Ther. 13, 4135–4144. doi: 10.2147/DDDT.S224553

 Wang, X., Lin, C., Lan, L., and Liu, J. (2021). Perioperative intravenous S-ketamine for acute postoperative pain in adults: a systematic review and meta-analysis. J. Clin. Anesth. 68:110071. doi: 10.1016/j.jclinane.2020.110071

 Weerink, M. A. S., Struys, M., Hannivoort, L. N., Barends, C. R. M., Absalom, A. R., and Colin, P. (2017). Clinical pharmacokinetics and pharmacodynamics of dexmedetomidine. Clin. Pharmacokinet. 56, 893–913. doi: 10.1007/s40262-017-0507-7

 Zanos, P., Moaddel, R., Morris, P. J., Riggs, L. M., Highland, J. N., Georgiou, P., et al. (2018). Ketamine and ketamine metabolite pharmacology: insights into therapeutic mechanisms. Pharmacol. Rev. 70, 621–660. doi: 10.1124/pr.117.015198

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Chu, Zhu, Bai, Shang, Zhang, Zhao, Zheng and Jin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnhum-15-735569-g005.gif





OPS/images/fnhum-15-735569-g006.gif





OPS/images/fnhum-15-735569-g003.gif
P

T

om—
P

FeTR—

)






OPS/images/fnhum-15-735569-g004.gif





OPS/images/fnhum-15-735569-g009.gif





OPS/images/fnhum-15-735569-g007.gif
xa0e

x100






OPS/images/fnhum-15-735569-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Single Low Dose of Dexmedetomidine Efficiently Attenuates Esketamine-Induced Overactive Behaviors and Neuronal Hyperactivities in Mice



		Introduction



		Materials and Methods



		Ethics Statement



		Animals



		Drugs



		Experimental Design



		Experimental Procedure



		Immunohistochemistry



		Western Blot



		Statistical Analysis







		Results



		General Behavioral Performance After Intraperitoneal Administration of Esk and Dex



		Time to Action



		Recovery Time



		Overactive Behaviors



		Anesthesia Assessment



		c-Fos Expression in Mice Brain



		Western Blot Result







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers .
in Human Neuroscience

A Single Low Dose of
Dexmedetomidine Efficiently
Attenuates Esketamine-Induced
Overactive Behaviors and Neuronal
Hyperactivities in Mice





OPS/images/fnhum-15-735569-t001.jpg
Groups

Saline
Esk

Dex 0.25 mg/kg

Dex 0.5 mg/kg

Dex 1.0 mg/kg

Dex 0.25 mg/kg+Esk

Dex 0.5 mg/kg+Esk

Dex 1 mg/kg+Esk

Sample size

n=6#
n=6i
n=T#

Treatment (ip)

Saline
Esketamine 50
mg/kg
Dexmedetomidine
0.25 mgkg
Dexmedetomidine
050 mg/kg
Dexmedetomidine
1.0 mg/kg
Dexmedetomidine
025
mg/kg+Esketamine
50 mg/kg
Dexmedetomidine
050
mg/kg+Esketamine
50 mg/kg
Dexmedetomidine
10
mg/kg+Esketamine
50 mg/kg

*Another six mice in Dex groups were repeatedly used three times to evaluate the recovery
time from low dose of dexmedetomidine to high dose alowing washout for 1 week
between the experiments. #Another six mice were also assigned into Dex+Esk groups
to assess the recovery time allowing repeated use.





OPS/images/fnhum-15-735569-g001.gif
4530004 x00
A530050 %00

wasz0x00

001 x00
os0x00
sz0x00
w3

+ foures

(ona) vopay o3 .

¥s24sz0 %00

0400
o500
szoxa
w3

oupes






OPS/images/fnhum-15-735569-g002.gif





OPS/images/fnhum-15-735569-g011.gif
g
S
& 1 X0Q+4s3
2 xaq
x 453
] sujles
2
° +
£ 4 xeQ+4s3
3 xoq
° ¥ 253
1] auljes
2
ms 1 Hl-xeasys3
& . xaq
s ¥ 253
0 auljes
o e a— —
s v o ©w o
& < £ 8 S

(p1o4) oney HadV9/so4-2





OPS/images/fnhum-15-735569-g010.gif
4

@ & <
| - cFos(s0KDa)
Dex - c-Fos(41kDa)
0.25mg’kg |- GAPDH(37kDa)
— c-Fos(50kDa)
Dex
0.50mg/kg pobet

— GAPDH(7KDa)

- cFos(s0KDa)

Dex | — c-Fos(41kD:;
1.00mg/kg  GAPDH@TKDa)










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





