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Background: Subanesthetic ketamine has been used for treatment-resistant depression and is popular as 

an opioid-sparing agent. 

Objective: The present study aimed to investigate the dose-dependent antinociceptive effect of intranasal 

ketamine (INK) along with behavioral and neurophysiological safety in mice. 

Methods: Antinociceptive efficacy was evaluated in the terms of thermal nociceptive response and for- 

malin test. The safety studies were carried out separately in healthy mice using telemetry-based cortical 

electroencephalography, hemodynamic changes, and spontaneous behavioral functions, including anxiety, 

stereotypic movement, and locomotor functions. 

Results: INK administration significantly augmented the thermal nociceptive threshold and alleviated the 

pain response in the tonic phase of the formalin test. The results showed the dose-independent effective- 

ness of ketamine for thermal nociceptive responses because there were no significant differences among 

different INK dose groups. Behavioral safety analysis using the open field exploratory test revealed no sig- 

nificant effect of INK on anxiety-like functions in healthy mice. However, INK mice showed significantly 

more stereotypic movement but slower locomotor activities. The electroencephalography signal power 

spectrum density analysis revealed no significant changes by INK administration except a lower value in 

the α range. No significant changes were reported in heart rate, diastolic blood pressure, or systolic blood 

pressure at the higher dose equivalent used in the pain model. 

Conclusions: The study demonstrated the behavioral and neurophysiological safety of INK, although it had 

a mild sedative effect. Therefore, INK is suggested as a potentially safe candidate for the management of 

acute pain. (Curr Ther Res Clin Exp. 2021; 82:XXX–XXX) 

© 2021 Elsevier HS Journals, Inc. 

© 2021 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction 

Acute pain management is very challenging in the austere pre- 

ospital environment, wilderness, and battlefield. In resources- 

eprived areas, it is difficult to adhere to the World Health Or- 

anization analgesic ladder. Due to the serious cardiorespiratory 

omplications of opioids, nonsteroidal anti-inflammatory drugs 

NSAIDs) are the primary choice for mild-to-moderate pain in sur- 

ical settings. However, NSAID poisoning of platelet function may 

orsen hemostasis in cases of excessive bleeding. 1 Although se- 

ective cyclooxygenase-2 inhibitors could be a suitable alternate, 
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oth the NSAID and cyclooxygenase-2 inhibitors may cause renal 

omplications in dehydrated patients experiencing austere environ- 

ents. 2 , 3 

Ketamine is widely used as an anesthetic agent in both experi- 

ental animal studies and clinically. Ketamine represents a unique 

roperty to induce electrophysiological dissociation between the 

halamocortical and limbic systems. 4 It is a noncompetitive an- 

agonist to the phencyclidine site of the N-methyl-D-aspartate 

NMDA) receptor for the excitatory neurotransmitter glutamate. 

esides an anesthetic, ketamine is being used for several clinical 

onditions like chronic obstructive airway disease, opioid-induced 

yperalgesia, status epilepticus, and depression. 5 , 6 The complex 

echanism of action and diverse function of ketamine is attributed 

o its interaction with numerous receptors and subreceptor sys- 

ems, including nicotinic, muscarinic, cholinergic, monoaminergic, 

nd opioid receptors. 7 The subanesthetic doses of ketamine alone 
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r in combination with other agents like midazolam has been used 

n relieving pain associated with burn dressing, procedure-related 

ain in pediatric oncology patients, and postoperative pain. 8 

Therefore, the ketamine in a subanesthetic dose may be a 

uitable option for acute pain management in surgery settings. 

owever, pain management in an austere setting carries several 

nique challenges like the overdose safety, size of the kit, and self- 

sability of analgesics. Therefore, the intranasal route can be a con- 

enient and effective route for the self-administration of drugs. Be- 

ides being simple and noninvasive, the intranasal route is very 

uitable for patients with nausea or vomiting. The nasal cavity is a 

nique portal for drug delivery to the brain through the trigeminal 

nd olfactory pathways. The nasal route is easy and simple for self- 

dministration of drugs to reach the brain parenchyma by bypass- 

ng the major physiological barriers and hepatic/gastrointestinal 

rst pass. Therefore, in light of the major challenges presented 

y austere settings in acute pain management, the present study 

imed to investigate the dose-dependent antinociceptive efficacy of 

ntranasal ketamine in a rodent model of acute pain. Ketamine was 

urther evaluated for behavioral and neurophysiological safety. 

aterials and Methods 

nimals 

C57BL/6J female mice weighing ∼22 g and aged 2 months were 

ssued from an in-house inbred colony. Mice were acclimatized 

or 1 week to a behavioral lab environment under a 12/12 light- 

ark cycle, temperature of 22 ̊C ( ±1 ̊C), and free access to food 

nd water. Behavioral lab conditions and acclimatization sched- 

le were based on our earlier study. 9 All experiments were per- 

ormed with the approval of the institute’s animal ethics commit- 

ee (8/GO/RBi/S/99/CPCSEA). 

xperimental design 

Animals were divided into 4 groups, n = 7 each. The sample 

ize was based on earlier recommendations and suggestions. 10 

roup I: control, group II through group IV: 20 mg/kg, 5 mg/kg, 

nd 1 mg/kg ketamine, respectively. Ketamine was administered 

ntranasally (INK) using a micropipette. Ketamine prescription 

or animal research purposes was obtained from a government- 

uthorized registered veterinarian. The clinically used ketamine 

ormulation ketamine hydrochloride (Indian Pharmacopeia) 50 

g/mL was procured from a reputable drug store and verified 

hrough batch number verification. The desired concentration was 

btained using phosphate-buffered saline. The final volume for INK 

as 10 μL. Control mice were administered an equal volume of in- 

ranasal saline. Mice cages were randomly assigned coded labels 

nd the experimenter was blind to treatment groups. Mice were 

hen tested for spontaneous behavioral functions. Similar separate 

roups of mice were used to assess the dose-dependent efficacy 

f ketamine against the thermal nociceptive threshold. In view of 

he 3R (Replacement, Reduction and Refinement) principles of ju- 

icious animal use, the formalin test was carried out at only the 

ower dose level (1 mg/kg) and compared with the saline ad- 

inistered mice. Similarly, hemodynamic changes and electroen- 

ephalography analysis were carried out at the higher dose level 

ollowing 30 minutes of INK administration. The lowest dose se- 

ected in the present study was based on the earlier finding. 11 

ehavioral assays 

hermal nociception 

For the quantification of the central analgesic effect of ke- 

amine, the thermal nociceptive threshold of mice was measured 
2 
sing a hot-plate test. After 30 minutes of drug administration, 

ice were placed individually on a hot plate maintained at 52 ̊C 

 ±1 °C), and reaction time was recorded. Reaction time was con- 

idered as latency to flick or lick the paw. Mice were not tested 

eyond cutoff time (20 second). 

ormalin test 

A formalin test was performed as described earlier 12 with mi- 

or modifications. Precisely 20 μL 2% formalin solution was in- 

ected into the dorsal surface of the left hind paw of each mouse 

after 15 minutes of ketamine administration), using a 26-gauge 

eedle. Immediately thereafter, the mouse was kept in a transpar- 

nt cage and the video was recorded. The time spent licking or 

iting the affected paw during the first phase (0–5 minutes) and 

 second phase (15–20 minutes) was measured as an indicator of 

ain. 

pontaneous behavioral functions 

The spontaneous behavioral functions of mice were recorded 

sing an automated behavioral monitoring system Opto-Varimex 

ersion 4.93 (Columbus Instruments, Columbus, Ohio) as described 

reviously with minor modifications. 13 Mice were placed for 5 

inutes in test arena units (35 × 29 × 10 cm) equipped with in- 

rared sensors and the analysis was carried out for various param- 

ters: total distance (in centimeters), stereotypic movements (in 

econds), distance traveled in the center (in centimeters), and rest- 

ng time in the XY plane. The behavioral observation was carried 

ut 30 minutes following drug administration. 

emodynamic measurements 

INK-induced changes in hemodynamic parameters were 

ecorded using CODA NIBP System (Kent Scientific, Torrington, 

onnecticut) according to technical instruction provided. For the 

nitial 3 days, mice were acclimatized to the apparatus to elimi- 

ate possible restraining stress-induced changes in hemodynamic 

arameters. Following the acclimatization, there was a substantial 

ecrease in standard deviation, and values of different parameters 

ttained steady-state (see the Supplemental Figure in the online 

ersion at doi: 10.1016/j.curtheres.2021.100627 ). On testing day, 

ice were kept in a restraining tube on a pre-heated warming 

latform maintained at 37 °C after 30 minutes of ketamine (20 

g/kg) administration. Occlusion cuff and volume pressure record- 

ng cuffs were placed on the tail of mice and measurements were 

aken. Finally, the values considered true by CODA NIBP software 

ere accepted and averaged for each animal. Data were analyzed 

or the quantification of systolic blood pressure, diastolic blood 

ressure, and mean blood pressure along with heart rate. 

lectroencephalography 

The ketamine-induced changes in the cortical biopotentials 

ere recorded using a wireless electroencephalography (EEG) sys- 

em. For EEG transmitter implantation, mice were deeply anes- 

hetized using the cocktail of ketamine (90 mg/kg) and xylazine 

10 mg/kg) at a final volume of 0.1 mL/25 g (intraperitoneal in- 

ection). Mice were kept on a heating pad (37 °C) during the whole 

icrosurgical procedure. Briefly, a midline scalp incision was made 

rom the eyes to the neck to expose the skull. Two tiny burr holes, 

 at each side, were trephined manually on the skull over the 

arietal lobe of both the hemisphere about 1.5 mm posterior to 

regma and 2.0 mm lateral to the sagittal suture. Two screws were 

laced in the holes while touching the surface of the dura and con- 

ected to the transmitter electrodes. Finally, the assembly was se- 

ured to the parietal bone using dental acrylic cement and topi- 

al tissue adhesive (n-butyl-2-cyanoacrylate). The transmitter was 

laced subcutaneously at the back of the mice. After the surgery, 

ice were allowed to recover for 7 days before the acquisition of 

https://doi.org/10.1016/j.curtheres.2021.100627
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Figure 1. Thermal nociceptive response of mice as the withdrawal reflex was quan- 

tified in the hot-plate test. Data were analyzed using a 1-way ANOVA followed by 

Dunnett’s multiple comparisons test and presented as mean and standard error of 

the mean (indicated by vertical bars) (n = 7). ∗Significant difference at P < 0.05. 
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Figure 2. Antinociceptive effects of intranasal ketamine (INK) in the tonic phase of 

the formalin test. Results were analyzed using the Student t test. Data are repre- 

sented as mean and standard error of the mean (n = 7). ∗Statistical significant com- 

parison at P < 0.05. 
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EG data. EEG data acquisition was made through a wireless stellar 

elemetry system (TSE Systems GmbH, Bad Homburg, Germany). 

EG data were recorded continuously in packets of 10 seconds at 

he time interval of 5 minutes for 30 minutes at the rate of 200 

amples per second before (baseline) and after INK administration. 

ata were analyzed using the Acqknowledge version 5.0 (Biopac 

ystems Inc, Goleta, California) software provided with the stellar 

elemetry system. 

tatistical analysis 

Data were analyzed using GraphPad Prism 8 Software (Graph- 

ad Software Inc, La Jolla, California) and presented as mean and 

tandard error of the mean. Statistical significance was computed 

sing a 1-way ANOVA followed by Dunnett’s multiple comparisons 

est (wherever required). For analyzing data of CODA NIBP and for- 

alin test, Student t test was applied. Statistical significance was 

aken at 95% CIs ( P ≤ 0.05). 

esults 

ain and nociceptive threshold 

The nociceptive threshold of mice to the thermal stimuli was 

easured at different doses of INK (20 mg/kg, 5 mg/kg, and 

 mg/kg) using a hot-plate test ( Figure 1 ). The 1-way ANOVA 

howed a significant main effect of groups on latency to re- 

ponse ( F 3,24 = 4.327; P = 0.0183). Post hoc analysis revealed a 

ose-independent increase in latency to reaction time in INK- 

reated mice compared with the control ( P < 0.05). Although INK 

as effective at all the doses tested, no significant difference in 

he nociceptive threshold was observed among different doses of 

etamine. 

The analgesic effect of INK was further evaluated at the lower- 

ost dose (1 mg/kg) using the formalin test. The injection of 2% 

ormalin on the dorsal paw surface produced a biphasic behavioral 

hange in the term of licking/biting of the affected paw both in 

ontrol and ketamine-treated mice ( Figure 2 ). Data were analyzed 

or both the acute (0–5 minutes) and tonic phase (15–20 minutes) 

f nociceptive response following the formalin injection. INK (1 

g/kg) markedly inhibited the formalin-induced pain in the tonic 

hase as indicated by a significant decrease ( P < 0.05) in the time 

pent licking/biting. Results showed that the formalin-induced no- 

iceptive response was nearly 4 times lesser in ketamine-treated 
ice. d

3 
pontaneous behavioral functions 

INK-induced changes in the spontaneous behavioral functions 

ere evaluated in an open field exploratory test arena using in- 

rared sensors. The values were quantified in the terms of total 

ocomotor activities, stereotypic movement, and anxiety-like be- 

avior. INK administration at different doses resulted in signifi- 

ant changes in various spontaneous behavioral functions. One- 

ay ANOVA showed a significant main effect of factor drug doses 

 F 3,24 = 6.582; P = 0.0031) on locomotor activity ( Figure 3 A). Post 

oc analysis showed a significant decrease in locomotor activity 

f treated groups compared with the control group ( P < 0.001; 

 mg/kg and 1 mg/kg and P < 0.05; 20 mg/kg). The activity 

ata showed a significant main effect of treatment ( F 3,24 = 4.163; 

 = 0.02) on resting time ( Figure 3 B). Post hoc analysis showed a 

ignificant ( P < 0.05) increase in the resting time at a lower dose 

1 mg/kg) but not at other higher doses. 

Anxiety-like behavior was accessed in the term of center ex- 

loratory activity in the open field test arena. One-way ANOVA 

howed no significant main effect of treatment ( F 3,24 = 1.261; 

 = 0.3316) on distance traveled in the center ( Figure 4 A). Further, 

tereotypic movements are considered as motor responses without 

 specific purpose or goal. One-way ANOVA showed a significant 

ain effect of treatment ( F 3,24 = 4.211; P = 0.0164) on time spent 

n stereotypic movements ( Figure 4 B). Post hoc multiple compar- 

sons revealed a significant increase in stereotypic movements in 

reated groups at every dose in comparison to the control group ( P 

 0.05). No significant dose-dependent effect of INK was observed 

n the stereotypic movements. 

emodynamic parameter changes 

INK-induced hemodynamic changes were evaluated in the 

erms of systolic pressure, diastolic pressure, mean blood pressure, 

nd heart rate in the restraint mice. Because restraint stress it- 

elf causes tremendous changes in the hemodynamic parameters, 

he mice were acclimatized to the condition for 3 days before the 

est session. Following the acclimatization, when mice attained the 

teady-state in their respective hemodynamic values (see the Sup- 

lemental Figure in the online version at doi: 10.1016/j.curtheres. 

021.100627 ), INK test was carried out on the fourth day. The 

ffect of INK on hemodynamic parameters was evaluated at the 

ighest dose. The effect of INK on the systolic pressure, diastolic 

ressure, mean blood pressure, and heart rate was significantly not 

ifferent from the control mice ( Figure 5 A–5 D). 

https://doi.org/10.1016/j.curtheres.2021.100627
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Figure 3. The total locomotor activity was expressed as (A) distance traveled in the open field exploratory test arena and along with track plots generated through IR beam 

crossing over (representative images) and (B) resting time. Data were analyzed using 1-way ANOVA followed by Dunnett’s multiple comparisons test and presented as mean 

and standard error of the mean (n = 7). ∗Significant difference at P < 0.05. ∗∗Significant difference at P < 0.001. 

Figure 4. Intranasal ketamine (INK)-induced changes in anxiety-like behavior and 

stereotypic movements. (A) Anxiety-like behavior depicted as total distance trav- 

eled in the center of open field. (B) Time spent in stereotypic movements. Results 

were analyzed using 1-way ANOVA followed by Dunnett’s multiple comparisons 

test. Data are presented as mean and standard error of the mean (n = 7). ∗Significant 

comparison at P < 0.05. 

Figure 5. Intranasal ketamine (INK)-induced changes in (A) systolic blood pressure 

(SBP), (B) diastolic blood pressure (DBP), (C) mean blood pressure (BP), and (D) and 

heart rate (HR) following 30 minutes of drug administration. Results were analyzed 

using the Student t test. Data are presented as mean and standard error of the mean 

(n = 7). 

Figure 6. The cortical electroencephalogram (EEG) signals were recorded in mice 

using the radiotelemetry system in the freely moving mice. (A) Gross power spectral 

density (PSD) incomplete frequency band (1–100 Hz). (B) PSD values in the δ band. 

(C) PSD values in the α band and D. Values of α power. Data are presented as mean 

and standard error of the mean. ∗P < 0.05. 
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ortical electroencephalogram 

The cortical EEG signals were recorded in mice using the ra- 

iotelemetry system in the freely moving mice ( Figure 6 ). The 

ower spectral density (PSD) analysis revealed no significant effect 

f ketamine on the intensity in the full frequency band as well as 

he δ band. The PSD value in the α band was significantly reduced 

ollowing INK administration (20 mg/kg) compared with the con- 

rol (baseline) ( Figure 6 C). However, no significant changes in α
ower were reported following the INK administration. 

iscussion 

The results showed the dose-independent effectiveness of INK 

n the nociceptive threshold for thermal stimulus. The lack of in- 

reasing analgesic effect at the higher ketamine dose was also re- 

orted in an earlier clinical study using subdissociative dose of 

NK for moderate-to-severe pain in adult emergency department 

atients. 14 Although it is beneficial in avoiding the overdose side 
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1

1

1  
ffect, the possible reason might be an active mucociliary clear- 

nce and short retention time. Moreover, dose-independent effec- 

iveness might be also due to complete receptor saturation at a 

ower dose. The recommended intranasal drug volume for mouse 

ubjects is only 10 μL for a total nasal volume of 0.03 mL and 

 mean nasal epithelial surface of 2.8 cm 

2 . 15 , 16 Despite a smaller 

urface area, INK was very effective even at the lower dose. The 

ow-dose effectiveness of INK is attributed also to a proportion- 

tely bigger olfactory region in mice, which is 50% of the nasal cav- 

ty in comparison to 10% in humans. 17 The effective analgesic dose 

f INK in previous clinical studies represents a very wide thera- 

eutic window ranging from 0.2 to 50 mg/kg for different pain 

tates. 18–21 Extrapolation of the human equivalent dose of INK for 

ice falls in a rather broader range of 2.46 to 612 mg/kg. In the 

urrent study, the antinociceptive effect of ketamine was further 

ssessed by the formalin test. INK administration significantly al- 

eviated the pain-response in the tonic phase of the formalin test 

ven at a 1 mg/kg dose. An earlier study also reported a similar 

rend where INK was not effective in the first phase of the orofa- 

ial formalin test. 8 We reported that a ketamine dose as high as 

0 mg/kg was physiologically safe in terms of heart rate, diastolic 

lood pressure, and systolic blood pressure. Although ketamine is 

xtensively used in combination with xylazine for preclinical sur- 

ical processes, no sufficient data are available for hemodynamic 

hanges due to ketamine alone, especially for intranasal dose. 22 

arlier clinical findings suggest no significant effect of an intra- 

enous dose of ketamine (3 mg/kg) on blood pressure, heart rate, 

nd respiratory rate. 23 

We have also reported spontaneous behavioral functions, in- 

luding anxiety, stereotypic movement, and total locomotor func- 

ions. The results showed a significant decrease in locomotor ac- 

ivities at an early phase (5 minutes) of open field exploration. 

owever, total locomotor activities for a 10-minute test paradigm 

ere not significantly influenced by INK. No significant effect 

f INK was reported on anxiety-like functions as evaluated by 

enter exploratory tendencies in open field tests. The ketamine- 

dministered mice showed a significantly more stereotypic move- 

ent but higher resting time in the low-dose group. Therefore, 

he doses of INK administered proved to be behaviorally safe 

nd in the range of subdissociative dose. Being a noncompeti- 

ive NMDA receptor antagonists, the reported effect of ketamine in 

ealthy human subjects resemble both positive and negative symp- 

oms of schizophrenia. 24 , 25 However, ketamine in subdissociative 

oses is suggested to be behaviorally safe. 26 Moreover, ketamine 

as proven effective in treating affective dysfunctions like depres- 

ion. 27 , 28 Nevertheless, comprehensive preclinical behavioral anal- 

sis following low-dose INK administration is not available. 

Furthermore, we recorded the cortical EEG using the ra- 

iotelemetry system in freely moving mice. There was a signifi- 

ant decrease in the EEG signal PSD value in the α band but not 

n other frequency bands. The decreased α PSD value corroborates 

ith a deceased locomotor function in the early phase of open 

eld exploration. In an earlier study, electrophysiological record- 

ngs in mice with ketamine and other NMDA receptor antagonists 

esembled the EEG features of schizophrenia. 29 Clinical findings 

uggest dose-dependent increases in δ PSD. Ketamine dose rang- 

ng from 0.2 to 0.5 mg/kg is reported to increase the θ and de- 

rease α in comparison to baseline values. 30 Although contrary to 

ur finding, the previous studies are not an exact match due to 

he difference in method, route of administration, and the dose of 

etamine. Because we employed a wireless radiotelemetry system 

n freely moving mice, it offers an advantage to attain precision in 

ontrast to classical procedures such as tethered systems or jacket 

ystems containing recorders. Therefore, the present study repre- 

ents a unique finding of cortical biopotential changes in freely 

oving mice following INK administration. 
5 
onclusions 

Our results conclusively demonstrate the behavioral and neu- 

ophysiological safety of INK at an effective dose for acute pain 

anagement. It is suggestive of a potential candidate for acute 

ain management, especially in an austere setting like wilderness 

r surgery environments. Nevertheless, further study is warranted, 

specially in relation to the development of suitable intranasal for- 

ulation and device for self-administration in austere settings. 
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