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  Background:  Obesity exacerbates chemically-induced neurodegeneration.  N-methyl-D-aspartate (NMDA) antagonists such as 

ketamine prevent excitotoxicity and are neuroprotective against acute brain injury, but can also be toxic.  In low doses they induce 

reversible neuronal injury, but in higher doses they cause irreversible degeneration of cerebrocortical neurons.  This study was 

designed to evaluate the neurotoxic effect of ketamine on obesity-induced neurotoxicity in the young mouse brain.

  Methods:  Five-week-old female wild and obese type (C57BL6) mice were randomly allocated into three groups (n=6 each) 

receiving a single intraperitoneal injection of (i) saline (control); (ii) ketamine (50 mg/kg); (iii) or ketamine (100 mg/kg).  Three 

hours after ketamine administration, their brains were prepared histologically for quantitative assessment of the number of posterior 

cingulate/retrosplenial (PC/RS) neurons with vacuolation at a specific rostrocaudal level.

  Results:  Pyramidal neurons containing cytoplasmic vacuoles in layers III and IV of the PC/RS cortex were observed in all 

groups of mice, except wild-type mice that received saline injections.  Ketamine produced a dose-dependent vacuolization in both 

types of mice, which was more prominent in obese mice (P ＜ 0.05).

  Conclusions:  Administration of ketamine in young obese mice can exacerbate neurotoxicity.  (Korean J Anesthesiol 2008; 

55: 473∼8)
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  INTRODUCTION

　Recently, the rate and number of obese persons in all soci-

eties have been increasing with epidemic speed. Obesity affects 

approximately one third of the adult population in the United 

States.1-3) The rates of childhood and adolescent obesity are al-

so high and are rising throughout the developed world.2,4) 

Obesity is a major risk factor associated with a variety of hu-

man disorders including diabetes, hyperlipidemia, cholelithiasis, 

gastroesophageal reflux disease, cirrhosis, degenerative joint and 

disk disease, sleep disorders, and emotional and altered body 

image disorders.1,2,5) Obesity is also associated with greater per-

ioperative morbidity and mortality, such as deep vein thrombo-

sis and its consequences, most often as a result of inactivity. 

A person who is 30% overweight has a 40% increased chance 

of dying of heart disease and a 50% increased chance of dy-

ing of a stroke.1) So obesity itself, its complications, and its 

treatment have significance for the anesthesiologist.

　Ketamine is a widely used pediatric anesthetic because it is 

easy to administer for either sedative or anesthetic purposes 

and has a low incidence of cardiorespiratory depression. But, 

ketamine induces undesirable psychological reactions, such as 

vivid dreams, thought disorder and hallucinations.6-9) Reports 

from developing countries indicate a complication rate of less 

than 0.2%.7) Side effects of ketamine are the most common 

being increased salivation, purposeless movements, agitation, 

and emergence reactions. Children usually have a lower in-

cidence of and less severe emergence reactions.6,7) Combination 

with a benzodiazepine may be indicated to limit the unpleasant 

emergence reactions and also increase amnesia.6) It acts primar-

ily through the blockade of the N-methyl-D-aspartate (NMDA) 

type of glutamate receptors. NMDA antagonists such as ket-

amine, phencyclidine (PCP), and MK-801 produce vacuoles in 

neurons within the anatomically restricted posterior cingu-

lated/retrosplenial (PC/RS) cortex of the rat brain.10-13) In gen-

eral, obesity may be an underlying factor in the enhanced vul-

nerability to neurotoxic damage. Also, obesity exacerbates chem-

ically induced neurogeneration.14) So, the present study was un-
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dertaken to investigate the effect of ketamine on obesity in-

duced neurotoxicity in young mouse brain by counting the 

number of vacuolated RS/PC neurons.

MATERIALS AND METHODS

Animals

　All the experiments performed according to the protocols ap-

proved by Animal Care Committee of our institution. Five- 

week-old female wild and obese mice of the C57BL6 strain 

(Charles River Laboratories Inc., Wilmington, USA) were used. 

Body weights were 14.8 ± 0.25 g and 23.25 ± 0.93 g in wild 

type and obese type, respectively. Blood glucose levels were 

120.8 ± 3.98 mg/dl and 207.58 ± 16.47 mg/dl in wild type 

and obese type, respectively. The mice were housed three per 

a cage with food and water available ad libitum. All groups 

were maintained under controlled environmental conditions (23−
25oC) with an established a 12/12-hrs light-dark cycle. The 

mice were acclimatized for 3 days before the experiments. 

Initially, we determined the dose and exposure time of ket-

amine based on the previous studies.15-20) Intraperitoneal (I.P) 

ED50 for loss of righting reflex in mice is 70 (56−87) mg/kg, 

and ＞ 80% of the mice showed loss of righting reflex at 

larger dose (100 ＞ 120 mg/kg).18-20) We also found that ＜ 

20% of the mice showed loss of righting reflex at a dose of 

50 mg/kg. Thus, we used doses of 50 mg/kg (10% effective 

dose), 100 mg/kg (90% effective dose) when neurotoxic effect 

to ketamine was examined.

Histology

　To examine the potential effect of obesity in ketamine sus-

ceptibility, wild type and obese type mice were studied 

separately. Animals were randomly allocated into control con-

dition and ketamine. The mice were given a single intra-

peritoneal injection of either saline, ketamine 50 mg/kg or ket-

amine 100 mg/kg (n = 6 at each dose for both types). Ketamine 

was diluted with saline and an equal volume of solution (10 

ml/kg) was used for all injections. Three hours after admin-

istration, the mouse were deeply anesthetized with pentobarbital 

and killed by perfusion through the left cardiac ventricle with 

a phosphate-buffered fixative solution containing 4% paraf-

ormaldehyde and 1.5% glutaraldehyde. Fixed brains were re-

moved immediately after perfusion and stored in fixative at 

4oC for 1 day. The brains were processed for histological eval-

uation using methods described by Olney and Jevtovic- 

Todorovic.10,11,15,16) The brains removed from the skulls were 

cut into 1 mm coronal slices. Slices were post-fixed in 1% os-

mium tetroxide, dehydrated in ethanol, cleared in toluene, and 

embedded in araldite. Tissue blocks embedded in araldite were 

cut at 1μm, using glass knives (1/2 inch wide) and a Sorvall 

Ultramicrotome (MT-2B, DuPont Company, USA). Using the 

corpus callosum as a landmark, small pieces of the PC/RS 

cortex were trimmed from each brain slice. These sections 

were heat dried on glass slides and stained for light micro-

scopy with a mixture of methylene blue and Azura II. 

Sections were taken from the PC/RS cortical area just posterior 

to the separation of the corpus callosum (between coronal sec-

tion 325 and 335 in Ref. 20 which is an area in the rat brain 

that appears to be particularly sensitive to NMDA-antago-

nist-induced intracytoplasmic vacuolization.10,11,15,16) The severity 

of the neurotoxic reaction assessed by counting the number of 

vacuolated neurons. These sections were imaged and quantita-

tively evaluated with the help of a stereology system consist-

ing of the following components: Stereo Investigator (Version 

7.5, MicroBrightField Inc., USA) on a Pentium III personal 

computer, connected to a Prior Optiscan Motorized stage 

(ES103 XYZ system, Prior Scientific Inc., USA.) mounted on 

a Nikon Labophot-2 microscope. The boundaries of the brain 

regions of interest (cerebral cortex) were traced into the per-

sonal computer and from the tracing Stereo Investigator calcu-

lated the area in each section. Three sections per animal were 

counted bilaterally and evaluated in the PC/RS cortical area for 

the presence of vacuolated neurons by an observer who was 

blind to the treatment conditions of the animals. The mean of 

the number of the vacuolated neurons in the three sections 

was calculated.

Statistical analysis

　Data are expressed as the mean ± SEM. Statistical compar-

ison within each group was performed by one-way analysis of 

variance (ANOVA) followed by post-hoc comparisons from 

SPSS 15.0 for Windows (USA). The differences among groups 

were analyzed by Mann-Whitney tests for multiple comparisons. 

Differences at P ＜ 0.05 were considered statistically significant.

RESULTS

　When saline was administrated, vacuolized neurons in layers 

III and IV of the PC/RS cortex were not observed in wild 

type mice, but were observed in obese mice. But then, when 



 Eun Yong Chung, et al：Ketamine neurotoxicity in obese mice

475

Fig. 1. The number of ketamine-induced vacuolized neurons in the 

posterior cingulated/retrosplenial (PC/RS) cortex of the wild-type 

(closed circles) and obese-type (closed squares) mice. The number 

of vacuolated neurons in the obese mice is significantly higher 

than the wild type mice. *Significantly different compared within 

wild type (P ＜ 0.05). 
†

Significantly different compared within obese 

type (P ＜ 0.05).
 ‡

Significantly different compared between same dos-

age groups (P ＜ 0.05). 
§
Significantly different compared between 

ketamine 50 mg/kg and 100 mg/kg group in wild type (P ＜ 0.05). 

No statistical significance between 50 mg/kg and 100 mg/kg of 

ketamine in obese type.

Fig. 2. Histological appearance of the posterior cingulated/retrosplenial (PC/RS) cortex 3 h after treatment with: (A) saline i.p.-control condition. 

There is no detectable toxic reaction; (B) ketamine 50 mg/kg i.p.-wild type. (C) ketamine 100 mg/kg i.p.-wild type. The number of ket-

amine-induced vacuoles in the PC/RS of wild type is significantly less than that in the obese type; (D) saline i.p.-obese type. In obese con-

trol, there are neurons with small singular vacuoles; (E) ketamine 50 mg/kg i.p.-obese type. (F) ketamine 100 mg/kg i.p.-obese type. There 

are many vacuolated neurons and the severity of the vacuolar reaction is much higher in the wild type. Magnification × 400. Scale bar = 

25μm.

ketamine was administrated, vacuolized neurons were observed 

in both groups of mice, which were prominent in obese mice. 

The number of ketamine-induced vacuoles in the PC/RS of 

obese type (221 ± 19 and 256 ± 31 in 50 mg/kg group and 

100 mg/kg group, respectively) was significantly higher than 

that in the wild type (23 ± 3 and 97 ± 16 in 50 mg/kg group 

and 100 mg/kg group, respectively) (P ＜ 0.05) (Fig. 1). 50 mg/ 

kg of ketamine did not cause significant neurotoxicity in wild 

type, but caused significant neurotoxicity in obese type (P ＜ 

0.05). At 50 mg/kg dosage, Ketamine-induced neurotoxicity be-

tween wild-type and obese-type mice was significantly different. 

100 mg/kg of ketamine induced significantly a vacuolar re-

action in both types and its change was significantly severer in 

obese type than in wild type (P ＜ 0.05). There was no stat-

istical significance between 50 mg/kg and 100 mg/kg of ket-

amine in obese type (Fig. 1).

　Ketamine at high dose (100 mg/kg) caused loss of righting 

reflex (LORR) in all mice, but did not show signs of cardior-

espiratory impairment or skin discoloration. Ketamine at mod-

erate dose (50 mg/kg) produced LORR in less than 20% of 

mice, but less prolonged and less pronounced.
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　In obese mice, the ketamine-induced neurotoxic reaction was 

very robust when compared to the wild type mice. Ketamine 

was substantially more neurotoxic in obese mice (Fig. 2E, 2F). 

DISCUSSION

　In this study, we showed that ketamine administration pro-

duced neurotoxicity in the mice brain and increased neuro-

toxicity in the obese mice brain. By light microscopic evalua-

tion, the acute vacuole reaction induced in PC/RS neurons by 

ketamine in mouse brain appeared to have histopathological 

changes similar to those10,11,15,16) observed in the rat.

　Our initial experiments focused on studying the neurotoxic 

effects of ketamine in young wild-type and obese-type mice. 

There are a lot of reports that ketamine produce a dose-de-

pendent neurotoxic reaction, which is more neurotoxic in brain 

growth spurt period, aging animal, female.15-17,22) Also, there 

are many reports that obesity exacerbate chemically induced 

neurogeneration.14,23) So, we determined whether ketamine is 

more neurotoxic in the obese condition.

　In general, the N-methyl-D-aspartate (NMDA) receptor antag-

onist is categorized pharmacologically into four major groups 

according to the site of action on the receptor-channel com-

plex; Drugs acting at the NMDA (agonist) recognition site, 

glycine (co-agonist) site, channel pore, and modulatory site, 

such as the redox modulatory site, the proton-sensitive site, the 

high-affinity Zn2+ site, and the polyamine site.24) Ketamine is a 

non-competitive antagonist of the NMDA receptor Ca2+ channel 

pore.25) Antagonists of the NMDA subtype of glutamate re-

ceptor, including phencyclidine (PCP) and ketamine have com-

plex properties. In addition to their dissociative anesthetic ef-

fects, these agents are neuroprotectants against acute brain in-

jury, but they can also be neurotoxins.10,11) By blocking NMDA 

receptors through which glutamate exerts excitotoxic action, 

these agents can prevent CNS neurodegeneration in conditions 

such as stroke, status epilepticus and head trauma. However, 

blockade of NMDA receptors that are present on GABAergic 

neurons abolishes inhibition in major excitatory pathways (both 

glutamatergic and cholinergic) and release of these excitatory 

pathways from inhibitory restraint leads to serious side effects 

including frank physical damage to cerebrocortical neurons.11) 

In addition, it has been shown in adult rats that low to mod-

erate doses of NMDA antagonists trigger reversible injury of 

cerebrocortical neurons in the posterior cingulated/retrosplenial 

cortex.10,16,26) This reversible neurotoxic reaction is manifested 

as transient intracytoplasmic vacuolization of neurons in layers 

III and IV of the PC/RS cortex. Of greater concern, it has 

been shown that NMDA antagonists, at higher doses that in-

duce a prolonged blockade of NMDA receptors, cause irrever-

sible degeneration of neurons in the PC/RS cortex.16,26) Olney 

et al.10) reported that the order of potencies with which these 

agents induced this effect (MK-801 ＞ PCP ＞ tiletamine ＞ ket-

amine) is the same as their order of potencies in antagonizing 

either the excitatory or neurotoxic actions of NMDA.

　Although the relationship between the psychotomimetic re-

action induced by ketamine in humans and the pathomorpho-

logical reaction in cerebrocortical neurons of rat brain is not 

fully understood, Jevtovic et al.16) and Olney et al.11) suggested 

that the two phenomena are mediated by a common mecha-

nism involving disinhibition of excitatory neural pathways that 

heavily innervate cerebrocortical neurons. Li et al.27) also pro-

posed that neurotoxic mechanisms may be complex and could 

include those mediated by direct disruption of GABAergic 

function or through a more indirect mechanism via modulatory 

neurotransmitters acting in vulnerable regions, adrenergic, and 

dopaminergic. Either way, a significant loss of inhibiton could 

result in hyperexcitability, and this could lead to excitotoxicity. 

Wang et al.28) suggested that ketamine-induced apoptosis is as-

sociated with a calcium overload via glutamatergic stimulation 

of the upregulated NMDA receptors. Because the mechanism 

entails loss of GABAergic inhibition over cholinergic excitatory 

pathways, anticholinergic drugs that block muscarinic chol-

inergic receptors or GABAergic drugs that restore GABAergic 

inhibition prevent the neurotoxic side effects of NMDA 

antagonists.11)

　Sriram et al.14) suggested that neurotoxicity under the obese 

condition may be augmented, because oxidative stress is one 

of the underlying mechanisms leading to comorbid conditions 

associated with obesity29) and mitochondrial adaptations are 

known to occur in obesity-related oxidative stress.30) Sriram et 

al.14) also said that neurotoxicants resulted in up-regulation of 

the mitochondrial uncoupling protein-2 to a greater extent in 

the ob/ob mice, effect known to reduce ATP yield and facili-

tate oxidative stress and mitochondrial dysfunction. These events 

may underlie the enhanced neurotoxicity seen in the obese 

mice. Obesity exacerbates chemically induced neurodegeneration.14)

　Ketamine is extensively metabolized by hepatic microsomal 

cytochrome P-450 enzymes, and is excreted by the kidney as 

water soluble hydroxylated and glucuronidated conjugates. 

Ketamine also has a high hepatic clearance rate (1 L/min) and 
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a large distribution volume (3 L/kg), resulting in an elimi-

nation half-life of 2−3 hours. Its primary metabolite, norket-

amine is one-third to one-fifth as potent as the parent com-

pound and has elimination half-life of 6 hours.31) The ED50 of 

ketamine required to induce a neurotoxic reaction in rats is 

47.5 ± 0.35 mg/kg, i.p., and peak neurotoxicity occurred at 3 

hours.15) The ED50 value for ketamine neurotoxicity reduced in 

aging rat.16) The ED50 of ketamine required to induce anes-

thesia in mice is ＞ 80 mg/kg subcutaneous (s.c.),17) and ED50 

for causing mice to lose the righting reflex is 70 (56−87) 

mg/kg i.p..18-20) We showed that the ketamine-induced neuro-

toxic reaction was very robust in obese mice when compared 

to the control mice. It is possible that ketamine neurotoxicity 

in obese rodents is due to the higher ketamine plasma levels 

caused by less effective metabolism of ketamine by fatty in-

filtration of liver. But, there was no statistical significance be-

tween 50 mg/kg and 100 mg/kg of ketamine in obese type, 

which is likely due to a ceiling effect. Sriram et al.14) sug-

gested that obesity may confer an added risk of damage to the 

brain because of the limited regenerative capability of the cen-

tral nervous system (CNS) and the specific vulnerability of 

certain cell types to chemical injury. Even if ketamine was a 

single dose, ketamine produced a neurotoxic reaction. It is pos-

sible that only the most sensitive neurons (those that are prone 

to injury after only a brief insult) are likely to be affected by 

a single injection of ketamine (because ketamine has very 

short half-life) and the combination of increased vulnerability 

and existing damaged neuron in obese mice might potentiate 

ketamine-induced neurotoxicity in obesity. In comparison with 

ketamine 50 mg/kg in wild-type, the synergistic interaction was 

striking when ketamine and obesity were combined. Therefore, 

obesity is apt to increase vulnerability to anesthetic agents like 

ketamine.

　This study demonstrated that ketamine-induced neuronal va-

cuolization and necrosis were readily detectable in epoxy plas-

tic sections stained routinely with methylene blue and Azura 

II. Embedding in epoxy plastic is satisfactory for detection of 

neuronal necrosis, but is considerably more labor intensive than 

the paraffin embedding.13) By light microscopic evaluation, the 

acute vacuole reaction induced in PC/RS neurons by ketamine 

in mouse brain appeared to have all of the same morpho-

logical characteristics as the reaction10,11,15,16) described in rat 

brain. A single injection of ketamine was sufficient to trigger 

a significantly increased vacuolization of neurons in obese 

mice. The pathogenesis of vacuolization and necrosis was not 

definitively characterized in the present study. Therefore, elec-

tron microscopic findings and enzyme assay need to support a 

role for compromised energy metabolism in affected neurons.

  In conclusion, we showed that ketamine induces neurotoxic 

reaction that is substantially severer in young obese than 

young wild type mice. These results suggest that administration 

of ketamine in young obese mouse can exacerbate neurotoxicity.
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