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Executive Summary 
 
The potential toxicity of ketamine had been studied in the monkeys and mice. The 
dosage used for the monkeys was 1mg/kg daily, a minimal dosage suggested to 
produce schizoid behaviour. This dosage is low when compared with the anesthetic 
dosage of children (about 10mg/kg). In the mice, the anesthetic dosage is at least 10 
times higher because these animals have a very fast metabolism (Science 2011) (e.g. 
the heart rate of a mouse is 10 times that of a human). The anesthetic dose of the mice 
is therefore documented to be 100-150mg/kg, and our experiment showed that by 
60mg/kg, the hind limbs of the mice would have incoordination. Therefore, we 
maintained our dose at half of 60mg/kg, i.e. 30mg/kg daily. This was calculated to be 
1mg for each mice daily. Our preliminary evaluation from reports of addiction from 
the public security departments in the Southern China demonstrated that the addicts 
took an average dose of roughly 600mg per day. 
 
From our experimental animals with the dosages used as mentioned above, we have 
documented the following changes: 
1) Ketamine was able to kill neuronal cells in cell culture. 
2) Ketamine injected daily to the animals will cause neuronal apoptosis, at a timing 

of 3 to 6 months. 
3) Potentially, it was even more dangerous in that ketamine could cause 

phosphorylation of tau protein, a marker of Alzheimer degeneration in the brain of 
these animals. 

4) fMRI indicated changes in the limbic system, corpus striatum, cerebellum, 
dorsomedial thalamus, prefrontal cortex (including basal forebrain). Some of these 
changes appeared as early as one month after ketamine treatment. The limbic 
system and the prefrontal cortex are important emotional and personality areas. 
The corpus striatum is an important area for regulation of movement, and any 
changes will result in deregulation of motion. The cerebellum is interestingly 
down regulated after ketamine intoxication, resulting in incoordination of muscles. 
The dorsomedial thalamus, in this case, is an important relay station between the 
hypothalamus and the prefrontal cortex, and any changes will therefore affect the 
endocrine and the brain. 

5) The ketamine toxicity will also affect memory as was shown by our water maze 
study of the mice. 

6) Molecular studies by this laboratory indicated the upregulation of GABA5 
receptors in the brain after ketamine addiction. 

7) Not only will the central nervous system be affected, but also other areas. In these 



models, we have discovered that the kidneys and bladders are affected after 1 
month of ketamine treatment. In both cases, infiltration of lymphocytes and 
monocytes were seen in the bladder and kidney. Further treatment would result in 
fibrosis and muscular degeneration of the urinary bladder so that the bladder 
became contracted. This is what happened in the clinical human situation. We 
further found that the sperm motility is affected as well by ketamine. 

 
All the results above are either published or in manuscript forms ready to be 
submitted. There were, to this date, four published papers, one submitted paper and 
three manuscripts ready for submission. They represent de novo information for 
scientific studies in ketamine. We thank the Beat Drugs Fund Association for the grant 
(Ref. No.: BDF080048) awarded for this purpose. 
 



課題總結 
 
我們在猴子和小鼠中對氯胺酮的潛在毒性進行了研究。對猴子使用的藥物劑量為

每天 1mg/kg，這是能產生精神分裂行為的最小劑量。該劑量低於兒童的麻醉劑

量（大約 10mg/kg）。由於小鼠的新陳代謝率非常高 (Science 2011)（例如：小

鼠的心率是人類的十倍），相應的麻醉劑量至少在十倍以上，約為

100-150mg/kg。我們的實驗結果表明，60mg/kg 的劑量能使小鼠後肢運動失調。

因此，我們在研究過程中使用該劑量的一半，即每天 30mg/kg，每只小鼠每天大

約使用 1mg 氯胺酮。我們對中國南方公安部門關於吸毒報告進行了初步分析，

結果表明氯胺酮成癮者的平均使用量大致為每天 600mg。 
 
在對實驗動物使用上述的劑量氯胺酮後，我們觀察到以下的變化： 
1）氯胺酮能殺死培養的神經元細胞 
2）每天對動物注射氯胺酮，三到六個月後能引起神經元凋亡 
3）更為嚴重的是，氯胺酮可使動物的腦中 tau 蛋白高度磷酸化，這是阿爾茨海

默氏症的標誌之一 
4）功能性磁共振研究發現，在邊緣系統、紋狀體、小腦、背內側丘腦和前額皮

層（包括基底前腦）均有所變化。其中一些變化早在給藥一個月之後就出現。邊

緣系統和前額皮層是重要的情緒與性格區域。紋狀體是一個重要的運動調節區

域，它的任何改變都會導致運動失調。在使用氯胺酮後小腦的改變會導致肌肉不

協調。背內側丘腦是下丘腦和前額皮層的中繼站，因此它的改變能影響到內分泌

和腦。 
5）小鼠水迷宮實驗發現，氯胺酮的毒性會影響記憶功能。 
6）分子生物學研究表明，氯胺酮成癮後，腦中 GABA5 受體上調。 
7）氯胺酮不僅能影響中樞神經系統，也能對其他區域產生影響。在該模型中，

我們在一個月的氯胺酮處理小鼠中觀察到腎臟和膀胱的變化。在兩者中都觀察到

了淋巴細胞和單核細胞浸潤。繼續使用氯胺酮會造成膀胱肌肉纖維化，導致攣縮

膀胱，這也見於人類臨床症狀。我們進一步的研究發現氯胺酮還能影響精子的運

動能力。 
 
上述之結果已經發表或者已經成文即將發表。到目前為止，已經有四篇論文正式

發表，一篇已經投稿和三篇準備投稿。它們都是對氯胺酮的原創性科學研究。我

們感謝禁毒基金會對研究工作的資助(Ref. No.: BDF080048)。 
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Final Report on Drug-related Research Projects 
(as at 31 October 2010) 

 

Project Title 

 
Long-term Ketamine Abuse and Apoptosis in Cynomologus Monkeys and Mice 
 
Background 
 
Ketamine, a noncompetitive antagonist at the glutamatergic N-methyl-D-aspartate 
(NMDA) receptor, is currently used in human and animal medicine as an injectable 
anesthetic. Ketamine is also a controlled substance, illegally used as a recreational 
drug (“Special K”, “Vitamin K”). It is used primarily by young adults often at all 
night dance parties called “raves” that take place in nightclubs (Britt and Cance-Katz 
2005) . The Central Registry of Drug Abuse database (CRDA) showed different drug 
abuse trends in Hong Kong. The percentage of ketamine users has grown very fast, 
particularly in the last five years. The first few reported cases appeared in 1999, but 
by 2002, the percentage of ketamine users under 21-year old reached 70%, a figure 
comparable to heroin use in the mid-1990s (Joe Laidler 2005). The Government 
announced that ketamine abusers increased sharply in the past two years and is one of 
the main abusive drugs in Hong Kong. 
 
The reason for prevalent use of ketamine is that people thought that it would not lead 
to physical dependence. However, ketamine, as an NMDA antagonist, can inhibit the 
reuptake of serotonin, dopamine, and norepinephrine, although the mechanism 
underlying this action is not entirely clear (Britt and Cance-Katz 2005). Acute adverse 
effects of ketamine abuse include physiological (such as heart rate, hypertension, 
motor function, nausea, etc.) and psychological (such as anxiety, dissociation, 
depression, amnesia, symptoms of schizophrenia, etc.). Effects due to chronic misuse 
include cognitive difficulties in areas such as attention, learning and memory. There 
are, however, less scientific evidences of the neurobiological or neurochemical 
alterations of ketamine abuse. No study shows the long-term effects on neurons in 
young adults with ketamine abuse. 
 
Programmed cell death or apoptosis is a physiologically important process in 
neurology wherein around 50% of the neurons die by apoptosis during maturation and 
aging of the nervous system. Premature apoptosis and/or aberrations in apoptosis 
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control contribute to the pathogenesis of a variety of neurological disorders including 
acute brain injury such as trauma, spinal cord injury, ischemic stroke, 
ischemia/reperfusion, and in chronic disease, such as Alzheimer's, Parkinson's and 
Huntington's (Ekshyyan and Aw 2004). Some of the apoptotic effectors, such as 
caspase-3 (Blomgren et al. 2001; Ni et al. 1998), apoptotic protease activating factor-1 
(APAF-1) (Ota et al. 2002), B-cell leukemia/lymphoma-2 (Bcl-2) (Merry et al. 1994) 
and Bcl-2–associated X protein (Bax) (Vekrellis et al. 1997), are expressed at higher 
levels in the developing and aging brain and apoptosis are seen to be more important 
in the development of brain injury (Hu et al. 2000; Blomgren et al. 2001; Ni et al. 
1998; Gill et al. 2002). The exposure of immature animals, during the developmental 
period of synaptogenesis, to NMDA antagonist can cause neurons in the central 
nervous system (CNS) to commit suicide (die by apoptosis) (Ikonomidou et al. 1999). 
Therefore it is interesting to know whether there are any connections between 
apoptosis in CNS and ketamine abuse in young adults. 
 
With the improvements of imaging technology, structural, functional and 
neurochemical profiles can be visualized across the entire brain. Functional magnetic 
resonance imaging (fMRI) has been employed to investigate neuronal activity 
associated with particular stimuli. The animal studies suggest that repeated exposure 
to noncompetitive NMDA antagonists leads to sustained impairment of cognitive 
performance. These deficits have been linked to the reduced function of the prefrontal 
dopaminergic system. Preliminary study of repeated exposure to ketamine in human is 
associated with up-regulation of D1 receptors in the dorsolateral prefrontal cortex 
(Narendran et al. 2005). In addition, what about other receptors which may also be 
involved? The alterations of cortical and sub-cortical functions, therefore, need to be 
further explored in acute and long-term ketamine abuse. 
 
In present study, we have documented that apoptosis is a potential mechanism for the 
ketamine abuse-related loss of function in the frontal cortex. In addition, we reported 
fMRI changes in the neuronal activities in a number of cortical and subcortical brain 
areas in the ketamine abuse monkey model. We have discovered that the presence of 
hyperphosphorlated tau protein (a marker in Alzheimer’s disease) was evident in the 
brains of these animals (both mice and monkeys). We have also found a receptor 
“GABA5” which is majorly related to deficits in the CNS. Finally, we have 
deciphered why the kidney and bladders are affected in these animals. 
 
Materials and Methods 
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Young monkeys were given 1 mg/kg ketamine via intravenous injection for 1, 3, and 
6 months to build up long-term ketamine abuse models. For the mice, 1 mg per mouse 
was injected intraperitorially for 1, 3, and 6 months as well. The dosage for mice and 
monkeys was calculated according to literatures and preliminary studies, taking into 
consideration that mice have a much higher metabolism. 
 
fMRI images were obtained via a T3 MRI machine for monkeys at the conclusion of 
1, 3, and 6 months. Pro-apoptotic proteins (caspases and Bax) and anti-apoptotic 
proteins (Bcl-1) were measured in both brains of monkeys and mice by using Western 
blotting in long-term ketamine abuse models. Terminal dUTP nick end labeling 
(TUNEL) for cell death were performed as well for confirmation. 
Hyperphosphoylated tau was detected by immunohistochemistry. For the studies of 
receptors, real time PCR techniques and water maze behavior test were employed. 
 
Experiments in our laboratory on cell cultures of a primary human neuronal cell line, 
SH-SY5Y and PC12 cell lines (with catcholamine) were all performed. The SH-SY5Y 
cell lines were subdivided into differentiated and undifferentiated categories. 
Increased amounts of cell death after addition of ketamine were observed in both 
cases. 
 
Some other specimens e.g. kidneys and urinary bladders were also processed for 
microscopic histopathology for observation, employing routine staining and 
immunohistochemistry. 
 
Work done for the last three months (i.e. from 1 Aug – 31 Oct 2010): 
 
i) All the fMRI results of 1, 3, 6 months of addictions in monkeys were evaluated 

and compared. 
ii) Cell death of monkeys’ brain tissues was evaluated. 
iii) Research papers were written. Some were submitted, others are in the process of 

submission. 
 
Results obtained during the last 3 months 
 
i) The overall results of fMRI indicated that the limbic system had already been 

hyper-activated after one month of ketamine addiction. The most important part 
is perhaps the activation of prefrontal cortex (orbitofrontal and basal forebrain), 
the corpus striatum, the fusiform cortex and the “downregulation” of the 
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cerebellum. In addition, the dorsomedium thalamus is clearly involved while the 
basal forebrain is important for degeneration in the CNS. The DM thalamus ties 
very well with prefrontal cortex, indicating scientific evidences of changes in 
judgement, memory and emotion upon ketamine intoxication. Downregulation of 
the cerebellum and the involvement of the corpus striatum signified motor 
irregularities. We have prepared 1-2 papers on this for submission to international 
journals. 

 
ii) Meanwhile, the monkeys’ brain tissues showed cell death (apoptosis) in 1, 3, and 

6 months samples (Fig. 1). This, together with our earlier published report of 
mutation of tau in the neurons, indicated definitive detrimental effects on the 
nervous system. 

 
iii) In the course of these last 3 months, we have also found that the urinary bladder 

after 3 to 6 months of treatment had muscle loss (Fig. 2) and extensive invasion 
by fibrous connective tissues. This may be the reason of bladder dysfunction. 
One paper on this is to be submitted. 

 
iv) Totally, we expected at least 3 more papers on the way. We have also written up a 

paper in which the GABA5 receptor had been found upregulated upon ketamine 
treatment. We shall inform the funding agency when the papers are accepted for 
publication, and shall let the agency have a copy when they are in print. 

 
Papers already published during the period of the whole project 
(i.e. from 1 Sep 2008 to 31 Oct 2010): 
 
i)  Yeung LY, Rudd JA, Lam WP, Mak YT, Yew DT (2009) Mice are prone to 

kidney pathology after prolonged ketamine addiction. Toxicol Lett. 
191(2-3):275-8. (details in Attachment 1) 

 
ii) Mak YT, Lam WP, Lü L, Wong YW, Yew DT (2010) The toxic effect of 

ketamine on SH-SY5Y neuroblastoma cell line and human neuron. Microsc Res 
Tech. 73(3):195-201. (details in Attachment 2) 

 
iii) Yeung LY, Wai MS, Fan M, Mak YT, Lam WP, Li Z, Lu G, Yew DT (2010) 

Hyperphosphorylated tau in the brains of mice and monkeys with long-term 
administration of ketamine. Toxicol Lett. 193(2):189-93. (details in Attachment 
3) 
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iv) Sun L, Lam WP, Wong YW, Lam LH, Tang HC, Wai MS, Mak YT, Pan F, Yew 

DT (2010) Permanent deficits in brain functions caused by long-term ketamine 
treatment in mice. Hum Exp Toxicol. (E. Pub.) (details in Attachment 4) 

 
Book chapter, conference abstracts, and papers produced: 
 
a. Book chapter published: 
 
i) Yew D.T. “氯胺酮的動物實驗 – 科研的結論 (Animal Studies of Ketamine)”. 

In: “香港濫 K (Drug Abuse in Hong Kong)”. Publisher: Mingpao (June 2010) 
(details in Attachment 5) 

 
b. Conference abstracts published: 
 
i)   Yu H., Li Q., Wang D., Shi L., Mak Y.T., Lu G., Sun L., Wang L., Chen M., Pan 

F., Yew D.T. (2010) Chronic ketamine abuse causes dysfunctions of different 
brain areas relevant to neurodevelopmental psychiatric disorders: Evidence from 
fMRI in a primate model. Int. J. Neuro - Psychopharmacol. (Abstract No.: 
P-01.046). (details in Attachment 6) 

 
ii) Yew D.T. (2010) Toxicity of ketamine on animal models – A review of studies in 

our laboratory. East Asian Archives of Psychiatry Vol. 20 No. 4 (Supplement) 
(Abstract No.: S2.2.1). (details in Attachment 7) 
Conference: “The 2nd Joint International Conference of The Hong Kong College 
of Psychiatrists and The Royal College of Psychiatrists (UK)” (12 Dec 2010). 
A copy of the presentation material is also enclosed (details in Attachment 8) 

 
c. Papers submitted recently: 
 
i) Yu H., Li Q., Wang D., Shi L., Lu G., Sun L., Wang L., Zhu W., Mak Y.T., Pan 

F., Yew D.T. (2010) Mapping the central effects of chronic ketamine 
administration in adolescent primate using functional magnetic resonance 
imaging (fMRI). (Submitted to BMC Neuroscience). 
 
Abstract: 
Ketamine, the noncompetitive NMDA-receptor antagonist, leads to an excessive 
glutamate release and subsequent cortical excitation which may induce 
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psychosis-like behavior and cognitive anomalies. Most evidences show that an 
acute use of ketamine induces dose-related positive and negative 
schizophrenia-like symptoms. An acute effect of ketamine is mainly on the 
activation of the prefrontal cortex and the limbic structures, in which increased 
levels of glutamate and dopamine have been detected. However, little is known 
about the long-term effects of ketamine abuse on brain functions. Recently, the 
numbers of ketamine abusers are rapidly growing, especially among young 
people. Therefore, we aim to investigate the chronic effects of ketmaine on brain 
functional integrity using functional magnetic resonance imaging (fMRI) in 
adolescent cynomoglus monkeys. In addition, we conducted a pilot experiment 
to explore the alterations of dopamine system in the cortex of monkeys with 
chronic exposure to ketamine. Motor behavior was measured to assess the 
chronic ketamine action as well. Repeated exposure to ketamine resulted in a 
significant decrease of activities in ventral tegmental area, substantial nigra of 
the midbrain, posterior cingulate cortex, and visual cortex. However, 
hyperfunction had been found in striatum and entorhinal cortex (Ent) in monkeys 
with ketamine exposure. Pilot experiment demonstrated a decreased level of 
dopamine in the cortex of primates models with chronic ketamine exposure. The 
total movements in monkeys with ketamine exposure were decreased when 
compared with the control. These pieces of evidence support that mesolimbic, 
mesocortical and Ent-striatum systems are vulnerable to chronic effects of 
ketamine. Dysfunctions of these brain pathways have been linked to several 
psychiatric disorders, such as depression, schizophrenia or attention deficit 
disorder. From neurochemical and phenotypic aspects, a decreased level of 
dopamine in prefrontal cortex, together with hypolocomotor activity, 
demonstrated that repeated ketamine exposure may be a good pharmacological 
model for exploring central effects for the neuropsychiatric disorders. 
 

ii) Gene expression changes in alpha GABA receptors in the mice brains after 
prolonged ketamine administration. 

 
Abstract: 
Ketamine is an anesthetic and an abusive drug. Despite its popular use and abuse, 
little is known about its long-term effects on the brain. The present study was 
aimed to evaluate working memory changes after such a treatment and the 
underlying changes in gene expressions. Ketamine dosage of 1mg per animal 
was given to ICR mice for 1 and 3 months. Behavioral test, namely spatial 
navigation, was performed according to a morris water maze protocol. Increase 
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in timing to find the platform in the maze was observed in all treated mice, 
particularly in those being treated for 3 months. This indicated that the longer the 
period of treatment, the more severe the memory lost. Gene expression changes 
were examined by Affymetrix Genechip, and the expression of alpha GABA 
receptors which mediated tonic inhibition in the CNS was confirmed by 
quantitative real-time PCR and Western blotting. Compared with the saline 
control, the behavioral performance of ketamine-treated mice declined. Genechip 
results showed that 110 genes were up-regulated and 136 genes were 
down-regulated. GABA receptor signaling was found amongst the most 
significant changed terms in Gene ontology analysis. In particular, there was a 
significant up-regulation of Gabra5 in the prefrontal cortex. In conclusion, 
chronic exposure to ketamine impaired the working memory in mice. Ketamine 
mediated memory impairments may be explained, at least partly, by 
up-regulation of Gabra5 in the prefrontal cortex. This is a new and exciting 
finding as everybody was looking at a different receptor - the NMDA receptor. 

 
iii)  Ketamine effects on the urogenital system – changes in the urinary bladder and 

sperm motility. 
 

Abstract: 
Different doses of ketamine were injected intraperitoneally (I.P.) respectively to 
male ICR mice to determine the optimal dosage for chronic administration. At 
and above 40mg/kg I.P. injection, mice had decreased hindlimbs movement. 
Subsequently, 30mg/kg was used for ketamine administration on urinary bladder 
and sperm motility. The treatment group were sub-divided into two (n = 10 each 
group); one received daily ketamine treatment for three months and another 
group for six months. Mice in control groups (n = 5 each group) received saline. 
Terminal dUTP nick end labeling (TUNEL) study and Sirius red staining were 
carried out on the slides of the urinary bladders. Apoptosis in the bladder 
epithelium was observed initially in the 3-month ketamine treated mice and the 
number of apoptotic cells was significantly different (p < 0.05) between the 
6-month ketamine treated mice and the control. The relative thickness of 
muscular layers in the bladder decreased significantly (p < 0.05) between the 
6-month treated mice and the control. Sirius red staining revealed an increase of 
collagen in the urinary bladder of the treated mice. The ketamine treated animals 
also had a decreased percentage of mobile sperms than those of the control (p < 
0.05). 
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iv) Effects of chronic ketamine administration on brain function and increase the 

expression of apoptosis-related proteins in the brain: Evidence from fMRI in a 
3-month and 6-month primate models of ketamine use. 

  
 Abstract: 
 Recreational use of ketamine is spreading rapidly especially among youngsters. 
An acute use of the N-methyl D-aspartate (NMDA) receptor antagonist ketamine 
induces marker psychosis-like effects included negative and positive symptoms, 
as well as cognitive impairments. According to our previous study, repeated 
exposure of ketamine for 6 months in the young primate induced deficits of 
mesolimbic, mesocortical and Ent-striatum systems. However, little is known 
about the effects of different exposure time of ketamine on brain functions or the 
biochemical mechanism involved in the alteration of brain functions. Therefore, 
we compared the effects of ketamine exposed to 3 and 6 months on brain 
functional integrity using functional magnetic resonance imaging (fMRI) in 
adolescent Cynomologus monkeys. In addition, motor behavior has been 
measured. Apoptosis-regulated protein bcl-2 was measured to investigate the role 
of apoptosis in chronic ketamine administration model in the young primates. 
Repeated exposure to ketamine (1mg/kg) for only 3 months showed significant 
increase of activities on the left side of medial prefrontal cortex, frontal cortex, 
and bilateral caudate nucleus when compared with the control. Enhanced 
activities were observed in thalamus, splenium, and caudate nucleus of the young 
primates with 3-month ketamine exposure when compared to those with 6-month, 
using immunhistochemistry and Western blotting. There was a significant 
decrease in expression of bcl-2 protein in 6-month ketamine groups when 
compared with the control. Movement was decreased in both 3- and 6-month 
ketamine administered groups after ketamine injection. These findings implied 
that the longer the use of ketamine, the more severe the deficit of brain function 
in chronic ketamine administration in the young primates. 

  
Press conferences and interviews 
 
i) Press conference: “Important reactive and addictive sites in the central nervous 

system: examples of ketamine and heroin (氯胺酮及海洛英於中央神經系統的

重要反應區及成癮區)”. (8 January 2010) 
 
ii) Press conference: “Long-term ketamine abuse and apoptosis in cynomologus 
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monkeys and mice”. (Radio Television Hong Kong – 10 August 2009) 
 
iii) T.V. interview on “Ketamine addiction”. (Broadcasted on Tuesday Report 星期

二檔案, TVB Jade – 30 March 2010) 
 
iv) T.V. interview (by RTHK on 17 December 2010) for a TV series to be 

broadcasted in 2011. 
 
Final summary of what we have achieved in the whole project: 
 
To summarize, there are a few salient points established by this project. These de 
novo findings are either published or will be published in the near future: 
 
i) Ketamine causes cell death in the nervous system – both in vivo and in vitro. It is 

important to note that undifferentiated cells are easier to be damaged, which 
points to the susceptibility of the embryonic cells in development (Attachment 2). 

 
ii) Cell deaths are found primarily in the prefrontal cortex and the hippocampus. In 

addition, degenerative marker (hypertau) was seen in neurons (Attachments 3 & 
4). 

 
iii) fMRI indicated upregulation of activity in the limbic system (entorhinal cortex); 

in particular, the fusiform cortex, corpus striatum, dorsomedial thalamic nucleus, 
prefrontal cortex, and basal forebrain (Attachments 6, 7 & 8). 

 
iv) Animal models of both monkeys and mice are established. We have established 

the dosage of toxicity for both monkeys (1mg/kg) and mice (30mg/kg). 
 
v) An upregulation of one group of αGABA receptors has been identified, which is 

αGABA5, as revealed by molecular techniques. 
 
vi) Urinary system damages have been clarified. Kidney had infiltration of 

mononuclear cells and bladder – loss of muscles with extensive fibrosis, 
subsequent to losing of neuromuscular junctions (Attachment 1). 

 
vii) Neuronal cells already with transmitters also die from ketamine treatment, e.g. 

PC12 cells (phaeochromocytoma) containing catecholamines could be killed by 
treatment of ketamine with an equivalent those applied to other culture cells (Fig. 
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4). 
 
The P. I., on behalf of all Associates and Assistants, would like to thank the Beat 
Drugs Fund Association for the support of the project. 
 
The Way Forward – what needs to be done in future to promote scientific 
research to combat drug abuse and to promote Hong Kong as a major ketamine 
combat centre 
 
In the past two years, we have accomplished all the proposed targets in this grant 
(please refer to the summary above). With the light of these results, more questions 
have also arisen: 
 
1) How does ketamine interact with alcohol? 
 
2) How would the other organs react to ketamine treatment? 
 
3) We have shown that nervous cells are susceptible cells, ketamine induced cell 

death and degeneration (hypertau formation). What could be the mechanism – 
superoxide formation, chemical inflammation, etc? 

 
*4) We have shown that in culture, undifferentiated cells are more susceptible to cell 

death induced by ketamine. What would happen to pregnancy, embryo, and also 
the developing organs? 

 
*5) What happened to the organs damaged after withdrawal? 
 
Items 1, 2, and 3 can be dealt with in the new awarded grant (BDF100052) started in 
November 2010.  
 
* For items 4 and 5, they are important issues which require longer time, manpower, 
and resources, and therefore could only be dealt with in other new projects. 
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Variation of relative thickness of the muscle layer in bladder
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Fig. 3 

 

This figure shows a section of the urinary bladder. Arrow points to severe fibrosis (red collagen 
fibers). Note that there is a comparatively smaller amount of muscles (yellow muscle fibers). 
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Mice are prone to kidney pathology after prolonged ketamine addiction
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ICR mice were injected with ketamine for 1, 3 and 6 months and the kidneys and urinary bladders were
excised and processed for histology. Starting from 1 month, all addicted mice showed invasion of mononu-
clear white cells, either surrounding the glomerulus or the other tubules in the kidney. The aggregation
of these cells extended all the way to the pelvis and ureter. As well, in the urinary bladder, the epithelium
became thin and there was submucosal infiltration of mononuclear inflammatory cells. Silver staining
revealed a loss of nerve fibers amongst the muscles of the urinary bladder of the treated. Immunohisto-
chemistry on choline acetyltransferase which is a marker for cholinergic neurons also demonstrated a
decrease of those cells.
Ketamine

Kidney
Urinary bladder
M
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We hypothesized that prolonged ketamine addiction resulted in the animals prone to urinary infection.
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. Introduction

Ketamine addiction is an important abusive problem in the
ar East. Ketamine is frequently employed as a recreational drug
n this region, especially in rave party. Some of ketamine mech-
nisms on the nervous system have been identified and have
een resolved to the glutamatergic N-methyl-d-aspartate (NMDA)
eceptor (White et al., 1982; Strayer and Nelson, 2008). Ketamine,
s an NMDA non-competitive antagonist, can inhibit the reup-
ake of serotonin, dopamine, and norepinephrine, although the

echanism underlying this action is not entirely clear (Britt and
ance-Katz, 2005; Strayer and Nelson, 2008). Indeed, NMDA recep-
or blocker might cause neurotoxicity, especially in developmental
eriod of synaptogenesis, NMDA antagonist could induce neurons
o commit apoptosis (Ikonomidou et al., 1999; Gascon et al., 2007;

ang et al., 2008).
The effect of ketamine on other organs of the body is still far

rom clear. Just a year ago, two papers by Colebunders and Van
rps (2008) and Chu et al. (2008) have indicated that ketamine
ould perhaps affect the urinary system, in these cases the urinary

ladder, resulting in an increase of urination frequency, nocturia,
rgency, suprapubic discomfort during micturition and at times

ematuria (Colebunders and Van Erps, 2008). Colebunders and Van
rps (2008) worked on only 1 case while Chu et al. (2008) had
9 cases but only 12 biopsies. The two studies relied on clinical
bservations and radiological findings and reported inflammatory

∗ Corresponding author. Tel.: +852 2609 6899; fax: +852 2603 5031.
E-mail address: david-yew@cuhk.edu.hk (D.T. Yew).

378-4274/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.toxlet.2009.09.006
© 2009 Elsevier Ireland Ltd. All rights reserved.

changes similar to interstitial cystitis (Chu et al., 2008). While the
urinary signs and symptoms are prominent, histology and cyto-
logical involvements on both kidney and urinary bladder remain
elusive (Chu et al., 2008). Here, in a study of ketamine addiction
employing mice, we have observed histopathological changes in
the kidneys and urinary bladders of these animals. The following is
a brief report on the work which would represent possible changes
in the model after ketamine addiction.

2. Materials and methods

2.1. Animals

Mice (male ICR) of 2-month-old were obtained from the Animal House of
Chinese University of Hong Kong (CUHK). The mice had free access to standard labo-
ratory rodent chow (PicoLab Rodent Diet 20, PMI Nutrition Int., USA) and water. They
were kept in rooms with 12 h light–dark cycle, with the temperature and humid-
ity maintained at 22 ± 1 ◦C and 45–55%, respectively. The animal experiments were
approved by the Ethics Committee, CUHK.

2.2. Ketamine administration and tissue sampling

Ketamine, 30 mg/kg, was given as intraperitoneal injection daily, while controls
mice were given injection of normal saline. Mice were weighed once in the begin-
ning of every week for adjustment of the amount of ketamine administrated. After 1,
3 or 6 months, mice were anesthetized by intraperitoneal injection of pentobarbital
(100 mg/kg) and perfused with saline solution through the left ventricle, followed
by 4% paraformaldehyde in 0.1 M phosphate buffer. After perfusion, the left kidneys
were removed, cut open midsagittally and further fixed overnight with the same

fixative at room temperature. Afterwards, the specimens were processed through
increasing concentration of ethanol, two changes of xylene, and three changes of
paraffin. The tissue samples were finally embedded in paraffin blocks with a sagit-
tal orientation so that serial sections of 5 �m thick were obtained. Deparaffinized
5 �m sections were stained with routine haematoxylin and eosin. Briefly, sections
were placed in haematoxylin for 5 min, then washed in tap water and left for 5 min.

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:david-yew@cuhk.edu.hk
dx.doi.org/10.1016/j.toxlet.2009.09.006
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Figs. 1–9. (1) Haematoxylin and eosin staining of sagittal section of kidney from a mouse treated with ketamine (30 mg/kg intraperitoneal injection daily) for
6 months. There were infiltrations of inflammatory mononuclear cells (arrows) (a) around and (b) between glomeruli in the kidney. “G” indicates a glomeru-
lus. 100×. The scale bar represents 10 �m. (2) Haematoxylin and eosin staining of sagittal section of kidney from a mouse treated with ketamine (30 mg/kg
intraperitoneal injection daily) for 6 months. There was perivascular cuffing (arrow) by mononuclear inflammatory cells. “A” is artery and “V” is vein. 100×.
The scale bar represents 10 �m. (3) Haematoxylin and eosin staining of sagittal section of kidney from a mouse treated with ketamine (30 mg/kg intraperi-
toneal injection daily) for 6 months. There was an area of degeneration (D) and infiltration of mononuclear inflammatory cells (arrow) beside the area. 100×.
The scale bar represents 10 �m. (4) Haematoxylin and eosin staining of sagittal section of kidney from a mouse treated with ketamine (30 mg/kg intraperitoneal
injection daily) for 3 months. There was infiltration of mononuclear inflammatory cells amongst tubules (arrow). 50×. The scale bar represents 20 �m. (5) Haema-
toxylin and eosin staining of sagittal section of kidney from a mouse treated with ketamine (30 mg/kg intraperitoneal injection daily) for 6 months. There was
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ections were rinsed in 1% acid alcohol and washed in tap water. After that, sections
ere placed in eosin solution (1%) for 5 min, followed by washing in tap water, dehy-
rated and mounted with paramount. All stained sections were examined under

ight microscope.
In addition, the urinary bladder from both control and ketamine treated were

emoved and again cut midsagittally. They were processed as the kidneys and
mbedded in paraffin blocks, cut into 5 �m sections. The sections were stained with
ematoxylin and eosin or Bielchowsky silver staining as performed by our laboratory
reviously (Wai et al., 2008).

Since preliminary observation on the silver staining specimens revealed differ-
nce in the density of nerve fibers in the muscular layer of the urinary bladder, a semi
uantitative measurement was then conducted in the 6 months ketamine treated
roup and the control. Slides after silver impregnation were focused on the muscular
ayer of the urinary bladder and were taken as photographs with a Nikon photomi-
roscope under 200× magnification. The total area of the muscles was counted, as
ell as the total area of the positive silver nerve fibers using a computer program

CUHK morphometry, Prof. W.H. Kwong). The latter was expressed as a percent-
ge of the total area of muscles (former) in each slide of the urinary bladder. Three
onsecutive midsagittal slides were observed from each control and ketamine spec-
mens and in each control and ketamine treatment 6 months group, 4 animals were
tilized. The total n is 12 from each group. The mean and standard deviations were
omputed and compared by Student’s t-test.

As the same above approach, from three other consecutive slides of each speci-
en of each control and ketamine group, positive choline acetyltransferase (ChAT)

eurons representing cholinergic cells were counted in the wall of the urinary blad-
er and expressed as a percentage of the total neurons present in the urinary bladder

n that slide. The immunohistochemistry labeling of ChAT neurons was documented
s in previous other studies of our group (Tiu et al., 2003).

. Results

In all the kidneys of the mice addicted to ketamine for 1,
and 6 months, foci of infiltration of mononuclear white cells
ere observed. Some of these infiltrative patches were near to the

lomeruli (Fig. 1a and b). Others were near to blood vessels (arteries
r veins), forming perivascular cuffing (Fig. 2). Severe degenerating
f parts of the kidney were evident in over 15% of all addicted cases
Fig. 3), while mononuclear infiltration was also demonstrated in
he regions of the distal and collecting tubules of the medulla in all
ddicted cases (Fig. 4). The mononuclear infiltration could extend
ll the way into the papilla and the ureter (Figs. 5 and 6) of all
ddicted cases. The controls (1, 3 and 6 months) all had no signifi-
ant infiltration of mononuclear white cells (Fig. 7).

The urinary bladder of the treated animals displayed some
athology when compared with control. The epithelium in
he experimental mice was much thinner (1–2 layers thick)
Fig. 8a) than those of control (3–4 layers thick) (Fig. 8b). Infil-
ration of mononuclear cells (macrophages, lymphocytes, etc.)
as frequently observed in the submucosa of the bladder wall

Fig. 8a and c). The other layers of the bladder were unremarkable.
ilver staining, however, revealed abundant positive silver impreg-
ated positive fibers in the muscle of control (Fig. 9a) while in the
etamine treated, the number of positive silver fibers were less in
mount (Fig. 9b).

Morphometric evaluation revealed that in the control, the area

ccupied by the nerve fibers versus the total area of muscles in
he urinary bladder was 34.26 ± 6.95% (n = 12, 3 slides from each
f 4 animals in control and treated) while those of the 6 months
etamine treated group was 27.5 ± 6.14% (n = 12). Student’s t-test
evealed significant differences between the two groups (p < 0.02).

nfiltration of mononuclear inflammatory cells (arrows) near the renal pyramid. 50×. The
f kidney from a mouse treated with ketamine (30 mg/kg intraperitoneal injection daily) fo
he renal pelvis. 50×. The scale bar represents 20 �m. (7) Haematoxylin and eosin stainin
here was no significant mononuclear inflammatory cell infiltration. 200×. The scale ba
a) This section was from a mouse treated with ketamine (30 mg/kg intraperitoneal injec
arrow) under the epithelium of urinary bladder. Note that the epithelium was thin. (b) Thi
f the urinary bladder was normal, which was thicker than that showed in (a). (c) This se
aily) for 3 months. There was infiltration of mononuclear cells (lymphocytes) (arrows)
nd was thinner than the control in (b). 100×. The scale bar represents 10 �m. (9) Silve
n the muscles. (a) From a mouse with no ketamine treatment. The nerve fibers (arrow)
ntraperitoneal injection daily) for 1 month. The nerve fibers (arrow) showed loose arran
ters 191 (2009) 275–278 277

Our result on the percentage of ChAT positive neurons ver-
sus total neurons of the control group was 47.5 ± 11.4% while
in the ketamine group was 23.33 ± 8.96% (mean ± S.D.). There
was a significant decrease (p < 0.0008) of cholinergic neurons
in the ketamine treated, as ChAT is a marker for cholinergic
neurons.

4. Discussion

Mononuclear infiltration is an indication of chronic inflamma-
tion of the urinary tract and is likely associated with interstitial
inflammation (Erickson et al., 1994). Such changes in the mouse
urinary system in these cases are probably not a direct effect of
the ketamine on the urinary tract, but a secondary episode sub-
sequent to pathophysiological changes induced by ketamine, e.g.
changes in ion channel of the cells (Frenkel and Urban, 1992; Han
et al., 2003; Kawano et al., 2005; Chen et al., 2009). Changes might
also arise from alteration of muscular contractability in the urinary
bladder. This can come as a change in neuromuscular activity as
presented in this study or a possible decrease of nerve fibers. All
these changes would subsequently lead to cellular degeneration,
stasis of urine, dilantin of the urinary bladder and the subsequent
migration of mononuclear white cells into the sites of lesion. The
cells are usually monocytes, lymphocytes and macrophages. In the
early phase, no chemical pathology might be detected from the
urine or the blood (e.g. rise of creatinine) but prolonged alteration
would finally change the biomarkers in the urine or blood of the
animals (unpublished data of our laboratory).

Pathology of the urinary bladder indicates mononuclear infil-
tration, much similar to that of the clinical situation of interstitial
cystitis. The thin walls of the bladders in the treated are probably as
a consequence of the cystitis. The decrease of silver stainable fibers
in the muscles of the urinary bladder is interesting. One would
be tempted to suggest perhaps ketamine may be related to such
decrease, i.e. degeneration of neuromuscular junctions and/or pro-
prioceptive sensory fibers in chronic addiction. This is essentially
a very important consequence if found correct but certainly needs
much further investigation.

There was also a possible decrease in the cholinergic neurons in
the urinary bladder of the ketamine treated animals. It is possible
that damage induced via NMDA receptors play a role in the decrease
of the cholinergic neurons or in the expression of acetylcholine
(White et al., 1982; Strayer and Nelson, 2008).

The interstitial inflammatory disease in animal model after sub-
ject to ketamine addiction has never been described. In the bladder,
it is similar to the human interstitial cystitis in that the epithelium
is affected (Johansson and Fall, 1990) and there are submucosal
changes with inflammatory cell aggregates (Lynes et al., 1990;
Lépinard, 1998; Itano and Malek, 2001).
Our study of the ketamine addiction in the mouse substan-
tiated the recent human cases that ketamine addiction exerts
toxicity which will render the subject prone to urinary changes
(Colebunders and Van Erps, 2008; Chu et al., 2008), which in turn
affects not only the bladder but in addition the kidney as revealed

scale bar represents 20 �m. (6) Haematoxylin and eosin staining of sagittal section
r 6 months. There was infiltration of mononuclear inflammatory cells (arrows) near
g of sagittal section of kidney from a mouse that received no ketamine treatment.
r represents 10 �m. (8) Silver staining of midsagittal sections of urinary bladder.
tion daily) for 1 month. There was infiltration of mononuclear cells (lymphocytes)
s section was from a control mouse with no ketamine treatment and the epithelium
ction was from a mouse treated with ketamine (30 mg/kg intraperitoneal injection
under the epithelium of urinary bladder. The epithelium was thin as those of (a),
r staining of midsagittal sections of the urinary bladder showing the nerve fibers
showed profuse anastomosis. (b) From a mouse treated with ketamine (30 mg/kg
gement. 400×. The scale bar represents 10 �m.
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y the mice experiments in this work. This is an important infor-
ation which could be used in the education to combat ketamine

ddictions.
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The Toxic Effect of Ketamine on SH-SY5Y Neuroblastoma
Cell Line and Human Neuron
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KEY WORDS ketmaine toxicity; neuron; apoptosis; Bax/Bcl-2 ratio

ABSTRACT Ketamine used as an injectable anesthetic in human and animal medicine is also a
recreational drug used primarily by young adults often at all night dance parties in nightclubs.
The percentage of ketamine users has grown very fast in the last 5 years worldwide. However, this
leads to the serious question of the long-term adverse effects of ketamine on our nervous system,
particularly the brain, because ketamine as an NMDA antagonist could cause neurons to commit
apoptosis. Our study therefore aimed to find out the chronic effect of ketamine on neuron using
prolonged incubation (48 h) of neuronal cells with ketamine in culture. Our results showed that dif-
ferentiated neuronal cells were prone to the toxicity of ketamine but probably less susceptible than
undifferentiated neuronal cells and fibroblasts. This suggested that the ketamine abuse would be
harmful to many other organs as well as the brain. Our results also confirmed that the toxicity of
ketamine is related to apoptosis via the Bax/Bcl-2 ratio pathway and caspase-3 in the differentiated
neuronal cells. Therefore, long-term ketamine treated cell or animal models should be sought to
study this multiorgan effects of ketamine.Microsc. Res. Tech. 73:195–201, 2010. VVC 2009 Wiley-Liss, Inc.

INTRODUCTION

Ketamine, a noncompetitive antagonist at the gluta-
matergic N-methyl-D-aspartate (NMDA) receptor, is
currently used in human and animal medicine as an
injectable anesthetic especially in pediatric patients
(Haas and Harper, 1992; Strayer and Nelson, 2008,
Loxton et al., 2008; White et al., 1982). Ketamine is
also a controlled substance, illegally used as a recrea-
tional drug. It is used primarily by young adults often
at all night dance parties called ‘‘raves’’ that take place
in nightclubs (Britt and Cance-Katz, 2005; Gable,
2004). In Hong Kong, The Central Registry of Drug
Abuse database (CRDA) showed that the percentage of
ketamine users has grown very fast in the last 5 years;
from only few reported cases in 1999 to 70% of the age
under 21-year-old drug abusers by 2002 (Joe Laidler,
2005). This trend is consistently with the findings in
the United State of America and around the World
(Lankenau et al., 2007). For use as a general anesthetic
agent, ketamine is administered at a dose of 1–2 mg/kg
intravenously or 5–10 mg/kg intramuscularly. For use
in sedation or analgesia only, the suggested doses are
200–750 lg/kg intravenously or 2–4 mg/kg if given
intramuscularly (Haas and Harper, 1992). Although
the use of ketamine as an anesthetic or sedative agent
generally is regarded as safe, adverse effects of the air-
way obstruction had occurred in 10–20% of subjects
receiving ketamine (Strayer and Nelson, 2008). Fur-
thermore, ketamine as one of the popular club drugs
because of its anesthetic and hallucinate effects, the
user might not be aware of injury induced or related
physical assaults in addition to weird behavior that
could be fatal (Gable, 2004).

The reason for prevalent use of ketamine is the short
duration of action and lack of a physical dependence

(Haas and Harper, 1992; Lankenau et al., 2007). How-
ever, ketamine, as an NMDA antagonist, can inhibit
the reuptake of serotonin, dopamine, and norepineph-
rine, although the mechanism underlying this action is
not entirely clear (Britt and Cance-Katz 2005; Strayer
and Nelson, 2008). Indeed, NMDA receptor blocker
might cause neurotoxicity, and in developmental period
of synaptogenesis, NMDA antagonist could cause neu-
rons to commit apoptosis (Ikonomidou et al., 1999). A
recent study shows that ketamine at 200 lM (50 lg/
mL) significantly increased Bax, caspases 3, 6, 9, and
cytochrome c in human HepG2 cells in culture leading
to increases in DNA fragmentation and apoptosis (Lee
et al., 2009). This study showed that ketamine induced
apoptotic insults via the Bax-caspase pathway at a
clinically relevant or an abused concentration that
induced toxicity to hepatocytes (Lee et al., 2009). Other
studies also showed that ketamine could increase sig-
nificantly the neuronal apoptosis with increased Bax in
forebrain culture from neonatal rat (Wang et al., 2005,
2008) and neonatal monkey (Wang et al., 2006). In
addition, repeated administration of 20 mg/kg keta-
mine into postnatal day-7 rats caused significant
increases in caspase-3 apoptotic neuronal cells in the
frontal cortex as well as in other brain regions (Zou
et al., 2009). These data also demonstrated that keta-
mine administration during development induced cell
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death were apoptotic in nature. Using primary neuron
culture from day 0 rat, 10 lg/mL of ketamine could
induce cell death and dendritic arbor retraction (Vut-
skits et al., 2007). Most importantly, ketamine at con-
centrations as low as 0.01 lg/mL could induce atrophy
of neuronal dendritic architecture. These suggested
that long-term administration of subanesthetic concen-
trations of ketamine, even if not affecting survival may
impair neuronal network by interfering with funda-
mental contact in neurons and thus might lead to dys-
functions of the neural networks (Vutskits et al., 2007).
Nevertheless, the concern of ketamine toxicity is the
long-term effect of its use on the central nervous sys-
tem (CNS), as evidences showed that ketamine could
cause neuronal cell death in rats and monkeys infused
with ketamine (Wang et al., 2008). In culture of rat
forebrain neurons, incubation with ketamine of 10 lM
(2.5 lg/mL) for prolong period of 24 h, which mimics
the long-term in vivo exposure, indicated that keta-
mine is apoptotic to nervous cells (Gascon et al., 2007;
Wang et al., 2008).

The human neuroblastoma cell line, SH-SY5Y, is a
suitable and reliable model to test the neurotoxicity or
neuroprotection of drugs (Nicolini et al., 1998, Akao
et al., 2002). Together with the primary human neu-
rons (ScienCell, Carlsbad, CA) in culture, we sought to
investigate the long-term effect of different concentra-
tions of ketamine, from subanesthetic, clinically rele-
vant to abuse levels, on human neurons in culture. We
also investigated the apoptotic effect of ketamine by
examining the B-cell lymphoma 2-associated protein X
(Bax) to B-cell leukemia/lymphoma-2 (Bcl-2) ratio, a cru-
cial factor in determining the progress of cell apoptosis.

MATERIALS AND METHODS
Cell Cultures and Ketamine Treatment

The human neuroblastoma SH-SY5Y cell line (ATCC
number CRL-2266) and NIH-3T3 fibroblast cells
(ATCC number CRL-1658) (American Type Culture
Collection (ATCC), Manassas, VA) were cultured in 96-
well plate in Dulbecco’s Modified Eagle/Nutrient Mix-
ture F12 (HAM) 1:1 (DMEM/F12) medium supple-
mented with 10% (v/v) fetal bovine serum, 100 U/mL
penicillin, and 100 lg/mL streptomycin (Invitrogen
Corp., Carlsbad, CA). Differentiation of SH-SY5Y was
performed with the addition of 10 lM of all-trans-reti-
noic acid into the culture medium for 5 days (Cuende
et al., 2008, Encinas et al., 2000). Human neurons
(Cat. No. 1521) were obtained from ScienCell Research
Laboratories (Carlsbad, CA) and cultured in a recom-
mended neuronal medium from the supplier. After con-
fluence of the cultures, ketamine or hydrogen peroxide
(H2O2) of different concentrations was added to the cul-
ture medium, and incubation continued for 48 h.

MTTAssay

The MTT reduction assay was performed as previ-
ously published (Lü et al., 2008). Cultures were incu-
bated for 48 h in different concentrations of ketamine
and MTT reduction was started by addition of 10 lL of
MTT stock solution (5 mg/mL in phosphate buffer
saline (PBS)) (Sigma-Aldrich D4540, St. Louis, MO) in
90 lL of PBS per well after the medium was removed.
After further 4 h incubation at 378C, the reaction was
terminated by addition of 100 lL of dimethyl sulfoxide

(DMSO). After a further incubation for 15 min, optical
density (OD) at 550 nm was determined using an auto-
matic microtiter plate reader (Epson LX-800, Molecu-
lar Devices). Results were means of replicates of six or
eight wells of each ketamine or H2O2 concentration on
the same plate. The OD result of zero concentration of
ketamine or H2O2 concentration (ODC) was taken as
100%, and percentages of MTT reductions at other con-
centrations were calculated as [(ODS – OD0)/(ODC –
OD0)] 3 100, where ODS is the OD result of different
ketamine or H2O2 concentration, and OD0 is the OD
result of the eight MTT blank cell wells without MTT
added.

Western Blot

For Western blots (Lü et al., 2008), confluent cells (a
total of about 5 3 106 cells) after ketamine or H2O2

treatment were collected by trypsinization and centrif-
ugation at 1,000g for 5 min. Collected cells were sus-
pended in PBS precooled at 48C and washed for two
times. The cell pellets were homogenized with a ho-
mogenizer in 0.5 mL of lysis buffer, 50 mM Tris-HCl
(pH 7.4) containing 150 mM NaCl, 5 mM EDTA, 0.1%
sodium dodecyl sulfate (SDS), 1% Triton X-100, 0.1 mg/
mL phenylmethylsulphonyl fluoride (PMSF), 1 mg/mL
leupeptin, 1 mg/mL pepstatin A, and 5 mg/mL aproti-
nin. The homogenate was centrifuged at 14,000g for
30 min at 48C, and the supernatant obtained was ei-
ther immediately used or stored at –808C until use.
The protein concentration of the extract was deter-
mined by the Bio-Rad DC protein assay (500-0111,
Bio-Rad Laboratories, Hercules, CA).

Equal amounts of protein (20 lg) samples were
boiled in 23 loading buffer (100 mM Tris-HCl, pH 6.8,
4% SDS, 200 mM dithiothreitol, 0.2% bromophenol
blue, and 20% glycerol) for 6 min before loading on 12%
SDS-polyacrylamide gel. Electrophoresis was per-
formed at 100 Volt (V) for 120 min followed by semidry
transfer onto nitrocellulose membrane at 10 V for 1 h.
The membrane was blocked for 1 h in blocking solution
(5% nonfat dry milk, 0.05% Tween-20 in PBS) and then
incubated overnight at 48C with either one of the fol-
lowing antisera at 1:2,000 dilution: antiactin (sc-1616),
anti-Bax (sc-526), and anti-Bcl-2 (sc-783). All antibod-
ies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The following day, after three se-
quential 5-min washes with 0.05% Tween-20 in PBS
(PBST), the membrane was incubated with the appro-
priate IRDYE1 FC conjugated secondary antibody
1:2,000 for 1 h (IRDYE1 700DX antigoat FC 605-430-
003 for Bax and Bcl-2, IRDYE1 800CW antirabbit FC
611-131-003 for actin) (LI-COR Biosciences, Lincoln,
NE). After washing three times for 10 min with PBST,
the bound antibodies were then visualized and
recorded using the ODYSSEY Infrared Imaging Sys-
tem (LI-COR Biosciences). Band density values of indi-
vidual proteins were normalized to that of the actin.
Results were means of three replicates of experiments.

Caspase-3 Activity

The caspase-3 activity was measured using the Fluo-
rimetric Caspase 3 Assay Kit (CASP3F, Sigma-Aldrich
Corp., St. Louis, MO) according to manufacturer’s
instructions. Briefly, the cells were washed with phos-
phate-buffered saline and harvested with trypsiniza-
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tion using 0.25% of trypsin solution in 0.1% EDTA
(59429C, Sigma-Aldrich Corp.). Cell pellets collected
were lysed using the 13 lysis buffer as provided in the
kit. Supernatant after centrifugation at 14,000g for
10 min at 48C was used for caspase-3 activity assay.
Standards, positive controls, samples and the inhibited
samples were set up according to the kit’s menu. The
fluorescent 7-amino-4-methylcoumarin (AMC) gener-
ated from the hydrolysis of acetyl Asp-Glu-Val-Asp-
AMC (Ac-DEVD-AMC) by caspase-3 was measured
with excitation and emission wavelengths at 355 nm
and 460 nm, respectively, using the Wallace 1420 Vic-
tor2 Multilable Counter (Perkin-Elmer, Waltham, MA).
The concentration of the AMC released was calculated
from the AMC standards, and the caspase-3 activity
was expressed as nmol AMC/min/mg protein. The pro-
tein concentration of the samples was determined
using the Bio-Rad DC protein assay (500-0111, Bio-Rad
Laboratories).

Statistical Method

All data were expressed as mean 6 standard devia-
tion (SD). Results of the ketamine treated cultures
were compared with the controls (without ketamine
treatment) using student’s t-test. The difference
between groups was considered as statistically signifi-
cant when P-value was less than 0.05.

RESULTS
MTT Cell Death Test

Differentiation of SH-SY5Y cell cultures was induced
by retinoic acid; the cells differentiated into a more
neuronal appearance with neuritic extensions (Fig. 1).
In undifferentiated SH-SY5Y, treatment with keta-
mine at 250 lg/mL or higher caused significant (P <
0.05) cell death as compared to the control without ke-
tamine treatment (Fig. 2A). MTT reduction was 54.3%
6 17.4% for 250 lg/mL in undifferentiated SH-SY5Y,
which was significantly (P 5 0.0154) different from
control. For differentiated SH-SY5Y, treatment with

ketamine of 1,000 lg/mL (or higher) caused significant
(P 5 0.000005) cell death (MTT reduction 47.3% 6
12.8%) as compared to control (Fig. 2B). In fibroblasts
(NIH-3T3) culture, treatment with ketamine of 100 lg/
mL or above could cause significant (P < 0.05) cell
death as compared to the control (Fig. 2C). MTT reduc-
tion was 72.3% 6 6.4% for 100 lg/mL in NIH-3T3,
which was significantly (P 5 0.0057) different from
control. In other words, for fibroblasts significant cell
death could be caused by lower ketamine concentra-
tions than undifferentiated and differentiated SH-
SY5Y. For human neuron cultures, treatment with ke-
tamine of 500 lg/mL caused significant (P 5 000201)
cell death (MTT reduction 73.7% 6 5.8%) as compared
to the control (Fig. 2D). The use of H2O2 of 500 mM
was a positive control for apoptosis and indeed treat-
ment with H2O2 of 500 mM caused significant (P <
0.05) cell death in undifferentiated SH-SY5Y (52.8% 6
8.6%), differentiated SH-SY5Y (11.2% 6 0.7%), human
neuron (63.9% 6 8.7%), and NIH-3T3 (45.0% 6 8.0%)
cultures as compared to their respective controls
(Fig. 2).

Bax/Bcl-2 Ratio and Caspase-3 Activity Results

The Bax to Bcl-2 (Bax/Bcl-2) ratio Western blot
results are shown in Figure 3A. Bax/Bcl-2 ratios were
significantly increased in undifferentiated SH-SY5Y
(2.49 6 0.1.47), differentiated SH-SY5Y (3.18 6 1.96),
and NIH-3T3 (5.78 6 1.50) cultures treated with
2,500 lg/mL of ketamine as compared to their respective
control cultures without ketamine treatment (0.26 6
0.20, 0.38 6 0.35, 1.01 6 0.42 for undifferentiated SH-
SY5Y, differentiated SH-SY5Y, and fibroblast NIH-3T3
respectively). Active caspase-3 activities were measured
in undifferentiated and differentiated SH-SY5Y cul-
tures treated with ketamine of 2,500 lg/mL comparing
to control cultures with no ketamine treatment. Cas-
pase-3 activity was increased significantly (P 5
0.000113) in treated differentiated SH-SY5Y culture
(0.194 6 0.018) as compared with control culture (0.010
6 0.006) (Fig. 3B). However, caspase-3 activities showed
no significant difference between undifferentiated SH-
SY5Y cultures treated with or without ketamine.

DISCUSSION

Ketamine becomes a popular club drug due to its
rapid onset and short duration of effects (Haas and
Harper, 1992; Gable, 2004). However, this opens the se-
rious question of the long-term adverse effects of keta-
mine on our nervous system, the brain in particular.
Our study therefore aimed to find out the chronic effect
of ketamine on neuron using prolonged incubation
(48 h) of neuronal cells with ketamine in culture (Vut-
skits et al., 2007). Our results showed that treatment
with ketamine at 250 lg/mL (1 mM) induced signifi-
cant cell death in undifferentiated SH-SY5Y cultures
(Fig. 2A), a human neuroblastoma cell line. Undifferen-
tiated SH-SY5Y cells are not neurons but cancerous
neuronal cells; its origin was from neuroblasts that
they might possess both properties as cancer and neu-
ronal cells (Edsjö et al., 2007; Reynolds et al., 1986).
SH-SY5Y cells are undifferentiated in culture, and dif-
ferent substances such as retinoic acid could induce
the differentiation into more neuronal like cells
(Clagett-Dame et al., 2006; Edsjö et al., 2007; Uemura

Fig. 1. The human neuroblastoma SH-SY5Y cells were cultured in
Dulbecco’s Modified Eagle/Nutrient Mixture F12 (HAM) 1:1 (DMEM/
F12) medium supplemented with 10% (v/v) fetal bovine serum, 100 U/
mL penicillin, and 100 lg/mL streptomycin. Differentiation was per-
formed with the incubation of 10 lM of all-trans-retinoic acid for
5 days. The cells showed more neuronal appearance with neuritic
extension.
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et al., 2003). Differentiated SH-SY5Y cells still might
not totally resemble neurons, but they are more close
to neurons than the undifferentiated SH-SY5Y cells.
Our results showed that in differentiated SH-SY5Y
culture, ketamine of 1,000 lg/mL (4 mM) caused signif-
icant cell death (Fig. 2B), and this concentration was
higher than that of undifferentiated SH-SY5Y. Using
primary human neurons in culture, treatment with ke-
tamine at 500 lg/mL (2 mM) induced significant cell
death (Fig. 2D). Therefore, it seemed that neuron and
more neuronal like cells could be more resistant to the
toxic effect of ketamine than cancerous cells. Our
results showed also that for fibroblasts NIH-3T3 cul-
ture, a lower concentration of ketamine of 100 lg/mL
(0.4 mM) could cause significant cell death (Fig. 2C).
This concentration of ketamine (100 lg/mL or 400 lM)
was similar to the concentration of 50 lg/mL (200 lM)
which showed significant apoptotic effect to HepG2, a
human hepatoma cell line (Lee et al., 2009). Further-
more, if comparing HepG2 with the aforementioned
study (Lee et al., 2009) and undifferentiated SH-SY5Y
from our study, neuroblastoma was more resistant to
ketamine toxicity and requiring higher concentration
(250 lg/mL) than hepatoma (50 lg/mL), to have signifi-
cant cell death although the incubation time in our
study was longer (48 h as compared to 24 h in Lee
et al.’s study (2009)). Taken together, differentiated
neuronal cells of human cell line are prone to the
toxicity of ketamine but probably less susceptible than
undifferentiated neuronal cells, fibroblasts, and
hepatocytes.

The toxicity of ketamine is believed to be related to
the apoptotic pathway (Zou et al., 2009, Wang et al.,
2008, Lee et al., 2009). MTT is only a cell viability test;
the causes of cell death can be different (Lü et al.,
2008; Shearman et al., 1994), therefore, to relate the
cell death with apoptosis, we needed to analyze the
changes of apoptotic markers. According to the afore-
mentioned results, we treated the fibroblasts, undiffer-
entiated and differentiated SH-SY5Y cultures with
high ketamine concentration of 2,500 lg/mL to make
sure cell death was induced in all cell types, and then
the treated cultures were assayed for the Bax/Bcl-2 ra-
tio, a crucial apoptotic marker. This high ketamine con-
centration of 2,500 lg/mL (40 mM) was used only for
induction of cell death in this study; this is not clini-
cally relevant. Our results showed that the Bax/Bcl-2
ratios were increased significantly in cultures treated
with ketamine as compared to their controls with no
ketamine treatment (Fig. 3A). In the apoptotic path-
ways, Bax is well-known as proapoptotic by interacting
with Bcl-2, which is regarded as antiapoptotic (Oltvai
et al., 1993). Mitochondria play a pivotal role in apopto-
sis in both the intrinsic and extrinsic pathways (Sastre
et al., 2000; Sastre and Rao, 2002). Oligomers of Bax
could insert into the outer mitochondrial membrane
triggering cytochrome c release for promoting apopto-
sis. On the other hand, Bcl-2 forms complexes with Bax
in such a way that the release of cytochrome c is inhib-
ited and thus preventing apoptosis. In this way, the ra-
tio of Bax/Bcl-2 ratio is a crucial factor in determining
the progress of cell apoptosis (Raghupathi, 2004; Woo

Fig. 2. Cell death by MTT reduction in different types of cell cultures treated with various ketamine
concentrations. The positive control was treated with 500 mM hydrogen peroxide. (A) Undifferentiated
SH-SY5Y; (B) differentiated SH-SY5Y induced by retinoic acid; (C) fibroblast (NIH-3T3); and (D) human
neurons. *P < 0.05 as compared with the control with no ketamine treatment.
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et al., 2000). The significant increases of Bax/Bcl-2 ra-
tio supported that the toxicity of ketamine in this study
is related to apoptosis.

Downstream to Bax and Bcl-2 activation, caspase-3
activity was increased significantly in differentiated
SH-SY5Y (Fig. 3B) with ketamine-induced apoptosis,

while caspase-3 activity did not increase in undifferen-
tiated SH-SY5Y. This seemed to be suggesting that dif-
ferent effectors may be involved in the apoptosis of dif-
ferentiated and undifferentiated forms of SH-SY5Y;
caspase-3 for the differentiated and other activators/
effectors for the undifferentiated forms. Other effectors
might include caspase-6 and -7 as well as the activator
caspase-9 (Milosevic et al., 2003; Riedl and Shi, 2005).
The other possibility is that the differentiated SH-
SY5Y but not the undifferentiated cells possess the
NMDA receptor to which ketamine is a noncompetitive
antagonistic blocker leading to cell death and apoptosis
(Ikonomidou et al., 1999; Young et al., 2005). However,
it has been shown that both the undifferentiated and
differentiated (induced by retinoic acid) SH-SY5Y cells
showed the expression of NMDA receptor (NR) subunit
NR1 (Kulikov et al., 2007). Although retinoic acid dif-
ferentiation increased the NR1 expression, this sup-
ported that differentiation of SH-SY5Y cells are more
neuronal like than the undifferentiated cells. In the
same study, in fact, retinoic acid differentiation caused
also expression of NRs in adipocytes. Investigation is
needed to elucidate further details of the pathways
involved in particular in the undifferentiated SH-
SY5Y.

Glia and neuron are the two most abundant cell
types in the brain; it is also important to understand
how ketamine might affect the glial cells. From recent
studies, ketamine could influence glial cells including
microglia and astrocytes in response to inflammatory
insults (Chang et al., 2009; Shibakawa et al., 2005).
This might in turn affect the survival of neuronal cells.
In other words, ketamine might have an indirect effect
on the well being of neurons. Further studies are
required to find out whether or not ketamine is toxic to
glial cells, as to neurons in this study; if so, ketamine
would have a more global detrimental effect on the
whole brain.

Studies of toxicity of ketamine used mostly neonatal
animals or cultures derived from neonatal/fetal tissues,
and most studies examined the short term or acute
effect of ketamine (Ikonomidou et al., 1999, Scallet
et al., 2004, Farber and Olney, 2003, Takadera et al.,
2006, Vutskits et al., 2007, Ke et al., 2008, Fredriksson
et al., 2007, Zou et al., 2009, Young et al., 2005, Gascon
et al., 2007, Wang et al., 2006, 2008). This is due to the
fact that ketamine is frequently used as anesthetic
especially in pediatric patients (Haas and Harper,
1992; Strayer and Nelson, 2008), and the concern of
the neurotoxic effects of related short-term administra-
tion of ketamine. However, despite the fact that keta-
mine is being increasingly used as a club drug by
youngsters and adults (Gable 2004, Strayer and
Nelson, 2008, Loxton et al., 2008), long-term effect of
ketamine on the nervous system should be investigated
in adult animal or human tissues. Ketamine is consid-
ered as safe at the anesthetic or subanesthetic levels
(Haas and Harper, 1992); high levels and their toxic
effect as resulted from abuse are certainly undesirable.
For example, a typical recreational dose through intra-
nasal inhalation, in powdered form, is about 60 mg
(Gable, 2004). Given also that ketamine is distributed
to highly perfused organs, including brain, the keta-
mine could achieve to levels several folds of in plasma
(Haas and Harper, 1992). Ketamine levels of mM,

Fig. 3. Results of apoptotic markers in undifferentiated and differ-
entiated SH-SY5Y and fibroblasts NIH-3T3 cultures treated with ke-
tamine (2500 lg/mL) as compared to controls without ketamine treat-
ment. (A) Bax/Bcl-2 ratio with a panel showing representative West-
ern blot results (Note 1); 1: fibroblasts control, 2: fibroblasts ketamine
treated, 3: undifferentiated SH-SY5Y control, 4: undifferentiated SH-
SY5Y ketamine treated, 5: differentiated SH-SY5Y control, 6: differ-
entiated SH-SY5Y ketamine treated. (B) Caspase-3 activity. *P <
0.05 versus control. Note: Because of the limited number of cells in
culture, the quantities of samples for Western blot analysis were
small; the final Bax and Bcl-2 bands were not too strong to visual
eyes. The protein concentrations of these samples were also variable
and the amounts of proteins applied for electrophoresis might not be
the same (20 lg). Therefore, even the actin bands did not show con-
sistent intensities for all samples. Nevertheless, the ODYSSEY Infra-
red Imaging System could record and measure the intensities of all
the bands.
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which from our results as above causing cell deaths,
could be attained in particular in the brain. Therefore,
the toxic effects of these high levels of ketamine in
chronic and abuse use should be studied and docu-
mented. Our study was designed to aim at finding out
such relevant results. We used ketamine from very low
to very high concentrations in the treatments of cells
derived from adult tissues, and also with a long incuba-
tion time of 48 h to mimic the chronic effect (Vutskits
et al., 2007) and we were able to show that ketamine
was toxic to fibroblasts, neuroblastoma, and primary
neurons. Importantly, fibroblasts were more suscepti-
ble to ketamine toxicity than neuronal cells suggesting
the ketamine abuse would be harmful to many other
organs as well as the brain. Indeed, Lee et al. (2009)
showed that ketamine was toxic to hepatocytes at also
low concentrations. In addition, from a recent study,
ketamine abusers could have destruction of their lower
urinary tract including syndrome of cystitis and con-
tracted bladder, and secondary damage might be irre-
versible (Chu et al., 2008). Therefore, long-term keta-
mine treated cell or animal models should be sought to
study this multiorgan effects of ketamine. Our and
other results showed that apoptosis was involved in
ketamine’s toxic effect, and any future therapeutic
approach might consider targeting this pathway (Taka-
dera et al., 2006).
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a b s t r a c t

Ketamine, a non-competitive antagonist at the glutamatergic N-methyl-d-aspartate (NMDA) recep-
tor, might impair memory function of the brain. Loss of memory is also a characteristic of aging and
Alzheimer’s disease. Hyperphosphorylation of tau is an early event in the aging process and Alzheimer’s
disease. Therefore, we aimed to find out whether long-term ketmaine administration is related to hyper-
phosphorylation of tau or not in the brains of mice and monkeys. Results showed that after 6 months’
eywords:
yperphosphorylation
rain
au
etamine abuse
lzheimer’s disease

administration of ketamine, in the prefrontal and entorhinal cortical sections of mouse and monkey
brains, there were significant increases of positive sites for the hyperphosphorylated tau protein as
compared to the control animals receiving no ketamine administration. Furthermore, about 15% of hyper-
phosphorylated tau positive cells were also positively labeled by terminal dUTP nick end labeling (TUNEL)
indicating there might be a relationship between hyperphosphorylation of tau and apoptosis. Therefore,
the long-term ketamine toxicity might involve neurodegenerative process similar to that of aging and/or
eurodegeneration Alzheimer’s disease.

. Introduction

Ketamine, a non-competitive antagonist at the glutamatergic N-
ethyl-d-aspartate (NMDA) receptor, is frequently used in human

nd veterinary medicine as an anesthetic especially in pediatric
atients (White et al., 1982; Haas and Harper, 1992; Strayer and
elson, 2008; Loxton et al., 2008). Ketamine is also a controlled sub-

tance but illegally used as a recreational drug primarily by young
dults often at “raves” parties of nightclubs (Gable, 2004; Britt and
ance-Katz, 2005). Ketamine abusers has grown fast in recent years
orldwide (Joe Laidler, 2005; Lankenau et al., 2007). Although

he use of ketamine as an anesthetic or sedative agent generally
s regarded as safe, adverse effects of the airway obstruction had
ccurred in 10 to 20% of subjects receiving ketamine (Strayer and

elson, 2008). Furthermore, because of ketamine’s anesthetic and
allucinate effects, the abuser might not be aware of injury induced
r related physical assaults in addition to weird behavior which
ould be fatal (Gable, 2004).

∗ Corresponding author at: School of Biomedical Sciences, Faculty of Medicine,
hinese University of Hong Kong, Room G15C, Shatin, N.T., Hong Kong, China.
el.: +852 2609 6899; fax: +852 2603 5031.
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© 2010 Elsevier Ireland Ltd. All rights reserved.

NMDA receptor in the brain is associated with cognition; for
example, NMDA receptor antagonists disrupt memory function in
mice and rats (Lalonde and Joyal, 1993; Uchihashi et al., 1994).
Several studies also showed that ketamine administration at sub-
anesthetic and anesthetic levels could impair the performance of
learning and memory of mice and rats (Lalonde and Joyal, 1993;
Uchihashi et al., 1994; Gerlai and McNamara, 2000; Mickley et
al., 2000). This effect of NMDA receptor antagonists on cognition
was partly due to blockage in the induction of hippocampal long-
term potentiation (LTP) that presumably underlies certain forms of
learning and memory (Morris et al., 1986; Errington et al., 1987;
Collingridge and Bliss, 1995). However, the confirmed mechanism
of this memory deficit is still unclear. Recently, however, it had
been shown that ketamine can interact with serotonin in the hip-
pocampus of rats (Adams et al., 2009). On the other hand, one of
the hallmarks of aging and Alzheimer’s disease (AD) is the loss
of memory, and the hyperphosphorylated of tau proteins in the
brain is regarded as an early event in aging and one of the pro-
cesses in the development of AD (Goedert et al., 1994; Mandelkow

and Mandelkow, 1998; Huang and Jiang, 2009). The question is
then would the memory impairment of ketamine be related to the
hyperphosphorylation of tau? To answer this, we aimed to test the
presence of hyperphosphorylated tau protein in the brains of mice
and monkeys after long-term ketamine administration to reveal

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:david-yew@cuhk.edu.hk
dx.doi.org/10.1016/j.toxlet.2010.01.008
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he early possible event of ketamine toxicity on the central nervous
ystem.

. Materials and methods
Young Cynomolgus Monkeys or Crab-eating Macaques (Macaca fascicularis) of 3
ears old and ICR (imprinting control region) mice of 2 months old were used to set
p the long-term animal abusive models. Six monkeys were given daily intravenous
etamine at dose of 1 mg/kg for 6 months. Eighteen mice in total were divided
nto three groups of six mice each and each animal in each group received daily

ig. 1. Hyperphosphorylated tau immunostaining of sections from the prefrontal and ento
o ketamine. (a) A section of the prefrontal cortex from a mouse treated with ketamine
hosphorylated tau in layer I of the prefrontal cortex. ×400. (b) From a mouse with ketam
arrow) were present in layer I of the prefrontal cortex of the mouse. ×400. (c) There wer
ortex from a control mouse. ×400. (a–c) had counterstaining of Cresyl violet. (d) A section
o sites stained positive for hyperphosphorylated tau. ×400.
ters 193 (2010) 189–193

intraperitoneal ketamine at dose of 30 mg/kg for either 1, 3 or 6 months. All animals
were treated according to National Institute of Health (NIH) Guidelines for the Care
and Use of Laboratory Animals. Experimental procedures had been approved by the
ethical committee of the Chinese University of Hong Kong.

Monkeys were anesthetized with Sumianxin 864 (a mixture of xylidinothiazo-

line, dihydroetophrine hydrochloride, haloperidol and EDTA) (Veterinary Research
Institute, Changchun, PRC 130012) and were sacrificed by exsanguinations and per-
fusion with 4% paraformaldehyde in phosphate buffered saline (PBS). The skull was
opened and the prefrontal and entorhinal cortices dissected out and immersed
in 4% paraformaldehyde in PBS for further fixation at 4 ◦C overnight. Mice were
anesthetized with 7% chloral hydrate (1 mg/g body weight) and sacrificed by open-

rhinal cortices of mice with administration of ketamine and control mice receiving
for 3 months showed there were some positively stained sites (arrow) for hyper-
ine administration for 6 months, extensive hyperphosphorylated tau positive sites

e no stained positive sites for hyperphosphorylated tau in this section of prefrontal
of the entorhinal cortex from a mouse treated with ketamine for 6 months showed
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ig. 2. Hyperphosphorylated tau immunostaining of sections from the prefrontal
ontrol monkeys receiving no ketamine. (a) This section shows hyperphosphorylat
ame as (a). ×400. (a and b) Had counterstaining of Cresyl violet. (c) For the entorhi
eep layer of entorhinal cortex. ×400. (d) A section of the cortex from a control mo

ng of chest, followed by perfusion of 4% paraformaldehyde in PBS. The prefrontal
nd entorhinal cortices were dissected out and fixed. The cortical samples were
ehydrated in alcohol, cleared in xylene and embedded in paraffin. Six micrometer
ections were cut for immunohistochemistry of hyperphosphorylated tau (Ser199)
nd/or terminal dUTP nick end labeling (TUNEL) staining.

Immunohistochemistry was performed according to our previous published
ethod (Wai et al., 2009) with primary antibodies of hyperphosphorylated tau

Ser199) (1:500; BioSourceTM, California; 44-734G). After the primary and secondary
ntibody reactions, the sections were subsequently reacted with Vectastain ABC-
eroxidase Kit (Vector Laboratories, Burlingame, California, USA) for visualization of
he positive cells. The TUNEL study was performed using the in situ apoptosis detec-
ion kit (S7100-KIT, Oncor, Gaithersburg, MD) followed by 3,3-diaminobenzidine
DAB) color development for the specimens of monkeys with 6 months administra-
ion of ketamine, as described previously (Li et al., 1997; Wai et al., 2009).

In order to obtain the density of hyperphosphorylated tau positive cells, mor-
hometrical studies were performed using a stereological method (Wai et al., 2009).
or hyperphosphorylated tau, three consecutive sections were obtained from each
refrontal and entorhinal cortices sample for counting of positive cells. For each sec-
ion, a grid of 1500 �m2 was laid randomly on the specimen at 200X magnification
nd the grid has 25 squares, only the positive cells in the middle row of 5 squares
ere counted. For TUNEL, morphometrical procedures were performed in the

ame way with consecutive sections of prefrontal cortex from monkey specimens.
he mean ± standard deviation (SD) was computed for each group and the differ-
nce between groups was compared using student’s t-test. The difference between
roups was considered as statistically significant when p-value was less than 0.05.
. Results

Hyperphosphorylated tau positive cells were found in the pre-
rontal and entorhinal cortices of mice and monkeys. In the mice,

ig. 3. Double staining of hyperphosphorylated tau and TUNEL was performed with sect
onths (a and b) and control monkeys receiving no ketamine (c). These sections show c

rrows in (a) and (b) point to a positive TUNEL nucleus and the broken arrows point to the
200. (c) The arrow points to a cell with positive TUNEL nucleus occasionally and the sur

ontrol. ×200.
ntorhinal cortices of monkeys with administration of ketamine for 6 months and
positively stained cells were in the outer layers of the prefrontal cortex. ×200. (b)
rtex, there were cells (arrows) stained positive for hyperphosphorylated tau in the
howed no cell stained positive for hyperphosphorylated tau. ×400.

the hyperphosphorylated tau positive cells were located mainly on
the layer I of the prefrontal cortex and were observed initially after
3 months of administration of ketamine (Fig. 1a). By 6 months of
administration, the amount of positive hyperphosphorylated tau
sites increased (Fig. 1b). There was no hyperphosphorylated tau
positive cell in the prefrontal cortex of a control mouse without
ketamine treatment (Fig. 1c). In the entorhinal cortex of the mice
treated with ketamine for 6 months, however, the positive cells
were not significant (Fig. 1d).

In the monkeys, a significant amount of hyperphosphorylated
tau positive cells were observed in the prefrontal and entorhi-
nal cortices after 6 months of ketamine administration, while the
positive cells were present in the outer layers of the prefrontal
cortex (Fig. 2a and b), and the deep layers of the entorhinal cor-
tex (Fig. 2c). The negative control on the other hand showed no
hyperphosphorylated tau positive cell in the cortex of a control
monkey without ketamine treatment (Fig. 2d). In the brains of
ketamine treated monkeys, combined TUNEL and hyperphospho-
rylated tau immunohistochemistry revealed some cells labeled
with both (Fig. 3a and b) while a few other cells had only
TUNEL labeled nucleus, like those of the control brains (Fig. 3c).

From the prefrontal cortex specimens of ketamine treated mon-
keys, a count in the percentage of positive hyperphosphorylated
tau cells with TUNEL positive nuclei versus total TUNEL posi-
tive cells revealed 14.6 ± 6.4% (mean ± SD) of TUNEL positive cells
were hyperphosphorylated tau positive. Thus, not all the cells

ions from the prefrontal cortex of monkeys after administration of ketamine for 6
ells positive for the double staining of hyperphosphorylated tau and TUNEL. Solid
cytoplasm of a cell with hyperphosphorylated tau stained positive in the cytoplasm.
rounding cytoplasm showed no positively stained hyperphosphorylated tau in the
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Fig. 4. Densities of the hyperphosphorylated tau positive cells were evaluated using
morphometric method with sections from the prefrontal and entorhinal cortices
of monkeys after administration of ketamine for 6 months and control monkeys
receiving no ketamine. (a) Histogram shows the densities of the hyperphosphory-
lated tau positive cells were increased significantly (p < 0.05) in both prefrontal and
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ntorhinal cortices of ketamine treated monkeys as compared with the control mon-
eys. (b) The density of TUNEL positive cells was increased significantly (p < 0.05)
n the prefrontal cortex of ketamine treated monkeys as compared with the control

onkeys.

ith TUNEL positive cells were hyperphosphorylated tau posi-
ive.

Morphometric evaluations using sections from monkey spec-
mens revealed that densities of the hyperphosphorylated tau
ositive cells increased significantly (p < 0.05) in both the prefrontal
nd entorhinal cortices of ketamine treated monkeys (15.0 ± 9.0
nd 27.8 ± 10.2 cells/1500 �m2 respectively for prefrontal and
ntorhinal cortices) as compared with those of the control monkeys
0.6 ± 1.6 and 0.2 ± 1.2 cells/1500 �m2 respectively for prefrontal
nd entorhinal cortices) (Fig. 4a). Likewise, the density of TUNEL
ositive cells increased significantly (p < 0.05) in the prefrontal cor-
ex of ketamine treated monkeys as compared with those of the
ontrol monkeys (7.2 ± 5.5 and 0.8 ± 1.9 respectively for ketamine
nd control groups) (Fig. 4b).

. Discussion

Our results showed clearly the presence of hyperphospho-
ylated tau in the brains of animals (mice and monkeys) with

months ketamine administration or above. Although we did
ot have samples of human ketamine abusers, we have in an
npublished study of cocaine addicts which also revealed that
yperphosphorylated tau did exist in the human brains of addicts. It

s therefore likely that abusive uses of different drugs could induce
ormation of hyperphosphorylated tau in neurons in the brains of

nimals and human.

Tau is a microtubule associated protein which was abnormally
hosphorylated in AD (Augustinack et al., 2002; Huang and Jiang,
009). The hyperphosphorylation of tau results in aggregation
f the paired filaments in the formation of neurofibrillary tan-
ters 193 (2010) 189–193

gles (NFT). In hyperphosphorylated tau development, three stages
had been documented which were (1) preneurofibrillary tangles,
(2) intraneurofibrillary tangles, and (3) extraneurofibrillary tan-
gles. In the preneurofibrillary stage, the hyperphosphorylated tau
were located at the serine (S) sites S199, S202 and S409, whereas
those in the intraneuronal NFT had tau hyperphosphorylation at
the S396 and threonine (T) T231 positions, while the extraneu-
ronal NFTs were primarily at the S396 positions (Kimura et al.,
1996; Augustinack et al., 2002). In the present study, the punctate
forms of hyperphosphorylated tau as revealed by immunochem-
istry, seemed to align with those reported in the preneurofibrillary
stage (Augustinack et al., 2002). The punctate positive sites were
either present all over the cell or around one pole of the neuron, but
unlike those reported by Li et al. (1995), the positive sites were nor-
mally not present in the nucleus, which indicated that they were not
related to Huntington disease. The hyperphosphorylated tau anti-
body that we used was typically against serine site S199, showing
neurons in our results were in the prefibrillary stage of the NFT for-
mation. It was also possible that other stages of the NFT formation
were not made apparent by this antibody. The stage of preneurofib-
rillary formation here may be similar to AD Braak and Braak Stage
(IV) documented by Augustinack et al. (2002). Together, our novel
results indicated that there were hyperphosphorylation of tau in
neurons of mice and monkeys with long-term ketamine admin-
istration. There was, however, no additional close resemblance of
these ketamine treated animals to those of AD patients. In spite of
the presence of early hyperphosphorylated tau in cells of the brain,
preliminary observation in this laboratory on our specimens failed
to reveal any significant amount of �-amyloid plaques by immuno-
histochemistry using Abeta (1-42 amino acids) antibody (data not
shown). Since �-amyloid plaques are also definitive pathological
hallmark of Alzheimer’s disease (Tremblay et al., 2007; Barrio et al.,
2008; Kienlen-Campard et al., 2008; Viola et al., 2008), our spec-
imens did not have all the required diagnostic parameters of this
disease. But one could not rule out the possible �-amyloid plaques
accumulation which might happen later in these brains of longer
term ketamine treatment.

TUNEL, a technique employed to identify nick and breaks in
DNA, was originally used as a marker for apoptotic cells in the ner-
vous system of animals including human (Li et al., 1997). Due to
the controversy to DNA breaks sometimes can reattach, the TUNEL
technique is now used as a degenerative and/or apoptotic marker
for cells. In this study, some cells with hyperphosphorylated tau
had TUNEL positive nucleus, thus indicated a possible relationship
between hyperphosphorylated tau formation and apoptosis. Fur-
ther still, the injury involved ketamine and thus the possibility of
ketamine as a neurodegenerative agent during its abused uses must
be carefully pondered. Recent studies in our laboratory also showed
a change in the density of nerve fibers (Yeung et al., 2009) in the
ketamine addicted mice and in culture neuroblastoma cells (Mak et
al., 2009). Further studies of ketamine toxicity should be initiated
and be considered along this direction of neurodegeneration.
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Permanent deficits in brain functions
caused by long-term ketamine
treatment in mice

L Sun1,2, WP Lam2, YW Wong2, LH Lam2, HC Tang2,
MS Wai2, YT Mak2, F Pan1 and DT Yew2

Abstract
Ketamine, an injectable anesthetic, is also a popular recreational drug used by young adults worldwide. Ketamine is
a non-competitive antagonist of N-methyl-D-aspartate receptor, which plays important roles in synaptic plasticity
and neuronal learning. Most previous studies have examined the immediate and short-term effects of ketamine,
which include learning and cognitive deficits plus impairment of working memory, whereas little is known about
the long-term effects of repeated ketamine injections of common or usual recreational doses. Therefore, we aimed
to evaluate the deficits in brain functions with behavioral tests, including wire hang, hot plate and water maze tests,
plusexamineprefrontal cortexapoptoticmarkers, includingBax,Bcl-2 andcaspase-3, inmice treatedwith6months
of daily ketamine administration. In our study, following 6 months of ketamine injection, mice showed significant
deterioration in neuromuscular strength and nociception 4 hours post-dose, but learning and working memory
were not affectednor was there significant apoptosis in theprefrontal cortex. Our research revealed the important
clinical finding that long-term ketamine abuse with usual recreational doses can detrimentally affect neuromuscular
strength and nociception as part of measurable, stable and persistent deficits in brain function.

Keywords
noncompetitive NMDA antagonist, prefrontal cortex, behavioral test, apoptosis, brain deficits

Introduction

Ketamine was first synthesized in 1962 as a short-acting

anesthetic in human and veterinary medicine.1,2

It produces a unique anesthetic state called disso-

ciative anesthesia. When ketamine is used in

smaller doses, it can produce a psychedelic experi-

ence of incredible intensity.2,3 Because of these side

reactions, it has become increasingly popular in

recent years as a recreational drug in night-clubs.4-6

Recent surveys suggested that 10% of drug users in

the United Kingdom use ketamine on a regular basis

in night-clubs.7 The percentage of ketamine users has

rapidly increased 4-fold between 1997 and 2001

among night-club patrons, particularly among

young people. Currently, Ketamine is a controlled

(Schedule III) substance in the United States (http://

www.anestesia.com.mx/articulo/keta.html) and other

countries (http://laws.justice.gc. ca/eng/C-38.8/

20100120/index.html?rp2¼HOME& rp3¼SI&rp1¼
ketamine&rp4¼all&rp9¼cs&rp10¼L&rp13¼50).

Ketamine is a non-competitive antagonist of

N-methyl-D-aspartate (NMDA) receptor, which is

considered to be one of the vitally important receptors

in mechanisms of synaptic plasticity and neuronal

learning, such as long-term potentiation and long-

term depression.8 Age-related decrease in NMDA

receptor function is also related to memory decline

in the elderly.9 Ketamine-mediated hypofunction of

NMDA-receptor results in a combination of enhance-

ment of thalamo-limbic systems and inhibition of

thalamo-neocortical systems.1,10 NMDA receptor
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antagonist with repetitive ketamine administration

has been shown to reduce the function of the prefron-

tal dopaminergic system in rats, which plays a critical

role in sustaining working memory tasks and execu-

tive functions.11 Most previous studies have exam-

ined the immediate and short-term effects of

ketamine in healthy individuals, resulting in impair-

ment of working memory, learning and cognition,12

whereas little is known about the long-term effects

of repeated ketamine administration on the brain.

Recently, some studies performed with rodents have

shown that prolonged exposure to ketamine increased

cell death in brain areas including the prefrontal cor-

tex of the central nervous system (CNS).11,13 These

findings suggested that chronic exposure to ketamine

in the CNS might interfere with learning and memory

through a neurotoxic effect related to activation of

apoptotic pathways. Prefrontal cortex is implicated

in a variety of cognitive and executive processes,

including working memory, decision-making, inhibi-

tory response control, attentional set shifting and tem-

poral integration of voluntary behavior constituting

the so-called ‘pleasure centers.’14-19 All of these abil-

ities depend on proper prefrontal cortex neuronal net-

work connections, which are highly sensitive to their

neurochemical environment. Disruption to this neuro-

chemical environment would obviously damage the

functions of prefrontal cortex, but the effect of long-

term ketamine (as an NMDA receptor antagonist)

on prefrontal cortex is still largely unknown.20

In view of the importance of prefrontal cortex, our

study explored the effects of long-term ketamine

administration on functional changes in mice prefron-

tal cortex, including sensorimotor and cognitive per-

formance using behavioral tests, as well as the

changes in expressions of proteins regulating the

extrinsic (caspase-3) and the mitochondrial (Bcl-2

and Bax) apoptotic pathways. We hypothesized that

long-term ketamine use could permanently damage

the sensorimotor processes of prefrontal cortex, there-

fore we investigated whether the damage was related

to apoptosis or not in our study of the long-term

effects of repeated ketamine injection of usual recrea-

tional dose on the mouse brain.

Materials and methods

Experimental animals, groups and treatments

Four-week old male ICR (Institute of Cancer

Research) mice bred in the Chinese University of

Hong Kong (CUHK) animal facility were used

because rodents are extensively used in studies of

ketamine effects11,21 and the appropriate facilities

were available for the behavioral tests. Mice were

housed 10 per cage with water and food pellets avail-

able ad libitum in a room kept at 22 + 1�C and

exposed to 12:12 hour (h) light/dark cycles. This

study was approved by the Institutional Animal Care

Committee of CUHK. For evaluation of the beha-

vioral and neurochemical effects induced by chronic

ketamine administration, 90 mice were randomly

divided into 3 groups receiving treatment doses of

1-, 3- or 6-month of daily intra-peritoneal injections

of ketamine at 30 mg/kg (Alfasan ketamine 10%
injectables, Holland) or placebo of equal amounts of

saline. We used a sub-anesthetic dose of 30 mg/kg

of ketamine, which is regarded as the recreational

dose for rodents with a LD50 of 600 mg/kg4 and is

consistent with dosages reported in the literature.21,22

In each group of 30 mice, 20 were injected with

ketamine and 10 with saline as controls. The weights

of mice were recorded every week for adjustment of

ketamine injection and monitoring of the well-being

of the animals. At the end of 1, 3 or 6 months, all mice

were used for the behavioral tests and then sacrificed

for subsequent analysis of brain samples. In each of

the 1-, 3- or 6-month groups, 3 control and 6

ketamine-treated mice were used for terminal dUTP

nick end labeling (TUNEL) staining, and 7 control

and 14 ketamine-treated mice were used for prefrontal

cortex samples for Western blot assay.

Behavioral studies

We performed the following three behavioral tests 4 h

after the administration of ketamine or saline on the

final day of each treatment or control group, with the

water maze test requiring training and testing on con-

secutive 3 days immediately before the final day.

Because of the short half-life, ketamine and its meta-

bolites are cleared by urinary excretion 4 h after the

dose.1,2 The aim was to study effects due to possible

stable and persistent damages to the brain caused by

ketamine rather than its immediate effect after keta-

mine injection.

Wire hang test. Neuromuscular strength was evaluated

by placing the animals on a wire cage lid.23,24 The lid

was then turned upside down approximately 50 centi-

meter (cm) above the surface of a soft bedding mate-

rial and regularly waved (4 strokes per second (sec))

in the air so that the mouse had to grip the wire to
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avoid falling off. The latency time in sec to fall from

the lid onto the bedding was recorded, with 60 sec as

the cut-off time.

Hot plate test. Sensitivity to a painful stimulus was

evaluated by the hot plate test, one of the most com-

monly used tests for determining the analgesic effects

of experimental drugs in rodents.25 The mouse was

placed on the flat aluminum surface of the hot plate

maintained at 50 + 1�C. Ambulation of the mouse

on the plate was limited by a 16 cm high non-

opaque Plexiglas frame of 11� 9 cm2 area. The frame

enclosed the surface so that the mouse could not jump

out. The numbers of times the mouse licked its fore

and hind paws, fluttered, shook or jumped up within

25 sec were recorded. We have observed that these are

the four types of movements the mice would do in

response to placement on a hot plate. After the trial,

the animal was removed from the hot plate immedi-

ately to prevent tissue damage.

Water maze test. Swim tasks are used to measure

spatial navigation learning and memory in mice.26-28

A black circular tank of 150 cm diameter was filled

to a depth of 25 cm of water and maintained at

23 + 1�C. The water was changed for each day’s

experiment. The animals were to learn the best swim-

ming strategy to find the visible white platform

exposed about 1 cm above the surface of the water

in the center of the circular tank. The position of the

platform remained the same throughout the whole

experiment. Several prominent fluorescent cues were

placed around the tank at four fixed points, with one

in each quadrant, including a T-shape (the starting

point where the mouse was put into the tank), a

Y-shape, a moon and a triangle. During the experi-

ment, these cues were intended to facilitate mouse

spatial orientation in the dark environment when the

tank was closed with a long curtain hung over it from

the ceiling above. Each trial began with the mouse

being placed at the starting point along the edge of the

pool facing the wall to avoid seeing the platform. The

escape latency time for the mouse to locate and climb

onto the platform was recorded. If a mouse did not

find the platform after 90 sec, it would be gently

guided to the platform and allowed to stay on the plat-

form for 10 sec to recognize the location. The mouse

would have three such consecutive trials each day

with 30 sec of rest time between trials. Escape latency

time to reach the visible platform or 90 sec if failed

was recorded. All groups of mice were trained for

3 days with three trials per day, starting 4 h after

ketamine or saline injection, and were then tested on the

day after the training, which was the final day of treat-

ment/control in each group. We used this water maze

test to test the working memory and visual acuity.29,30

TUNEL assay

The DNA fragmentation indicative of apoptosis was

examined using TUNEL31,32 that could detect early-

stage apoptosis and examine the topographic distribu-

tion of apoptotic cells. Mice were sacrificed for

TUNEL as we previously reported.33 Mice were

anesthetized with 0.5 mL of 7.0% chloral hydrate

(1 mg/kg), and then exsanguinations were performed

with 50 mL of saline through the cardiac apex of the

left ventricle till the liver turned pale pink. Perfusion

was continued with 50 mL of 4% paraformaldehyde

(PFA) in phosphate buffered saline (PBS; pH 7.4)

through the same position. The PFA solution could

keep the tissue’s shape from changing before embed-

ding; then, various tissue samples were removed

and immersed into 4% PFA for 24 h for further fixa-

tion. The tissue samples were then dehydrated and

embedded in paraffin wax. Blocks were cut into

5 mm sections with a microtome.

TUNEL was performed using ApopTag1 Peroxi-

dase In Situ Apoptosis Detection Kit (Millipore Cor-

poration, Billerica, Massachusetts, USA) according to

the manufacturer’s instruction including both positive

and negative controls as we previously reported.33

Sections were first deparaffinized, rehydrated and

treated with proteinase K (20 mg/mL). After quench-

ing with 3.0% hydrogen peroxide, the sections were

treated with biotin-deoxyuridine triphosphate in the

working solution of deoxynucleotidyl transferase

(TdT) for 1 h at 37�C. The reaction was stopped with

the stop/wash buffer. To detect the binding of

dioxigenin-11-dUTP, sections were treated with the

anti-digoxigenin conjugate for 30 min. Finally, after

visualization with dimethylaminoazobenzene, apop-

totic cells including the cellular DNA fragmentation

were photographed with a digital camera (Zeiss

Axiocam MRc5). In each assay, negative controls were

included using the same incubation procedure but omit-

ting the TdT, while positive controls were prepared by

incubating the pretreated sections with DNase I (Sigma,

DN 25, 1.0 mg/mL) that hydrolyzed DNA preferentially

at sites adjacent to pyrimidine nucleotides. We counted

TUNEL-positive cells from 10 sections of each mouse

prefrontal cortex sample. Sections were selected from
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comparable layers of prefrontal cortex. A total area of at

least 15 mm2 was counted for each sample. Results were

expressed in number of TUNEL positive cells per mm2.

Western blot assay

Western blot assay was modified as we previously

published.34 For Western blot assay, mice were sacri-

ficed as we previously reported.35 Briefly, mice were

killed by cervical dislocation. The prefrontal cortex

was immediately removed and snap-frozen in liquid

nitrogen and stored at �80�C until processed for

Western blot assay. Brain tissue samples were

homogenized in 0.5 mL of lysis buffer, 50 mM

Tris–HCl (pH 7.4) containing 150 mM NaCl, 5 mM

EDTA, 0.1% sodium dodecyl sulphate (SDS), 1%
Triton X-100, 0.1 mg/mL phenylmethylsulphonyl

fluoride, 1 mg/mL leupeptin, 1 mg/mL pepstatin A and

5 mg/mL aprotinin. The homogenate was centrifuged

at 14,000 g for 30 min at 4�C and the supernatant

obtained was either immediately used or stored at

�80�C until use. The protein concentration of the

extract was determined by the Bio-Rad DC protein

assay (500-0111, Bio-Rad Laboratories, Hercules,

California).

Equal amounts of protein (100 mg) samples were

boiled in 2� Laemmli loading buffer (final concentra-

tions: 0.0625 M Tris-HCl pH 6.8, 2% SDS, 10%
glycerol, 5% 2-mercaptoethanol and 0.001%
bromophenol blue)36 for 6 min before loading on 12%

SDS-polyacrylamide gel. After electrophoresis and

semi-dry transfer, the nitrocellulose membrane was

blocked (5% non-fat dry milk, 0.05% Tween-20 in PBS)

and then incubated overnight at 4�C with either of the

following anti-sera (dilution): actin (1:20,000)

(MAB1501, Millipore Corp.), Bax (1:1,000; sc-526,

Santa Cruz Biotechnology Inc., Santa Cruz, California),

or Bcl-2 (1:1,000; sc-783, Santa Cruz Biotechnology

Inc.), caspase-3 (1:1,000) (9662, Cell Signaling Tech-

nology Inc., Danvers, Massachusetts). The following

day, after three sequential 5 min washes with 0.05%
Tween-20 in PBS (PBST), the membrane was incubated

with the appropriate IRDYE1 FC conjugated second-

ary antibody 1:10000 for 1 h (IRDYE1 700DX anti-

rabbit FC 605-430-003 for Bax, Bcl-2 and caspase-3;

IRDYE1 800CW anti-mouse FC 611-131-003 for

actin; LI-COR Biosciences, Lincoln, Nebraska 68504-

0425). After washing three times for 10 min with PBST,

the bound antibodies were then visualized and recorded

using the ODYSSEY Infrared Imaging System

(LI-COR Biosciences). Band density value of individ-

ual proteins was normalized to that of the actin of the

same sample. Bax to Bcl-2 ration (Bax/Bcl-2) was cal-

culated from the Bax and Bcl-2 results of the same

sample.

Statistical method

All data were expressed as mean + standard devia-

tion (SD) or median (10th to 90th percentile) for the

groups. One-month, 3-month and 6-month ketamine

groups were compared to their respective

control groups unless specified. The Wilcoxon or

Student-t (two-tailed) were used when appropriate for

non-normally or normally distributed datasets,

respectively. Specifically, Student-t test was used for

comparison of body weight and Western blot results

between groups, while Wilcoxon test was used for

comparisons of behavioral test and TUNEL results.

The difference between groups was considered statis-

tically significant when p-value was less than 0.05.

Results

Body weight of mice

Setting body weights at 0-month as the baseline of

100%, the percentage increases in body weight for

both the ketamine and control groups at 1, 3 and

6 months were significant (p < 0.05; Figure 1).

Although the percentage increases were less among

all ketamine groups than the percentage increases of

90%
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105%
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120%

125%

Control Ketamine
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Figure 1. Body weights of different mouse groups. The
body weights of mice were recorded weekly. The final body
weights were expressed as the percentage of the body
weights at 0-month (taken as 100%) when the experiment
started. All ketamine-treated groups showed less gains in
body weights than the respective control groups; however,
the differences were not statistically significant. Results
were group means + standard deviations.
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the respective control groups, for example, the per-

centage increase was 109.6% + 9.9% (mean +
SD) in the 6-month ketamine group versus the

114.3% + 8.9% in the 6-month control group, the dif-

ferences in percentage increases between ketamine

groups and their respective control groups were not

statistically significant.

Behavioral studies

All behavioral tests were performed 4 h after the last

dose of ketamine, therefore, the results reflected not

the immediate effects but the stable and persistent

effects of long-term ketamine.

Wire hang test. The latency times (in sec) of falling

from the wire for 1-, 3- and 6-months ketamine groups

were consistently less than the latency times of their

respective control groups (Figure 2). After 6 months’

ketamine administration, the latency time of the

6-month ketamine group (6.0, 2.9�12.2 [median,

10th�90th percentile]) was significantly less (p <

0.05) than the 6-month control group (13.5,

4.8�20.9).

Hot plate test

For the 6-month ketamine group, the total number of

movements of the mice (14.0, 9.9�18.2 [median,

10th�90th percentile]) on the hotplate was signifi-

cantly less (p < 0.05) than the number of the control

group (19.5, 13.8�25.2; Figure 3). This showed that

after 6 months of ketamine injection, the sensory per-

ception of heat was damaged. However, there were no

significant differences or consistent trends of change

in ketamine-treated mice for 1 and 3 months as com-

pared to their respective controls.

Water maze test. The escape latency time (in sec) for

the mice to locate and climb onto the platform showed

no statistically significant differences between the 1-,

3- and 6-month ketamine groups as compared to their

respective control groups (Figure 4), although the

ketamine-treated mice consistently used more time

to climb onto the platform in all groups.

TUNEL and Western blot assay

There were no statistically significant differences in

the TUNEL-positive cell counts in the prefrontal cor-

tex between the ketamine groups of 1-, 3- and 6-

months and their respective control groups (Figure 5).

Although Western blot results showed consistently that

all 1-, 3- and 6-month ketamine groups had higher Bax,

lower Bcl-2, higher Bax/Bcl-2 and higher caspase-3 (to

actin ratio) levels in prefrontal cortex than their respec-

tive control groups (Table 1), these differences were not

statistically significant. Representative images of West-

ern blot results are shown in Figure 6. The antibody for

caspase-3 we used detects both the full length (35 kDa)

and the cleaved (17 kDa) forms. The cleaved caspase-3,

i.e. the active form, was not detected, indicating that
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Figure 2. Wire hang test results of different mouse
groups. Wire hang test was performed 4 hours after the
last ketamine or saline injection to the mouse. The 6-
month ketamine group showed significantly shorter latency
time (p < 0.05) to fall from the wire than the 6-month con-
trol group. Results were group mediansþ 90th percentiles.
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Figure 3. Hot plate test results of different mouse groups.
Hot plate test was performed 4 hours after the last keta-
mine or saline injection to the mouse. The 6-month keta-
mine group showed significantly less in the number of
movements (p < 0.05) on the hot plate (50 + 1�C) than the
6-month control group. Results were group medians þ
90th percentiles.
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apoptosis did not occur in the prefrontal cortex samples

we took.

Discussion

Although there were no significant differences

between the gains in body weights in ketamine groups

as compared to the control groups, the consistently

lower gain in body weight with ketamine treatment

(Figure 1) may possibly indicate the presence of

somatic effect associated with ketamine. The CNS

plays important roles in the control of appetite and

maintenance of body weight.37,38 With long-term

ketamine administration, disruption of brain function

is not unexpected, with possible effects on the hormo-

nal and neuronal signals for appetite and body weight

control in young animals. Indeed, in another series of

experiments (unpublished data) in our laboratory after

6 months ketamine administration to adolescent mon-

keys, functional magnetic resonance (FMR) imaging

revealed that the ventral tegmental area (VTA) was

damaged; VTA is involved in the reward circuitry for

food intake.37 This might occur in mice with long-

term ketamine administration, affecting appetite and

resulting in reduced body weight gain over time as

compared to control groups. Further detailed studies

are necessary to elucidate this possible somatic effect

of ketamine using different dosages and examining

the mechanism of action in more depth.

Although the somatic effect of ketamine was not

truly significant in our study, the 6 months of treatment

with ketamine showed statistically significant and per-

manent impairments in neuromuscular strength and

nociception by the wire hang test (Figure 2) and hot

plate test (Figure 3), respectively. It is possible that sig-

nificant muscle weakness echoed and manifested the

effects of less body weight gain in mice treated with

ketamine for 6 months; less gain in body weight of

6-month ketamine treatment group compared to con-

trols might indicate less muscle mass and strength

leading to significantly poor performance in the wire

hang and hot plate tests. In addition, it is possible that

the motor nerve conduction velocity was reduced or

damaged39 by ketamine after 6 months’ administra-

tion, potentially leading to impaired physical abilities.

Further studies are necessary to elucidate the relation-

ship and rationale between body weight, behavioral

tests and physical performance impairments following

long-term ketamine use.

Learning and working memory were not signifi-

cantly affected, as in the water maze test results

(Figure 4) for all 1-, 3- and 6-month groups, although the

ketamine treatment groups consistently showed longer

but not significant escape latency times than the respec-

tive control groups. Results of both the TUNEL and

apoptotic markers (including Bax, Bcl-2 and caspase-

3) showed no differences between the ketamine and

control groups in the prefrontal cortex. Apparently, the
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Figure 4. Water maze test results of different mouse
groups. After training for 3 days, water maze test was per-
formed 4 hours after the last ketamine or saline injection to
the mouse. The escape latency time of all ketamine-treated
groups were not significantly different from their respective
control groups. Results were group medians þ 90th
percentiles.
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Figure 5. Terminal dUTP nick end labeling (TUNEL)
results of prefrontal cortex samples from different mouse
groups. TUNEL-positive cell counts in the prefrontal cor-
tex samples were determined. The cell counts were not
significantly different between all ketamine-treated groups
and their respective control groups. Results were group
medians þ 90th percentiles.
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function of prefrontal cortex with respect to learning and

working memory did not appear permanently damaged,

bearing in mind that we tested the mice 4 h after keta-

mine injection. However, other studies have shown sig-

nificantly more apoptosis occurring in different brain

regions, including the prefrontal cortex, in ketamine-

administrated animals as compared to controls.11,13,21,22

Water maze is generally considered to be a test of spatial

learning and working memory,40 but this might not

always be the case because the performance of the mice

Table 1. Western blot results of prefrontal cortex samples from different mouse groups. Bax, Bcl-2 and caspase-3
(to actin ratio) were performed and Bax/Bcl-2 was calculated from the Bax and Bcl-2 results of the same sample

Protein

1 Month 3 Months 6 Months

Control Ketamine Control Ketamine Control Ketamine

Bax 0.0027 + 0.0010 0.0042 + 0.0026 0.0035 + 0.0027 0.0040 + 0.0026 0.0026 + 0.0011 0.0031 + 0.0018
Bcl-2 0.040 + 0.025 0.024 + 0.018 0.056 + 0.031 0.032 + 0.026 0.043 + 0.029 0.030 + 0.025
Caspase-3 0.053 + 0.026 0.075 + 0.036 0.040 + 0.021 0.046 + 0.018 0.031 + 0.012 0.045 + 0.022

a Please note the consistent changes of higher Bax, lower Bcl-2, higher Bax/Bcl-2 and higher caspase-3 in ketamine-treated groups as
compared with their respective control groups, suggesting a possible tendency of more apoptosis associated with ketamine. However,
the differences were not statistically significant. Results were group means + standard deviations (SD).

Figure 6. Representative images of Western blot results for Bax, Bcl-2 and caspase-3 of prefrontal cortex samples from
control and ketamine mice. Please note the cleaved caspase-3, i.e. the active form (17 kDa), was not detected. Only the full
length caspase-3 (35 kDa) was visualized.
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could depend on other factors such as the use of different

search strategies,41 fatigue42 and hypothermia.43

Indeed, it has been shown that impairments in working

memory induced by ketamine were not attributable to

dysfunction of motivational, motor, short-term or spa-

tial memory processes.21 Probably, further validation

of the water maze test should be elucidated for more pre-

cise examination of the learning and working memory

function of mice.29

We deliberately performed the behavioral tests 4 h

after ketamine injection because we were looking for

stable and persistent damages in the brain caused by

long-term ketamine rather than its immediate effects

on the brain function of that particular daily injection.

Ketamine is known to be short-acting and short-

lived,1,2 with no obvious outcomes even in cases of

overdose.4 Most studies have examined the effects

immediately after its injection.21,22,44,45 In this study,

we used a sub-anesthetic dose of 30 mg/kg, which is

regarded as the recreational dose for rodents.4 In a

recent unpublished pilot study, we experimented with

different doses of ketamine at 30, 60 and 90 mg/kg.

At 60 and 90 mg/kg of ketamine, there were mice

fatalities after 1 month of ketamine injection. Also,

ketamine was given only once daily to the mice, while

in young human ketamine abusers, use of the drug

would likely not be limited to only one time per day.

Therefore, the significant and permanent damaging

effects of ketamine on neuromuscular strength, noci-

ception and possibly on body weight could be even

more serious in human youngsters. This is a new find-

ing and an important message illustrating that even at

a reasonable recreational dose (one dose per day), the

long-term use of ketamine is harmful to the brain and

its functions, with definite permanent damage. This is

a convincing message that could be used in anti-

ketamine campaigns.

Using TUNEL and Western blot testing, we exam-

ined the prefrontal cortex for the presence of apopto-

tic lesions possibly caused by ketamine. There were

no significant differences for all TUNEL and Western

blot results between the ketamine and control groups;

however, it may be worthwhile to note the consistent

trends of higher Bax, lower Bcl-2, higher Bax/Bcl-2

and higher caspase-3 (to actin ratio; Table 1) showing

the tendency of more apoptosis possibly associated

with ketamine treatment. However, this does not

exclude the possibility that the functions of prefrontal

cortex may be affected without significant cellular

damage. Indeed, it has been reported that in the rat,

ketamine inhibited a subclass of fast spiking

interneurons in prefrontal cortex that regulated the

motivation of various behaviors.22 Hypofunction of

the prefrontal cortex as induced by drugs could cause

dysfunction leading to altered decision making by

neglecting negative future consequences for immedi-

ate reward.46 Another study showed that even without

detectable cell death, ketamine produced aberrant dif-

fuse network noise in multiple cortical and subcortical

structures, including the prefrontal cortex, which

might cause dysfunction of brain operations, includ-

ing impairments in cognition and sensorimotor inte-

gration.47 We have also made similar findings: a

previous study by our group33 reported significant

increase of hyperphosphorylated tau in Layer I of the

prefrontal cortex of mice treated with ketamine for

6 months. Layer I contains mainly communicating

fibers; the presence of hyperphosphorylated tau in

fibers would block the transmission through the fibers

between cortical regions causing disruption of pre-

frontal cortex functions. Neuronal cell death may only

occur secondarily with the eventual blockage of

fiber transmission. Our previous results33 also showed

species differences: in monkey treated with ketamine

(1 mg/kg) for 6 months, significant increases of

hyperphosphorylated tau were found in neurons of the

deeper layers of the prefrontal cortex. Such presence

of hyperphosphorylated tau might signify immediate

degeneration or death of the neurons themselves

rather than the possible secondary cell damage or

death as in mouse.

In our other series of experiments with long-term

ketamine in mice (unpublished results), we found

there was significant apoptosis in the cerebellum,

suggesting there might be regional differences in

response between different CNS regions in the mouse.

In the present study, our results showed ketamine did

not cause significant cellular damage or apoptosis in

the prefrontal cortex, therefore further studies should

examine brain function by in vivo or microdialysis

methods,22,48 comparing other regions of the brain

outside the prefrontal cortex such as cerebellum. For

instance, one direction of study on mechanisms of

motor weakness due to ketamine could examine the

known increase in glutamate release in nucleus

accumbens in rat that leads to disruption of motor

behavior and latent inhibition.44

In conclusion, our research showed for the first

time an important finding of ketamine use that

6 months of the usual recreational dose created stable

and persistent damage in brain function. Despite no

significant apoptosis detected in prefrontal cortex,
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young mice showed significant deterioration in

neuromuscular strength and nociception following

chronic use of ketamine. Further research is needed

to determine the extent and mechanisms of potentially

serious brain damage caused by this recreational drug.

Acknowledgement

We thank Ms E Lucy Forster for her critical review of the

English of the manuscript.

Funding

This study was funded by the Grant from the Beat Drugs

Fund Association, Hong Kong Government, Project Ref.

No. 080048.

References

1. Haas DA and Harper DG. Ketamine: a review of its

pharmacologic properties and use in ambulatory

anesthesia. Anesth Prog 1992; 39: 61–68.

2. Sinner B and Graf BM. Ketamine. Handb Exp Pharma-

col 2008; 182: 313–333.

3. Strayer RJ and Nelson LS. Adverse events associated

with ketamine for procedural sedation in adults. Am J

Emerg Med 2008; 26: 985–1028.

4. Gable RS. Acute toxic effects of club drugs. J Psychoac-

tive Drugs 2004; 36: 303–313.

5. Joe Laidler KA. The rise of club drugs in a heroin soci-

ety: the case of Hong Kong. Subst Use Misuse 2005; 40:

1257–1278.

6. Lankenau SE, Sanders B, Bloom JJ, Hathazi D, Alarcon

E, Tortu S, et al. First injection of ketamine among

young injection drug users (IDUs) in three U.S. cities.

Drug Alcohol Depend 2007; 87: 183–193.

7. Morgan CJ, Mofeez A, Brandner B, Bromley L, and

Curran HV. Ketamine impairs response inhibition and

is positively reinforcing in healthy volunteers: a dose-

response study. Psychopharmacology (Berl) 2004;

172: 298–308.

8. Collingridge GL and Bliss TV. Memories of NMDA

receptors and LTP. Trends Neurosci 1995; 18: 54–56.

9. Newcomer JW and Krystal JH. NMDA receptor

regulation of memory and behaviour in humans.

Hippocampus 2002; 11: 529–542.

10. Reich DL and Silvay G. Ketamine. an update on

the first twenty-five years of clinical experience. Can

J Anaesth 1989; 36: 186–197.

11. Ibla JC, Hayashi H, Bajic D, and Soriano SG. Pro-

longed exposure to ketamine increases brain derived

neurotrophic factor levels in developing rat brains.

Curr Drug Saf 2009; 4: 11–16.

12. Ripley TL and Little HJ. Effects on ethanol withdrawal

hyper-excitability of chronic treatment with a compet-

itive N-methyl-D-aspartate receptor antagonist.

J Pharmacol Exp Ther 1995; 272: 112–118.

13. Zou X, Patterson TA, Divine RL, Sadovova N, Zhang

X, Hanig JP, et al. Prolonged exposure to ketamine

increases neurodegeneration in the developing monkey

brain. J Devl Neuroscience 2009; 27: 727–731.

14. Fuster JM. The prefrontal cortex. Boston, MA: Aca-

demic Press, 2008.

15. Robbins TW. From arousal to cognition: the integra-

tive position of the prefrontal cortex. Prog Brain Res

2000; 126: 469–483.

16. Olds J. Pleasure centers in the brain. Scient Am 1956;

195: 105–116.

17. Thompson-Schill SL, Jonides J, Marshuetz C, Smith

EE, D’Esposito M, Kan IP, et al. Effects of frontal lobe

damage on interference effects in working memory.

Cogn Affect Behav Neurosci 2002; 2: 109–120.

18. Rowe JB, Toni I, Josephs O, Frackowiak RS, and Pas-

singham RE. The prefrontal cortex: response selection

or maintenance within working memory? Science

2000; 288: 1656–1660.

19. Arnsten AF. Stress signalling pathways that impair

prefrontal cortex structure and function. Nat Rev Neu-

rosci 2009; 10: 410–422.

20. Dalley JW, Cardinal RN, and Robbins TW. Prefrontal

executive and cognitive functions in rodents: neural

and neurochemical substrates. Neurosci Biobehav Rev

2004; 28: 771–784.

21. Enomoto T and Floresco SB. Disruptions in spatial

working memory, but not short-term memory, induced

by repeated ketamine exposure. Prog Neuropsycho-

pharmacol Biol Psychiatry 2009; 33: 668–675.

22. Quirk MC, Sosulski DL, Feierstein CE, Uchida N, and

Mainen ZF. A defined network of fast-spiking inter-

neurons in orbitofrontal cortex: responses to beha-

vioral contingencies and ketamine administration.

Front Syst Neurosci 2009; 3: 13.

23. Crawley JN. Behavioral phenotyping of transgenic

and knockout mice: experimental design and evalua-

tion of general health, sensory functions, motor abil-

ities, and specific behavioral tests. Brain Res 1999;

835: 18–26.

24. Miyakawa T, Yamada M, Duttaroy A, and Wess J.

Hyperactivity and intact hippocampus-dependent

learning in mice lacking the M1 muscarinic acetylcho-

line receptor. J Neurosci 2002; 21: 5239–5250.

25. Pick CG, Cheng J, Paul D, and Pasternak GW. Genetic

influences in opioid analgesic sensitivity in mice.

Brain Res 1991; 566: 295–298.

Sun L et al. 9

 at University of Hong Kong Libraries on November 16, 2010het.sagepub.comDownloaded from 

http://het.sagepub.com/


26. Wehner JM and Silva A. Importance of strain

differences in evaluations of learning and memory pro-

cesses in null mutants. Mental Retard Dev Disabil Res

Rev 1996; 2: 243–248.

27. Crawley JN, Belknap JK, Collins A, Crabbe JC,

Frankel W, Henderson N, et al. Behavioral phenotypes

of inbred strains of mice. Psychopharmacology 1997;

132: 107–124.

28. Sterneck E, Paylor R, Jackson-Lewis V, Libbey M,

Przedborski S, Tessarollo L, et al. Selectively enhanced

contextual fear conditioning in mice lacking the tran-

scriptional regulator CCAATrenhancer binding protein

delta. Proc Natl Acad Sci U S A 1998; 95: 10908–10913.

29. Gulinello M, Gertner M, Mendoza G, Schoenfeld BP,

Oddo S, LaFerla F, et al. Validation of a 2-day water

maze protocol in mice. Behav Brain Res 2009; 196:

220–227.

30. Jaffard RJ, Bontempi B, and Menzaghi F. Theoretical

and practical considerations for the evaluation of learn-

ing and memory in mice. In: Buccafusco JJ (eds) Meth-

ods of behavior analysis in neuroscience. Boca Raton,

FL: CRC LLC, 2001, p.301–329.

31. Gavrieli Y, Sherman Y, and Ben-Saaon SA. Identifica-

tion of programmed cell death in situ via specific label-

ing of nuclear DNA fragmentation. J Cell Biol 1992;

119: 493–501.

32. Baba N, Koji T, Itho M, and Akio M. Reciprocal

changes in the expression of Bcl-2 and Bax in hypo-

glossal nucleus after axotomy in adult rats: possible

involvement in the induction of neuronal cell death.

Brain Res 1999; 827: 122–129.

33. Yeung LY, Wai MS, Fan M, Mak YT, Lam WP, Li Z,

et al. Hyperphosphorylated tau in the brains of mice

and monkeys with long-term administration of keta-

mine. Toxicol Lett 2010; 193: 189–193.
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Methods : Nine single-nucleotide polymorphisms (SNPs) of the
NET gene ([rs7194148, rs28386840, rs2242446] in promoter region,
[rs1532701, rs40434, rs13333066] in intron 1, [rs187714] in intron 3,
[rs5569] in exon 9, and [rs42460] in exon 14) were analyzed in total 965
Han Chinese subjects. The Chinese version Tridimensional Person-
ality Questionnaire was introduced to assess personality traits in
HD patients and examined the association between personality traits
and these SNPs of NET gene.
Results : No statistically significant differences in genotype fre-

quencies of NET polymorphisms between HD patients and controls,
although, individuals with A allele of rs1532701 and T allele of
rs13333066 have significant protective effect in the development of HD
after multiple logistic regression analysis. Moreover, the AATA hap-
lotype frequency in block (rs1532701-rs40434-rs13333066-rs187714)
has a significant association between HD patients and controls.
However, the nine polymorphisms of NET gene did not influence
novelty seeking and harm avoidance scores in HD patients.
Conclusion : The AATA haplotype (rs1532701-rs40434-rs13333066-

rs187714) of NET gene possibly plays a protective factor in the
development of HD, but NET gene is not associated with the specific
personality trait in HD patients.
Policy of full disclosure : None.

jP-01.046jChronic ketamine abuse causes dysfunctions of
different brain areas relevant to neurodevelopmental
psychiatric disorders : Evidence from fMRI in a
primate model

H. Yu1, Q. Li2, D. Wong3, L. Shi3, M. YT4, G. Lu4, S. Lin5, L. Wang5,
M. Chen6, F. Pan5, D. Yew7. 1Shandong Univeristy, Jinan, China ; 2The
University of Hong Kong, Hong Kong SAR, China ; 3The Chinese
University of Hong Kong, Hong Kong SAR, China ; 4The Chinese
University of HK, Hong Kong, Hong Kong SAR, China ; 5Shandong
University, Jinan, China ; 6Kun Ming Medical College, Kunming, China ;
7The Chinese University of HK, Hong Kong SAR, China

Objective : Ketamine is a noncompetitive N-methyl-D-aspartate
(NMDA) receptor antagonist, and illegal use of it as a recreational
drug among adolescence and young adult is rapidly growing. Many
studies have showed that prefrontal dopaminergic system is particu-
larly vulnerable to the toxic effects on cognitive functions. This sug-
gests that chronic ketamine abuse in young people may cause a severe
disruption of different brain areas relevant to psychiatric disorders.
Methods : We established a chronic ketamine abuse model using

the adolescent cynomoglus monkeys administrated with ketamine
once a day (1 mg/kg, i.v.) for 6 months. Blood oxygenation level
dependent (BOLD) contrast images were generated through stimu-
lating the function of somatosensory area using functional magnetic
resonance imaging (fMRI). Parallel and successive behavioral were
observed.
Results : Chronic ketamine abuse in younger monkeys caused ob-

vious deficits in the ventral tegmental area (VTA)/substantial nigra
(SN), parietal cortex, and cingulate cortex. Besides, some increased
activities were observed in striatum (lentiform nucleus, LN), fusiform
gyrus (FG) and entorhinal cortex (Ent) on the right side of the brain in
the chronic ketamine administrated monkeys. Behaviour results
showed significant differences of the movement in both control and
ketamine groups with general and consistent decreased trend with
time periods of ketamine administration.
Conclusion : Dysfunction of a projection from Ent to LN could

play a role in ketamine abuse or induce epilepsy. We also found that
deficit of cortical visual area in ketamine abuse model might cause a
‘‘positive schizophrenic syndrome’’. Moreover, hypofunction of me-
socortical dopamine pathway may induce a negative symptom in
psychosis, or attention deficit disorder (ADD).
Policy of full disclosure : None.

P-02. Animal Models

jP-02.001jAlzheimer’s disease drug galantamine, but not
donepezil, improves social isolation rearing-induced
deficits in prepulse inhibition via muscarinic
acetylcholine receptors

Y. Ago1, K. Koda1, K. Yano1, K. Takuma1, T. Matsuda1. 1Osaka
University, Suita, Japan

Objective : Galantamine and donepezil are used in the treatment of
Alzheimer’s disease. Galantamine is a rather weak acetylcholine
(ACh) esterase inhibitor, but it has additional allosteric potentiating
effects at nicotinic ACh receptors (nAChRs). Clinical studies show
that galantamine improves negative and cognitive symptoms in
schizophrenia, while donepezil does not. In this circumstance, we
have found that both galantamine and donepezil improved deficits in
prepulse inhibition (PPI), sensory information-processing deficits, in
apomorphine-treated mice but only galantamine improved PPI defi-
cits in socially isolation-reared mice (Psychopharmacology, 2008).
This paper investigates the mechanism of the beneficial effect of ga-
lantamine in a model of social isolation rearing-induced PPI deficits.
Methods : Three-week-old male ddY mice were housed either in

groups or isolated in cages of the same size for more than 6 weeks.
PPI, microdialysis and Ca2+ imaging experiments were done as
previously reported (Br. J. Pharmacol., 2005 ; 2009).
Results : Galantamine-induced improvements of PPI deficits were

blocked by the muscarinic ACh receptor (mAChR) antagonists scop-
olamine and telenzepine (preferential for M1 subtype), but not by the
nAChR antagonists. Like galantamine, the mAChR agonists oxo-
tremorine and N-desmethylclozapine (selective for M1 subtype) im-
proved isolation rearing-induced PPI deficits. Although M1-mAChR
expression in the prefrontal cortex and hippocampus was not altered
by isolation rearing, N-desmethylclozapine-induced increases in pre-
frontal dopamine levels was reduced in isolation-reared mice, in-
dicating the reduction of M1-mAChR function. With regard to the
mechanisms of galantamine-induced activation of mAChRs, we
found that galantamine, like donepezil, increased extracellular ACh
levels in the prefrontal cortex. However, donepezil inhibited carba-
chol-induced Ca2+ signal, which was blocked by telenzepine, in SH-
SY5Y cells, whereas galantamine did not. This suggests that donepezil
has antagonistic activity for M1-mAChRs.
Conclusion : Galantamine improves isolation rearing-induced PPI

deficits via mAChRs, and the different effects of galantamine and
donepezil on M1-mAChRs may explain the difference in the clinical
effects of these drugs.

Policy of full disclosure : None.

jP-02.002jDisorders of dopaminergic functions in epileptic
mice

K. Akiyama1, D. Sutoo1. 1University of Tsukuba, Japan

Objective : EL mouse is an inbred strain, derived from ddYmice, with
convulsive tendencies. Violent tonic-clonic convulsions occur in adult
EL mice as a result of postural stimulation. Neurochemical disorders
in EL mice were investigated as a possible model for seizure mech-
anism.

Methods : Calcium levels were measured biochemically. Dop-
amine and its related substances were analyzed quantitative
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MTT results of undifferentiated neuronal cell cultures with ketamine treatment
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Bax/Bcl‐2 ratio in neuronal cell cultures with and without ketamine treatment
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1) University of California (San Francisco)
Comparative medicine: 200mg/kg

2) Irifune et al. (2009)
< 150mg/kg
> 60mg/kg affects righting reflex

Dosages

Human Children: < 15mg/kg

Rodents (high metabolism): 10X

Primate: equivalent to human dosage

Ketamine treatment (40 mg)
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Ketamine
Most affected areas after long-term addiction:
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Entorhinal cortex - spatial memory
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6-Month > Control Control > 6-Month

Numbers of Different Expressed Genes 
in the Brains of Prolonged Ketamine Treated Mice
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Down-regulated
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RNA Expression
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1-Month Ketamine + Control Western Blot (n=6)
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Western Blot for αGABA Receptor 5
3 Months Saline Control and Ketamine Groups (n=4 for each group)
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Different Performance in the Morris Water Maze 
between Ketamine-treated and Saline groups
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Significant difference in both the 1-month and 3-month groups 
(p < 0.05 by Repeated Measures ANOVA)

Copyright @ December 2010. All Rights Reserved.

Wire Hang Test Results of Different Mouse Groups
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Hot-plate Test Results of Different Mouse Groups
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Epidermal Cells of the Gall Bladder of Ketamine-treated Animal
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1) Axonal Degeneration – No Degeneration of Myelin

2) Transmitters (Immunocytochemistry for ChAT)

Optical Density per Unit Area: 21.85 ± 3.29 (Control)
10.45 ± 0.77 (Ketamine)
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Creatine Kinase
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*Significant differences (p<=0.05) between control and ketamine group
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ICR: control

ICR: ketamine (30 mg/kg) + 12 % ethanol 
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*Significant differences (p<=0.05) between control and ketamine group
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Sperm Smear
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