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Ketamine, a noncompetitive N-methyl-d-aspartate (NMDA) recep-
tor antagonist, is frequently used in pediatric general anesthesia. 
Accumulating evidence from animal experiments has demonstrated 
that ketamine causes neuronal cell death during the brain growth 
spurt. To elucidate the underlying mechanisms associated with 
ketamine-induced neuronal toxicity and search for approaches or 
agents to prevent ketamine’s adverse effects on the developing brain, 
a primary nerve cell culture system was utilized. Neurons harvested 
from the forebrain of newborn rats were maintained under normal 
control conditions or exposed to either ketamine (10µM) or keta-
mine plus l-carnitine (an antioxidant; 1–100µM) for 24 h, followed 
by a 24-h withdrawal period. Ketamine exposure resulted in elevated 
NMDA receptor (NR1) expression, increased generation of reactive 
oxygen species (ROS) as indicated by higher levels of 8-oxoguanine 
production, and enhanced neuronal damage. Coadministration of 
l-carnitine significantly diminished ROS generation and provided 
near complete protection of neurons from ketamine-induced cell 
death. NMDA receptors regulate channels that are highly perme-
able to calcium, and calcium imaging data demonstrated that neu-
rons exposed to ketamine had a significantly elevated amplitude of 
calcium influx and higher intracellular free calcium concentrations 
([Ca2+]i) evoked by NMDA (50µM), compared with control neurons. 
These findings suggest that prolonged ketamine exposure produces 
an increase in NMDA receptor expression (compensatory upregu-
lation), which allows for a higher/toxic influx of calcium into neu-
rons once ketamine is removed from the system, leading to elevated 
ROS generation and neuronal cell death. l-Carnitine appears to be 
a promising agent in preventing or reversing ketamine’s toxic effects 
on neurons at an early developmental stage.

Key Words:  ketamine; NMDA receptor; reactive oxygen species; 
calcium influx; l-carnitine.

Ketamine, an FDA-approved anesthetic agent, is commonly 
used in general pediatric anesthesia because of its ability to pro-
duce a stable state of unconsciousness with minimal respiratory 
depression in comparison to other available agents. At clinically 
relevant concentrations, ketamine acts to block the N-methyl-d-
aspartate (NMDA) receptor, a subtype of the glutamate receptor 
which is involved in a variety of processes including development 
and differentiation of the nervous system; learning and memory; 
and synaptic plasticity (Collingridge et al., 1983; D’Souza et al., 
1993; Meldrum and Garthwaite, 1990; Muller et  al., 1996). 
NMDA receptors are excitatory in neurons that play key roles in 
many physiological and pathological processes. These receptors 
are well-known mediators of neuronal cell death in numerous 
neuropathological conditions (Bubenikova-Valesova et al., 2008; 
Kari et al., 1978; Medeiros et al., 2011; Wakschlag et al., 2010).

NMDA receptors are heteromeric complexes composed 
of obligatory NR1 subunits as well as subunits from the NR2 
subfamily (NR2A, NR2B, NR2C, and NR2D) or the NR3 
subfamily (NR3A or NR3B) (Furukawa et al., 2005; Laube et al., 
1998; Premkumar and Auerbach, 1997; Ulbrich and Isacoff, 
2007). Various combinations of subunits generate a large number 
of different NMDA receptors with differing pharmacological 
and biological properties. NMDA receptors are a class of ion 
channel-forming receptors that are highly permeable to calcium. 
Cytosolic calcium is an important mediator of neuronal signal 
transduction, participating in diverse biochemical reactions that 
elicit changes in synaptic function, metabolic rate, and gene 
transcription. Upregulation of NMDA receptors can result in an 
excessive entry of calcium, triggering a series of cytoplasmic 
and nuclear processes such as loss of mitochondrial membrane 
potential, which ultimately results in neuronal cell death.

Several lines of evidence have demonstrated that ketamine 
causes neuronal cell death in important brain areas of exper-
imental animals at an early developmental stage, e.g. during 
the brain growth spurt (Ikonomidou et al., 1999; Scallet et al., 
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2004; Slikker et al., 2007; Zou et al., 2009a). Apoptosis is a 
common mechanism of ketamine-induced neuronal cell death 
in rodents (Yon et al., 2005; Zou et al., 2009b). Previous work 
based on mRNA levels showed that NMDA receptor NR1 
expression in ketamine-treated rat pup brains was significantly 
higher than in controls (Shi et al., 2010; Slikker et al., 2007; 
Zou et al., 2009b). This evidence suggests that upon removal 
of ketamine from the extracellular milieu, the now upregulated 
NMDA receptor population (compensatory regulation as a con-
sequence of continued or prolonged NMDA receptor blockade) 
will “over” respond to normal levels of extracellular glutamate, 
resulting in glutamatergic excitotoxicity. However, several 
important questions remain unanswered.

First, direct evidence of ketamine-induced upregulation of 
NMDA receptors at the protein level is necessary for testing 
our working hypothesis. Previously published in situ hybridi-
zation and microarray data do provide partial support for this 
phenomenon (Shi et al., 2010; Slikker et al., 2007; Wang et al., 
2005a, 2006).

Second, the interactions between altered ionotropic receptors 
and intracellular signaling, as evidenced by increases in intracel-
lular calcium ([Ca2+]

i
) need to be demonstrated. Will enhanced 

Ca2+ flux associated with upregulated NMDA receptors (as a 
consequence of ketamine exposure) increase reactive oxygen 
species (ROS) generation and subsequent neuronal apoptosis?

Third, will antioxidants, e.g., l-carnitine mitigate or prevent 
the adverse effects of ketamine that occur at critical neurode-
velopmental stages and provide a potential pathway toward the 
development of protective strategies for this anesthetic-induced 
neuronal damage that may have clinical relevance? The goal 
of the current project was to address these questions using a 
primary mixed neuronal-glial cell culture system.

MATERIALS AND METHODS

Drugs and other materials.  Ketamine hydrochloride (Ketaset) was pur-
chased from Fort Dodge Animal Health (Fort Dodge, IA, USA) and diluted 
in Dulbecco’s Modified Eagle’s Medium (DMEM). Ketamine was identified 
and its purity confirmed using high-performance liquid chromatography and 
mass spectrometry (Slikker et al., 2007). DMEM and fetal bovine serum were 
obtained from Invitrogen (Grand Island, NY). l-Carnitine was purchased from 
Sigma (St Louis, MO).

Primary cell culture.  All animal procedures were approved by the 
National Center for Toxicological Research Institutional Animal Care and Use 
Committee and conducted in full accordance with the PHS Policy on Humane 
Care and Use of Laboratory Animals. Forebrain tissues were obtained from 
newborn rat pups (Wang et al., 2000, 2005b). Briefly, the brains were quickly 
removed and the forebrain portion was dissected and placed in ice-cold (4°C) 
Hank’s solution (without Mg2+ and Ca2+). The cells were then dissociated by 
mechanical trituration through a fire-polished Pasteur pipette. After centrifu-
gation (200 × g for 10 min), cells were washed with DMEM, distributed and 
grown on polylysine-coated coverslips in DMEM supplemented with 10% (vol/
vol) fetal bovine serum. Glial proliferation was inhibited by a mitotic inhibitor, 
cytosine β-d-arabinofuranoside, beginning on day 3 of culture.

On day 5, cultures were exposed to ketamine (10µM) for 24 h in the pres-
ence and absence of l-carnitine (1, 30, or 100µM). Cells were maintained in 

normal culture media for 7 days in the control cultures. Immunocytochemical 
staining, immunoblotting, calcium imaging, and potential neuronal toxic 
effects were evaluated 24 h after ketamine washout using the various assays as 
described below.

Immunocytochemistry and nuclear staining.  A mouse monoclonal anti-
body to NR1 (1:100, BD Biosciences Pharmingen, San Diego, CA) was used 
to identify the NMDA receptor NR1 subunit on the cultured cells. A mouse 
monoclonal antibody to polysialic acid neural cell adhesion molecule (PSA-
NCAM; 1:500; Miltenyi Biotec Inc., Auburn, CA) was used to identify neurons 
and a rabbit polyclonal antibody to glial fibrillary acidic protein (GFAP; 1:200, 
Dakopatts, Copenhagen, Denmark) was used to label glial cells (astrocytes). 
Also, a mouse monoclonal antibody to 8-oxoguanine (1:150, USBiological, 
Swampscott, MA) was used as a surrogate marker of oxidative DNA damage.

Briefly, cells were rinsed with PBS, fixed with ice-cold (4°C) 4% para-
formaldehyde in 0.1M phosphate buffer and permeabilized with a solution 
of PBS/0.5% bovine serum albumin (BSA)/Triton X-100 for 1 h. For double 
labeling, all primary antibodies were diluted in PBS/0.5% BSA solution. The 
cells were incubated with primary antibodies at 4°C overnight. Bound anti-
bodies were revealed with fluorescein isothiocyanate-conjugated sheep anti-
mouse IgG second antibody (1:80 diluted in PBS/0.5% BSA solution) and/or 
rhodamine-conjugated sheep anti-rabbit IgG secondary antibody (1:40 diluted 
in PBS/0.5% BSA solution). Cells were counterstained with 4′,6-diamidino-
2-phenylindole (DAPI), sealed with mounting medium and viewed using an 
Olympus FV1000 confocal microscope (Olympus, Center Valley, PA).

Western blotting.  NR1 expression at the protein level was evaluated using 
Western blot. The cells were lysed using a lysis buffer (1% NP40, 0.5% sodium 
deoxycholate, and 0.1% SDS in normal PBS; pH 6.8) containing a protease 
inhibitor cocktail (10 µl/ml; Sigma-Aldrich). The homogenate was centrifuged 
at 14,000 × g for 10 min at 4°C, and the supernatant was collected and stored 
at −80°C until assayed. The protein concentration was measured using a bicin-
choninic acid protein assay kit (Pierce, Rockford, IL). Equal amounts of pro-
tein (10 µg per lane) were loaded and run on SDS-polyacrylamide gels with 
a Tris-glycine running buffer system and then transferred to a polyvinylidene 
difluoride membrane (0.2  µm) in a Mini Electrotransfer Unit (Bio-Rad, 
Hercules, CA). The blots were subsequently probed with anti-NR1 (1:300, 
monoclonal, BD Biosciences Pharmingen), and antiactin (1:3000, monoclonal, 
Chemicon, Temecula, CA). Immunoblot analysis was performed with horse-
radish peroxidase (HRP) conjugated anti-mouse IgG using enhanced chemi-
luminescence Western blotting detection reagents (Amersham Bioscience, 
Piscataway, NJ). The bands corresponding to NR1 and β-actin were scanned 
and densitometrically analyzed using an automatic image analysis system 
(Alpha Innotech Corporation, San Leandro, CA). The ratios of densitometric 
value of NR1 to β-actin are presented as means ± SEM.

Single-cell gel electrophoresis (Comet assay).  To determine the level of 
DNA breakage produced by ketamine exposure, single-cell gel electrophoresis 
(Comet assay) was performed. Isolated neurons were suspended in 200 µl ice-
cold PBS, then 50 µl of the cell suspension was mixed with 450 µl low melting 
point agarose (LMAgarose; Trevigen, Gaithersburg, MD) and warmed to 42°C. 
A 50-µl aliquot of the mixture was loaded onto a CometSlide to cool. The slide 
was subsequently incubated in ice-cold lysis solution (Trevigen) for 30 min at 
4°C and alkali buffer solution (0.6 g NaOH and 100 µl 0.5M EDTA in 50 ml 
purified water) for 30 min at room temperature. After washing, the slide was 
placed in the electrophoresis chamber, electrophoresed, then removed from the 
apparatus, fixed, and air dried in the dark. The slide was examined using an 
Olympus FV1000 confocal microscope (Olympus) after the sample area was 
covered with 50 µl of 0.01% SYBR Green (Trevigen) in Tris-EDTA buffer. For 
quantitative purposes, 50 neurons per slide were imaged from three independ-
ent experiments.

HT 8-hydroxy-2′-deoxyguanosine ELISA.  8-Hydroxy-2′-deoxyguanosine 
(8-oxo-dG) and its analogs have been used as biomarkers of oxidative DNA 
damage and oxidative stress. To detect oxidative DNA damage and to test the 
effect of ketamine on neural cell survival, an 8-oxo-dG ELISA was utilized 
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allowing for a determination of the levels of 8-oxo-dG and its analogs in the 
culture media, according to the manufacturer’s instructions (Trevigen). In 
brief, samples (culture media) were diluted 1:5 (vol/vol) in sample diluent. 
Fifty microliters of each sample were transferred to a 96-well precoated plate; 
then 50 µl immunoreagent mix was added and the mixture incubated for 1 h 
at room temperature. After washing with wash buffer, anti-mouse IgG-HRP 
conjugate was placed into each well and incubated at room temperature for 1 h. 
The incubation was stopped by washing, followed by incubation with 100 µl of 
the substrate for 15 min. The reaction was terminated by the addition of 100 µl 
stop solution (phosphate buffer). A microplate reader was set at a wavelength 
of 450 nm, and the absorbance was determined.

Cell death detection by ELISA.   A quantitative determination of cytosolic 
histone-associated DNA fragments (mono- and oligonucleosomes) was per-
formed using a photometric enzyme-immunoassay to evaluate the rate of neu-
ronal apoptosis (cell death detection ELISA, Roche Diagnostics Corporation, 
Indianapolis, IN). The cells were first lysed in 3 ml of lysis buffer. After cen-
trifugation to remove nuclei and other cellular debris, the supernatant, which 
contained the cytosolic low molecular mass and fragmented DNA, was diluted 
in the ratio 1:2 (vol/vol) with lysis buffer. Twenty microliters of each sample 
were transferred to a 96-well plate precoated with antihistone antibody, and 
80  µl of immunoreagent mix was added. After incubation and washing, the 
chromogen 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) was placed in 
each well as a substrate. The intensity of the color that developed was measured 
using a plate reader (Bio-Tek Instruments, Winooski, VT) at 405 nm, whereas a 
measurement at 490 nm was used as a blank (reference wavelength).

Intracellular free calcium measurements.  Determination of cytosolic 
calcium concentrations was performed using a fluorescent calcium indicator 
(fura-2-acetoxymethyl [Fura-2 AM] [Life, Grand Island, NY]) which diffuses 
across the cell membrane and is deesterified by cellular esterases to yield 
Fura-2 free acid (Barreto-Chang and Dolmetsch, 2009). Cultures were loaded 
with Fura-2 AM (1µM) at 37°C for 30 min in a dark incubator. Coverslips 
(polylysine coated) on which cultured neurons were mounted were placed in 
the imaging chamber for calcium measurements. Fura-2-loaded neurons were 
imaged using an inverted microscope (Olympus IX 81) with a 40× objective. 
Fluorescence excitations (340/380 nm) were provided by a 75-W xenon arc 
lamp. Ratio images were obtained by acquiring pairs of images at alternate 
excitation wavelengths (340/380 nm) and filtering the emission at 510 nm. 
Image acquisition and processing were controlled by a computer connected 
to the camera and filter wheel (LAMBDA 10-3, Sutter Instrument Company, 
Novato, CA). The preparations were continuously superfused (1 ml/min) at 
37°C with the following modified Krebs-Ringer bicarbonate salt solution buff-
ered with hydroxyethyl-1-piperazineethanesulfonic acid (HEPES) and gassed 
with air (mM): 158 NaCl, 5.6 KCl, 2.5 CaCl

2
, and 5 NaHCO

3
; when not indi-

cated, MgCl
2
 was 0.5; HEPES, 10.0; pH 7.4.

Statistical analyses.  The expression of NR1 NMDA receptor subunits and 
the changes in intracellular calcium concentrations in control and ketamine-
treated neurons were analyzed using the Student’s t-test. A parametric one-way 
ANOVA with Tukey’s post hoc analysis for individual differences was used 
to compare the differences among multiple groups. The null hypothesis was 
rejected at a probability level of p < 0.05. All experiments were independently 
repeated at least three times.

RESULTS

Presence and Regulation of NMDA Receptor NR1 Subunit 
Protein on Cultured Neurons

The NMDA receptor is a pentameric transmembrane protein 
that is composed of different subunits (Moriyoshi et al., 1991; 
Paoletti and Neyton, 2007; Seeburg et  al., 1995). The NR1 
subunit is essential for function, whereas members of the NR2 

subunit class, produced by four different genes (NR2A-D), can 
be considered modulatory (Moriyoshi et  al., 1991; Seeburg 
et al., 1995). We first assayed for the presence and regulation 
of NR1 protein in cultured neurons using immunocytochemi-
cal analysis with a monoclonal NR1-specific antibody. Cells 
from a control culture (Fig. 1A) and a ketamine-exposed cul-
ture (Fig. 1B) were double-immunostained with antibodies to 
the NMDA receptor NR1 subunit protein and GFAP. NMDA 
receptor NR1 subunit protein is specifically expressed by 
neurons, whereas GFAP is an astrocyte-specific marker. NR1 
immunoreactivity (green color) was localized specifically on 
the neurons (Figs. 1A and 1B). There was no NR1 signal on 
astrocytes which were counterstained using an antibody to 
GFAP (red color; Figs. 1A and 1B). Importantly, it was demon-
strated that administration of 10µM ketamine (for 24 h) caused 
a marked increase in immunoreactivity to NMDA receptor 
NR1 subunits on the neurons (green) (Fig. 1B) compared with 
control (Fig. 1A).

The presence and regulation of NR1 protein was further 
assessed using Western blot analysis. A  major protein band 
at about 130 kDa was observed in both control and ketamine-
exposed cultures (Fig. 1D). However, ketamine administration 
produced a remarkable upregulation of the NR1 protein levels 
compared with controls (Fig.  1D). Quantitative densitometry 
revealed that ketamine administration produced a significant 
increase (about twofold) in protein expression ratio of NR1 
protein to β-actin. Here, β-actin was used as a loading or inter-
nal control (Fig. 1C).

Intracellular Calcium Concentration Measurements

Because NMDA receptor-regulated ion channels are known 
to be highly permeable to calcium, we determined whether 
intracellular calcium concentrations could be altered by NMDA 
receptor subunit dysregulation that results from prolonged 
ketamine exposure. The application of NMDA to typical 
neurons (Figs. 2A and 2C) with glycine (100µM) in Mg2+-free 
medium produced an immediate elevation of intracellular free 
Ca2+ in both control and ketamine-exposed neurons. Ethylene 
glycol tetraacetic acid (EGTA) is a chelating agent with a high 
affinity for calcium and was used here to sequester extracellular 
calcium. To test whether NMDA produced its elevation of 
[Ca2+]

i
 through the mobilization of Ca2+ from extracellular Ca2+ 

stores, NMDA was applied in the absence of extracellular Ca2+ 
(i.e., after chelation with EGTA; Figs. 2B and 2D). Under these 
conditions, no NMDA-evoked [Ca2+]

i
 increase was observed. 

As a control, 25µM glutamate, a concentration known to 
preferentially stimulate NMDA receptors, was tested on the 
same cells without EGTA, and it produced a similar Ca2+ 
increase as observed previously with NMDA (Figs. 2B and 
2D).

In addition, the ketamine-exposed neurons showed a sig-
nificantly greater increase in intracellular free calcium [Ca2+]

i
 

than that seen in the neurons in control cultures (Fig.  2E). 
The change in intracellular calcium resulting from NMDA 
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stimulation was approximately 40% higher in the neurons from 
ketamine-exposed cultures. Taken together, these observa-
tions are consistent with the view that prolonged/continuous 
exposure of developing neurons to NMDA antagonists such as 
ketamine causes compensatory upregulation of NMDA recep-
tors, and activation of these altered NMDA receptors generates 
[Ca2+]

i
 elevations that arise primarily from Ca2+ influx, not from 

release of intracellular stores.

Ketamine-Induced Oxidative Stress and Apoptotic 
Cell Death

To examine whether the upregulation of NMDA receptor 
NR1 protein is associated with increased generation of ROS, 
8-oxoguanine levels were evaluated immunocytochemically 
and using ELISA. 8-Oxoguanine is a mutagenic oxidative 
damage product of guanine. Oxidatively damaged 8-oxo
guanine is generated in DNA due to the presence of ROS. To 
detect and localize oxidative DNA damage associated with 
ketamine administration, a monoclonal anti-8-oxoguanine anti-
body was utilized to detect 8-oxoguanine levels. Meanwhile, 
DAPI nuclear stain was used to reveal the total number of cells 
(in blue). Figure 3 demonstrates that ketamine administration 
at a concentration of 10µM increases 8-oxoguanine levels in 

both nuclei and mitochondria (Fig. 3B) compared with controls 
(Fig. 3A).

l-Carnitine plays an integral role in attenuating the brain 
injury associated with mitochondrial neurodegenerative disor-
ders (Zou et al., 2008). To investigate whether coadministration 
of l-carnitine can protect against ketamine-induced cell dam-
age, cell cultures were incubated with ketamine alone, or keta-
mine (10µM) plus 1, 30, or 100µM l-carnitine.

An 8-oxo-dG ELISA is a fast and sensitive competitive immu-
noassay for the detection and quantitation of 8-oxoguanine. 
Figure  3C shows that enhanced oxidative stress was observed 
in the cultures exposed to 10µM ketamine as revealed by ele-
vated levels of 8-oxoguanine, indicating more ROS generation, 
compared with controls. Coadministration of l-carnitine (30 or 
100µM) significantly attenuated the elevation in 8-oxo-dG levels 
induced by ketamine. No significant protective effect was detected 
at the l-carnitine concentration of 1µM, and no significant effect 
was observed when l-carnitine was administered alone.

In concordance, the data shown in Figure  4 indicate that 
ketamine administration results in an increase in neuronal 
death as determined using an ELISA for histone-associated 
DNA fragmentation. The data from both the 8-oxo-dG 
ELISA (Fig. 3C) and the cell death ELISA (Fig. 4) indicate 
that ketamine-induced DNA damage and neurotoxicity were 
effectively prevented by the coadministration of 30 or 100µM 
l-carnitine. No significant effect was observed when l-carnitine 
was administered alone.

Oxidative DNA Damage and Apoptotic Cell Death 
Evaluated by Comet Assay

The single-cell gel electrophoresis (Comet) assay is a sim-
ple, rapid, and sensitive technique for analyzing DNA damage 
at the individual cell level and specifically for detecting DNA 
strand breaks induced by oxidative stimuli. To further inves-
tigate the severity of ketamine-induced neuronal damage and 
the potential protective properties of l-carnitine in ketamine-
induced neuronal apoptosis, cells from forebrain cultures were 
exposed to either ketamine alone or ketamine plus l-carnitine. 
Twenty-four hours after the removal of ketamine, cultures were 
assessed using the Comet assay. A clear increase in the num-
ber of cells with DNA strand breaks (those having “tails”) was 
apparent in the cultures exposed to ketamine (Fig. 5B) com-
pared with controls (Fig.  5A). However, coadministration of 
l-carnitine (30µM) effectively prevented the DNA damage/
neurotoxicity induced by ketamine (Fig.  5C). The data from 
the 8-oxo-dG ELISA and Comet assay suggest that ketamine-
induced DNA damage and neuronal apoptosis could result 
from elevated oxidative stress.

To better understand the nature of ketamine-induced 
neurotoxicity, PSA-NCAM (a neuron-specific marker) 
immunostained images were acquired from control and ket-
amine-treated (10µM) cultures. In the control cultures, PSA-
NCAM immunoreactivity (Fig. 6A) was intense on the surface 

FIG.  1.  Immunostained micrographs from primary forebrain cultures. 
Cells from a control culture (A) and a ketamine-exposed culture (B) were dou-
ble-immunostained with a mouse monoclonal antibody to NMDA receptor NR1 
subunit protein (green) and a rabbit polyclonal antibody to GFAP (red; astro-
cytes). NR1 immunoreactivity (green) was localized specifically on neurons 
and the fluorescent density was remarkably upregulated in ketamine-exposed 
cultures. Scale bar = 50 µm. The NMDA receptor NR1 protein levels were also 
evaluated by Western blot analysis. A  major protein band at about 130 kDa 
was observed in both control and ketamine-exposed cultures (D). Ketamine 
administration produced a marked upregulation of the NR1 protein compared 
with controls. No significant difference was detected in GFAP expression lev-
els (astrocytes) between control and ketamine-treated cultures. Densitometry 
measurements from three independent experiments were used to calculate a 
ratio of NMDA receptor NR1 protein to β-actin (C). The data are shown as 
means ± S.D. *p < 0.05 was considered significant compared with control.
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of cell bodies and processes of neurons. Figure  6B shows 
that ketamine exposure (24 h) dramatically diminished PSA-
NCAM immunoreactivity: PSA-NCAM expression was weak 
and characterized by typical cellular residue and fragmentation 
and neuronal shrinking.

Discussion

The safety of anesthetic use in infants and children is an 
issue of major concern, and over the past 10  years, the use 
of ketamine, a noncompetitive NMDA receptor antagonist, 
in pediatric anesthesia has been extensively examined. 
Preclinical studies have shown that exposure of developing 
animals to ketamine can trigger neurodegeneration in several 
brain regions and cause persistent learning/memory deficits 
later in life (Paule et al., 2011; Scallet et al., 2004; Shi et al., 
2010; Slikker et al., 2007; Yon et al., 2005; Zou et al., 2009b). 
Clinical studies also indicate that some learning disabilities and 
behavioral disturbances in children correlate with anesthetic 
exposure during surgery before 4 years of age, even in children 
experiencing only single exposures to anesthesia (Flick et al., 
2011; Kalkman et al., 2009; Sprung et al., 2012; Wilder et al., 
2009). To understand the relevant mechanisms underlying the 
etiology of the neurotoxicity associated with developmental 
exposure to ketamine, and presumably other NMDA receptor 

antagonists, a primary culture system was utilized in this 
study. This system provides a reliable, simple in vitro model 
for evaluating potential neurotoxic effects and allows for 
the investigation of cellular mechanisms, such as disturbed 
calcium homeostasis, which may be associated with ketamine-
induced cell death. Although it is difficult to equate in vitro 
concentrations in rat cell cultures to human in vivo doses, the 
in vitro experimental conditions, approaches, and results are 
consistent with those from in vivo nonhuman primates (Slikker 
et al., 2007; Zou et al., 2009a) and represent a suitable platform 
for studying the mechanisms of anesthetic action on neuronal 
receptor channels. Thus, this study was designed to address 
how specific receptor subunits and intracellular signaling 
events may be involved in ketamine-induced neurotoxicity. We 
explored, at the cellular and functional receptor ion channel 
levels, the biochemical and molecular mechanisms associated 
with ketamine-induced neurotoxicity, particularly during 
sensitive developmental stages.

NMDA receptors constitute a subfamily of glutamate recep-
tors identified by specific molecular composition and phar-
macological and functional properties. NMDA receptors are 
densely localized on neurons of most major brain areas and 
are physically connected to proteins involved in cell-signaling 
cascades (Arundine et  al., 2003; Arundine and Tymianski, 
2003). Glutamate is the primary excitatory neurotransmitter 

FIG. 2.  Dynamic changes in intracellular calcium concentrations [Ca2+]
i
 of a control neuron (A) and a ketamine-exposed neuron (C). Application of NMDA 

(50µM) or glutamate (25µM) caused an immediate elevation in intracellular free Ca2+ for both control (B) and ketamine-exposed (D) neurons. No NMDA-evoked 
[Ca2+]

i
 rise was observed when the extracellular Ca2+ was chelated and, thus, unavailable for intracellular transport (50µM NMDA + 200µM EGTA in the perfusion 

buffer). A significant increase in intracellular free calcium [Ca2+]
i
 was detected in ketamine-exposed neurons (D and E) compared with control neurons (B and E) 

after NMDA (50µM) stimulation. Each condition was assessed at least in triplicate and experiments were repeated independently three times. Data are presented 
as means ± SD.
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in the central nervous system (CNS) of mammals. In addition 
to ionotropic receptors responsible for fast excitatory neuro-
transmission in the CNS, glutamate also activates a number of 
metabotropic glutamate (mGlu) receptors, which belong to the 
G-protein-coupled receptor family of receptors. Metabotropic 

glutamate receptor activation may lead to calcium release from 
internal store, and the roles of these receptors in neurodegen-
eration remain controversial (Baudry et al., 2012; Pellegrini-
Giampietro, 2003; Vincent and Maiese, 2000; Zhu et al., 2004). 
Glutamate stimulates the opening of the channels that the iono-
tropic receptors regulate to enable the influx of various ions 
and excessive activation of NMDA-type glutamate receptors 
is implicated in the pathophysiology of several neurological 
conditions including hypoxia-ischemia and seizure-mediated 
excitotoxic damage, neuropathic pain, and opiate dependence. 
Exploring the mechanisms by which anesthetic agents might 
disturb NMDA receptor expression patterns should help iden-
tify avenues for protection or prevention of potential anesthetic-
induced neuronal damage.

The experiments described here provide several lines of 
evidence demonstrating how prolonged ketamine exposure 
affects specific NMDA receptor subunit expression, altered 
receptor function, and elevated ROS generation, as well as 
subsequent enhanced neuronal damage. First, we provide direct 
evidence at the protein level that prolonged ketamine exposure 
causes a compensatory upregulation of the NMDA receptor 
NR1 subunit. The administration of noncompetitive NMDA 
receptor antagonists such as ketamine, phencyclidine (PCP), and 
MK-801 to rats during a critical period of development results 
in neurotoxicity/neurodegeneration in several major brain areas 
(Ikonomidou et al., 1999; Scallet et al., 2004). Previous studies 

FIG. 3.  Immunohistochemical staining of oxidized DNA with 8-oxogua-
nine (green) and nuclear staining with DAPI (blue). A 24-h exposure to keta-
mine (10µM) markedly increased oxidative DNA damage as evidenced by 
increased 8-oxoguanine formation in ketamine-exposed cultures (B) compared 
with controls (A). Scale bar = 50 µm. An 8-oxo-dG ELISA (C) showed that 
coadministration of l-carnitine (30 or 100µM) effectively blocked the 8-oxo-dG 
increase induced by ketamine. No significant effects were observed when l-car-
nitine was administered alone. Each condition was assessed at least in triplicate 
and experiments were repeated independently three times. Data are presented 
as means ± SD. *p < 0.05 was considered significant compared with control.

FIG.  4.  Effect of l-carnitine on ketamine-induced apoptotic cell death. 
Ketamine (10µM) exposure for 24 h resulted in a significant increase in cell 
death as indicated by an ELISA for histone-associated DNA fragmentation. 
Coadministration of l-carnitine (30 or 100µM) effectively blocked the cell 
death induced by ketamine. No significant protective effect of l-carnitine 
was observed at a concentration of 1µM, and no significant neurotoxic effects 
were observed when l-carnitine was administered alone. Each condition was 
assessed at least in triplicate and the experiments were repeated independently 
three times. Data are presented as means ± SD. *p < 0.05 was considered sig-
nificant compared with control.

FIG.  5.  Single-cell gel electrophoresis (Comet) assay for rat primary 
neuronal cells. A  marked increase in the number of cells with DNA strand 
breaks (tails) was apparent in the cultures exposed to ketamine (B) compared 
with control cultures (A). Quantitative analysis of the percent of cells exhib-
iting DNA strand breaks indicated a significant increase in DNA damage in 
ketamine-exposed neurons, but not in ketamine-exposed cells that were also 
treated with l-carnitine or in cells treated with l-carnitine alone. Experiments 
were repeated independently three times. Data are presented as means ± SD. 
*p < 0.05 was considered significant.
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have also shown that repeated administration of PCP to young 
rats results in a sensitized locomotor response when these 
animals are subjected to a later PCP challenge (Johnson et al., 
1998). This sensitization is associated with apoptotic cell death 
and an increase in NMDA receptor NR1 subunit mRNA (Wang 
et al., 1999). Similarly, our previous in vivo data demonstrated 
that the expression of the NMDA receptor subunit gene, Grin1 
(NR1), was significantly upregulated in ketamine-exposed rat 
pups as detected using in situ hybridization and microarray 
techniques (Shi et  al., 2010). In addition, our previous work 
also showed altered expression levels of the NMDA receptor 
NR2 family, such as NR2A and NR2C (Shi et  al., 2010), 
after repeated ketamine exposure. Taken together, previous 
and current mRNA and protein data clearly demonstrate that 
extended exposure of the developing mammal to NMDA 
receptor antagonists (e.g., ketamine) perturbs the endogenous 
NMDA receptor system and upregulates the expression of 
NMDA receptors, especially the essential NR1 subtype.

Second, we examined whether the upregulated NMDA recep-
tor expression in ketamine exposed neurons is of functional 
significance. Here, it was demonstrated that ketamine exposure 
has a significant impact on intracellular Ca2+ homoeostasis: the 
amplitudes of calcium influx caused by activating concentra-
tions of NMDA were significantly increased in neurons from 
ketamine-exposed cultures. It has been reported that local and 
global elevations in neuronal cytosolic calcium are impor-
tant for a variety of physiological and pathological processes 
(Berridge, 1998). Here, we used calcium imaging techniques to 
investigate the potential interactions between NMDA-evoked 
calcium influx and/or NMDA receptor activation of mGlu 
receptors in the mediation of calcium signals in cultured neu-
rons. In this study, NMDA-elicited increases in intracellular 
Ca2+ were blocked by perfusing cultures with Ca2+-free buffer 
(e.g., in the presence of EGTA), clearly demonstrating that the 

NMDA-evoked increases in intracellular calcium originated 
from an extracellular source, rather than from a depletion or 
release of calcium from the endoplasmic reticulum (intracel-
lular calcium store).

It should be mentioned that a magnesium-free buffer (per-
fusion) was used in the calcium imaging study in order to 
minimize magnesium-blockade of NMDA receptor activation. 
Because neurons in frontal cortical cultures are known to contain 
other Ca2+ channels such as voltage-dependent Ca2+ channels 
and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA)/kainate receptors that are Ca2+ permeable (Nakanishi, 
1992), it was not a surprise to see an even higher intracellular 
calcium concentration (Fig. 2) when the neurons were stimu-
lated by glutamate. Together, these observations provide fur-
ther support for the hypothesis that enhanced NMDA-type 
glutamate receptor expression (compensatory upregulation 
after prolonged NMDA receptor blockade) promotes the spe-
cific signal transduction (e.g., enhanced Ca2+ influx) that plays 
a critical role in ketamine-induced neurotoxicity.

Although calcium is necessary for cell growth, survival, and 
normal functioning, in excess it can be neurotoxic (Lynch and 
Guttmann, 2002). Ketamine, a PCP derivative, is an anesthetic 
agent with a well-defined effect on the NMDA receptor at 
clinical concentrations (Irifune et al., 1992). Racemic ketamine 
blocks the open channel by reducing mean channel open 
time and decreasing the frequency of channel opening by an 
allosteric mechanism while in the open state (Orser et al., 1997). 
In addition to the NMDA receptor, ketamine also affects other 
receptors including the AMPA- and kainate-type glutamate 
receptors and nicotinic and muscarinic acetylcholine receptors 
at concentrations necessary for anesthesia (Friederich et  al., 
2000; Sasaki et al., 2000). Although there seems to be a lack of 
stereoselectivity of ketamine on the above-mentioned receptors 
in hippocampal neurons (Brau et al., 1997; Durieux and Nietgen, 

FIG. 6.  Effect of ketamine on levels of PSA-NCAM (a neuron-specific marker). PSA-NCAM immunoreactivity was intense in control cultures (A) and 
diminished in ketamine-treated cultures (B). Scale bar = 50 µm.
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1997), the non–NMDA-type receptor systems are unlikely 
to account for the stereoselective effects. Although the exact 
mechanisms underlying its anesthetic action and associated 
neuronal damage are unknown, ketamine is considered to act 
primarily by a noncompetitive blockade of the NMDA receptor. 
Furthermore, our previous pharmacological data demonstrate 
that application of the AMPA/kainate receptor antagonist, 
CNQX, or nifedipine (an antagonist of the L-type voltage-
sensitive calcium channel) does not produce a significant 
protective effect against ketamine-induced neuronal apoptosis, 
compared with the strong protective effect obtained with the 
selective NMDA antagonist, d-APV (Wang et  al., 2005b, 
2006). Also, coadministration of antisense oligonucleotides 
that specifically target NMDA receptor NR1 and NR2A 
subunit mRNAs is able to block the neuronal damage induced 
by ketamine or PCP (Wang et al., 2005a,b, 2006). These data 
clearly indicate a specific involvement of NMDA receptor-
mediated excitation.

Third, associated with the increased Ca2+ influx seen in 
ketamine-exposed cultures was an increase in the generation of 
ROS that appear to originate in mitochondria. Recent evidence 
suggests that general anesthetics, administered at the peak 
of synaptogenesis, causes protracted injury to mitochondria 
including significant enlargement of mitochondria, 
impairment of their structural integrity and a decrease in 
their regional distribution (Sanchez et al., 2012). Along with 
morphological changes, the general anesthetic exposure 
also causes functional impairment of the immature neuronal 
mitochondria (Boscolo et  al., 2012). Injured mitochondria 
could be a significant source of ROS (Boscolo et  al., 2012). 
In this study, ketamine administration markedly elevated both 
nuclear and mitochondrial levels of 8-oxoguanine expression. 
The concordance between elevated 8-oxo-dG levels, enhanced 
DNA fragmentation and increases in the number of cells with 
DNA strand breaks following ketamine exposure, suggests 
key roles for calcium homeostasis and mitochondrial ROS 
production in inducing neuronal DNA damage and ketamine-
induced cell death via apoptotic pathways.

It is becoming increasingly apparent that mitochondria lie 
at the center of the cell death regulation process (Hongpaisan 
et al., 2003, 2004; Waxman and Lynch, 2005). ROS generated 
by mitochondria are not just damaging by-products of respi-
ration, but they are also important for cell signaling (Brookes 
and Darley-Usmar, 2002; Brookes et  al., 2002). Calcium is 
one determinant of ultimate cell survival. However, excessive 
calcium sequestration by mitochondria can produce injury, 
leading to respiratory inhibition, uncoupling of oxidative phos-
phorylation, and ultimately to the release of cytochrome C from 
the mitochondrial membrane into the cytosol (Blaylock et al., 
2010; Bosnjak et al., 2012; Zhang et al., 2010). Most of the 
mitochondrial effects of Ca2+ require its entry across the double 
membrane into the matrix. Although the mitochondrial outer 
membrane was thought to be permeable to Ca2+, recent stud-
ies suggest that the outer membrane voltage-dependent anion 

channel is a ruthenium red (RuRed) sensitive Ca2+ channel and 
serves to regulate Ca2+ entry into the mitochondrial intermem-
brane space (Gincel et al., 2001). In this study, to test whether 
mitochondrial function is regulated by disturbed Ca2+ influx, 
l-carnitine, an antioxidant dietary supplement, was utilized. 
l-Carnitine plays an integral role in attenuating brain injury 
associated with mitochondria-related oxidative stress (Zou 
et al., 2008). In this study, cells from forebrain cultures were 
exposed to ketamine or ketamine plus l-carnitine. After removal 
of ketamine, cultures were assayed using 8-oxo-dG and cell 
death detection ELISAs as well as the Comet assay. The data 
from all three of these assays indicated that aspects of ketamine-
induced DNA damage and neurotoxicity can be effectively 
blocked by l-carnitine. The neuronal protective mechanism of 
l-carnitine is very complicated and still unclear. It may involve 
cell membrane stabilization, increased heat shock protein and 
superoxide dismutase production, and decreased expression of 
iNOS. Here, it is proposed that l-carnitine’s protective effects 
are likely due to its membrane modulatory effects, presumably 
by reducing ROS generation or increasing ROS scavenging, to 
preserve mitochondrial membrane integrity, a process thought 
to be downstream of ketamine-induced receptor alterations and 
disturbed Ca2+ homeostasis.

At the heart of understanding how Ca2+ can be both a physi-
ological and a pathological regulator of mitochondrial func-
tion is the issue of how Ca2+ can modulate mitochondrial ROS 
generation. Several ROS, including superoxide anion (O

2
−) and 

nitric oxide (NO), have been implicated in glutamate-induced 
neuronal death. However, little is known about the signaling 
pathway(s) that mediates the postulated roles of altered Ca2+ 
influx. Ca2+ could enhance ROS output by making the whole 
mitochondrion work faster and consume more O

2
. Indeed, 

mitochondrial ROS generation correlates well with metabolic 
rate (Perez-Campo et  al., 1998; Sohal and Allen, 1985) sug-
gesting that faster metabolism simply results in more leakage 
from the respiratory chain electron. In addition, Ca2+ stimula-
tion of nitric oxide synthase (Alderton et al., 2001) generates 
NO, which inhibits complex IV (Cleeter et  al., 1994), thus 
enhancing ROS generation. Importantly, several recent stud-
ies using blockers of oxidative stress such as melatonin (Yon 
et  al., 2006), the superoxide dismutase mimetic, M40403 
(Wang et al., 2003), the NOS inhibitor, 7-nitroindazole (Wang 
et al., 2008), hypothermia (Friedman, 2009), and EUK-134, a 
synthetic ROS scavenger, or R(+) pramipexole (PPX), a syn-
thetic aminobenzothiazol derivative that restores mitochondrial 
integrity (Boscolo et al., 2012), have indicated that reduction 
of oxidative stress may protect the developing animal from 
anesthetic-induced brain cell death. In addition, Trolox, a ROS 
scavenger, has also been demonstrated to significantly attenu-
ate ketamine-induced increases in ROS formation, caspase-3 
activity, and cell damage (Bosnjak et al., 2012).

In summary, our experiments provide direct evidence that 
ketamine-induced neuronal cell death involves compensatory 
upregulation of the NMDA receptor, disturbed calcium influx, 
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elevated ROS generation, and subsequent neuronal apoptosis. In 
addition, the antioxidant l-carnitine effectively attenuates keta-
mine’s toxic effects and serves as a potential protective agent.

Overall, these experimental results are consistent with our 
working hypothesis (Slikker et  al., 2007; Wang et  al., 2006) 
that continuous blockade of NMDA receptors by ketamine 
causes a compensatory upregulation of NMDA receptors and 
this upregulation makes neurons bearing these receptors more 
vulnerable, after ketamine withdrawal, to the excitotoxic effects 
of endogenous glutamate. Activation of upregulated NMDA 
receptors results in a calcium overload that exceeds the buffer-
ing capacity of the mitochondria and interferes with electron 
transport in a manner that results in an elevated production of 
ROS and subsequent neuronal damage including apoptosis.
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