Available online at www.sciencedirect.com

science (goineet:

Toxicology and Applied Pharmacology 204 (2005) 27-35

Toxicology
and Applied
Pharmacology

www.elsevier.com/locate/ytaap

Suppressive effects of ketamine on macrophage functions

Yi Chang™®, Ta-Liang Chen®, Joen-Rong Sheu®, Ruei-Ming Chen®“*

AGraduate Institute of Medical Sciences, College of Medicine, Taipei Medical University, Taipei, Taiwan
®Department of Anesthesiology, Shin Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan
“Department of Anesthesiology, Wan-Fang Hospital, College of Medicine, Taipei Medical University, Taipei, Taiwan

Received 2 June 2004; accepted 23 August 2004

Abstract

Ketamine is an intravenous anesthetic agent. Clinically, induction of anesthesia with ketamine can cause immunosuppression.
Macrophages play important roles in host defense. In this study, we attempted to evaluate the effects of ketamine on macrophage functions
and its possible mechanism using mouse macrophage-like Raw 264.7 cells as the experimental model. Exposure of macrophages to 10 and
100 uM ketamine, which correspond to 0.1 and 1 times the clinically relevant concentration, for 1, 6, and 24 h had no effect on cell viability
or lactate dehydrogenase release. When the administered concentration reached 1000 pM, ketamine caused a release of lactate dehydrogenase
and cell death. Ketamine, at 10 and 100 uM, did not affect the chemotactic activity of macrophages. Administration of 1000 uM ketamine in
macrophages resulted in a decrease in cell migration. Treatment of macrophages with ketamine reduced phagocytic activities. The oxidative
ability of macrophages was suppressed by ketamine. Treatment with lipopolysaccharide induced TNF-a, IL-1P, and IL-6 mRNA in
macrophages. Administration of ketamine alone did not influence TNF-a, IL-1, or IL-6 mRNA production. Meanwhile, cotreatment with
ketamine and lipopolysaccharide significantly inhibited lipopolysaccharide-induced TNF-«, IL-1p3, and IL-6 mRNA levels. Exposure to
ketamine led to a decrease in the mitochondrial membrane potential. However, the activity of mitochondrial complex I NADH
dehydrogenase was not affected by ketamine. This study shows that a clinically relevant concentration of ketamine (100 uM) can suppress
macrophage function of phagocytosis, its oxidative ability, and inflammatory cytokine production possibly via reduction of the mitochondrial
membrane potential instead of direct cellular toxicity.
© 2004 Elsevier Inc. All rights reserved.
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Introduction Nimmo, 1981). Clinically, induction of anesthesia with

ketamine may be associated with increases in cardiac

Ketamine is an intravenous anesthetic agent used for
induction and maintenance of anesthesia during surgical
procedures. Because ketamine has more stable hemody-
namics than barbiturates or inhaled anesthetic agents, this
anesthetic agent is widely applied in critically ill patients as
an inducer of anesthesia (White et al., 1982). Ketamine has
relatively high clearance, which accounts for the short
elimination half-life of less than 3 h in adults (Clements and
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output, arterial blood pressure, and heart rate (Reich and
Silvay, 1989; Traber et al., 1971). In lipopolysaccharide
(LPS)-stimulated leukocytes, ketamine was reported to
attenuate cell adherence and migration (Hofbauer et al.,
1998; Schmidt et al., 1995). In neutrophils, ketamine was
shown to suppress oxidant production and chemotactic
activity (Weigand et al., 2000; Zahler et al., 1999). Thus,
those studies using leukocytes and neutrophils demonstrate
that ketamine has possible immunomodulating effects.
Macrophages play critical roles in cellular host defense
against infection and tissue injury (Nathan, 1987; Valledor
and Ricote, 2004). In response to stimuli, macrophages
undergo a series of inflammatory processes, including
chemotaxis, phagocytosis, intracellular killing, and release
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of inflammatory cytokines (Aderem, 2001; Nathan, 1987).
Dysfunction of macrophages may decrease host nonspecific
cell-mediated immunity (Lander, 1997). In our previous
study, we showed that propofol, another popular intravenous
anesthetic agent, can suppress macrophage chemotactic
activity, phagocytic activity, oxidative ability, and inflam-
matory cytokine production (Chen et al., 2003a, 2003b).
However, few studies have evaluated the effects of ketamine
on macrophages. In LPS-activated macrophages, ketamine
was reported to reduce TNF-a and nitric oxide production
(Sakai et al., 2000; Shimaoka et al., 1996; Takenaka et al.,
1994). Effects of ketamine on other macrophage functions
are still unknown.

Mitochondria are important energy-producing organelles
and participate in macrophage activation (Brown and
Borutaite, 1999; Dichl and Hoek, 1999). Previous studies
showed that adenosine triphosphate (ATP), synthesized
from the mitochondrial respiratory chain reaction, can
enhance chemotactic migration and phagocytic ingestion
of macrophages and neutrophils through the purinergic P2
receptor pathway or by elevation of intracellular Ca®" (Di
Virgilio et al., 2001; Fredholm, 1997; Lammas et al., 1997;
Oshimi et al., 1999). In murine polymicrobial sepsis, a
decrease in cellular ATP levels was reported to be associated
with marked suppression of the functions of lymphocytes
and macrophages (Ayala and Chaudry, 1996). Maintenance
of the mitochondrial membrane potential and complex I
NADH dehydrogenase activity is critical for mitochondrial
functions and ATP synthesis (Papucci et al., 2003; Pearce et
al., 2001). However, there is a paucity of studies evaluating
the effects of ketamine on macrophage mitochondria. In this
study, we attempted to evaluate the effects of ketamine on
macrophage functions from the aspects of cell viability,
chemotaxis, phagocytosis, oxidative ability, and inflamma-
tory cytokine (TNF-«, IL-1p, and IL-6) mRNA production
and its possible mechanism from the viewpoint of mito-
chondrial membrane potential and complex I NADH
dehydrogenase activity.

Materials and methods

Cell culture and drug treatment. A murine macrophage cell
line Raw 264.7 was purchased from American Type Culture
Collection (Rockville, MD, USA). Macrophages were
cultured in RPMI 1640 medium (Gibco-BRL, Grand Island,
NY, USA) supplemented with 10% fetal calf serum, L-
glutamine, penicillin (100 IU/ml), and streptomycin (100
pg/ml) in 75-cm? flasks at 37 °C in a humidified atmosphere
of 5% CO,. Cells grew to confluence prior to ketamine
administration.

Ketamine was dissolved in phosphate-buffered saline
(PBS) (0.14 M NaCl, 2.6 mM KCl, 8 mM Na,HPO,, and
1.5 mM KH,POy,). According to the clinical application,
concentrations of ketamine at 10, 100, and 1000 uM, which
correspond to 0.1, 1, and 10 times the clinical plasma

concentration (Domino et al., 1982; Grant et al., 1983), were
chosen as the administered dosages in this study. Prior to the
addition of ketamine, macrophages were washed with PBS
buffer, and nonadherent cells were removed. Control
macrophages received PBS only.

Cytotoxic assay. Analyses of cell viability and lactate
dehydrogenase release were carried out to determine the
toxicity of ketamine to macrophages. Cell viability was
analyzed using a trypan blue exclusion method. Briefly,
macrophages (2 X 10’ cells) were cultured in 24-well tissue
culture plates (Corning-Costar, Cambridge, MA, USA)
overnight. After administration of 10, 100, and 1000 pM
ketamine for 1, 6, and 24 h, cells were trypsinized by 0.1%
trypsin-EDTA (Gibco-BRL). Following centrifugation and
washing, macrophages were suspended in PBS and stained
with an equal volume of trypan blue dye (Sigma, St. Louis,
MO, USA). Fractions of dead cells with a blue signal were
determined using a reverse-phase microscope. The amounts
of lactate dehydrogenase in the culture medium were
quantified using a model 7450 automatic autoanalyzer
system from Hitachi (Tokyo, Japan).

Chemotactic activity. The migrating capacity of macro-
phages was determined by using Costar Transwell cell
culture chamber inserts, with a pore size of 8 um, according
to the application guide provided by Corning-Costar. The
bottom layers of the Transwell membranes have been
commercially coated with collagen. The RPMI 1640-rich
medium (1.5 ml) was first added to 12-well tissue cluster
plates, and the Transwell was inserted in the plates.
Macrophages (1 x 10° cells) suspended with 10, 100, and
1000 pM ketamine in 0.5-ml-rich medium was added to the
inside of the Transwell and cultured at 37 °C for 1, 6, and 24
h in an atmosphere of 5% CO,. Macrophages that migrated
to the bottom surface of polycarbonate filters were counted
in each field and averaged for three fields with the aid of a
crosshair micrometer (Nikon, Tokyo, Japan). The data were
normalized to the numbers of living cells.

Phagocytic activity. The macrophage function of phagocy-
tosis was assayed by detecting the number of cells that
ingested at least one fluorescent particle according to the
method of Kotani et al. (1998). Macrophages (1 % 10° cells)
were cultured in 12-well tissue culture plates overnight.
After exposure to 10, 100, and 1000 uM ketamine for 1, 6,
and 24 h, macrophages were trypsinized and suspended in
PBS. Red fluorescent FluoSphere carboxylate-modified
microspheres (Molecular Probes, Eugene, OR, USA), with
a diameter of 0.5 um, were added to the cell suspensions and
incubated at 37 °C on a shaking platform for 20 min. The
ratio of particles-to-cells was 15:1. The reaction was stopped
by immersion in an ice-cold saline solution. Proportions of
macrophages that ingested at least one particle were counted
with the aid of a crosshair micrometer (Nikon). The data
were normalized to the numbers of living cells.
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Oxidative ability. Amounts of intracellular reactive oxygen
species were quantified to determine the oxidative ability of
macrophages according to a previously described method
(Simizu et al., 1997). Briefly, 1 X 10° macrophages were
cultured in 12-well tissue culture clusters overnight, and
then cotreated with 10, 100, and 1000 uM ketamine and
2,7-dichlorofluorescin diacetate, a reactive oxygen species-
sensitive dye, for 1, 6, and 24 h. After drug treatment,
macrophages were harvested and suspended in PBS. The
fluorescence intensities in cells were quantified using a
flow cytometer (FACS Calibur, Becton Dickinson, San
Jose, CA, USA). Only living cells were analyzed in this
assay.

Reverse-transcription polymerase chain reaction assay.
Messenger RNA from macrophages exposed to 100 pM
ketamine, 1 ng/ml LPS, and a combination of ketamine
and LPS for 1 h was prepared for reverse-transcriptase
polymerase chain reaction (RT-PCR) analyses of TNF-,
IL-1p3, IL-6, and P-actin following instructions of the
ExpressDirect mRNA Capture and RT system for the RT-
PCR kit (Pierce, Rockford, IL, USA). Oligonucleotides for
PCR analyses of TNF-a, IL-1p, IL-6, and P-actin were
designed and synthesized by Clontech Laboratories (Palo
Alto, CA, USA). The oligonucleotide sequences of these
primers were 5-ATGAGCACAGAAAGCATGATCCGC-
3’ and 3’-CTCAGGCCCGTCCAGATGAAACC-5' for
TNF-a; 5-ATGGCAACTGTTCCTGAACTCAACT-3' and
3-TTTCCTTTCTTAGATATGGACAGGAC-5 for IL-1p;
5’-ATGAAGTTCCTCTCTGCAAGAGACT-3' and 3'-
CACTAGGTTTGCCGAGTAGATCTC-Y for IL-6; and 5'-
GTGGGCCGCTCTAGGCACCAA-3" and 3'-CTTTAG-
CACGCACTGTAGTTTCTC-5' for p-actin.

The PCR reaction was carried out using 35 cycles
including 94 °C for 45 s, 60 °C for 45 s, and 72 °C for 2
min. The PCR products were loaded onto a 1.8% agarose
gel containing 0.1 pg/ml ethidium bromide and electro-
phoretically separated. DNA bands were visualized and
photographed under UV-light exposure. The intensities of
the DNA bands in the agarose gel were quantified with the
aid of the UVIDOCMW version 99.03 digital imaging
system (UVtec, Cambridge, England, UK).

Quantification of the mitochondrial membrane potential.
The membrane potential of macrophage mitochondria was
determined according to the method of Chen (1988).
Briefly, 1 x 10° macrophages were seeded in 12-well tissue
culture clusters overnight and then treated with 10, 100, and
1000 uM ketamine for 1, 6, and 24 h. Macrophages were
harvested and incubated with 3,3’'-dihexyloxacarbocyanine
(DiOC¢(3)), a positively charged dye, at 37 °C in a
humidified atmosphere of 5% CO, for 30 min. After a
process of washing and centrifuging, cell pellets were
resuspended with PBS and the fluorescent intensities were
analyzed by flow cytometry (FACS Calibur). Only living
cells were analyzed in this assay.

Mitochondrial complex I NADH dehydrogenase activity.
NADH dehydrogenase activity was determined by a
colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide assay following the method of Wu et al.
(2003). Briefly, macrophages (5 x 10° cells) were seeded in
96-well tissue culture clusters overnight. After treatment
with 10, 100, and 1000 uM ketamine for 1, 6, and 24 h, cells
were cultured with new medium containing 0.5 mg/ml 3-
(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
for another 3 h. The blue formazan products in cells were
dissolved in dimethyl sulfoxide and spectrophotometrically
measured at a wavelength of 570 nm. The data were
normalized to the numbers of living cells.

Statistical analysis. The statistical significance of differences
between control and ketamine-treated groups was evaluated
using Student’s ¢ test, and differences were considered
statistically significant at P values of less than 0.05. Differ-
ences between ketamine- and LPS-treated groups were
considered significant when the P value of Duncan’s multi-
ple-range test was less than 0.05. Statistical analysis between
groups over time was carried out using two-way ANOVA.

Results

Cell viability and lactate dehydrogenase release were
evaluated to determine the toxicity of ketamine to macro-
phages (Table 1). The differences between the ketamine-free
control and ketamine-treated groups were considered
statistically significant at P values of less than 0.05.

Table 1

Effects of ketamine on macrophage viability

Treatment Cell viability LDH (U/L)
(cell number x 10?)

1h

Ketamine, 0 pM 332 +£ 35 71 £ 19

Ketamine, 10 uM 309 + 41 68 + 23

Ketamine, 100 pM 329 + 34 78 + 21

Ketamine, 1000 pM 344 + 27 83 £ 23

6h

Ketamine, 0 pM 349 + 22 64 + 26

Ketamine, 10 uM 313 £+ 30 78 £ 17

Ketamine, 100 uM 322 + 46 74 £ 22

Ketamine, 1000 pM 288 + 28%* 121 + 18%*

24 h

Ketamine, 0 pM 489 + 56 77 £ 22

Ketamine, 10 uM 503 + 47 79 £ 20

Ketamine, 100 pM 487 £+ 34 83 + 25

Ketamine, 1000 uM 336 + 40* 203 + 30*

Macrophages were exposed to 10, 100, and 1000 pM ketamine for 1, 6, and
24 h. Cell viability was assayed using a trypan blue exclusion method.
Levels of lactate dehydrogenase (LDH) in the culture medium were
determined by an automatic analyzer. Each value represents the mean +
SEM for n = 12.

* Values significantly differ from the respective control, P < 0.05.
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Exposure of macrophages to 10 and 100 uM ketamine for 1,
6, and 24 h did not affect cell viability. However, treatment
with 1000 pM ketamine for 6 and 24 h caused significant
13% and 31% cell death, respectively. Treatment with 10
and 100 uM ketamine had no effect on the release of lactate
dehydrogenase from macrophages to the culture medium
(Table 1). The amounts of lactate dehydrogenase in the
culture medium were significantly increased by 89% and
164% following administration of 1000 uM ketamine for 6
and 24 h, respectively.

Chemotactic activity was assayed to evaluate the effect
of ketamine on the migrating capacity of macrophages
(Table 2). The differences between the ketamine-free control
and ketamine-treated groups were considered statistically
significant at P values of less than 0.05. Administration of
10, 100, and 1000 pM ketamine in macrophages for 1, 6,
and 24 h did not influence chemotactic activity.

Proportions of macrophages that ingested at least one
fluorescent particle were counted in order to determine the
effect of ketamine on phagocytic activities of macrophages
(Fig. 1). The differences between the ketamine-free control
and ketamine-treated groups were considered statistically
significant at P values of less than 0.05. In 1-h-treated
macrophages, treatment with 10, 100, and 1000 pM
ketamine had no effect on phagocytic activity (Fig. 1, top
panel). After administration for 6 h, 10 uM ketamine still
did not influence the phagocytic activity of macrophages
(Fig. 1, middle panel). However, when the administered
concentrations reached 100 and 1000 pM, ketamine
significantly decreased phagocytic activities by 23% and
27%, respectively. In 24-h-treated macrophages, the phag-
ocytic activity was not affected by 10 pM ketamine (Fig. 1,
bottom panel). Meanwhile, exposure to 100 and 1000 uM
ketamine caused significant 29% and 31% decreases in
phagocytic activities of macrophages, respectively.

In order to determine the effect of ketamine on the
oxidative ability of macrophages, levels of intracellular
reactive oxygen species were quantified (Fig. 2). The
differences between the ketamine-free control and ket-
amine-treated groups were considered statistically signifi-
cant at P values of less than 0.05. In 1-h-treated
macrophages, treatment with 10, 100, and 1000 pM

Table 2
Effects of ketamine on chemotactic activities of macrophages

Time (h)

Chemotactic activity (cell number X 10%)

10 pM 100 uM 1000 pM
0 161 + 28 158 + 38 169 + 25
1 152 +£ 29 145 + 33 157 + 29
6 149 + 29 134 + 28 134 £ 22
24 148 + 34 129 + 33 130 + 28

Macrophages were exposed to 10, 100, and 1000 pM ketamine for 1, 6, and
24 h. Chemotactic activity was assayed using Transwell cell culture
chamber inserts as described in Materials and methods. Each value
represents the mean + SEM for n = 6. *Values significantly differ from
the respective control, P < 0.05.
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Fig. 1. Concentration- and time-dependent effects of ketamine on
phagocytic activities of macrophages. Macrophages were exposed to 10,
100, and 1000 uM ketamine for 1, 6, and 24 h. Phagocytotic activities were
determined by counting the proportions of macrophages that had digested at
least one fluorescent particle as described in Materials and methods. Each
value represents the mean + SEM for n = 12. *Values significantly differ
from the respective control, P < 0.05.

ketamine did not affect the levels of intracellular reactive
oxygen species (Fig. 2, top panel). After administration for 6
h, ketamine at 10 uM still did not affect oxidative ability
(Fig. 2, middle panel). Meanwhile, when the administered
concentrations reached 100 and 1000 pM, ketamine
significantly reduced the oxidative ability by 18% and
25%, respectively. In 24-h-treated macrophages, the oxida-
tive ability was not affected by 10 pM ketamine (Fig. 2,
bottom panel). However, treatment with 100 and 1000 uM
ketamine led to significant 32% and 37% decreases in the
oxidative ability of macrophages.
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Fig. 2. Concentration- and time-dependent effects of ketamine on the
oxidative ability of macrophages. Macrophages were exposed to 10, 100,
and 1000 pM ketamine for 1, 6, and 24 h. Levels of intracellular reactive
oxygen species were determined by a flow cytometric method. Each value
represents the mean = SEM for n = 12. *Values significantly differ from
the respective control, P < 0.05.

RT-PCR analyses were carried out to determine the
effects of ketamine on TNF-«, IL-1(3, and IL-6 mRNA
production in LPS-activated macrophages (Fig. 3). In
untreated macrophages, low levels of TNF-o, IL-1p, and
IL-6 mRNA were detected (Fig. 3, lane 2). Treatment with a
clinically relevant concentration of ketamine (100 pM) did
not affect TNF-a, IL-1pB, or IL-6 mRNA production (Fig. 3,
lane 3). LPS obviously induced TNF-a, IL-1B, and IL-6
mRNA (Fig. 3, lane 4). Cotreatment with ketamine and LPS
significantly inhibited LPS-induced TNF-a, IL-1p, and IL-6
mRNA (Fig. 3, lane 5). Intensities of cDNA bands were
quantified using a digital imaging system, and the data are
shown in Table 3. Exposure to a therapeutic concentration
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Fig. 3. Effects of ketamine (KTM) on TNF-a, IL-1P, and IL-6 mRNA
production in lipopolysaccharide (LPS)-activated macrophages. Messenger
RNAs from macrophages exposed to 100 uM KTM, I ng/ml LPS, and a
combination of KTM and LPS were prepared for RT-PCR analysis of TNEF-
a, IL-1@, and IL-6 mRNA. Amounts of B-actin mRNA were determined as
an internal standard (bottom panel). M, DNA 100-bp marker; C, control.

of ketamine had no effect on TNF-«, IL-1, or IL-6 mRNA
production. Administration of LPS in macrophages signifi-
cantly induced levels of TNF-a, IL-1p, and IL-6 mRNA by
2-, 3-, and 4-fold, respectively. Ketamine significantly
inhibited LPS-induced TNF-a, IL-1p, and IL-6 mRNA by
76%, 63%, and 65%, respectively (Table 3).

To validate the role of mitochondria in ketamine-caused
suppression of macrophage functions, the mitochondrial
membrane potential was determined (Fig. 4). The differ-
ences between the ketamine-free control and ketamine-
treated groups were considered statistically significant at P
values of less than 0.05. In 1-h-treated macrophages,

Table 3

Effects of ketamine on TNF-«, IL-13, and IL-6 mRNA levels

Treatment TNF-a« mRNA IL-1p mRNA IL-6 mRNA
(arbitrary units)  (arbitrary units)  (arbitrary units)

Control 2578 £+ 626 862 + 150 247 £ 53

Ketamine 1826 + 488 936 + 174 268 + 74

LPS 5271 £+ 934* 2785 + 445% 991 + 269*

Ketamine + LPS 1261 + 355" 1026 + 258/ 344 + 102

Macrophages were exposed to 100 uM ketamine, 1 ng/ml lipopolysac-
charide (LPS) and a combination of ketamine and LPS for 1, 6, and 24 h.
Levels of TNF-a, IL-1pB, and IL-6 mRNA were determined using RT-PCR
analyses. Amounts of B-actin mRNA were detected as an internal standard.
Intensities of RNA bands were quantified using a digital imaging system.
Each value represents the mean = SEM for n = 3.

" Values significantly differ from the respective control, P < 0.05.

T Values significantly differ from the LPS-treated groups, P < 0.05.
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Fig. 4. Concentration- and time-dependent effects of ketamine on the
membrane potential of macrophage mitochondria. Macrophages were
exposed to 10, 100, and 1000 uM ketamine for 1, 6, and 24 h. The
mitochondrial membrane potential was determined by a flow cytometric
method. Each value represents the mean = SEM for n = 12. *Values

significantly differ from the respective control, P < 0.05.

treatment with 10, 100, and 1000 pM ketamine did not
affect the membrane potential of macrophage mitochon-
dria (Fig. 4, top panel). After 6 h, exposure to 10, 100,
and 1000 pM ketamine caused significant 15%, 22%, and
25% decreases in the mitochondrial membrane potential
(Fig. 4, middle panel). In 24-h-treated macrophages, the
mitochondrial membrane potential was significantly
decreased by 20%, 35%, and 40% after administration
of 10, 100, and 1000 pM ketamine, respectively (Fig. 4,
bottom panel).

Activity of mitochondrial complex I NADH dehydrogen-
ase was assayed to evaluate if ketamine modulated this
metabolizing enzyme (Table 4). The differences between the

ketamine-free control and ketamine-treated groups were
considered statistically significant at P values of less than
0.05. Administration of 10, 100, and 1000 pM ketamine in
macrophages for 1, 6, and 24 h did not affect NADH
dehydrogenase activity (Table 4).

Discussion

This study shows that ketamine at a therapeutic concen-
tration (100 pM) can suppress macrophage functions. The
concentration of ketamine used in this study, 100 uM, is
within the range of clinical relevance (Domino et al., 1982;
Grant et al., 1983). Ketamine at 100 pM was not cytotoxic
to macrophages, but significantly suppressed macrophage
capacities for particle ingestion and oxidant production.
This study used LPS as a common inducer to increase
inflammatory cytokine mRNA in macrophages. In response
to LPS stimulation, 100 uM ketamine was also shown to
inhibit TNF-a, IL-1P3, and IL-6 mRNA syntheses in
macrophages. During inflammation, macrophages destroy
invading microorganisms or abnormal tumor cells through a
series of reactions, including chemotaxis, phagocytosis,
oxidant production, and inflammatory cytokine release
(Aderem, 2001; Nathan, 1987). Dysfunction of these
activities can affect host macrophage-mediated immunity
(Lander, 1997). Therefore, this study provides in vitro data
to identify that a clinically relevant concentration of
ketamine, 100 pM, has suppressive effects on macrophage
functions via inhibition of phagocytic activities, oxidative
ability, as well as TNF-a, IL-18, and IL-6 mRNA syntheses.

In parallel to macrophage dysfunction, this study
demonstrated that a therapeutic concentration of ketamine
can reduce the mitochondrial membrane potential. Depola-
rization of the mitochondrial membrane can lead to
mitochondrial dysfunction or even cell insult (Pearce et
al., 2001). This is the first study to identify the suppressive
effects of ketamine on the mitochondrial membrane
potential. Exposure of macrophages to a therapeutic con-
centration of ketamine did not affect cell viability. Thus, the
ketamine-caused suppression of macrophage functions is

Table 4
Effects of ketamine on mitochondrial complex I NADH dehydrogenase
activity

Time (h) NADH dehydrogenase activity (OD values at 570 nm)
10 pM 100 uM 1000 uM

0 1.05 £ 0.24 1.03 + 0.24 1.24 £ 0.18

1 1.01 £ 0.26 0.97 + 0.22 1.15 £ 0.22

6 0.99 + 0.21 1.09 + 0.24 0.99 + 0.21

24 0.98 £ 0.25 0.97 £ 0.20 0.93 £ 0.17

Macrophages were exposed to 10, 100, and 1000 pM ketamine for 1, 6, and
24 h. The activity of mitochondrial complex I NADH dehydrogenase was
assayed using a colorimetric method. Each value represents the mean +
SEM for n = 12.
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not due to the cytotoxic effect of this intravenous anesthetic
agent. Macrophage functions are dependent on the main-
tenance of the mitochondrial membrane potential (Ayala and
Chaudry, 1996; Brown and Borutaite, 1999). Therefore, the
ketamine-caused reduction in the mitochondrial membrane
potential may be one of the possible mechanisms to explain
the suppression of macrophage functions by this anesthetic
agent.

Ketamine can decrease the phagocytic activities of
macrophages. Previous studies revealed that cellular ATP
contributes to phagocytic activities of macrophages (Lammas
et al.,, 1997, Oshimi et al., 1999). Modulation of the
mitochondrial membrane potential can disturb ATP synthesis
(Yoon et al., 2003). This study showed that ketamine at a
therapeutic concentration (100 uM) decreased the mitochon-
drial membrane potential. Thus, the inhibitory effects of
ketamine on macrophage phagocytosis may be attributed to
the decrease in ATP synthesis because of the reduction of the
mitochondrial membrane potential induced by this anesthetic
agent. Weinshank et al. (1988) showed that stimulation of
inflammatory cytokines, including TNF-a and IFN-vy,
increases the levels of receptor FcyRa in Raw 264.7 cells
and thus enhances phagocytic activity. The present study
shows that a clinically relevant concentration of ketamine can
inhibit TNF-a« mRNA production. Therefore, the ketamine-
caused suppression of inflammatory cytokine production
provides another possible mechanism to explain the inhib-
ition of phagocytic activities by this anesthetic agent. A
previous study reported that ketamine can reduce phagocytic
activity of polymorphonuclear leucocytes (Krumholz et al.,
1995). This study further demonstrated that ketamine at a
clinical concentration has a suppressive effect on the
phagocytic activity of macrophages.

Ketamine can reduce the oxidative ability of macro-
phages. Administration of ketamine in macrophages con-
centration- and time-dependently decreased the levels of
intracellular reactive oxygen species. Activated macrophages
can produce and secrete large amounts of hydrogen peroxide,
superoxide, and nitric oxide for killing infective pathogens
(Tripathi and Maiti, 2003). This study used DCFH-DA dye to
stain and determine the levels of intracellular reactive oxygen
species. DCFH-DA dye has been reported to stain hydrogen
peroxide, superoxide, and nitric oxide (Chen et al., 2003;
Rao etal., 1992; Simizu et al., 1997). A decrease in the levels
of intracellular reactive oxygen species corresponds to a
reduction in hydrogen peroxide, superoxide, and nitric oxide
production. Thus, ketamine is able to decrease oxidant
production in macrophages. In human neutrophils, ketamine
can suppress the release of reactive oxygen species (Weigand
etal., 2000). The present data further reveal that a therapeutic
concentration of ketamine can suppress the oxidative ability
of macrophages.

Ketamine significantly inhibited TNF-c, II-1B, and IL-6
mRNA production in LPS-activated macrophages. In
response to LPS stimuli, TNF-o, IL-1P, and IL-6 are
massively produced by activated macrophages and involved

in immune responses and host defense (Carswell et al.,
1975). Suppression of inflammatory cytokine production
can decrease the host immune response. Previous studies
have shown that ketamine can reduce TNF-a production in
LPS-activated macrophages and mice (Takenaka et al.,
1994; Shimaoka et al., 1996). In addition to TNF-«, this
study further demonstrated that ketamine can also inhibit
LPS-induced IL-1p and IL-6 mRNA expression in macro-
phages. LPS is a common tool to activate macrophages.
This study specifically showed the effects of ketamine on
inflammatory cytokine expression in LPS-activated macro-
phages. However, the effects of ketamine on inflammatory
cytokine expression in macrophages in response to other
generic triggers, such as interferon-y, were not determined
in this study.

Sakai et al. (2000) reported that ketamine suppresses
endotoxin-induced NF-«xB expression. NF-kB is one of the
common transcriptional factors that induce TNF-a, 1I-14,
and IL-6 in macrophages in response to the ketamine-
induced suppression of TNF-a, IL-1B, and IL-6 expression
in LPS-stimulated macrophages via inhibition of NF-«xB
activation. Our previous study showed that a decrease in
nitric oxide synthesis can significantly inhibit LPS-induced
TNF-a, IlI-1B, and IL-6 expressions in macrophages (Wu et
al., 2003). Data from this study revealed that ketamine at a
therapeutic concentration (100 pM) decreased the levels of
intracellular reactive oxygen species, including nitric oxide.
Shimaoka et al. (1996) also reported that ketamine decreased
nitric oxide synthesis in activated macrophages. Therefore,
another possible mechanism to explain the suppression of
TNF-q, IL-1p, and IL-6 expressions by ketamine is through
reduction of intracellular reactive oxygen species.

Our present data reveal that ketamine caused a significant
decrease in the mitochondrial membrane potential of
macrophages. Mitochondria are the target organelles for
synthesizing ATP in macrophages (Papucci et al., 2003).
The ketamine-caused reduction in the mitochondrial mem-
brane potential can directly affect ATP synthesis and further
suppress macrophage functions. Ketamine at a clinically
relevant concentration had no effect on mitochondrial
complex I NADH dehydrogenase activity. NADH dehydro-
genase is a critical enzyme contributing to the mitochondrial
respiratory chain reaction and ATP synthesis (Pearce et al.,
2001). Therefore, a therapeutic concentration of ketamine
selectively reduces the mitochondrial membrane potential
without affecting NADH dehydrogenase activity. The ket-
amine-caused suppression of the mitochondrial membrane
potential may be one of major mechanisms that induce
mitochondrial dysfunction and further suppress macrophage
functions.

Treatment with 10 and 100 uM ketamine did not affect
macrophage migration. However, administration of 1000
uM ketamine in macrophages potentially decreased the
migration capacity of macrophages. Results from the
analysis of cell viability revealed that ketamine at 1000
puM induced macrophage death in a time-dependent manner.
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Thus, suppression of chemotactic activity induced by a high
concentration of ketamine may be due to the cytotoxic
effects of this intravenous anesthetic agent on macrophages.
Kress and Segmuller (1987) reported that neither ketamine
nor etomidate affected the mobility of polymorphonuclear
leukocytes. However, in LPS-stimulated leukocytes, ket-
amine was shown to attenuate cell adherence and cell
migration (Hofbauer et al., 1998; Schmidt et al., 1995). In
neutrophils, ketamine can suppress oxidant production and
chemotactic activity (Weigand et al., 2000; Zahler et al.,
1999). In this study, we further demonstrated that ther-
apeutic concentrations of ketamine (<100 pM) did not affect
macrophage migration.

In conclusion, the present study shows that a therapeutic
concentration of ketamine (100 uM) can suppress macro-
phage functions of phagocytosis, oxidative ability, as well as
TNF-a, IL-1pB, and IL-6 mRNA production. Our results also
demonstrated that ketamine at a clinically relevant concen-
tration can lead to mitochondrial dysfunction specifically
via reduction in the mitochondrial membrane potential but
not through modulation of mitochondrial complex I NADH-
dehydrogenase activity. Ketamine at clinical concentrations
is not cytotoxic to macrophages. Therefore, according to the
present data, we suggest that the mechanism of ketamine-
caused suppression of macrophage functions may be
possibly via inhibition of the mitochondrial membrane
potential but not through a reduction in cell viability. There
are certain limitations to this study. Although Raw 264.7
cells have a variety of characteristics of normal macro-
phages, these cells were derived from murine tumor tissues.
In our lab, the effects of ketamine on functions of normal
macrophages are being determined using murine peritoneal
cells as the experimental model. In addition, because this in
vitro study did not evaluate ketamine’s effects on other
humoral and tissue factors, we cannot draw definite,
clinically relevant conclusions about the possible effects of
ketamine on macrophage functions.
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