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Introduction

Anesthetics and sedatives have been commonly used 
in stability management and safety control during surgi-
cal operation and clinical care. However, under circum-
stances of surgical trauma, pre-existing diseases, and 
possible infections, the immune system of patients may 
be easily vulnerable, so slight effects of anesthetics on 
the immune system may affect the immunological sys-
tem, causing an undesirable aftermath (1, 2).

Among the intravenous anesthetic reagents, ketamine 
had relatively high clearance, which accounted for its 
short elimination half-life of less than 3 h in adults (3). 
However, this popular anesthetic chemical had effects on 
the immune system based on both in vivo and in vitro 
studies (4 – 10). Ketamine was supposed to be immuno-
suppressive due to its negative effects on the synthesis of 
inflammatory cytokines, cell adherence, and migration 

(11 – 13). In the mouse macrophage cell line, ketamine 
treatment significantly inhibited lipopolysaccharide 
(LPS)-induced tumor necrosis factor-alpha (TNF-α), in-
terleukin-1 beta (IL-1β), and interleukin-6 (IL-6) mRNA 
synthesis (14).

Dendritic cells (DCs) are sparse although widely dis-
tributed in the body and recognized as the only profes-
sional antigen-presenting cell (APC) to stimulate naïve T 
cells. DCs are a mixture of heterogeneous cell subsets 
that can be divided into several categories with different 
functions and diverse distribution (15). DCs consist of 
plasmacytoid DCs (pDC); conventional DCs (cDC), 
which include migratory DCs and lymphoid tissue–resi-
dent DCs; and inflammatory DC that appear as a conse-
quence of infection or inflammation and are not found in 
the steady state (15). When the body countered pathogens 
or cellular danger signals, the migratory immature DCs 
in peripheral tissues took up antigens and then migrated 
into lymph tissue to induce T cell immunity (16). The 
lymphoid tissue–resident DCs remained immature until 
they met antigens within lymphoid tissues and organs 
(17). Due to the elaborate procedure and low yield of 
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isolating DC in vivo, the in vitro generation of DCs from 
bone marrow cells under the help of granulocyte mac-
rophage colony stimulating factor (GM-CSF) or FMS-
like tyrosine kinase 3 (Flt3) ligand, referred to as GM-DC 
and FL-DC, respectively, were frequently used in the 
functional study of DCs. Many studies supported the 
viewpoint that GM-DCs were similar to monocyte- 
derived inflammatory DCs, whereas FL-DCs were the 
equivalents of steady-state resident DC subsets in lymph 
organs and tissues (15, 18). GM-DCs and FL-DCs dif-
fered in several aspects, including origin, morphology, 
surface markers, cytokines secretion, migrating capacity, 
and stimulatory capacity (15, 19, 20). The in vitro cul-
tured FL-DCs can be divided into pDC, equivalent CD8+ 
cDC (eCD8+ cDC), equivalent CD8− cDC (eCD8− cDC) 
subsets, which were equivalents to splenic pDC, CD8+ 
cDC, CD8− cDC subsets (15). CD8− cDC resembled 
migratory DCs that were critical in antigen presentation, 
inflammatory cytokine synthesis, and T helper cell in-
duction, whereas CD8+ cDC played key roles in cross 
presentation, immune tolerance, and CD8+ T cell activa-
tion (21 – 23). To trigger downstream activation and the 
maturation pathway, DCs expressed a set of toll-like re-
ceptors (TLRs) to recognize different pathogens and to 
mediate the downstream cascade (24). TLR expression 
patterns differed in DC subsets (25), in which pDC highly 
expressed TLR7 and TLR9 for type I interferon synthe-
sis, while CD8+ cDC expressed TLR3 and TLR9 for IL-
12p40 expression (26, 27).

The direct effects of ketamine on DCs were rarely re-
ported. In 2009, It was reported that ketamine modulated 
murine GM-DCs in cytokine production, maturation 
makers expression, and T helper 1 (Th1) cells polariza-
tion (5). Nevertheless, the effects of ketamine on lym-
phoid-resident DCs were not clear, and mouse FL-DCs 
developed from bone marrow cells offered a good plat-
form to answer this question. Our study focused on the 
direct effects of ketamine on FL-DC subsets in vitro and 
in vivo, aiming to dissect the role of ketamine in DC 
development, endocytosis, TLRs-mediated maturation, 
and allogenic T cell stimulation.

Materials and Methods

Materials and animals
Ketamine hydrochloride solution was purchased from 

Gutian Pharmaceutical, Ltd. (Fujian Province, China). 
Phosphate-buffered saline (PBS) or saline buffer were 
used as the vehicle control for ketamine in this study. 
Specific pathogen free (SPF) C57BL/6 mice were pur-
chased from the experimental animal center of Sunyatsen 
University (Guangzhou, China) and used in this study 
with the approval of the Animal Care Committee (ACC) 

of Sunyatsen University. Cell culture medium and other 
supplements were purchased from Invitrogen (Carlsbad, 
CA, USA). The Flt3 ligand was purchased from R&D 
systems (Minneapolis, MN, USA). Direct fluorescence-
conjugated antibodies for flow cytometry were provided 
by eBioscience (San Diego, CA, USA) and BD Biosci-
ences (San Jose, CA, USA). The RNA extraction kit was 
from QIAGEN (Hilden, German) and real-time reagents 
and kit was from TAKARA (Otsu).

Mouse FL-DCs culture
FL-DCs were generated as described (28) with minor 

modifications. The bone marrow cells of C57BL/6 mice 
(6 – 8-week-old) were harvested by flushing femurs and 
tibias with PBS. Red cells were hypotonically lysed, and 
the residual cells were washed and kept on ice until used. 
Cells were cultured at a concentration of 1.5 – 2 × 106 
cells/ml in RPMI 1640 culture medium supplemented 
with 10% fetal bovine serum (FBS), 2 mM glutamine, 50 
μM β-mercaptoethanol, 100 U of penicillin, and 100 μg 
of streptomycin (osmolity adjusted to 310 mOsm/l). The 
murine Flt3 ligand was added at the final concentration 
of 100 ng/ml. The culture lasted for 9 – 11 days at 37°C 
in a 10%-CO2 incubator. Fluorescence-labeled mAbs to 
CD11c, CD45RA, CD24, and CD11b were applied to 
identify DC subsets. Ketamine was added into the culture 
at different time-points as indicated.

TLRs-mediated DC maturation and cytokines expres-
sion

Bone marrow cells were cultured with Flt3 ligand for 
9 – 11 days. Ketamine was included in the final 48 h, and 
then LPS (100 ng/ml) (Sigma, St. Louis, MO, USA) or 
CpG 2216 (100 nM) (InvivoGen, San Diego, CA, USA) 
was included in the final 16 – 24 h. At day 11, the cells 
were subjected to flow cytometry analysis for CD80, 
CD86, CD40, and major histocompatibility complex 
class II (MHC II) expression in CD11chighCD45RA− 
cells.

For cytokines assay, FL-DCs with 24-h treatment of 
ketamine were sorted in the BD Aira instrument with 
fluorescent antibody for CD11c and CD45RA. The 
sorted cDCs and pDCs were cultured at the density of 
2 × 105/well in a 96-well plate in the presence of keta-
mine and LPS (100 ng/ml) or CpG (100 nM) for 6 h. 
Total RNAs were isolated from the cells with the RNeasy 
Mini kit (QIAGEN) following the manufacturer’s in-
structions. Each RNA sample was subjected to Dnase I 
digestion. The mRNA was reverse-transcribed to cDNA 
for quantitative real-time PCR. The measurement of 
mRNA level of cytokine was performed on a thermal 
cycler instrument (ABI 7500). Sense and antisense prim-
ers were synthesized for housekeeping gene glyceralde-
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hyde-3-phosphate dehydrogenase (GAPDH) (forward, 
5′-TGAAGCAGGCATCTGAGGG-3′ and reverse, 5′-C
GAAGGTGGAAGAGTGGGA-3′) and for target genes: 
interferon-beta 1 (IFN-β1) (forward, 5′-CCCTATGG
AGATGACGGAGA-3′ and reverse, 5′-CTGTCTGC
TGGTGGAGTTCA-3′); interferon-alpha 1 (IFN-α1) 
( forward, 5′-GAAGGACTTTGGATTCCCGC-3′ and 
reverse, 5′-GTCAGGGGAAATTCCTGCAC-3′); inter-
feron-alpha 4 (IFN-α4) (forward, 5′-AGAAGGCTC
AAGCCATCCTT-3′ and reverse, 5′-CTGCATCACAC
AGGCTTTGA-3′); TNF-α (forward, 5′-CGTCAGCC
GATTTGCTATCT-3′ and reverse, 5′-CGGACTCCG
CAAAGTCTAAG-3′); IL-6 (forward, 5′-AGTTGCCTT
CTTGGGACTGA-3′ and reverse, 5′-TCCACGATTTC
CCAGAGAAC-3′); interleukin-12 subunit p40 (IL-
12p40) (forward, 5′-AGGTCACACTGGACCAAAGG-
3′ and reverse, 5′-CTGGTTTGATGATGTCCCTG-3′).

DC endocytosis assay
At day 9, ketamine was added into FL-DC culture for 

48 h and then collected for endocytosis assay. Briefly, 50 
μl of FL-DC (2 × 105 cells) in 2% FBS-PBS were added 
into triplicate wells of 96-well U-bottom plates before 
adding fluorescein isothiocyanate (FITC)-dextran (40 
kDa, Sigma) for a final concentration of 1 mg/ml. One 
plate was incubated at 37°C and the second one was in-
cubated at 4°C for 30 min. Both plates were gently tapped 
every 5 – 10 min to ensure adequate mixing. After incu-
bation, plates were washed with 2% FBS-PBS twice to 
remove excessive FITC-dextran, followed by cell surface 
markers staining and flow cytometry analysis. The geo-
metric mean fluorescent intensity difference between 
37°C and 4°C was considered as the result of antigen 
uptake.

Allogenic T cell response in mixed lymphocyte reaction 
(MLR) test

Allogenic CD4+ T cells were purified from spleens of 
BALB/c mice using CD4+-positive microbeads (#130-
049-201; Miltenyi Biotec, Bergisch Gladbach, Germany) 
according to the manufac turer’s instructions. FL-DCs 
were treated with ketamine (100 μM) from day 9 to 11 
and LPS (100 ng/ml) was added for the final 18 h. DCs 
were then treated with mytomycin C (25 μg/ml, 1 h) and 
adequate washing. The ketamine-treated or control DCs 
(1 × 105 cells) were co-cultured with 5 × 105 T cells for 
about 72 h with 3H-thymidine incorporation for the final 
18 h. The radioactivity was determined by a beta scintil-
lation counter (Pharmacia, Uppsala, Sweden). TdR in-
corporation assay was performed in 96-well plates. For 
the cytokines release assay, a mouse Th1/Th2-plex kit 
(BMS820FF; Bender Systems, Novato, CA, USA) was 
used to measure cytokines in the supernatant of the DC–

T-cell co-culture.

The effect of ketamine on plasmacytoid DC development 
in vivo

Four-week-old C57BL/6 mice (6 mice per group) re-
ceived ketamine (8 mg/kg) or saline buffer injections 
intraperitoneally once a week for 4 weeks. At week 8, the 
mice were sacrificed and the splenic DCs were isolated 
by using a nycodenz gradient (29). Briefly, the spleen 
was harvested and digested with collagenase and Dnase 
I. Splenic DCs were enriched with Nycodenz gradient 
centrifugation (1.077 g/cm3) and then stained for DC 
populations with CD11c, PDCA-1, CD8, CD4 fluores-
cent antitbodies.

Statistics
Statistics data for samples were calculated by using 

Student’s t-test. When P < 0.05, the difference was con-
sidered statistically significant. All statistical analysis 
was performed by Prism software.

Results

The effects of ketamine on the early and late differentia-
tion of FL-DCs in vitro

To investigate whether ketamine played a certain role 
in the generation of DC. Ketamine at different concentra-
tions was added into the FL-DC culture at the early dif-
ferentiation stage (day 2 – 6) and the very late differentia-
tion stage (day 9 – 11). Since the half-life of ketamine is 
short (< 3 h) (30) and usual infusion time is no more than 
48 h, we incubated FL-DCs with ketamine for no more 
than 96 h. As shown in Fig. 1A, bone marrow cell devel-
oped into CD11c+ DCs in the presence of Flt3 ligand. 
The pDC subset (CD45RAhighCD11c+) and cDC subset 
(CD45RA–CD11chigh) became dominant (total > 90%) in 
FL-DC culture after 11 days. Ketamine did not affect the 
in vitro differentiation of both pDC and cDC subsets at 
concentrations lower than 200 μM; however, ketamine 
significantly suppressed the development of pDC at 
concentrations higher than 200 μM (Fig. 1B). This result 
was not due to the cytotoxicity effect since dead cells 
were excluded by propidium iodide (P.I.) staining. Al-
though the differentiation of total cDC was not affected 
by ketamine, the subpopulations were diversely regulated. 
The surface markers for discriminating different DC 
subsets were adopted from a previous study (26). Keta-
mine negatively regulated the differentiation of eCD8+ 
cDC (CD45RA−CD11chighCD24highCD11b−) population 
while promoted the development of eCD8− cDC 
(CD45RA−CD11chighCD24loCD11b+) at concentrations 
higher than 100 μM (Fig. 1B). Another point worthy to 
mention was that ketamine hampered FL-DC survival at 
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the concentration of 1000 μM, as indicated by P.I. stain-
ing at day 11 (data not shown).

At the very late differentiation stage (day 9 – 11), 

ketamine (≤ 200 μM) has no significant effects on the 
maintenance of different DC subsets. At day 11, the 
percentages of pDC, cDC, eCD8+ cDC, and eCD8− cDC 

Fig. 1. The effect of ketamine on the in vitro 
development of FL-DCs. A) The FL-DCs was 
generated from mouse bone marrow cells using 
Flt3 ligand for 9 – 11 days in vitro. The DC sub-
populations were analyzed by flow cytometry 
with surface markers CD45RA, CD11c, CD24, 
and CD11b to distinguish FL-DC subpopulations 
(pDC, cDC, eCD8+ cDC, eCD8− cDC) in P.I. 
negative cells. B) The effect of ketamine on FL-
DC subpopulations at the early differentiation 
stage is shown. Ketamine was included in the 
culture system from day 2 to 6 and then replaced 
with fresh culture medium. Data was analyzed at 
day 11. C) The effect of ketamine on FL-DC sub-
populations at the very late differentiation stage is 
shown. Ketamine was included in the culture sys-
tem from day 9 to 11 and FL-DC subsets were 
characterized by flow cytometry. The increaing 
concentrations (0, 50, 100, 200 μM) of ketamine 
was indicated (triangle symbol). *P < 0.05, **P < 
0.01, compared to control. The data are represen-
tative of three independent experiments.
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subsets in ketamine groups (50 – 200 μM) were similar 
to the respective levels in the control groups (Fig. 1C).

The effects of ketamine on LPS- or CpG-mediated DC 
maturation

TLRs activation had long been acknowledged as a 
trigger of DC maturation, so herein we used LPS (TLR4 
ligand) and CpG 2216 (TLR9 ligand) to examine the 
maturation of DCs when exposed to different doses of 
ketamine. Ketamine was incubated with FL-DC culture 
from day 9 to 11 and then LPS/CpG was added for the 
final 24 h. At day 11, the expression of maturation mark-
ers CD80, CD86, CD40, and MHC II in the cDCs 
( CD11chighCD45RA−) was detected in flow cytometry 
analysis. The vast majority of FL-DCs had an immature 
phenotype before TLR ligands stimulation. Both LPS 
(Fig. 2A) and CpG (Fig. 2B) successfully boosted the 
surface expression of CD86, CD40, and CD80, as com-
pared with the un-stimulated group (gray background). 
The expression of MHC II was positive in unstimulated 
FL-DCs and was not dramatically enhanced by LPS/CpG 
stimulation. However, the additional ketamine treatment 
(50 – 200 μM) had no evident impacts on the expressions 
of mature molecules on DCs after LPS/CpG stimulation. 
As in Fig. 2, in the cDC subsets from FL-DC culture, the 

expression patterns of CD80, CD86, CD40, and MHC II 
in the ketamine-treated groups (color lines) were very 
similar to those in CpG/LPS groups alone (black line).

Because cytokine synthesis is another aspect of DC 
maturation, we investigated the expression of inflamma-
tory cytokines and type I interferons, respectively, in 
LPS-treated and CpG 2216–treated FL-DCs, by real-time 
PCR. LPS rendered rapid expression of inflammatory 
cytokines within 6 h; however, co-treatment of LPS and 
ketamine (100 μM) led to a small but significant decrease 
in IL-6 (40%) and IL-12p40 (42%) mRNA levels. Mean-
while, pDC possessed less IL-6 (39%) and IL-12p40 
(24%) mRNA level after ketamine (100 μM) treatment 
upon LPS stimulation (Fig. 3A). For TLR9 signaling, 
cDC is a weak responder and low mRNA levels of type 
I interferons were detected upon CpG stimulation (Fig. 
3B). pDC strongly responded towards CpG treatment (6 
h) and demonstrated a dramatic increase in IFN-β1, 
IFN-α1, and IFN-α4 mRNA level as compared with un-
stimulated FL-DC. Co-treatment of CpG and ketamine 
(100 μM) further enhanced the expression levels of 
IFN-β1, IFN-α1, and IFN-α4 to 1.44-, 1.60-, and 1.64-
fold, respectively (Fig. 3B). Both CD8+ cDC and mono-
cyte-derived DC contributed to the production of IL-
12p70 upon bacteria infection (27). Consistently, 

Fig. 2. The effect of ketamine on surface ex-
pression of maturation marker. A) The surface 
expression of CD80, CD86, MHC II, and CD40 
in CD11chighCD45RA− FL-DC induced by LPS 
treatment and the effect of ketamine are presented. 
B) The surface expression of CD80, CD86, 
MHC II, CD40 in CD11chighCD45RA− FL-DC 
stimulated by CpG treatment and the effect of 
ketamine are presented. Untreated FL-DCs served 
as the background (gray area); LPS (100 ng/ml) 
or CpG (100 nM) treatment of 16 h is indicated by 
the black curve. Ketamine was pre-incubated with 
FL-DC in different doses (50 μM indicated by the 
red curve, 100 μM indicated by the green curve, 
and 200 μM indicated by the blue curve), followed 
by LPS/CpG treatment for another 16 h. The as-
say was analyzed in P.I. negative cells and the 
data are representative of three independent 
experiments.
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IL-12p40 was majorly expressed by cDC but not pDC 
upon CpG stimulation in our study. Unlike LPS stimula-
tion, ketamine played a negligible role in the expression 
of IL-12p40 upon CpG stimulation (Fig. 3B).

The effects of ketamine on the endocytosis capability of 
FL-DC

The capacity of FL-DCs to uptake extracellular anti-
gens was assessed in a FITC-dextran uptake assay. Both 
eCD8+ cDC and eCD8− cDC from FL-DC culture were 
reported to be capable of endocytosing foreign antigens, 
although being less active than their splenic counterparts 
(31). From our result, an evident amount of FITC-dextran 
was efficiently taken up by CD11c+ FL-DC. However, 
ketamine in the range of 50 – 200 μM did not have sig-
nificant impact on the FITC-dextran uptake by FL-DCs 
(Fig. 4).

The stimulatory effects of ketamine on allogenic T cell 
response

Although FL-DCs exhibited weaker allo-stimulating 
activity as compared with GM-DCs, their stimulatory 
capacity for allogenic T cells was significantly enhanced 
after IL-2 or LPS treatment (32, 33). In our observation, 
FL-DCs at day 10 were approximately 79% – 91% posi-

tive for CD11c and contained less than 2% of T cells 
(data not shown). In our case, FL-DCs demonstrated 
enhanced allo-stimulatory capacity after LPS treatment 
(approximately 10-fold) (Fig. 5A). However, 100 μM 

Fig. 3. The impact of ketamine on mRNA synthesis of cytokines after TLRs stimulation by real-time PCR. A) Inflammatory 
cytokines mRNA level in cDC and pDC after LPS (100 ng/ml) treatment for 6 h and the effect of ketamine are shown. B) Type I 
interferons and inflammatory cytokines mRNA level in cDC and pDC after CpG (100 nM) treatment for 6 h and the effect of 
ketamine are shown. “−” column represents the unstimulated control; the other columns show LPS/CpG treatment plus increasing 
concentrations (0, 50, 100 μM) of ketamine as indicated the triangle symbol. *P < 0.05, compared to LPS/CpG control.

Fig. 4. The endocytosis of FITC-dextran by FL-DC and the effect 
of ketamine. Ketamine was pre-incubated with FL-DC for 48 h before 
endocytosis analysis. The FITC fluoresence intensity was analyzed in 
P.I. negative CD11c+ cells by flow cytometry. The result is shown as 
the solution of mean fluorescence intensity (MFI) at 37°C subtracting 
MFI at 4°C. The data are representative of three independent experi-
ments, with similar results.
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ketamine repressed the proliferation of allogenic T cell 
compared with LPS treatment alone (20172 ± 1096 cpm 
vs. 29089 ± 514 cpm), which indicated ketamine was a 
potent inhibitor for the allogenic T cell response. FL-DCs 
or allogenic T cells alone cannot proliferate efficiently 
(Fig. 5A). We also analyzed the cytokines in the super-
natant of DC–T-cell co-culture. As shown in Fig. 5B, 
ketamine-treated FL-DCs led to a decreased secretion of 
IFN-γ in DC–T-cell co-culture as compared with the 
control group (5033 ± 133 vs. 7627.27 ± 1060 pg/ml, 
P < 0.05). IL-6 secretion showed the same inhibition in 
the ketamine group (2721 ± 96 vs. 4387 ± 12 pg/ml, 

P < 0.01), while IL-4 secretion exhibited an increasing 
tendency (512 ± 16 vs. 311 ± 29 pg/ml, P < 0.05).

Ketamine affected pDC development in vivo
The intraperitoneal injection of ketamine had been 

used to study the effect of ketamine on cytokine produc-
tion in mice (34) and rats (35). Four-week-old mice were 
subjected to ketamine treatment once per week, lasting 
for 4 weeks. The surface markers for identifying splenic 
pDC (CD11cmidPDCA-1+), CD8+ cDC (CD11chighPDCA-
1−CD8+CD4−), CD8− cDC (CD11chighPDCA-
1−CD8−CD4+) have been characterized previously 
(36 – 38). The pDC of ketamine-treated mice diminished 
as compared with the control group (3.21 × 105 ± 4.34 × 
104 cells/per mice vs. 5.46 × 105 ± 7.32 × 104 cells/per 
mice, P < 0.05). However, CD8+ cDC (CD11chighPDCA-
1−CD8+CD4−) and CD8− cDc (CD11chighPDCA-
1−CD8−CD4+) did not show any significant change (Fig. 
6). DC isolated from treated mice did not show enhanced 
P.I. staining, which indicated the blockage of pDC devel-
opment was not due to cell death.

Discussion

It had been reported that the plasma concentration of 
ketamine was about 3 μg/ml (about 11 μM) during anes-
thetic surgery and even 100 μM falls within the range of 
clinical relevance (39 – 42). Ketamine has no toxic ac-
tion on DC survival at the concentration of 100 μM in 
vitro (5, 14), although exposure of macrophages to 1000 
μM of ketamine resulted in an increase of cell death and 
a decrease in cell migration (14). In our study, ketamine 
also resulted in cytotoxicity at a concentration of 1000 
μM. The dose range of ketamine in our study was be-
tween 50 – 200 μM in most of the experiments without 
obvious cytotoxicity (data not shown). Moreover, most 
of the cellular analysis was based on the exclusion of P.I. 
positive cells to avoid the interference of dead cells. A 
new finding in our study is that ketamine hampered the 
development of pDC both in vivo and in vitro. Since 
pDC was a vital component in type I interferon synthesis, 
the repressed pDC development may impair the defensive 
response towards pathogens, as well as B cell and NK 
cell activation (43, 44).

Comparatively, GM-DCs were larger and more granu-
lar than FL-DCs in phenotype; GM-DCs secreted more 
inflammatory cytokines while FL-DCs were more potent 
in type I interferon synthesis; the allo-stimulatory capa-
bility of FL-DC was weaker than that of GM-DCs (19, 
32). The study on the GM-DCs showed that 100 μM 
ketamine inhibited the expression of IL-12p40 during the 
maturation induced by LPS, as well as the maturation 
markers (CD80, CD86, CD40, MHC II) and the allogenic 

Fig. 5. Ketamine impeded the proliferation and inflammatory cy-
tokine release of allogeneic T cells. FL-DCs were incubated with or 
without ketamine (100 μM) from day 9 to 11 with additional LPS 
treament for the final 18 h. The DCs were washed, inactivated, and 
cocultured with CD4+ T cells derived from Balb/c mice. A) Mixed 
cell culture was incubated for 3 days and subjected to [3H]-TdR incor-
poration for the final 18 h. Cell proliferation was estimated based on 
uptake of [3H] radioactivity using a liquid scintillation counter. B) 
Mixed cell culture lasted for 3 days and supernatant was collected and 
subjected to the cytokines profile assay. *P < 0.05, **P < 0.01.
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T-cell response (5). In our case, LPS-induced inflamma-
tory cytokines (IL-6 and IL-12) mRNA synthesis was 
attenuated by ketamine in both cDCs and pDCs subpopu-
lations. The allogenic stimulatory capacity of FL-DCs 
was also down-regulated by ketamine, as demonstrated 
by the allogenic T-cell proliferation and inflammatory 
cytokines profile. However, ketamine cannot induce 
significant changes in maturation marker expression 

upon either LPS or CpG stimulation. The endocytic ac-
tivity was repressed by ketamine in macrophages and 
GM-DCs (5, 14), which was not observed in our FL-DCs 
study. These results indicated the immunomodulation of 
ketamine in GM-DCs and FL-DCs shared some similar 
mechanism, yet some variance existed. Another point 
was that although ketamine exerted a negative effect on 
TLR4 stimulation as indicated in our observation and 
other studies, it worked in a quite different way towards 
TLR9 stimulation. CpG 2216 was a strong inducer for 
type I interferon in DCs and we found that ketamine 
further enhanced the mRNA levels of IFN-β1, IFN-α1, 
and IFN-α4 in pDC. These data strongly suggested that 
ketamine rendered FL-DCs with different responses to 
different TLRs stimuli.

The interferon regulatory factor (IRF) family governed 
many key steps in DC developmental process and func-
tional activity (23, 45, 46). GM-CSF favored CD8− cDC 
development via IRF4, while Flt3 ligand supported pDC 
and CD8+ cDC development via IFR8 (47). IRF7 and 
IRF8 controlled type I interferon production in DC, but 
inflammatory cytokines were produced in an IRF5- 
dependent manner (23, 45, 48). Based on the fact that 
ketamine only interfered with particular DC subsets 
generation and played different roles in different TLR 
signaling pathways, we presumed that ketamine may act 
directly or indirectly on specific IRFs and thus affect 
different DC subsets development and different TLRs 
signaling pathways. Besides IRFs, different downstream 
signaling molecules recruited by TLR4 and TLR9 may 
partially explain the discrepancy between the down-
regulated cytokines mRNA level in LPS-stimulated 
pDCs and the up-regulated type I interferon mRNA level 
in CpG-stimulated pDCs (23, 49). TLR4 can use both the 
myeloid differentiation factor 88 (MyD88)-dependent 
signaling pathway and the Toll/interleukin-1 receptor 
domain-containing adaptor-inducing beta interferon 
(TRIF)-dependent signaling pathway to mediate the 
TLR4 activation; while TLR9 only employed the 
MyD88-dependent signaling pathway (49). Therefore, 
ketamine may differentially affect these two pathways to 
modulate the immune capacity of DCs.

In conclusion, we have characterized a variety of ef-
fects exerted by ketamine on FL-DCs. Ketamine modu-
lated the in vitro and in vivo development of DC subsets, 
TLR signaling pathways, as well as the downstream T-
cell response. Therefore, ketamine provided an alterna-
tive way of modulating the immunostimulatory capacity 
of DCs and it should be noted during sedation and anal-
gesia management in critical care.

Fig. 6. The development of pDC was inhibited by ketamine in vivo. 
Four-week-old mice were subjected to ketamine (8 mg/kg) injection 
intraperitoneally once per week for 4 weeks. A) Mouse splenic DCs 
were enriched and analyzed with different DC markers (CD11c, 
PDCA-1, CD8, CD4) to indicate different DC subpopulatios (pDC, 
cDC, CD8+ cDC, CD8− cDC) in P.I. negative cells. B) The effects of 
ketamine on DC subsets development in vivo are shown. The data are 
representative of four independent experiments. *P < 0.05, compared 
to control.
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