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Abstract. — OBJECTIVE: Remifentanil (RF) is
a potent short-acting p-opioid receptor agonist.
Although preferred for its unique pharmacoki-
netics, the clinical use may be limited by hyper-
algesia. Preclinical studies have shown a poten-
tial role of microglia on the development of hy-
peralgesia, with limited and conflicting evidence
on RF. Considering the role of microglia in the
initiation and maintenance of brain inflammation
and their different responses among species,
we aimed at characterizing RF effects on human
adult microglia in vitro.

MATERIALS AND METHODS: RF was tested
at clinically relevant concentrations on the hu-
man microglial C20 cell line. Expression and re-
lease of interleukin-6 (IL-6) and brain derived
neurotrophic factor (BDNF) were assessed un-
der basal and inflammatory conditions.

RESULTS: The expression and secretion of
IL-6 significantly increased in C20 cells in re-
sponse to pro-inflammatory cytokines. RF did
not modify this response neither under basal
nor under inflammatory conditions. No toxici-
ty due to RF was detected. The drug displayed
a modest stimulatory effect on the production
of BDNF.

CONCLUSIONS: Although RF does not exert
direct pro-inflammatory actions on human adult
microglia, its effects on BDNF, a crucial media-
tor of pain transmission, suggest a possible role
on neuroinflammation and pain perception.
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Introduction

Remifentanil (RF) is a potent p-opioid recep-
tor agonist whose main advantages are a short
action and a lack of cumulative effects'. Like for
other opioids, both analgesic and main adverse
effects are mediated by the activation of p-opioid
receptors (MORs)?, encoded by the OPRM1 gene
in humans®. Both chronic and acute opioid use
have been associated with the development of
opioid-induced hyperalgesia (OIH), with a prev-
alence of 14-28% in different clinical settings®.
In the perioperative one, OIH is characterized
by an abnormal increase of pain intensity’. It
is the main cause of prolonged hospitalization,
increased opioid consumption and side effects'.
OIH is more often associated with the use of RF,
particularly when used at high doses and after
rapid withdrawn'.

The pathogenesis of OIH is not completely
elucidated'. Interestingly, OIH is apparently as-
sociated with the activation of the brain derived
neurotrophic factor (BDNF) pathway®. In par-
ticular, morphine-induced hyperalgesia (MIH)
in rats is mediated by increased microglial BD-
NF’. Consistently, the inhibition of microglial
activation is associated with reduced MIH®. On
the other hand, the role of microglia in the de-
velopment of remifentanil-induced hyperalge-
sia (RIH) is poorly investigated. In one study,
minocycline, a known inhibitor of microglial
inflammatory response, did not exert any modu-
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latory effect on RIH in rats’. In contrast, a more
recent study showed a protective action of mino-
cycline on the long-term potentiation at C-fiber
synapses induced by RF withdrawal. The latter
is a known mechanism underlying synaptic plas-
ticity and hyperalgesia. In this setting, minocy-
cline reduced microglial activation and tumor
necrosis factor-o (TNF-o) release induced by RF
withdrawal'’.

Considering that OIH comprises reciprocal
signaling between neurons and microglia and
given the significant differences in the immune
response among species'!, it is relevant to charac-
terize the effects of RF on human microglia. In
this study, we used a novel in vitro experimental
model of adult human microglial cells' to explore
the hypothesis that RF, at clinically relevant con-
centrations', may modulate microglial activation,
thus contributing to the development of neuroin-
flammation and OIH.

Materials and Methods

Materials

BrainPhys medium and N2 supplement were
from StemCell Tecnologies (Vancouver, Cana-
da). Fetal Bovine Serum, L-glutamine and pen-
icillin/streptomycin antibiotics were purchased
by Biochrom AG (Berlin, Germany). Normocin
was from Invivogen (San Diego, CA, USA).
Human recombinant TNFa and interleukin 1B
(IL-1B) were produced in yeast (Thermo Fisher
Scientific, Waltham, MA, USA). Human inter-
feron y (IFNy, Sigma-Aldrich, Saint Louis, MO,
USA) was produced in Esherichia Coli and cer-
tified as containing <0.1 EU/ug endotoxin. Cy-
tokines were reconstituted in certified endotoxin
free water (G-Biosciences, St. Louis, MO, USA)
and further diluted, as previously detailed. A
mixture of all cytokines (TIl = TNFa, IL-1P
and IFNy) was prepared and tested at different
concentrations. Each cytokine was used at the
same concentration in the mixture, e.g. 1 pg/ml
TII is equal to 1 pg/ml TNFa + 1 pg/ml IL-1p +
1 pg/ml IFNy.

Cell Cultures and RF Treatment

The human microglial C20 cell line was devel-
oped through SV40/hTERT (Simian Virus 40/hu-
man Telomerase Reverse Transcriptase) immor-
talization of primary cultures of human microglia
derived from cortical tissue of adult subjects,
kindly provided by Dr Alvarez-Carbonell (Case

Western Reserve University, Cleveland, OH,
USA)"2. The cells were seeded at 20,000 cells/
cm? and cultured in complete medium (CM), i.e.
BrainPhys medium supplemented with 1% N2,
1% FBS, 2.5 mM L-glutamine and antibiotics
(100 TU/ml penicillin, 100 pg/mL streptomycin
and 100 pg/mL normocin). The cells were passed
at 90-95% confluency. For functional studies, the
cells were plated at 60,000 cells/cm? and treated
the day after plating in CM. RF (ULTIVA, As-
pen Pharma Trading Ltd, Dublin, Ireland) was
dissolved in saline buffer at 50 pg/ml and further
diluted in CM.

IL-6 and BDNF Measurements

IL-6 levels were quantified in the incubation
media by DuoSet ELISA (R&D Systems, Min-
neapolis, MN, USA)"“. The intracellular levels
of mature BDNF were determined by a specific
ELISA kit (Biosensis, Thebarton, South Aus-
tralia), according to the manufacturer’s instruc-
tions.

mMRNA Analysis in Real Time PCR (qPCR)

Expression of inflammatory genes was quan-
tified through qPCR". Total RNA was extract-
ed using TRIZOL (Invitrogen, Thermo Fish-
er Scientific, Waltham, MA, USA) and treated
with DNase-free™ Kit (Ambion, Thermo Fish-
er Scientific, Waltham, MA, USA). 1 ng RNA
was converted into cDNA through ImProm II
Reverse Transcriptase (Promega, Madison, WI,
USA) using random hexamers. Amplification
was performed in a final volume of 20 pl using
Brilliant SYBR Green QPCR Master Mix (Agi-
lent, Santa Clara, CA, USA) in a MX3000P real
time PCR machine (Stratagene, Santa Clara, CA,
USA), as it follows: 35 cycles of denaturation at
95°C for 20 s, annealing at 60°C for 30 s and
extension at 72°C for 30 s. Microglial surface
markers were assessed as previously described®.
Previously validated primers were used for the
assessment of /L-6 mRNA (NM_000600.4),
F394 (CCTTCCAAAGATGGCTGAAA) and
R524 (TGGCTTGTTCCTCACTACT); and B-ac-
tin (ACTB) (NM_001101.4) F427 (TGGGACG-
ACATGGAGAAA) and R573 (GAAGGTCT-
CAAACATGATCTGG)". BDNF gene expres-
sion was assessed through a validated primer
set: F1705 (AGTGCCGAACTACCCAGTCGTA)
and R1780 (CTTATGAATCGCCAGCCAAT-
TC)  (http://www.rtprimerdb.org/assay report.
php?assay id=352), yielding a 76 bp amplicon.
Primers for OPRM1 mRNA (NM_001008504.3)
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were F1031 (CTCTTCAGCCATTGGTCTTC)
and RI1209 (GTCCATAGCACACGGTAATG),
amplifying a region of 179 bp and validated via
sequencing analysis. The relative quantification
of target transcripts vs. ACTB endogenous level
was calculated as previously detailed. gPCR ef-
ficiency ranged between 96% and 107.9%. After
gPCR, amplicons were resolved and correctly
sized using 2% agarose gels with 0.1 pg/ml ethid-
ium bromide (EB).

Sequencing Analysis

To verify the exact sequence of OPMR1 qPCR
products, cDNA was amplified by PCR using
KAPA Taq ReadyMix PCR kit (KAPA Biosys-
tems, Saint Louis, MO, USA) and products were
resolved on 1.5% agarose gel with EB. PCR
products were purified by Illustra™ ExoProS-
tar'™ (GE Healthcare, Rome, Italy), according
to the manufacturer’s protocol. They were se-
quenced in both strands with primers designed
for qPCR through BigDye Terminator v3.1 Cy-
cle Sequencing Kit. Sequencing products were
purified with XTerminator™ Solution Buffer
before separation on a 3130 Genetic Analyzer
(Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA).

Cell Morphology and Scanning Electron
Microscopy (SEM) Analysis

C20 cell morphology was analyzed by label-
ing cytoskeletal F-actin filaments with phalloi-
din (ActinGreen™ 488 ReadyProbes™, Thermo
Fisher Scientific, Waltham, MA, USA). The cells
were seeded at 7,900 cells/cm? in 24-well plates
with 12 mm glass coverslips (Glaswarenfabrik
Karl Hecht Gmbh & CO KG, Sondheim vor der
Rhon, Germany). After 24 hours of incubation
in CM, the cells were washed with phosphate
buffered saline (PBS) without Ca?* and Mg*
(PBSw/o0) and fixed with 4% (w/v) paraformalde-
hyde for 15 min. They were then permeabilized
with 0.25% of Triton X100 for 5 min. After 30
min of ActinGreen™ 488 probe incubation, the
cells were washed twice with PBSw/o and 4°,6-Di-
amidino-2-Phenylindole Dihydrochloride (DAPI,
diluted 1/2000) was added for 10 min. Coverslips
were mounted with ProLong mountant (Thermo
Fisher Scientific, Waltham, MA, USA) and imag-
es captured using confocal microscopy (Olympus
BX63, Segrate, M1, Italy).

For SEM analysis, after overnight incubation
in CM, the cells were washed with 0.2 M PBS
and treated with 1% Glutaraldehyde for 2-3 min.
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They were then sequentially dehydrated with
30%, 60%, 80% ethanol for 5 min each and twice
with 100% ethanol for 5 min. Coverslips were
dried in vacuum-assisted desiccator for 1-2 hours
and stored at room temperature. Coverslips were
then sprayed on the surface with an electrically
conductive 40 nm thick layer of gold-palladi-
um (60-40). SEM images were recorded with a
scanning electron microscope (Supra™ 25, Zeiss,
Milan, Italy).

Data Analysis

Data were analyzed from at least 3 different
experiments on cells from different thaws/batches.
Data were pooled to analyse IL-6 and BDNF ex-
pression and release/production by one-way ANO-
VA with Bonferroni’s post hoc test, using Graph-
Pad Prism 5 software (San Diego, CA, USA).

Results

Morphological and Molecular
Characterization of C20 Microglial Cells

The morphology of C20 cells at basal con-
ditions is shown in Figure 1A. SEM analysis
diplayed different cell morphologies, allowing
for the visualization of fine protrusions and
filaments (Figure 1B-C). The staining for the
actin cytoskeletal protein confirmed the pres-
ence of distinct morphologies in vitro (Figure
ID-F). Most C20 cells presented an elongat-
ed-bipolar shape, whereas few cells exhibited
a globular morphology or a round-small shape.
The same was also shown for the embryonic
microglial cell line HMC3". The expression
of human microglial markers and lack of the
macrophage chemokine receptor, CCR2, con-
firmed the human microglial origin of C20 cells
(Figure 2A), as previously demonstrated for
the HMC3 cells'®. The lineage markers were
identified within a specific human microglial
transcriptomic signature'” and assessed through
qPCR. The mean threshold cycles, fixing 0.150
as threshold, are the followings: 32.47 for ion-
ized calcium-binding adaptor protein-1 (/1BAI);
34.63 for C-X3-C Motif Chemokine Receptor
1 (CX3CRI); 30.94 for the purinergic receptor
P2RY12; 3499 for transmembrane protein 119
(TMEM119); 27.26 for colony stimulating factor
1 receptor (CSFI-R) and 15.30 for ACTB. To test
the effects of RF on the C20 cells, we first con-
firmed OPRMI expression at basal conditions
(Figure 2B-C).
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Figure 1. Morphology of C20 cells. A, Phase contrast microscopy of C20 cells at day 1 post plating. Scale bar 100 um (10%
magnification). B-C, Two representative SEM images. Scale bar 20 um (2K-X magnification). D-F, Representative confocal
images of DAPI nuclear staining (blue), F-actin staining (green), and merge in (F) Scale bar 50 pm (20x magnification).

Proinflammatory Activation of response was reached at 50 pg/mL TII, with
C20 Microglia maximal release of IL-6 obtained at 1 ng/ml TII
C20 cells were treated for 16 hours with TII, (Figure 3A). Increased IL-6 release was paral-
tested in the concentration range of 1 pg/ml to leled with significant hyperexpression of /L-6
1 ng/ml. IL-6 release was quantified and tak- mRNA (Figure 3B). Preliminary proteomic anal-
en as microglial activation readout'*'. Optimal ysis (PPA) revealed increased release of other in-
B C20 cells
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Figure 2. Expression of microglial lineage markers and OPRM]I. Images show qPCR products resolved on 2% agarose gel.
A, C20 cells express specific microglial lineage markers and lack the macrophage marker, CCR2. B, OPRM]I expression in
C20 cells. C, Electropherogram of OPRM1 sequenced with reverse primer; dashed line delineates the boundary between exon
1 and 2.
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Figure 3. Proinflammatory activation of C20 cells and IL-6 release. A, C20 cells were stimulated with different concentrations
of TNFa, IL-1B and IFNy (TII) mixture for 16 hours. Data are shown as pg/ml, mean £ SD (n=11-27) of 6 independent
experiments. *** p<0.001 vs. Control. B, Quantification of IL-6 transcript by qPCR before and after TII stimulation. Data are
expressed as fold variation vs. Control, means = SD (n=12). *** p<(.001 vs. Control.

flammatory chemokines, i.e., the monocyte che-
motactic protein 1 (MCP-1), IL-8 and the C-X-C
Motif Chemokine Ligand (CXCL) 1 (CXCL1), in
response to TII (data not shown).

Effects of RF on IL-6 and BDNF

When tested in a range of clinically relevant
concentrations (1.25-20 ng/ml)", RF did not exert
any toxic effect on C20 cells after 16 hours of
incubation both under basal and inflammatory
conditions. Cytotoxic effects of RF were excluded
assessing cell viability"* and lactate dehydrogenase
activity in the incubation medium at the end of
treatment (data not shown). When first tested in 6
hour-experiments, between 1.25 and 20 ng/ml, RF
did not modify the release of IL-6 both at basal

conditions and in cells activated with 50 pg/ml TII
(data not shown). Similarly, when tested at 5 ng/ml
in 16 hour-experiments, RF did not modulate nei-
ther the secretion (Figure 4A) nor the expression
(Figure 4B) of IL-6 in C20 cells, at basal and in-
flammatory conditions. RF concentration of 5 ng/
ml was selected according to the mean blood con-
centration detected during surgical anesthesia®. In
PPA, 5 ng/ml RF increased the release of MCPI,
IL-8 and CXCLI, whereas completely reduced the
amount of CXCL12 (data not shown).

A significant increase of BDNF expression was
observed after 16 hours of RF treatment at 5 ng/
ml (Figure 4C). TII produced a modest increase
of BDNF mRNA levels after 16 hour-treatment,
although not modified by RF. Under basal condi-
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Figure 4. Modulatory effects of RF on IL-6. Cells were incubated in CM (Control) or activated with 50 pg/ml TII for 16
hours. RF at 5 ng/ml was tested under basal and inflammatory conditions. A, IL-6 levels are shown as pg/ml, mean £ SD of 4
different experiments (n=4-11). **, p<0.01 and ***, p<0.001 vs. Control. B-C, /L-6 and BDNF mRNA levels were assessed by
qPCR. Data are expressed as fold variation vs Control, means + SD (n=9). *, p<0.05 and ***  p<0.001 vs. Control.
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tions the level of mature BDNF in the incubation
medium was below the detection limit of the assay.
However, confluent C20 cell cultures produced
sizable amount of mature BDNF, detected intracel-
lularly at basal conditions. At the cell density used
for functional experiments the intracellular levels
of BDNF remained undetactable and were not
modified by TII. However, 5 ng/ml RF increased
the intracellular BDNF concentrations above the
detection limit of the assay in 3 out of 5 replicates
obtained from 3 different experiments (mean con-
centration 15.27 pg/ml + 12.84 SD, n=5).

Discussion

In this study, we provide additional data on the
inflammatory response of the human microglial
C20 cell line?. When stimulated with TII, the
C20 cells increase IL-6 expression and secretion,
in line with previous observations'>'®"”, RF did
not modify IL-6 expression and release by C20
cells, neither at basal nor at inflammatory con-
ditions, in contrast to what detected in periph-
eral immune cells'. Moreover, a PPA showed a
marked release of pro-inflammatory chemokines
in response to TII in C20 microglia. Thus, it is
possible that, when exposed to inflammatory
cytokines, microglial cells release factors rele-
vant for the recruitment of peripheral immune
cells and the maintenance of neuroinflammation.
Interestingly, RF increased the release of MCP-
1, IL-8, and CXCL1 and completely abolished
CXCLI12 secretion. Chemokines were studied by
a PPA, evaluating the release of 36 pro- and an-
ti-inflammatory molecules in a single sample per
treatment. Thus, these data deserve future inves-
tigations to further analyze the effects of RF on
other inflammatory pathways.

In this study, we observed a significant in-
crease in the microglial expression of BDNF
in response to RF treatment. However, RF did
not significantly affect the expression of BDNF
under inflammatory conditions in the C20 cells.
The role of BDNF in OIH is not completely eluci-
dated?. In a rat model, sensory neurons released
BDNF in response to noxious signals, leading to
the activation of astrocytes and microglia which
sustained neuroinflammation and mechanical
allodynia®'. Conversely, exogenous BDNF dis-
played antinflammatory properties in the murine
BV2 microglial cells exposed to the bacterial
endotoxin, via upregulation of BDNF specific
TrkB receptors and modulation of inflammatory

transcription factors??. The regulation of BDNF
signaling is complex, with increased activity as-
sociated to enhanced cleavage of pro-BDNF and
production of mature BDNF. In our experimental
conditions, mature BDNF was undetectable in
the incubation media. This is in line with the
rapid intracellular uptake of the neurotrophin
observed in vitro, according to the datasheet of
the BDNF ELISA kit. Interestingly, RF increased
intracellular BDNF concentrations above the de-
tection limit of the assay in 3 out of 5 replicates
obtained in 3 different experiments, in agreement
with the mRNA results.

Conclusions

We further characterized the inflammatory
response of the human microglial C20 cell line,
a novel experimental model suitable to study the
biology of human adult microglia in vitro'*. We
studied for the first time the effects of RF on
human microglia. Our results suggest that RF
does not have significant direct pro-inflammatory
effects on human adult microglia in vitro. How-
ever, RF may transiently increase basal BDNF
production in microglia and regulate the release
of other chemokines. These data suggest a poten-
tial modulatory role of RF in neuroinflammation
and pain perception.
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