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Abstract The serotonin (5-hydroxtryptamine, 5-HT) system
plays a role in analgesia and emesis. The aim of this study was
to test whether opioids or ketamine inhibit the human 5-HT
transporter and whether this increases free plasma 5-HT con-
centrations. HEK293 cells, stably transfected with the human
5-HT transporter cDNA, were incubated with morphine,
hydromorphone, fentanyl, alfentanil, pethidine (meperidine),
tramadol, ketamine, and the reference substance citalopram
(specific 5-HT transporter inhibitor). The uptake of [3H]5-HT
was measured by liquid scintillation counting. In a second
series of experiments, study drugs were incubated with plasma
of ten healthy blood donors and change of 5-HT plasma-
concentrations were measured (ELISA). The end point was
the inhibition of the 5-HT transporter by different analgesics
either in HEK293 cells or in human platelets ex vivo.
Tramadol, pethidine, and ketamine suppressed [3H]5-HT up-
take dose-dependently with an IC50 of 1, 20.9, and 230 μM,
respectively. These drugs also prevented 5-HT uptake in
platelets with an increase in free plasma 5-HT. Free 5-HT
concentrations in human plasma were increased by citalopram
1 μM, tramadol 20 μM, pethidine 30 μM, and ketamine
100 μM to 280 [248/312]%, 269 [188/349]%, and 149 [122/

174]%, respectively, compared to controls without any co-
incubation (means [95%CI]; all p<0.005). No change in both
experimental settings was observed for the other opioids.
Tramadol and pethidine inhibited the 5-HT transporter in
HEK293 cells and platelets. This inhibition may contribute
to serotonergic effects when these opioids are given in com-
bination, e.g., with monoamine oxidase inhibitors or selective
serotonin reuptake inhibitors.
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Introduction

The involvement of the serotonin 5-hydroxtryptamine (5-HT)
system in analgesia is well described (Millan 2002; Sommer
2006). Previous patch-clamp techniques demonstrated that 5-
HT3 receptors are sensitive and specific targets for morphine,
less so for hydromorphone, but not for fentanyl-type opioids
(Wittmann et al. 2006, 2008). In addition, some opioid anal-
gesics have been suggested to be weak serotonin reuptake
inhibitors and to be involved in serotonin toxicity (Boyer and
Shannon 2005; Gillman 2005). Thus, the 5-HT transporter
constitutes another important component of the 5-HT system.
However, publications that clearly describe comparative ef-
fects of pethidine (meperidine) and other opioids on serotonin
transport using a single methodology are lacking (Gillman
2005).

The 5-HT-transporter is found not only in neurons but also
in platelets and in enterochromaffin cells, the latter
representing the most important peripheral 5-HT stores. The
5-HT transporter is responsible both for the rapid reuptake of
released 5-HT into presynaptic nerve terminals and for the
control and maintenance of a low plasma 5-HT level (Schloss
and Williams 1998).
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Drugs which inhibit the 5-HT transporter such as selective
serotonin reuptake inhibitors (SSRIs) may lead to enhanced
plasma and synaptic 5-HT concentrations (Barann et al.
2006b) which, in turn, may stimulate 5-HT3 receptors. This
mechanism could explain how emetogenic drugs lacking a
direct effect on 5-HT3 receptors may still involve them as
important players in opioid-related nausea and emesis. The
atypical opioid tramadol is an example of a drug that did not
affect human 5-HT3A receptors at clinical plasma concentra-
tions, but which potently inhibits the human 5-HT transporter
in vitro (Barann et al. 2006a).

The present study investigated the effects of different opi-
oids as well as ketamine, a structurally unrelated drug with
strong analgesic properties, on the 5-HT transport and whether
this leads to an increase in free plasma 5-HT concentrations.
However, there are no in vivo models available so far to
investigate 5-HT reuptake. Thus, the well-established culture
of HEK293 cells stably transfected with the human 5-HT
transporter cDNA and human platelets ex vivo was employed
as a surrogate model. The end point of this trial was the
inhibition of the 5-HT transporter by different analgesics
either in HEK293 cells or, in a second experimental setting,
in human platelets ex vivo. The hypothesis was that some of
the study drugs inhibit human 5-HT transporters in a manner
similar to tramadol, resulting in changes of free 5-HT concen-
trations in human plasma.

Methods

Transfection and cell culture

Human embryonic kidney cells (HEK293 cells, 20 % conflu-
ent) were stably transfected by the modified calcium phosphate
method (Chen and Okayama 1987) with the human 5-HT
transporter cDNA, subcloned into the mammalian expression
vector pcDNA3 (Invitrogen). Stably transfected cell clones
were selected by means of the antibiotic geneticin (G480) and
kept in culture as previously described (Barann et al. 2000).

[3H]5-HT uptake in HEK293 cells

Experiments were carried out as described previously with
minor modifications (Barann et al. 2006b): HEK293 cells
stably expressing the human 5-HT transporter (wild-type se-
quence of the solute carrier family 6, member 4 (SLC6A4))
were cultured at 36 °C on 24-well cell culture cluster plates.
After removal of the growth medium, cells were washed and
preincubated with incubation buffer for 20 min. The incuba-
tion buffer was composed as following (mM): NaCl 125.0,
KCl 4.8, MgSO4 1.2, KH2PO4 1.2, HEPES 25.0 (4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid), D-glucose
5.55, ascorbic acid 1.02, CaCl2 1.3, and the monoamine

oxidase inhibitor pargyline 1.0. Study drugs to be tested for
inhibition of [3H]5-HT uptake were also present during the
20-min preincubation period. Drug concentrations ranged be-
tween 10 nM and 300 μM. In each experiment, samples
incubated with citalopram (1 μM), a well-described inhibitor
of 5-HT uptake, were introduced as reference and samples
without additional drugs served as controls. Subsequently,
cells were incubated for 5 min with buffer containing 10 nM
[3H]5-HT. Uptake of [3H]5-HTwas terminated by removal of
the incubation buffer and rapidly washing the cells with ice-
cold drug-free incubation buffer. The cells were solubilized in
0.5 ml Triton X-100 (0.1 %). An aliquot of the cell lysate was
used for determination of the protein content and the [3H]5-
HT content of solubilized cells was measured by liquid scin-
tillation counting. Specific [3H]5-HT uptake was defined as
uptake inhibited by the reference substance citalopram 1 μM
measured in picomole per milligram protein. The [3H]5-HT
uptake in the absence of any drug served as control. For each
concentration of the study drugs, at least six experiments were
carried out in triplicates.

5-HT uptake in platelets (free plasma 5-HT measurement)

The experiments were carried out on 24-well cell culture cluster
plates (Falcon) at 36 °C. Fifty ml of whole blood was donated
by healthy volunteers (written consent was waived by the ethics
committee of the University of Bonn). The blood was treated
with heparin (250 units final concentration). In order to improve
the signal-to-noise ratio, drug effects on uptake in platelets were
measured during addition of 100 nM 5-HT (“spiking”). Spiking
was performed by mixing 1000 μl human blood plasma with
17.6 ng/ml (=100 nM) 5-HT for 5 min. In the subsequent
experiments, spiked blood samples served as controls.

The protocol for testing the effect of different analgesics on
5-HTserum concentrations involved a timing schedule similar
to the [3H]5-HT uptake experiments described above: blood
samples (1 ml) were preincubated for 20 min at 36 °C in the
absence or presence of the study drugs at concentrations up to
300 μMor the reference drug citalopram 1 μM. Subsequently,
samples were incubated for 5 min with 5-HT 100 nM. At the
end of an experiment, blood samples were centrifuged
(900×g, 4 min) and platelet-free plasma (200 μl aliquots)
was separated and stored at −20 °C.

5-HTconcentration of platelet-free plasma was determined
by a specific 5-HT ELISA (enzyme-linked immunosorbent
assay) test (IBL, Hamburg, Germany) according to the man-
ufacturer’s instructions. Samples were measured in duplicates,
and a standard curve was created for each plate. The absor-
bance was read at 450 nm by an ELISA Reader (Bio-Rad
Lab., USA). The results were assessed by calculating the
mean concentration of the duplicates with a coefficient of
variation of below 12 % was considered acceptable.
Minimum detection levels were 0.33 ng/ml.
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Data analysis

Data analysis was performed with STATISTICA 10.0
(StatSoft, Inc. Tulsa, OK, USA) and GraphPad Prism 4
(GraphPad Prism, CA, USA). Concentration-response curves
were fitted by the Hill equation: r=ICn

50/(c
n+ICn

50), where r
is the normalized response, c is the drug concentration, n is the
Hill coefficient, and IC50 is the drug concentration causing the
half-maximal effect.

Due to the exploratory character of this study, a power
analysis to plan the number of experiments to reach statistical
significance was not feasible. At least four experiments were
planned for each drug concentration. Results are presented as
mean±SEMand 95% confidence intervals [95%CI] or mean
±SD. Comparisons of samples incubated with respective an-
algesics or the reference citalopram with the controls (no
addition of analgesics) were performed using paired t test.
Due to multiple comparisons, the level of significance was set
to p<0.005.

Drugs/solutions

Citalopram and 5-hydroxytryptamine creatinine sulfate were
obtained from Sigma (München, Germany); tramadol was a
gift from Grünenthal (Aachen, Germany). [3H]5-HT (specific
activity 64.8 Ci×mmol−1) was obtained from NEN DuPont
(Dreieich, Germany), alfentanil and fentanyl from Janssen-
Cilag (Neuss, Germany), hydromorphone from Abbott
(Wiesbaden, Germany), racemic ketamine (+/− ketamine hy-
drochloride) from Sigma (München, Germany), morphine
sulfate from Mundipharma (Limburg, Germany), and pethi-
dine (meperidine) from Aventis (Bad Soden, Germany).
Tramadol concentrations used were recalculated from previ-
ous clinical studies (Barann et al. 2006a, b; Grond et al. 1999;
Jellinek et al. 1990; Lehmann et al. 1990; Stamer et al. 2007).
Opioid and ketamine concentrations were chosen according to
a clinically relevant nanomolar plasma concentration range
and beyond if no effects were seen at these concentrations
(Jeleazcov et al. 2012; Paech et al. 1994; Reves et al. 2011;
Urban et al. 2006; White et al. 1980; Wittmann et al. 2008). 5-
HT solutions were freshly diluted from aqueous stock solu-
tions (stored at −20 °C). Drug stocks were prepared daily.

Results

Effect of opioids, ketamine, and citalopram on [3H]5-HT
uptake in HEK293 cells

Application of 10 nM [3H]5-HT for 5 min to HEK293 cells
expressing the human 5-HT transporter resulted in specific
[3H]5-HT accumulation (2088±226 fmol/mg protein). The

reference citalopram 1 μM suppressed this accumulation by
93.4 [95 % CI 92.1/94.8]% to 145.5±18.2 fmol/mg
(p < 0.0001) . Tramadol and pethid ine showed a
concentration-dependent inhibition of 5-HT uptake with an
IC50 of 0.93 [0.36/1.36] μM and 20.9 [14.6/29.6] μM, respec-
tively (Fig. 1a). For ketamine, inhibition of specific uptake
occurred at higher concentrations with an IC50 of 230.3
[158.4/334.5] μM. In contrast, morphine, hydromorphone,
fentanyl, and alfentanil did not alter specific uptake at con-
centrations between 10 nM and 30 μM (Fig. 1b).

Effect of opioids, ketamine, and citalopram on 5-HT uptake
from plasma into platelets

The basal free plasma 5-HT concentration pooled from all
experiments in the absence of any drug (no addition of 5-
HT) was 10.1±0.4 [9.2/10.9] ng/ml (57.4 nM, n=106).
Spiking, i.e., mixing 1000 μl human blood plasma with
17.6 ng/ml (=100 nM) 5-HT for 5 min, resulted only in a
slight, nonsignificant increase in free 5-HTconcentration up to
12.1±0.7 [10.7/13.6] ng/ml=68.75 nM 5-HT (p>0.1; n=48).

The inhibition of the 5-HT transporter of platelets by the
different analgesics and citalopram in human spiked plasma
are shown in Fig. 2. Free 5-HTconcentration was significantly
increased in all experiments by the reference substance
citalopram 1 μM to 31.9±1.3 [29.3/34.6] ng/ml 5-HT.
Tramadol and pethidine concentration-dependently elevated

Fig. 1 Effect of citalopram 1 μM (strong inhibitor of 5-HT uptake,
reference substance), opioids, and ketamine on [3H]5-HT uptake via the
human 5-HT transporter in HEK293 cells stably expressing the human 5-
HT transporter. Data present %-changes of [3H]5-HT uptake compared to
controls (samples without any additional drug) (mean±SD, n=6–10). a
Only the atypical opioids and ketamine caused an inhibition of [3H]5-HT
uptake. b For morphine, hydromorphone, fentanyl, and alfentanil, no
inhibition of [3H]5-HT uptake was observed
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free plasma 5-HT (Fig. 2a). For example, incubation with
20 μM tramadol yielded 5-HT concentrations of 25.2±1.7
[21.4/29.1] ng/ml versus 10.7±1.9 [6.4/14.9] ng/ml for the
control (n=8; p<0.0001), whereas 30 μM pethidine elevated
measures from 12.8±1.5 [9.4/16.3] ng/ml for the control to
31.4±1.2 [28.6/34.3] ng/ml (n=8, p<0.0001). Ketamine in-
creased plasma 5-HT concentrations only for the high-dose
groups, e.g., for ketamine 100 μM, a 5-HT concentration of
18.8±1.3 [15.6/21.9] ng/ml was measured (n=4; p=0.003).
Overall, the reference citalopram 1 μM produced an increase
of plasma 5-HT to 280±16 [248/312]% compared to controls
(set to 100 %) of that experiment. For tramadol 1 and 20 μM,
the increase amounted to 133±21 [118/148]% and 268±23
[215/321]%, for pethidine 30 μM to 269±34 [188/349]% and
for ketamine 100 μM to 149±11 [122/174]% compared to the
respective controls (Fig. 2a).

In contrast, alfentanil, fentanyl, morphine, and
hydromorphone at concentrations up to 10 μM had no effect
on free 5-HT plasma concentration 5 min after addition of
100 nM 5-HT (Fig. 2b).

Comparison of the effects on the [3H]5-HT uptake in vitro
and on the plasma 5-HT

The results above show that the drugs tested exert qualitative-
ly similar effects on [3H]5-HTuptake in vitro and 5-HTuptake
in platelets. To quantitate the correlation between transporter

inhibition and plasma 5-HT concentration, results of the two
experimental settings were plotted against each other. The
drugs tested had comparable effects on [3H]5-HT uptake in
HEK293 cell expressing 5-HT transporters and on 5-HT
uptake in platelets with a linear relationship (correlation coef-
ficient of 0.9; Fig. 3). If only considering the drugs having an
effect, correlation coefficient amounted to 0.8 (p<0.001).

Discussion

Opioids and the 5-HT transporter

This study confirms that the human 5-HT transporter is a
target not only for tramadol (Barann et al. 2006a, b) but also
for pethidine. These results were obtained both for the 5-HT
transporter expressed in HEK293 cells in vitro as well as for
the native 5-HT transporter in platelets ex vivo. The potencies
of tramadol, pethidine, and ketamine as transporter inhibitors
reported here are low compared to SSRIs used in clinical
practice (Gillman 2005). Tramadol and pethidine have been
reported before to possess weak serotonin reuptake inhibitory
potency (Gillman 2005). Additionally, it has been suggested
that tramadol does not only inhibit reuptake but also releases
serotonin (Rastogi et al. 2008).

The weak opioid tramadol inhibited uptake, and the results
were consistent with the previously published concentration-
response curves for the enantiomers (Barann et al. 2006a, b).
Sufficiently high clinical plasma concentrations for tramadol
to substantially block 5-HT uptake are reported after intrave-
nous administration in a perioperative setting (Barann et al.
2006b; Jellinek et al. 1990; Stamer et al. 2007). For pethidine,
higher μM concentrations were necessary in this experimental
setting to inhibit 5-HT uptake. Paech et al. (1994) described

Fig. 2 Effect of citalopram 1 μM, opioids, and ketamine on free plasma
5-HT spiked with 100 nM 5-HT. Data indicate %-change compared to
controls without any co-incubation of the respective experiment (mean±
SD, n=4–10). a Only clinically relevant concentrations of tramadol and
pethidine caused increases of free plasma 5-HT (p<0.0001). b For
morphine, hydromorphone, fentanyl, and alfentanil, no increase of plas-
ma 5-HT concentrations was observed.

Fig. 3 Comparison of drug effects on [3H]5-HT uptake and free plasma
5-HT. The mean value for each effect caused by the respective concen-
tration of the same drug is plotted. Solid line, linear regression; slope, 0.4
±0.05, p<0.0001; dashed lines, 95 % confidence interval. Drug concen-
trations and n values are from Figs. 1 and 2. For the drugs showing an
influence, the correlation coefficient is 0.83
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plasma concentrations of about 2000 ng/ml (∼8 μM) after fast
intravenous (i.v.) bolus administration of pethidine 100 mg
whereas Koska et al. (1981) used doses of 5 mg/kg body
weight which resulted in plasma concentrations of more than
5000 ng/ml (>20 μM). If considering these large pethidine i.v.
bolus doses, accumulation of serotonin by inhibition of the 5-
HT transporter seems to be possible in clinical situations,
specifically if another serotonergic drug is coadministered.
With the FDA-approved dose of 100 mg and the high per-
centage of drug to be bound to plasma proteins, however, it is
unlikely that serotonin concentrations can be increased
through relevant inhibition of the 5-HT transporter.
Tramadol and pethidine differ substantially from the much
more potent “typical” opioids alfentanil, fentanyl, morphine,
and hydromorphone. The latter, at below 30 μM, shows
effects neither on the 5-HT transporter expressed in HEK293
cells nor on native 5-HT transporters in platelets, whereas
analgesic effects would be observed at concentrations well
below 1 μM in opioid-naive subjects (Wittmann et al. 2008).
For ketamine, effects on 5-HT uptake were only observed for
high concentrations exceeding the clinically relevant range
(Reves et al. 2011; Urban et al. 2006; White et al. 1980).

While morphine has been ruled out as a serotonin reuptake
inhibitor before, there has been uncertainty whether fentanyl
may be involved in serotonin toxicity (Gillman 2005).
Although older publications suggested fentanyl to be safe,
some case reports highlighted serotonin toxicity and fatalities
after comedication with monoamine oxidase (MAO) inhibi-
tors or SSRIs (Ailawadhi et al. 2007; Alkhatib et al. 2010;
Gollapudy et al. 2012; Gillman 2005; Pedavally et al. 2014;
Rang et al. 2008; Rastogi et al. 2008; see also the web
reference fentanyl with the warning published by a pharma-
ceutical company www.akdae.de). It has to be pointed out that
concomitant medication of SSRIs or MAO inhibitors with the
respective opioids is crucial for symptoms of toxicity to
develop, even if each drug is given at therapeutic doses (Bijl
2004; Gillman 2005; Rastogi et al. 2008).

However, the present study could not confirm any relevant
effect on [3H]5-HT uptake in HEK293 cells and 5-HT uptake
in platelets for fentanyl and alfentanil. These findings suggest
that not only serotonin reuptake inhibition alone but also other
serotonergic effects such as increased availability of the sero-
tonin precursor L-tryptophan, increased serotonin release, de-
creased serotonin metabolism or agonism at postsynaptic
serotonin receptors may contribute to serotonin toxicity
(Gillman 2005). Among the latter, the 5-HT2A receptor is
discussed as a critical receptor required for the activation of
serotonin toxicity (Boyer and Shannon 2005; Sun-Edelstein
et al. 2008). However, none of the before-mentioned mecha-
nisms are known for fentanyl or alfentanil. It remains to be
tested whether these opioids may act more potently on
heteropentameric 5-HT3 receptor subtypes (other than the
homopentameric 5-HT3A receptor) (Niesler et al. 2003).

Furthermore, the 5-HT2A receptor is discussed as a critical
receptor required for activation of serotonin toxicity (Boyer
and Shannon 2005; Sun-Edelstein et al. 2008).

The 5-HT transporter inhibition by opioids described here
does not seem to correlate with their affinity for opioid recep-
tors since only the atypical opioids pethidine and tramadol
inhibited the 5-HT transporter in concentrations which can be
measured after intravenous bolus injection (Barann et al.
2006a; Jellinek et al. 1990; Paech et al. 1994; Stamer et al.
2007). This is in line with the previous findings that inhibition
of 5-HT3A receptors by opioid analgesics did not correlate with
their affinity for opioid receptors either (Wittmann et al. 2006).

It has to be pointed out that the potential effects of opioid
metabolites, which are generated in vivo, might also play a
role in drugs’ serotonergic effects. An analysis of tramadol
enantiomers and their metabolites demonstrated that the (+)-
and (−)-enantiomer potently suppressed the 5-HT transporter
whereas O-demethyl-tramadol showed less effects at clinical
concentrations (Barann et al. 2006b). Future experiments
should also address opioid metabolites, specifically
norpethidine which has been reported to cause severe seroto-
nin syndrome-like adverse events.

Citalopram 1 μMwas employed as the reference drug as it
is a well-described potent inhibitor of serotonin uptake with an
IC50 value in the low nanomolar range. Nevertheless, it should
be noted that citalopram at high micromolar concentrations
also inhibits MAO-A (Fisar et al. 2010).

Serotonin concentrations

The present results suggest that the function of native 5-HT
transporters can be assessed in vitro as well as ex vivo. The
examined blood samples still contained intact platelets with
functional 5-HT transporters, consistent with the observation
that first, added “cold” 5-HT was rapidly taken up by the
platelets and thus, could not be detected in plasma after
5 min; second, this 5-HT uptake by platelets was inhibited
by citalopram, resulting in elevated free 5-HT concentration.

The comparison of drug-induced inhibition of [3H]5-HT
uptake in cultured cells expressing 5-HT transporters and
drug-induced elevation of 5-HT concentrations in human
plasma revealed a linear relation between transporter inhibi-
tion (in cultured cells or intact platelets) and increases in free
plasma 5-HT concentration.

To date, no laboratory tests are available to confirm the
diagnosis of serotonin syndrome (Boyer and Shannon 2005;
Rastogi et al. 2008; Sun-Edelstein et al. 2008). Serotonin
toxicity is considered an intra-synaptic concentration-related
phenomenon and, therefore, concentrations in the brain and
spinal cord rather than in blood may be relevant (Bijl 2004;
Gillman 2014). This fact also indicates the limitations of the
study. A surrogate model with HEK 293 cells which can easily
be transfected with the human 5-HT transporter as well as
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human platelets ex vivo was used. As this study also demon-
strates that it is possible to measure plasma 5-HT concentra-
tions directly with a highly sensitive ELISA technique, future
studies could evaluate whether a clinically useful cutoff value
for serotonin concentrations associated with toxic symptoms
can be defined. Drug effects on free 5-HT concentration in
human blood plasma could be tested for correlations with
corresponding effects on 5-HT transporters. This approach
may prove useful for the description of the kinetics of transi-
tory 5-HT peaks (expected in the minute range) which may
occur clinically after fast bolus injection of drugs such as
tramadol or pethidine, where nausea and vomiting has been
reported following fast bolus injection of these drugs (Jellinek
et al. 1990; O’Sullivan 1962).

Conclusions

Opioid effects on the human 5-HT transporter expressed in
HEK293 cells and effects on human 5-HT plasma levels
ex vivo are corresponding: drugs which inhibit the transporter
in vitro such as tramadol and pethidine (but not alfentanil,
fentanyl, hydromorphone, and morphine) also caused an in-
crease of free plasma 5-HT by inhibition of 5-HT uptake in
platelets. It has to be determined whether these effects con-
tribute to serotonin-mediated adverse events, e.g., serotonin
toxicity, when administered in patients under concomitant
MAO inhibitors or SSRIs.
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