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Abstract
Norepinephrine transporter (NET) and serotonin transporter (SERT) proteins regulate
norepinephrine (NE) and serotonin via their reuptake function and are targets of antidepressants
action. Several intravenous anesthetics have been shown to inhibit NET and SERT. The interactions
between antidepressants and anesthetics on transporter function, however, are not well studied. We
examined the effect of different IV anesthetics on NET and SERT function, with and without chronic
antidepressant pretreatment, by measuring NE or 5-hydroxytryptamine (5-HT) uptake and
determined NET and SERT protein expression via immunoblotting. Both ketamine and propofol
inhibited NET dose-dependently (propofol 10−4 M −22% ± 5.6%, and propofol 10−3 M −35% ±
5.7%; ketamine 10−4 M −23% ± 4.1% and ketamine 10−3 M −73% ± 2.9%); and SERT (propofol
10−4 M −11% ± 4.3% and propofol 10−3 M −23% ± 3.8%; ketamine 10−4 M −29% ± 5.2% and
ketamine 10−3 M −63% ± 6.4%). Etomidate and thiopental had no effect on either NET or SERT
function. Desipramine and fluoxetine, specific inhibitors of NET and SERT, respectively, both
enhanced the inhibitory effects of propofol but reduced the inhibitory effects of ketamine on NET
and SERT functions. IV anesthetics treatment did not change transporter protein expression in the
presence of its respective inhibitor. Our results demonstrate that both ketamine and propofol inhibited
SERT and NET function, but the inhibition were differentially modulated by antidepressants.
Therefore, in the clinical context, this would suggest that patients receiving antidepressant treatments
might have altered response for intravenous anesthetics in an agent-specific manner.
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1. Introduction
Depression affects between 12% and 17% of the population during the lifetime of most
Americans. Pharmacotherapy with antidepressants is commonly used to treat depression and
other affective disorders. Although the mechanisms for the action of these antidepressants are
not precisely understood, their principal target of action is at the monoamine transporter
proteins located at nerve endings. Monoamine neurotransmitter transporters act to terminate
synaptic neurotransmission. Serotonin transporter (SERT) and norepinephrine transporter
(NET) are two transporter proteins1-3 targeted by clinically prescribed antidepressants. 3-7
They actively take up serotonin and norepinephrine (NE), respectively, following their release
and thereby regulate neurotransmitter levels at the neuroeffector junction.2,8-10

Most intravenous anesthetics used to induce general anesthesia exert their effects through
stimulation of gamma-aminobutyric acid (GABA) receptors, and others exert their effects
through antagonism of the N-methyl-D[ED3]-aspartate (NMDA) receptors11 in the central
nervous system (CNS). Propofol and ketamine, two intravenous anesthetics, are GABA
agonists or NMDA antagonists, respectively, and they affect NET function and alter
neurotransmission.12-15 However, little is known regarding whether IV anesthetics also
influence SERT function, the transporter protein that is the target of the newer class of
antidepressants, the selective serotonin reuptake inhibitors (SSRI). Moreover, the actions of
IV anesthetics on transporter proteins following their chronic inhibition by antidepressant drugs
have not been specifically investigated.

In the present study, we compared the effects of different IV anesthetics on both NET and
SERT. We also examined the effect of chronic treatment with the antidepressants desipramine
and fluoxetine, an NET inhibitor and a SERT inhibitor, respectively, on the effects of IV
anesthetics on NET and SERT function and protein expression.

2. Materials and methods
Except where noted, all chemicals were purchased from Sigma (St Louis, MO, USA). Protease
inhibitor mixtures were obtained from Roche (Roche Molecular Biochemicals, Indianapolis,
IN, USA). Mouse anti-human NET antibody was obtained from Mab Technologies (Stone
Mountain, GA, USA). Anti-rat SERT antibody was purchased from Oncogene (Oncogene
Research Products, La Jolla, CA, USA). Enhanced-chemiluminescence (ECL) solutions and
secondary antibody were obtained from Amersham (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Radioactively labeled norepinephrine ([3H]-NE) and 5-
hydroxytryptamine ([3H]-5-HT) were purchased from NEN (New England Nuclear, MA,
USA). Precast gels (10% sodium dodecylsulfate, SDS) were obtained from Novex (Carlsbad,
CA, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal calf serum (dialyzed), G418
(Genitin) were purchased from Invitrogen (Carlsbad, CA, USA). Cell culture plates and other
materials used for cell culture were purchased from Fisher (Pittsburgh, PA, USA). Propofol
was obtained from AstraZeneca Pharmaceuticals, (Wilmington, DE, USA) and etomidate
purchased from Abbott Laboratories (Chicago, IL, USA).

Human embryonic kidney 293 cells (HEK-293) were stably transfected with the corresponding
cDNA of NET (HEK-hNET) or SERT (HEK-hSERT), a gift from Dr Blakely from Vanderbilt
University.7 Cell culture condition and experimental design was referenced from Zhu et al.7
The incubation times for [3H]-NE uptake by HEK-hNET and [3H]-5-HT uptake by HEK-
hSERT were from 5 minutes to 60 minutes to establish optimal duration of incubation. HEK-
hNET and HEK-hSERT cells were treated with different IV anesthetics from 10−7 M to 10−3

M concentrations at 37°C for 30 minutes.
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In order to determine the modulatory effect of antidepressants on IV anesthetics on SERT and
NET function, HEK-hSERT and HEK-hNET cells were pretreated for 24 hours with 10−6 M
of fluoxetine or desipramine, respectively. The cells were then washed and incubated in
medium without any transporter inhibitors before they were exposed to different concentrations
of propofol or ketamine. Uptake of [3H]-NE by HEK-hNET or [3H]-5-HT by HEK-hSERT
cells was performed at 37°C for 10 minutes in buffer of pH 7.4. The buffer contained: in mM,
NaCl 130, KCl 1.3, CaCl2 2.2, MgSO4 1.2, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) 10, KH2PO4 1.2; and dextrose 1.8 g/L, iproniazid 10 μM, troplone 10 μM and
L-ascorbic acid 100 μM. Desipramine (10 μM) for NET or fluoxetine (10 μM) for SERT were
used for non-specific uptake. The specific uptake was obtained from subtracting non-specific
uptake from total uptake.

Immunoblotting is used for detecting protein expression and protocols were modified from
Zhu et al.7 The membrane proteins were prepared from HEK-hSERT or HEK-hNET cells after
drug treatments using homogenized buffer contained 10 mM Tris, 150 mM NaCl, 1mM
ethylene diamine tetraacetic acid (EDTA), 0.1% SDS and 1% Triton X-100 pH 7.4,
supplemented with protease inhibitors. Membrane protein (40 μg) was used to determine
protein expression following propofol or ketamine treatment in the presence or absence of
fluoxetine (10−6 M) for SERT or desipramine (10−6 M) for NET for 24 hours. The proteins
were size-fractioned on a 10% SDS-polyacrylamide gel electrophoresis (PAGE) gel and then
electrophoretically transferred to a polyvinylidene fluoride (PVDF) membrane. Membranes
were blocked in 5% non-fat milk in phosphatebuffered saline (PBS) Tween 20 and then
exposed to a polyclonal antibody against either NET or SERT at a 1:1000 dilution overnight
at 4°C. Anti-mouse or anti-rabbit secondary antibody was used at a 1:3000 dilution for 1 hour
at room temperature. Antibody binding was detected by enhanced chemiluminescence, as
recommended by the manufacturer. The same PVDF membranes used for immunoblotting
were stripped with an antibody to α-actin to quantify the loading of protein. The signal intensity
was quantified using densitometry after X-ray film development. Drug toxicity effects were
assessed using trypan blue and no toxicity effects were seen with any drug treatment.

Data were analyzed by analysis of variance (ANOVA) and presented as mean ± standard error.
The median effective concentration (EC50) values were calculated with Prism 3.0 (GraphPad
Software, San Diego, CA). Individual comparisons between two means were analyzed by
student t test. A level of p < 0.05 was considered significant.

3. Results
The specificity of uptake of [3H]-NE by HEK-hNET (n = 3) and [3H]-5-HT by HEK-hSERT
(n = 3) is illustrated in Figure 1. HEK-293 cells (n = 3) are used as controls.

Both propofol and ketamine significantly inhibited NE uptake at concentrations ≥ 10−4 M.
Propofol inhibited NE uptake by −22% ± 5.6% (n = 15) at 10−4 M and by −35% ± 5.7% (n =
15) at 10−3 M. Ketamine inhibited uptake by −23% ± 4.1% (n = 15) at 10−4 M and −73% ±
2.9% (n = 14) at 10−3 M (Fig. 2). [3H]-5-HT uptake in HEK-hSERT cells after drug treatment
was performed to test the effects of IV anesthetics on SERT function. Similar to the effects on
NET function, both ketamine and propofol significantly inhibited [3H]-5HT uptake by HEK-
hSERT in a dose-dependent manner. Propofol inhibited 5-HT uptake by −10.4% ± 4.3%, (n =
11) at 10−4 M and by −22.7% ± 3.8% (n = 9) at 10−3 M. Ketamine inhibited uptake by −29.2%
± 5.2% (n = 17) at 10−4 M and −63.2% ± 6.4% (n = 16) at 10−3 M (Fig. 3). Etomidate and
thiopental failed to have any effect on either NET or SERT function. The EC50 for NE and 5-
HT uptake after different IV anesthetics treatments are shown in Table 1.
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Prior to determining the possible modulatory effect of desipramine on the inhibition of NET
by propofol and ketamine, we confirmed that desipramine alone inhibited NET uptake function
at 10−6 M (75.5% inhibition on [3H]-NE uptake, n = 11). Similarly, fluoxetine alone inhibited
SERT function in HEK-hSERT cells (59.4% inhibition on [3H]-5-HT uptake, n = 15).
Desipramine potentiated the inhibitory effects of propofol on NET function as evidenced by a
significantly lower EC50 compared to propofol alone (Fig. 4A), but attenuated the inhibitory
effects of ketamine, with a significantly higher EC50 compared to ketamine alone (Fig. 4B).
Following exposure to fluoxetine for 24 hours, the EC50 for propofol inhibition of SERT was
reduced from 101.3 μM in non-fluoxetine treated cells to 4.9 μM in HEK-hSERT cells, thus
illustrating that chronic fluoxetine treatment enhanced the effect of propofol to inhibit SERT
function (Fig. 5A, Table 1). In contrast, after 24 hours of fluoxetine treatment, there was an
increase in EC50 for ketamine from 125.2 μM to 2253 μM, thus attenuating the inhibitory
effects of ketamine on SERT function (Fig. 5B). There was no change in protein expression
after treatment by intravenous anesthetics in the presence or absence of either desipramine or
fluoxetine.

4. Discussion
We examined the effects of four commonly used intravenous anesthetics on both NET and
SERT expression and function. We demonstrated that NET and SERT functions were
selectively inhibited by propofol and ketamine, but not by thiopental or etomidate. The EC50
for NET or SERT inhibition by propofol and ketamine in the current study was comparable to
other reports.12,14 We also demonstrated that fluoxetine and desipramine, two clinically
prescribed antidepressants, modulated the inhibitory effects of IV anesthetics on NET and
SERT function, respectively.

Anesthetics have been shown to interact with specific neurotransmitter transporters to modulate
synaptic neurotransmission16, but most of these effects occur at relatively high concentrations
that induced clinically significant hemodynamic alterations.17 Our results confirm both
propofol and ketamine were inhibitory at higher than clinically relevant concentrations.14,
15 However, the chronic treatment of antidepressant drugs known to inhibit specific transporter
proteins significantly shifted the dose response curves. This occurred particularly for the
intravenous anesthetic propofol. In the presence of both desipramine and fluoxetine, the
concentrations of propofol that inhibited NET and SERT functions were significantly lowered
to within the clinically relevant concentration range. In contrast, chronic desipramine and
fluoxetine treatment had the opposite effect on interaction of ketamine with NET and SERT.
Desipramine and fluoxetine pretreatment effectively eliminated the inhibitory effect of
ketamine on SERT and NET function. These findings indicate that antidepressants
differentially modulated intravenous anesthetics regulation on NET and SERT.

NET and SERT are major targets of drug action for antidepressants that downregulate the
function of NET or SERT in vivo and in vitro.7,18 Previous studies demonstrated that
heterologous uptake occurs among different monoamines transporters important in the
therapeutic effects of antidepressants.19 Because NET and SERT regulate the synaptic
concentrations of NE and 5-HT by reuptake of up to 80% of the amount released from
presynaptic terminals2,20,21, even a modest inhibition of NET and SERT activity could lead
to significant changes in postsynaptic effects. In the present study, our results indicate that
chronic treatment with inhibitors of NET and SERT modulated the inhibitory effects of IV
anesthetics on the uptake function of both NET and SERT. Since there were no changes in
protein expression in response to chronic desipramine or fluoxetine treatment, this is therefore
not the mechanism for the observed altered response to IV anesthetics. Either direct or indirect
action of antidepressant on IV anesthetic binding might be an alternative mechanism. Ketamine
and propofol may bind to the transporter proteins at separate binding sites that are differentially

Zhao and Sun Page 4

J Clin Neurosci. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



modified after chronic inhibitor treatment and thereby lead to their distinct responses to chronic
antidepressant treatment. Studies of NET and SERT structure indicate they contain multiple
binding sites that could induce either non-competitive or competitive inhibition. Ketamine is
known to competitively inhibit NET and SERT by direct drug binding to the NE and 5-HT
binding sites.12,14,22 Because propofol has been reported to significantly reduce Vmax value
of NET without changing Km

12, it appears that propofol inhibits NET in a non-competitive
manner. They are further consistent with binding of propofol to a site apart from the recognition
site for NE on NET protein12,23 The specific site of propofol action on SERT, however,
remains to be determined.

The common clinical use of antidepressants in many affective and depressive conditions
underscores the importance and relevance of understanding the effect of antidepressant
exposure on drug action. Our studies suggest that chronic antidepressant treatment may modify
the effects of IV anesthetics on monoamine transporters in patients receiving antidepressant
therapy. We found that chronic antidepressant exposure potentiated the inhibitory effects of
propofol on NET and SERT such that inhibition was evident at clinically relevant
concentrations. In contrast, the inhibitory effects of ketamine on both NET and SERT were
attenuated so that following chronic antidepressant exposure, ketamine had no effect on either
transporter protein at clinically relevant concentrations.

In conclusion, propofol and ketamine inhibited NET and SERT transporters. The results from
these in vitro studies indicate that further studies in animal models and human populations are
required to determine the significance of chronic antidepressant exposure on the effect of
intravenous anesthetics on monoamine transporters. Although transporter proteins may not be
the sites of action for the hypnotic or analgesic effects of the intravenous anesthetics, they are
probably important in the manifestation of autonomic signs and possibly nociceptive
neurotransmission. Therefore, our results suggest that chronic antidepressant treatment may
have important clinical effects. Propofol may have a more noticeable clinical effect, whereas
ketamine may have less pronounced side effects attributable to its action.
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Fig. 1.
Human embryonic kidney 293 cells (HEK-293) transfected with the corresponding cDNA of
norepinephrine transporter (NET) (HEK-hNET) and serotonin transporter (HEK-hSERT)
specifically take up (a) labeled norepinephrine ([3H]-NE) (n = 3) or (b) labeled 5-
hydroxytryptamine ([3H]-5-HT), respectively, but human embryonic kidney (HEK 293) cells
(n = 3) do not. * p < 0.05.
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Fig. 2.
The concentration responses of intravenous anesthetics on labeled norepinephrine ([3H]-NE)
uptake in human embryonic kidney cells transfected with the cDNA of norepinephrine
transporter (NET) (HEK-hNET) [ED4]transfected cells are shown for ketamine (solid triangle),
propofol (solid square), etomidate (open square) and thiopental (open triangle). No evidence
of inhibition was seen with etomidate and thiopental. Results are expressed as percentage of
uptake in the absence of the drug. # p < 0.05 vs no propofol; * p < 0.05 vs no ketamine.
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Fig. 3.
Labeled 5-hydroxytryptamine ([3H]-5-HT) uptake in human embryonic kidney cells
transfected with the cDNA of serotonin transporter (HEK-hSERT) is shown for increasing
concentrations of ketamine (solid triangle), propofol (solid square), etomidate (open square)
and thiopental (open triangle). Inhibition was only evident with ketamine and propofol. # p <
0.05 vs no propofol; * p < 0.05 vs no ketamine.
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Fig. 4.
Human embryonic kidney cells transfected with the cDNA of norepinephrine transporter
(HEK-hNET) were treated with 1 μM desipramine for 24 hours, and then cells were treated
with either propofol or ketamine for 30 minutes at the concentrations indicated. (A)
Desipramine exposure enhanced the propofol-mediated inhibitory effects and (B) reduced the
inhibitory effect of ketamine on labeled norepinephrine ([3H]-NE) uptake. *p < 0.05 vs no drug
treatment; # p < 0.05 vs non-desipramine treated cells.

Zhao and Sun Page 10

J Clin Neurosci. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Human embryonic kidney cells transfected with the cDNA of serotonin transporter (HEK-
hSERT) were pretreated with fluoxetine 1 μM for 24 hours before exposure to propofol or
ketamine for 30 minutes. (A) Fluoxetine significantly shifted the dose response of labeled 5-
hydroxytryptamine ([3H]-5-HT) uptake to enhance propofol-mediated inhibition and (B) to
reduce ketaminemediated inhibition. * p < 0.05 vs no drug treatment. # p < 0.05 vs non-
fluoxetine pretreated cells.
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Table 1
After exposure to various intravenous anesthetics for 30 minutes, median effective concentrations (EC50) were
calculated for labeled norepinephrine ([3H]-NE) uptake in human embryonic kidney 293 cells transfected with the
cDNA of norepinephrine (HEK-hNET) and labeled 5-hydroxytryptamine ([3H]-5-HT) uptake in HEK cells transfected
with the cDNA of serotonin transporter (HEK-hSERT).

Treatment EC50 of [3H]-NE uptake in HEK-
hNET cells

EC50 of [3H]-5-HT uptake in
HEK-hSERT cells

Without
desipramine

With
desipramine

Without
fluoxetine

With
Fluoxetine

Propofol 41.9 μM 1.5 μM 101.3 μM 4.9 μM
Ketamine 290.7 μM 1670 μM 125.2 μM 2253 μM
Etomidate > 50 mM NA >50 mM NA
Thiopental > 50 mM NA >50 mM NA
NA = not applicable
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