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INTRODUCTION
Selective serotonin reuptake inhibitors (SSRIs) are the most 

commonly used antidepressants and widely prescribed in the 
treatment of major depression and anxiety disorders. To date, 
numerous SSRIs such as citalopram, fluvoxamine, fluoxetine, 
paroxetine, sertraline, and dapoxetine have been developed. 
Escitalopram, a representative SSRI, is obtained from, citalopram 
[1]. The antidepressant effect of escitalopram is markedly larger 
than citalopram and other SSRIs [2]. Although escitalopram has 
been known to be relatively safe and effective in the treatment 
of depressive and anxiety disorders, some side effects of 

escitalopram are inevitable, such as decreased libido, delayed 
ejaculation, and anorgasmia [3]. The effects of escitalopram 
on ion channels have been investigated; escitalopram has been 
reported to inhibit ether-a-go-go-related gene (hERG) channels 
[4]. However, the study for the effects of escitalopram on vascular 
ion channels, specifically voltage-dependent K+ (Kv) channels, has 
been neglected.

K+ channels are ubiquitously expressed in most cell types 
and are involved in the control of many physiological functions 
such as cardiac and nerve excitability, neurotransmitter release, 
and muscle contraction [5,6]. Among the various types of K+ 
channels, Kv channel are regarded as one of the most crucial 
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ABSTRACT We investigated the inhibitory effect of escitalopram, a selective 
serotonin reuptake inhibitor (SSRI), on voltage-dependent K+ (Kv) channels in freshly 
separated from rabbit coronary arterial smooth muscle cells. The application of 
escitalopram rapidly inhibited vascular Kv channels. Kv currents were progressively 
inhibited by an increase in the concentrations of escitalopram, suggesting that 
escitalopram inhibited vascular Kv currents in a concentration-dependent manner. 
The IC50 value and Hill coefficient for escitalopram-induced inhibition of Kv channels 
were 9.54±1.33 μM and 0.75±0.10, respectively. Addition of escitalopram did not 
alter the steady-state activation and inactivation curves, suggesting that the voltage 
sensors of the channels were not affected. Pretreatment with inhibitors of Kv1.5 and/
or Kv2.1 did not affect the inhibitory action of escitalopram on vascular Kv channels. 
From these results, we concluded that escitalopram decreased the vascular Kv 
current in a concentration-dependent manner, independent of serotonin reuptake 
inhibition.
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types of K+ channel, particularly, in vascular smooth muscle cells. 
Kv channels in arterial smooth muscle cells are mainly involved 
in determining resting membrane potential and consequently, 
vascular tone [7-10]. In fact, the inhibition of Kv channels induced 
strong membrane depolarization in several arteries [11,12]. In 
addition, alterations in Kv channel subtypes have been found 
in several circulatory and metabolic diseases. For example, 
mutations in the gene encoding Kv1.3 were identified in patients 
with acute coronary insufficiency [13]. The Kv2.1 channel also has 
an important role in mitigating type 2 diabetes [14]. Therefore, 
understanding the functions of Kv channels is essential to reverse 
arterial diseases.

Considering the efficacy of escitalopram in treating patients 
with depression and the pathophysiological importance of 
vascular Kv channels, the inhibitory effect of escitalopram on 
vascular Kv channels should be clearly identified.

In our present study, we demonstrated the effect of escitalopram 
on vascular Kv channels using freshly separated from arterial 
smooth muscle cells. Our results clearly demonstrated that 
escitalopram decreased vascular Kv channels in a dose-dependent 
manner without the involvement of serotonin reuptake inhibition. 

Methods

Single cell isolation

Male New Zealand White rabbits were anesthetized by 
simultaneous injections of sodium pentobarbital (50 mg/kg) and 
heparin (100 U/kg) into the ear vein. All animal experiments 
procedures were approved by the Committee for Animal 
Experiments of Kangwon National University. The second 
branches of coronary arteries were carefully isolated from 
the heart. The connective tissues attached to the arteries were 
removed in normal Tyrode’s solution under a stereomicroscope. 
The endothelium was also removed by passing an air bubble 
through the lumen of arteries. The arteries were washed in Ca2+-
free normal Tyrode’s solution, and transferred into an enzyme 
mixture solution containing papain (1.0 mg/ml), bovine serum 
albumin (BSA, 1.0 mg/ml), and dithiothreitol (DTT, 1.0 mg/ml), 
After incubation at 37°C for 25 min, the arteries were transferred 
into another enzyme mixture solution containing collagenase 
(2.8 mg/ml), BSA (1.0 mg/ml), and DTT (1.0 mg/ml), and then 
incubated at 37°C for 18~19 min. After the enzymatic procedures, 
single cells were obtained by gentle mechanical agitation in Kraft-
Brühe (KB) solution with a fire-polished Pasteur glass pipette. 
Cells were stored at 4°C and used within 6 h.

Solutions and chemicals

The composition (in mM) of normal Tyrode’s solution was: 
NaCl, 135; KCl, 5.4; CaCl2, 1.8; MgCl2, 1; NaH2PO4, 0.33; HEPES, 

5; glucose, 15; adjusted to pH 7.4 with NaOH. The composition 
(in mM) of KB solution was: KOH, 70; KCl, 55; L-glutamate, 
50; KH2PO4, 20; taurine, 20; MgCl2, 3; glucose, 20; HEPES, 10; 
EGTA, 0.5; adjusted to pH 7.3 with KOH. The composition (in 
mM) of the pipette solution for the recording of Kv channels was: 
K-aspartate, 110; KCl, 25; NaCl, 5; MgCl2, 1; Mg-ATP, 4; EGTA, 
10; HEPES, 10; adjusted to pH 7.2 with KOH. Escitalopram, 
DPO-1, and guangxitoxin were purchased from Tocris Cookson 
(Ellisville, MO, USA) and dissolved in dimethyl sulfoxide 
(DMSO). The final concentration of DMSO was less than 0.1%, a 
level at which DMSO had no significant effect on the recorded Kv 
current.

Electrophysiology and data analysis

Kv currents recorded in this study were induced using an 
EPC-8 amplifier (Medical System Corp., Darmstadt, Germany), 
NI-DAQ-7 (National Instruments, CA, USA), and PatchPro 
software. The glass pipettes for the internal solution were made 
by a PP-830 vertical puller (Narishige Scientific Instrument 
Laboratory, Tokyo, Japan). When filled with the internal solution, 
the resistance of the patch pipette was 3~4 MΩ. The average cell 
capacitance was 12.67±0.72 pF (n=21).

Data analysis was conducted with Origin 7.5 software (Microcal 
Software, Inc., Northampton, MA, USA). A first-order blocking 
scheme was applied for the analysis of drug-channel interaction 
kinetics [15,16]. The values for the half-maximal inhibitory (IC50) 
and the Hill coefficient (n) were obtained from concentration-
dependent data and fitted to the following Hill equation:

f=1/{1+(IC50/[D])n}

where ƒ is the fractional inhibition of current (ƒ=1–Idrug/Icontrol) 
at the test potential, and [D] is the drug concentration.

A steady-state activation curve was obtained from the tail 
currents. Tail currents were induced by returning to a potential 
of –40 mV after depolarization of the cell from –80 to +60 mV in 
10 mV increments. All recorded tail currents were normalized to 
the maximal tail current. The activation curve was fitted with the 
Boltzmann equation given below:

y=1/{1+exp (–(V–V1/2)/k)}

where V1/2 is the half-point of activation, V is the test potential, 
and k is the slope factor. 

The steady-state inactivation curves were acquired using a 
two-pulse voltage protocol: preconditioning pulses of 7 s were 
applied at potentials ranging from –80 to +30 mV in the absence 
and presence of drugs, and then returned to +40 mV. Steady-state 
inactivation curves were fitted with another Boltzmann equation 
as follows:
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y=1/[1+exp {(V–V1/2)/k }]

where V1/2 is the potential of the half-maximal of inactivation 
point, V is the preconditioning potential, and k is the slope value.

The results are presented as mean±standard error of the 
mean (S.E.M.), and a Student’s t-test was used to estimate sta
tistical significance. P values greater than 0.05 were considered 
statistically significant.

Results

Escitalopram-induced inhibition of Kv current in 
vascular smooth muscle cells

The inhibitory effects of escitalopram on Kv currents were 
detected using freshly separated from coronary vascular smooth 
muscle cells. Kv currents were induced by applying incremental 
depolarizing pulses from –80 to +60 mV at a holding voltage 
of –80 mV. The activation of other K+ channels, such as ATP-
dependent K+ (KATP) and large-conductance Ca2+-activated 
K+ (BKCa) channels, were inhibited by the inclusion of 4 mM 
ATP and 10 mM EGTA to inhibit the KATP and BKCa channels, 
respectively. In addition, involvement with inwardly rectifying 
K+ (Kir) channels was excluded by the use of coronary smooth 
muscle cells separated from the second branch of the arteries, 
as the Kir channel has only been expressed in small-diameter 
coronary arteries [17]. Fig. 1A shows the application of voltage-
step induced Kv currents, which rapidly peaked and showed 
slow and partial inactivation. The Kv current was inhibited by 
10 μM escitalopram within 2 min (Fig. 1B). This inhibition was 
partially washed out (approximately 50%, data not shown). The 

current-voltage (I-V) relationship is shown in Fig. 1C. At +40 mV, 
application of 10 μM escitalopram reduced Kv current by 47.54%.

Escitalopram inhibits Kv current in a dose-dependent 
manner

Various concentrations (0, 0.1, 0.3, 1, 3, 10, 30, and 100 μM) 
of escitalopram were applied to evaluate whether the inhibition 
of Kv channels by escitalopram was concentration-dependent. 
Kv currents were induced by one-step depolarizing pulses 
of +60 mV from a holding voltage of –80 mV. As shown in 
Fig. 2A, the Kv currents were progressively decreased by an 
increase in escitalopram concentration. These results suggested 
that the escitalopram-induced inhibition of Kv channels was 
concentration-dependent. From analysis of the steady-state 
inhibition, we obtained an IC50 value of 9.53±1.33 μM and a slope 
factor (Hill coefficient) of 0.75±0.10 by fitting the dose-dependent 
results using the Hill equation (Fig. 2B). 

Influence of escitalopram on steady-state activation 
and inactivation of Kv current

To confirm whether the escitalopram-induced inhibition of Kv 
current was caused by shifting of activation and/or inactivation 
curves, we tested the effect of escitalopram on the steady-state 
activation and inactivation curves. The steady-state activation 
curves were acquired from tail currents and fitted with a 
Boltzmann function (see Materials and Methods). As shown in 
Fig. 3A, steady-state activation curve for Kv channels was not 
affected by the addition of 10 μM escitalopram. The activation 
potential for the half-maximum (V1/2) and slope value (k) were 
–3.47±0.58 mV and 14.09±0.47, respectively, in the absence of 

Fig. 1. Inhibition of voltage-depen­
dent K+ (Kv) current by escitalopram. 
Kv currents were recorded by 600-ms 
depolarizing step pulses from –80 to 
+60 mV in steps of 10 mV at a holding 
potential of -80 mV. Representative Kv 
current in control conditions (A) and in 
the presence of 10 μM escitalopram (B). 
(C) Current-voltage (I -V) relationship 
at a steady-state Kv current in control 
conditions (○) and the presence of 10 
μM escitalopram (●). n=7. *p<0.05.
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escitalopram and –3.52±1.05 mV and 15.18±0.79, respectively, in 
the presence of escitalopram.

The steady-state inactivation curve was acquired using a two-
pulse voltage protocol and was fitted to another Boltzmann 
function (see Materials and Methods). Similar to the activation 
curve, addition of 10 μM escitalopram did not affect the steady-
state inactivation curve of Kv channels (Fig. 3B). The half-
maximal inactivation potential (V1/2) and slope value (k) were 
–38.68±1.05 mV and 7.46±0.54, respectively, in the absence of 
escitalopram and –37.36±1.54 mV and 8.64±1.44, respectively, in 
the presence of escitalopram.

Effect of escitalopram on Kv channels in the presence 
of Kv1.5 and/or Kv2.1 inhibitors

To evaluate the involvement of Kv1.5 and/or Kv2.1 subtypes in 
escitalopram-induced inhibition, we determined the inhibitory 
effect of escitalopram on Kv currents in the presence of a 
Kv1.5 inhibitor (1 μM DPO-1) and/or a Kv2.1 inhibitor (30 nM 
guangxitoxin). The currents were induced by applying a one-
step depolarizing pulse to +60 mV from a holding voltage of 
–80 mV. As shown in Figs. 4A and B, the application of DPO-
1 decreased Kv current, and addition of escitalopram induced 

further inhibition of Kv currents. However, the inhibitory effect 
of escitalopram was unaffected by DPO-1 pretreatment. Similar 
to the results of DPO-1, addition of guangxitoxin also induced 
further inhibition of Kv currents and additional application of the 
escitalopram induced further inhibition of Kv currents (Figs. 4C 
and D). In addition, pretreatment with DPO-1 and guangxitoxin 
reduced Kv currents; however, escitalopram additionally induced 
the inhibition of Kv currents (Figs. 4E and F). These results 
suggested that the main targets of escitalopram were not the 
subtypes Kv1.5 and Kv2.1.

Discussion
In this study, we demonstrated the inhibitory effect of es

citalopram on vascular Kv currents in coronary vascular smooth 
muscle cells from rabbits. Our results suggested that escitalopram 
inhibited Kv channels in a dose-dependent manner regardless 
of serotonin reuptake inhibition. In addition, we discovered that 
escitalopram did not affect the activation and inactivation curves 
of Kv channels, which suggested that escitalopram did not affect 
the gating properties of Kv channels. 

According to our results, escitalopram inhibited Kv channels 

Fig. 2. Concentration-dependent inhi­
bition of Kv channels by escitalopram. 
(A) Superimposed current traces obtained 
by a 600-ms one-step depolarizing pulse 
of +60 mV from a holding potential of 
–80 mV in the presence of 0, 0.1, 0.3, 1, 
3, 10, 30, and 100 μM escitalopram. (B) 
Summary of the average concentration-
dependent inhibition of Kv currents at 
steady-state. The percentage inhibition of 
Kv current is plotted against the various 
concentrations of escitalopram. All n=6.

Fig. 3. Effects of escitalopram on steady-state activation and inactivation curves. (A) Activation curves in the control conditions (○) and in the 
presence of 10 μM escitalopram (●). Activation curves were obtained by applying short depolarizing (20~50 ms) step pulses between –80 and +60 
mV in 10-mV increments at a holding potential of –80 mV, then returned to –40 mV to elicit a tail current. n=7. (B) Inactivation curves in the control 
conditions (○) and in the presence of 10 μM escitalopram (●). The currents were recorded at a returning pulse of +40 mV after a 7-s preconditioning 
pulse between -80 and +30 mV. The induced currents were normalized to the peak amplitude of the test potential. n=6.
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regardless of serotonin reuptake inhibition. First, the IC50 value for 
the escitalopram-induced inhibition of Kv channel was 9.53 μM, 
which was 4500 times larger than the IC50 value for escitalopram-
induced serotonin reuptake inhibition (2.1 nM) [18]. The 
magnitude of this discrepancy also suggested that escitalopram-
induced inhibition of Kv channels was independent of serotonin 
reuptake inhibition. Second, serotonin has been reported to 
inhibit vascular Kv channels, consequently inducing membrane 
depolarization and vasoconstriction [12,19]. Therefore, increases 
in serotonin level induced by SSRIs could lead to an increase of 
blood pressure. However, our single cell experimental system was 
able to exclude the SSRI-induced increase of serotonin level in the 
bloodstream. Therefore, this body of evidence indicated that the 
escitalopram-induced inhibition of Kv channel might be through 
direct inhibition and not due to the inhibition of serotonin 
reuptake.

Selective serotonin reuptake inhibitors (SSRIs) are a member 
of anti-depressants that are recently used as first-line drugs in 
depressive patients. The therapeutic mechanism of SSRIs is to 
cause the inhibition of serotonin reuptake in the brain [20]. The 

SSRI escitalopram is the S-enantiomer of citalopram, which 
contains the same amounts of the S- and R-forms in a racemic 
mixture [1]. Since escitalopram exhibits more potent serotonin 
reuptake inhibition than that of citalopram, escitalopram shows 
better efficacy in the treatment of depression [2]. Although 
escitalopram contains only the S-enantiomer of citalopram, it 
shares many similar properties with citalopram. Recently, several 
studies suggested the effects of citalopram on ion channels. For 
example, citalopram inhibited the Kv1.3 and Kv1.5 subtypes in 
cell lines co-expressing Nav1.5, Kir2.1, Kv1.3, and Kv1.5 [21]. In 
addition, citalopram inhibited the Nav1.7 and Nav1.8 channels 
that are expressed in human embryonic kidney (HEK) 293 cells 
[22]. Citalopram also inhibited the delayed rectifier K+ current in 
mouse cortical neurons, mainly by inhibition of the Kv2.2 subtype 
rather than the Kv2.1 subtype [23]. These results were similar to 
ours, as blocking the Kv2.1 subtype did not alter the inhibitory 
effect of escitalopram on Kv channels (Fig. 4). Investigation into 
the Kv1.5 subtype expressed in Chinese hamster ovary (CHO) 
cells revealed that it was inhibited by citalopram in a state-, time-, 
and use-dependent manner [24]. Our results, however, showed 

Fig. 4. Effect of Kv 1.5 and/or Kv 2.1 inhibitors on escitalopram-induced inhibition of Kv channels. Current traces were acquired by one-
step depolarizing pulses of +60 mV at a holding potential of –80 mV. (A) Representative current traces in the control conditions, in the presence 
of DPO-1, and in the presence of DPO-1+escitalopram. (B) A summary of these results in (A). n=6. *p<0.05. (C) Representative current traces in 
the control conditions, in the presence of guangxitoxin, and in the presence of guangxitoxin+escitalopram. (D) A summary of these results in (C). 
n=5. *p<0.05. (E) Representative current traces in the control conditions, in the presence of DPO-1+guangxitoxin, and in the presence of DPO-
1+guangxitoxin+escitalopram. (F) A summary of these results in (E). n=4. *p<0.05.
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that the inhibitory effect of escitalopram on Kv channels was 
not involved in activation of the Kv1.5 subtype. We could not 
specify the exact reasons; these differences might be due to the 
difference in cell systems expressing specific subtype vs native 
cells, or to different sensitivities of the specific Kv subtype to the 
two drugs. To date, limited studies are available regarding the 
effects of escitalopram on ion channels. Therefore, more studies 
on the effects of escitalopram on several ion channels should be 
performed extensively to confirm the safety and efficacy of the 
clinical usage of escitalopram.

Several types of K+ channels, including KATP, BKCa, Kv, and 
Kir channels, are known to be expressed in vascular smooth 
muscle cells [8]. Among the different types, Kv channels are 
recognized as one of the most important channels in deciding 
resting membrane potential and consequently vascular tone [7-
10]. Therefore, a clear understanding of the effects of drugs on 
vascular Kv channels is necessary to avoid the misinterpretation 
of clinical and experimental data. To date, many drugs have 
been shown to inhibit arterial Kv channels regardless of their 
own intended functions. Regarding the effects of SSRIs on Kv 
channels, we recently reported that sertraline inhibited arterial 
Kv channels independently of serotonin reuptake inhibition 
[25]. This study suggested that sertraline changed the steady-
state inactivation curves in a negative potential. Therefore, we 
concluded that sertraline directly bound to channels in the 
inactivated states. Fluvoxamine, another SSRI, has also been 
shown to inhibit arterial Kv channels irrespective of serotonin 
reuptake inhibition. Similar to the results with sertraline, 
fluvoxamine also inhibited vascular Kv channels by changing the 
steady-state inactivation curves in a negative potential [26]. In our 
present study, we exhibited the inhibitory effect of escitalopram 
on arterial Kv channels. Our results should be considered in 
conjunction with previous studies when using escitalopram for 
experimental or clinical purposes.

To date, many Kv subtypes have been detected in arterial 
smooth muscle, including, Kv1.1, Kv1.2, Kv1.4, Kv1.5, Kv2.1, and 
Kv 9.3 [27,28]. These studies were mainly performed using mouse 
or rat samples, rather than rabbits. Therefore, the identification 
of the exact Kv subtypes in rabbit arterial smooth muscle is 
uncertain. However, most studies of vascular Kv subtypes have 
agreed that Kv1.5 and Kv2.1 subtypes are commonly expressed 
in vascular smooth muscle. For this reason, we tested the 
involvement of Kv1.5 and/or Kv2.1 subtype in escitalopram-
induced inhibition of Kv channels. Our results showed that 
pretreatment with a Kv1.5 and/or Kv2.1 inhibitor did not 
change the inhibitory effect of escitalopram on Kv channels, 
suggesting that the Kv1.5 and Kv2.1 subtypes were not related in 
the inhibitory effect of escitalopram. We could not identify the 
exact Kv subtypes involved in the escitalopram effect; therefore, 
additional studies are necessary regarding the specific Kv 
subtypes involved in the inhibitory effect of escitalopram on Kv 
channels using a Kv subtype expression system.

In summary, we identified the inhibitory effect of escitalopram 
on Kv channels. This inhibition was not involved in serotonin 
reuptake inhibition. Therefore, great caution should be considered 
when prescribing escitalopram as an anti-depressant drug in 
patients with cardiovascular diseases.
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