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Abstract. Although several physiological, pathophysiological and regulatory properties of classical 
inward rectifier K+ current IK1, G-protein coupled inwardly-rectifying K+ current IK,ACh and the 
small-conductance Ca2+ activated K+ current IK,Ca have been identified, quantitative biophysical 
details remain unclear. Both IK1 and IK,ACh are implicated in atrial fibrillation (AF), and recently 
also IK,Ca has been speculated to be linked with the genesis and sustainability of AF. All these three 
currents have been shown to be involved in the electrical remodeling in the atria of patients suffer-
ing from AF, and it is therefore important to characterize their biophysical properties and compare 
their relative current contribution in atrial electrophysiology in both sinus rhythm (SR) and AF. The 
aim of this study is to investigate the contribution of the three potassium currents when subjected to 
voltage protocols adapted from atrial action potentials recorded in human tissue at 1 and 3 Hz. The 
current recordings were performed in the HEK-293 heterologous cell system expressing either IK1, 
IK,ACh or IK,Ca to establish the individual contribution of each of these currents during the voltage 
changes of atrial action potential waveforms. IK1 primarily contributes to the atrial electrophysiol-
ogy at the latter part of repolarization and during the diastolic phase, while both IK,Ca under high 
[Ca2+]i and IK,ACh contribute relatively most during repolarization. 
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Introduction

The cardiac action potential (AP) is formed by depolar-
izing Na+ and Ca2+ currents and repolarizing K+ currents. 
A number of different types of potassium channels are 
known to play important roles in both shaping the cardiac 
AP and in controlling the diastolic potential, referred to as 

the resting membrane potential (RMP). The voltage-gated 
K+ channels Kv1.5 (IKur), Kv4.3 (Ito), Kv11.1 (IKr) and Kv7.1 
(IKs), are important in conducting K+ current both in the 
early (IKur, Ito) and late (IKr, IKs) phase of repolarization 
(Nerbonne and Kass 2005). However, the voltage independ-
ent inwardly rectifying K+ channels Kir2.1 (IK1), Kir3.1/
Kir3.4 (IK,ACh) and small-conductance Ca2+ activated 
K+ channel SK/KCa2.X (IK,Ca) are also very important in 
shaping the AP and at the same time these currents play 
a crucial role in setting RMP (Lopatin and Nichols 2001; 
Nerbonne and Kass 2005; Grunnet et al. 2012; Skibsbye 
et al. 2014). 

http://circres.ahajournals.org/search?fulltext=action+potential+duration&sortspec=date&submit=Submit&andorexactfulltext=phrase
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Kir2.1, Kir2.2, and Kir2.3 proteins underlie cardiac 
IK1, and Kir2.1 is found to be the most abundant in the 
human heart (Liu et al. 2001). IK1 is absent in nodal 
tissue, present in atria and prominently expressed in 
ventricles and Purkinje system (Varro et al. 1993). IK1 
shows a strong inward rectification at positive membrane 
potentials due to blockage by polyamines and divalent 
cations, such as Mg2+ and Ca2+ (Fakler et al. 1995). In 
addition, the conductance and rectification of IK1 also 
depends on the extracellular K+ concentration (Panama 
and Lopatin 2006). 

Heteromeric assembly of Kir3.1 and Kir3.4 subunits un-
derlie the G-protein coupled inwardly rectifying potassium 
(GIRK) current IK,ACh (Krapivinsky et al. 1995). IK,ACh 
channels are regulated by βγ subunits of Gi/Go-coupled 
receptors. G-protein coupled receptors activated by acetyl-
choline (ACh), (muscarinic M2 receptors) and adenosine 
(adenosine 1 receptors) (Kofuji et al. 1995; Wang et al. 2013; 
Liang et al. 2014) have been shown to increase IK,ACh activ-
ity in the atrial myocytes, suggesting that IK,ACh may play 
a functional role in the atria both when the heart is at rest 
(vagal release of ACh) and during work or cellular stress 
(local release of adenosine). IK,ACh is primarily expressed 
in the atria and nodal tissue (Noma and Trautwein 1978; 
Sakmann et al. 1983) and rectifies to a much weaker extent 
than IK1 (Makary et al. 2005).

 Small-conductance calcium-activated potassium (SK) 
channels play an important role in afterhyperpolarization of 
neuronal APs, but are also found expressed in many other 
tissues, including the heart (Lancaster et al. 1991; Tse and 
Hille 1992; Grissmer et al. 1993; Pribnow et al. 1999; Xu et 
al. 2003). In the mammalian heart, SK channels are formed 
by homomeric and heteromeric complexes of SK1, SK2 and 
SK3 proteins (Tuteja et al. 2010). Calmodulin (CaM), which 
is constitutively bound to the calmodulin-binding-domain 
at the C-terminal of each SK channel subunit, serves as 
a Ca 2+ sensor (Maylie et al. 2004). SK channels are rapidly 
responding and highly sensitive to intracellular Ca2+ (K0.5 
= 0.3–0.7 µmol/l, Hill coefficient = 3–5) (Hirschberg et 
al. 1998; Stocker 2004). At positive membrane potentials, 
Ca2+ not only activates, but also blocks SK channels in 
a concentration-dependent manner, giving rise to a moder-
ate inwardly rectifying K + current (Kohler et al. 1996; Soh 
and Park 2001). In the heart IK,Ca participates in the electro-
physiology of the atria. Pharmacological blockage of these 
channels prolongs AP duration and refractory period, and 
has shown antiarrhythmic potential in experimental models 
of atrial fibrillation (Diness et al. 2010, 2011; Skibsbye et al. 
2011, 2014). 

In this study we have measured currents IK1, IK,Ach and 
IK,Ca using AP voltage recordings from atrial tissue obtained 
from patients in either sinus rhythm or persistent atrial 
fibrillation. 

Materials and Methods 

Cell lines preparation

IK1 and IK,ACh currents were investigated in transiently 
transfected HEK-293 and IK,Ca currents were studied in 
a pIRESpuro-hSK3 stably expressed HEK-293 cell line 
(Strøbæk et al. 2004). Both cell lines were kindly provided 
by Acesion Pharma (Copenhagen, Denmark), and were 
grown in Dulbecco’s modified Eagle’s medium (DMEM; Life 
Technology, NY, USA) supplemented with 10% fetal bovine 
serum (FBS; Sigma-Aldrich, St. Louis, USA) and 1% strep-
tomycin (Invitrogen, Naerum, Denmark) at 37°C in a 5% 
CO2 atmosphere. The stably transfected pIRESpuro-hSK3 
-HEK-293 cells were selected with 100 μg/ml Geneticin 
(Sigma-Aldrich, St. Louis, USA). 

Molecular cloning and transfection

Complementary DNAs encoding human Kir2.1 (Gen-
Bank ACC. NM_000891), human Kir3.1 (GenBank 
ACC. NM_002239) and human Kir3.4 (GenBank ACC. 
NM_000890) were subcloned into pcDNA3 or pXOOM 
(Yang et al. 2010).

To reconstitute IK1 currents HEK-293 cells were tran-
siently transfected with 1 μg pXOOM-hKir2.1 and 0.2 μg 
pcDNA3-eGFP (reporter gene). With regard to IK,ACh, 
0.6 μg pcDNA3-hKir3.1, 0.6 μg pcDNA3-hKir3.4, 0.6 μg 
pcDNA3-hM2, and 0.2 μg pcDNA3-eGFP were transiently 
transfected into HEK-293 cells. Transfections were per-
formed using Lipofectamine 2000 (Invitrogen, Naerum, 
Denmark) according to the manufacturer’s instructions. The 
cells were used for patch-clamp recordings 36 to 48 hours 
after transfection.

Solutions and chemicals

The following physiological extracellular solutions were 
used for the electrophysiological experiments, containing 
(in mmol/l): NaCl 140, KCl 4, CaCl2 2, MgCl2 1, HEPES 10, 
D-glucose 10 (pH 7.4 with NaOH). The internal pipette solu-
tion for IK1, IK,ACh measurements consisted of (in mmol/l) 
KCl 140, Na2ATP 1, EGTA 2, HEPES 10, CaCl2 0.1, MgCl2 
1, D-glucose 10 (pH 7.4 with KOH). For IK,Ca recording, pi-
pettes were filled with solutions containing (in mmol/l): KCl 
144, EGTA 10 or 1, nitrilotetraacetic acid (NTA) 0 or 9, and 
HEPES 10 (pH 7.2 with KOH). CaCl2 and MgCl2 were added 
in concentrations calculated (EqCal; BioSoft, Cambridge, 
UK) to give a free Mg2+ concentration of 1 mmol/l and free 
Ca2+ concentrations of either 0.1 or 1 µmol/l, respectively 
(Grunnet et al. 2001). 100 nmol/l of apamin (Alomone Labs, 
Jerusalem, Israel) was added to the perfusate to block IK,Ca 
currents. IK,ACh currents were identified in the presence of 
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extracellular ACh combined with 20 nmol/l Tertiapin-Q 
(TTQ) (Alomone Labs, Jerusalem, Israel) blockage. Solutions 
containing ACh, apamin and TTQ, respectively, were freshly 
prepared prior to each experiment. 

Electrophysiological methods

Patch-clamp recordings were performed as previously de-
scribed (Grunnet et al. 2001; Yuan et al. 2014). HEK-293 
cells were voltage-clamped with either ramp or AP-shaped 
protocols. The AP waveform protocols were recorded using 
microelectrode impalement of multicellular muscle prepa-
rations at 1 Hz and 3 Hz of electric stimulation frequency 
in human right atrial appendages trabeculae muscle from 
sinus rhythm (SR) or chronic atrial fibrillation (AF) pa-
tients (Skibsbye et al. 2014), and were subsequently used 
as voltage command by programming into a Pulse Gen-
erator File (PGF). Whole-cell currents were measured at 
room temperature (20–22°C) with an EPC-9 amplifier and 
Pulse software (both from HEKA Elektronik, Lambrecht, 
Germany). Borosilicate glass pipettes were pulled on a DPZ-
Universal puller (Zeitz Instrumente, Munich, Germany). 
The pipettes had a resistance of 1.5–2.5 MΩ. The series 
resistances for whole-cell configuration were 2–5 MΩ and 
were 80% compensated. At least 1.0 GΩ were achieved in 
all experiments. 

Data analysis 

Illustration was drawn with Adobe Illustrator software 
(Adobe Systems, San Jose, USA). Statistical analyses were 
performed using IGOR Pro (WaveMetrics, Lake Oswego, 
USA) and GraphPad Prism software (GraphPad Software, 
San Diego, USA). All AP voltage command parameters were 
obtained as an average of > 10 APs. Data are presented as 
mean ± SEM. The authors had full access to the data and 
take responsibility for its integrity. 

Results

IK1, IK,ACh and IK,Ca are known to play prominent roles 
in atrial electrophysiology (Fig. 1A). However, the relative 
contributions of these currents during the different phases 
of the atrial AP have not been thoroughly addressed. In this 
study we use atrial AP voltage recordings obtained by sharp 
microelectrode measurements in freshly isolated human tis-
sue (Fig. 1B) (Skibsbye et al. 2014). These recordings were 
used as voltage command protocols with the patch-clamp 
technique on HEK-293 cells transiently transfected with 
either Kir2.1 or Kir3.1/Kir3.4/M2, or stably expressing hSK3, 
recapitulated the inwardly rectifying currents IK1, IK,ACh 
and IK,Ca, respectively. Two kinds of protocols were applied: 

1000 ms voltage ramp protocol from –120 mV to 60 mV, and 
AP voltage command waveforms recorded at a 1 and 3 Hz 
pacing frequency on human right atrial trabeculae muscle 
from SR or chronic AF patients (Skibsbye et al. 2014).

Endogenous currents in HEK-293 cells during AP 
voltage-clamp 

HEK-293 cells, like all other experimental cell systems, 
exhibit endogenous ionic currents (Thomas and Smart 
2005). Hence, our investigations were initiated by measur-
ing endogenous currents under the given voltage-clamp 
protocols on non-transfected HEK-293 cells (Fig. 2A). Cur-
rents elicited following the ramp protocol reveal a reversal 
potential around –30 mV, indicating endogenous expression 
of both repolarizing and depolarizing ionic currents. A sig-
nificant outward current at positive voltages was observed, 
with a peak value of 21.4 ± 2.3 pA/pF at +60 mV, primarily 
conducted by a voltage-dependent potassium (Kv)-like cur-
rent (data not shown) as also reported in (Jiang et al. 2002). 
When applying the AP voltage command protocols, only 
small currents were recorded (Fig. 2A, right panel). During 
the latter part of the APs and during the diastolic interval, 
the sum of these currents was negative due to the relatively 
depolarized reversal potential (≈ –30 mV).

IK1 (Kir2.1)

IK1 currents recorded by ramp and AP voltage commands 
after subtracting endogenous currents are shown in Fig. 2B. 
In agreement with previous studies, IK1 is a strong inward 
rectifier, with high inward conduction at potentials negative 
to the reversal potential (–85.6 ± 3.2 mV), and prominent 
outward conduction between –60 and –80 mV. When 
comparing the IK1 current levels at 50% and 90% of the 
repolarization of the AP (APD50 and APD90, respectively), 
it is found that at APD50, IK1 only conducts 8% (SR) and 
13% (AF) as compared to the IK1 current conducted in the 
diastolic interval, while this number is 66% (SR) and 76% 
(AF) at APD90 (Table 1). This clearly demonstrates that IK1 
primarily contributes to the atrial electrophysiology in the 
very late part of the AP and during the diastolic interval. 

IK,ACh (Kir3.1/3.4)

By applying the IK,ACh specific blocker Tertiapin Q (TTQ), 
acetylcholine-stimulated IK,ACh currents could be calculated 
by subtraction (averaged TTQ sensitive currents shown 
in Fig 3). IK,ACh rectifies to a much lesser extent than IK1. 
Positive to the membrane reversal potential around –82.6 
± 1.2 mV, the outward currents of IK,ACh slowly increases 
following depolarization, giving an almost similar outward 
current level from –30 mV to 60 mV. This results in cur-
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rents being larger during AP repolarization than during the 
diastolic interval, because the driving force for K+ efflux is 
larger. For the same reason, the 6 mV difference between SR 
and AF during the diastolic interval (–74 mV vs. –80 mV) 
leads to a robust decrease of the diastolic IK,ACh current in 
the AF-setting, compared with that in SR. As a consequence, 
the relative contribution of IK,ACh during both the early and 
the latter part of the AP is prominent (Table 1).

IK,Ca (SK3)

In cardiomocytes, the dynamic changes of [Ca2+]i dur-
ing systole and diastole range approximately between 0.1 
µmol/l and 1.0 µmol/l (Beuckelmann et al. 1992; Eisner 

2014). As it is not possible for HEK-293 cells to fabricate 
the dynamic changes in [Ca2+]i as cardiomyocytes dur-
ing excitation and contraction, we investigated IK,Ca with 
clamped [Ca2+]i at 0.1 µmol/l and 1.0 µmol/l, respectively 
(see “Materials and Methods”) (representative traces Fig. 
4A). To isolate the specific SK channel currents we ap-
plied the highly selective SK channel blocker apamin 
(100 nmol/l). With 1.0 µmol/l [Ca2+]i IK,Ca shows a weak 
inward rectifier current. The amount of 0.1 µmol/l [Ca2+]i 
did not, as reported by others, evoke specific IK,Ca (Romey 
and Lazdunski 1984). In Fig. 4B average apamin sensitive 
currents with 1.0 µmol/l [Ca2+]i are shown. As revealed by 
the ramp protocol, due to the low degree of rectification 
the current is much higher around 0 mV than at potentials 

Figure 1. Topology of inward rectifying channels and human atrial AP recordings A. Topology of the α-subunits forming the three potas-
sium channels. These three channels are assembled into tetrameric complexes to form functional channels. Left and middle, schematic 
representation of Kir channels, holding two transmembrane domains connected by a pore forming loop. For IK,ACh channels, G-protein 
coupled receptors are activated by acetylcholine (Ach; muscarinic 2 receptor) and adenosine (Ado; adenosine 1 receptor). Right, SK 
channel subunits contain six transmembrane domains and a pore loop, with intracellular N and C termini. Calmodulin (CaM) binds to 
the proximal domain of the C terminus, mediating Ca2+ activation. B. Representative AP potential recordings from trabeculae muscle 
strips removed from patients either in sinus rhythm (SR) or permanent atrial fibrillation (AF) (more than 6 months), impaled with a sharp 
electrode and paced at either 1 Hz or 3 Hz (these recordings constitute a part of the dataset published in Skibsbye et al. (2014). 

A

B
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Figure 2. Endogenous and IK1 current recorded following ramp and human atrial action potential voltage commands. A. Recordings show 
endogenous currents elicited by ramp and action potential (AP) voltage-clamp protocols. The outer boundary of the grey shading illustrates 
SEM. Left, current recorded during 1000 ms voltage ramp from –120 mV to 60 mV from a holding potential of –74 mV (insert at top). 
Right, recordings show naïve HEK cell membrane currents produced by AP-shaped voltage-clamp protocols (inserted at right top of each 
graph). Action potential durations at 90% repolarization (APD90) and at 50% repolarization (APD50) indicated in the traces of AP-shaped 
protocols. The time values of APD90 shown below the protocol traces. Dotted lines indicate 0 pA/pF; Vm indicates membrane voltage; n = 
10 in each group. B. IK1 currents expressed in HEK-293 cells following ramp and human AP voltage commands after subtraction of the 
endogenous currents recorded in A. In the ramp protocol current between –80 mV and –35 mV is enlarged. n = 4 in each group. SR, sinus 
rhythm; AF, atrial fibrillation.

A

B
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close to the diastolic potentials. This is reflected in the AP 
voltage command recordings. Under these experimental 
conditions we observed an outward diastolic current, 
significantly larger in SR than AF. This is a consequence of 
the hyperpolarized diastolic potential in AF. Interestingly, 
during the latter part of the APs (APD90), where [Ca2+]i is 
known to be high (Bouchard et al. 1995), prominent SK 
currents are recorded. At APD50 IK,Ca is 10- to 12-fold 
higher in SR and 28- to 32-fold higher in AF than during 
the diastolic interval. Also at APD90 a ~2.5-fold higher 
current is found in SR and a ~4.5-fold higher current in 
AF as compared to diastolic current (Table 1). 

Discussion

IK1, IK,ACh and IK,Ca are three prominent inwardly rectifying 
K+ currents involved in cardiac electrical activity. These cur-
rents are important for repolarizing the atrial cardiomyocyte 
AP following excitation and thereby in defining the relative 
refractoriness of the atria. Further, as all three currents have 
significant conductance at hyperpolarized potentials, they 
play a prominent role in setting the diastolic potential (rest-
ing membrane potential) where only minor changes in the 
potential has large impact on sodium channel availability, 
due to the steepness of the inactivation curve for Nav1.5 

Figure 3. IK,ACh current recorded following ramp and human atrial action potential voltage commands. TTQ sensitive currents are 
shown. Vm indicates membrane voltage; n = 9 in each group. (For abbreviations, see Fig. 2).

Table 1. Systolic and diastolic current ratios. Relative current ratios at 50% (APD50) and 90% (APD90) action potential duration compared 
to the diastolic interval current, at 1 Hz and 3 Hz, respectively

Systolic/diastolic current 
1 Hz 3 Hz

IK1 IK,ACh IK,Ca* IK1 IK,ACh IK,Ca*

APD50
SR 0.08 3.7 9.8 0.06 3.2 12
AF 0.13 6.3 28 0.21 5.1 32

APD90
SR 0.66 2.0 2.5 0.73 1.7 2.7
AF 0.76 2.7 4.5 0.53 2.2 5.0

* IK,Ca evoked with 1 µmol/l intracellular Ca2+; IK1, classical inward rectifier K+ current; IK,ACh, G-protein coupled inwardly-rectifying 
K+ current; IK,Ca, small-conductance Ca2+ activated K+ current; APD50, 50% of the repolarization of the action potential; APD90, 90% 
of the repolarization of the action potential; SR, sinus rhythm; AF, atrial fibrillation. 1 Hz: Pulse protocol (PGF) derived from action 
potential generated at 1 Hz electric stimulation; 3 Hz: PGF derived from action potential generated at 3 Hz electric stimulation.
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channels at these voltages. Such changes in sodium channel 
availability will mediate huge impact on cellular refractori-
ness and secondarily influence the conduction of the AP 
throughout the atria. We have in this study measured IK1, 
IK,ACh and IK,Ca currents separately following SR or AF AP 
voltage-clamping and thereby obtained new information 
concerning the relative contribution of potassium currents 
during the different phases of the human atrial AP.

Inward rectifier K+ currents 

Inward rectifier potassium channels are fundamentally dif-
ferent from voltage-gated (Kv) channels, as they have the bio-

physical property of favouring influx of K+ ions at potentials 
negative to the reversal potential, while the outward current 
is relatively reduced (non linear in respect to driving force) 
at depolarized potentials. The voltage-dependence of the 
channels lies in a physical occlusion of the channel pore by 
depolarization-induced motion of intracellular cations, such 
as polyamines and Mg2+. In fact, IK1 and IK,ACh are two out 
of seven subfamilies showing classical strong rectification 
(Anumonwo and Lopatin 2010). The channel complexes 
conducting these two currents have been suggested to mainly 
contribute to the late part of the AP and in balancing the 
diastolic potential (Lopatin and Nichols 2001; Anumonwo 
and Lopatin 2010). However, our study indicates that IK,ACh 

Figure 4. IK,Ca current recorded following ramp and human atrial action potential voltage commands. A. Representative IK,Ca currents 
evoked with either 1 or 0.1 µmol/l intracellular Ca2+. SK currents were following blocked by apamin (gray traces). B. Apamin sensitive 
currents recorded in HEK-293 cells with 1.0 µmol/l intracellular Ca2+. Vm indicates membrane voltage; n = 10 in each group. (For ab-
breviations, see Fig. 2).

A

B
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actually contributes profoundly during the whole action 
potential, including the plateau phase. This is due to the 
relatively weak inward rectification of IK,ACh as compared to 
IK1 (Bender et al. 2001). In contrast, IK1 conducts almost zero 
current at potentials positive to –60 mV. Thus, the functional 
impact of IK1 and IK,ACh is very different as IK,ACh will con-
duct current at all potentials, including the most depolarized 
part of the AP, while the strong rectification of IK1 ensures 
conduction of K+ ions only at potentials close to the resting 
membrane potential. This implies that Gi receptor activation 
of IK,ACh, such as during vagal stimulation of muscarinic 2 
receptors (Kofuji et al. 1995) or exercise/ischemia-dependent 
activation of adenosine 1 receptors (Wang et al. 2013; Liang 
et al. 2014), will result in an AP duration shortening, and 
a hyperpolarization of the diastolic potential. 

In patients with AF the atria undergo electrical remodel-
ling whereby the relative functionality of a number of atrial 
ion channels is altered. IK1 has been shown to be upregulated 
in AF (Van Wagoner et al. 1997; Bosch et al. 1999; Workman 
et al. 2001), and suggested to be the major contributing factor 
for the ~6 mV hyperpolarization of the diastolic potential. 
Pathophysiological conditions have also been reported to 
take part in the regulation and remodelling of IK,Ach (Zhao 
et al. 2009; Voigt et al. 2010). As shown here, IK,Ach currents 
conduct during the entire AP. The acetylcholine-activated 
current is found to be down-regulated in AF (Dobrev et al. 
2001, 2002), while the constitutively active component of 
IK,ACh is upregulated (Dobrev et al. 2005). The augmentation 
of IK1 and constitutively active component of IK,ACh is be-
lieved to underly a significant part of the shortening of APD 
and effective refractory period observed in AF tissue. The 
relative contribution of the inward rectifying currents was 
not different between 1 and 3 Hz. This is due to the biophysi-
cal properties of these channels, responding instantaneously 
to changes in voltage potential. 

Role of IK,Ca in AP forming

We have used a heterologous expression system clamped 
with a low (0.1 µmol/l) and high (1.0 µmol/l) intracellular 
free calcium concentration. During the cardiac action 
potential a fast increase in global intracellular calcium, 
reaching up to 1 µmol/l, which lasts until the end of the AP, 
is observed in cardiomyocytes (Beuckelmann et al. 1992; 
Bouchard et al. 1995). As SK channel activation is strictly 
dependent on rises in intracellular free calcium, it is ques-
tionable whether SK channels are conducting throughout 
the diastolic interval when the atria are beating in sinus 
rhythm. In contrast, during AF the intracellular calcium 
dynamics and Ca2+ handling is compromised and the exact 
mechanisms of Ca2+ signalling in space and time remain 
unravelled. In this regard, AF could be hypothesized to give 
rise to a reduced clearing of intracellular Ca2+ in the fibril-

lating atria, which potentially would lead to a constitutive 
activation of IK,Ca. Further, the exact association and disso-
ciation constants for binding of Ca2+ to calmodulin, which is 
attached to SK channels and essential for its activation, have 
not been elucidated in normal or diseased cardiomyocytes. 
However, in pyramidal neurons it has been reported that 
SK channels mediate intermediate afterhyperpolarization 
lasting hundreds of milliseconds (Stocker 2004). Hence, 
when interpreting our results it is important to keep in mind 
that we have not included the calcium dynamics found in 
intact cardiomyocytes.

We find that activated IK,Ca has a large outward K+ cur-
rent throughout the AP protocol. Hence, our results reveal 
that IK,Ca is not only of importance in the late part of the AP 
repolarization and in the early part of the diastolic interval, 
but could potentially also contribute significantly during 
earlier stages of the AP from when [Ca2+]i is increased above 
the diastolic level (Beuckelmann et al. 1992; Bouchard et 
al. 1995). 

 In conclusion, we have analyzed the potassium current 
contribution of IK1, IK,ACh and IK,Ca when subjected to volt-
age protocols adapted from atrial action potentials recorded 
in human tissue at 1 and 3 Hz both from SR patients and 
electrically remodeled AF patients. IK1 primarily contributes 
to the atrial electrophysiology at the latter part of repolariza-
tion and during the diastole phase, while our investigations 
suggest that both IK,ACh and IK,Ca contribute significantly to 
a major part of the repolarization of the AP and to a minor 
part of the diastolic potential. 
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Abstract. The present study was designed to investigate whether poly-ion complex hollow vesicles 
(polymersomes), based on chemically-modified chitosan, are appropriate for lymph node mapping 
in the context of their application in the development of theranostic nanosized drug delivery systems 
(nano-DDS). The experiments were performed on Balb/c nude mice (colon cancer-grafted). The mice 
were subjected to anesthesia and quantum dot (QD705)-labeled polymersomes (d~120 nm) were 
injected intravenously via the tail vein. The optical imaging was carried out on Maestro EX Imaging 
System (excitation filter: 435–480 nm; emission filter: 700 nm). A strong fluorescent signal, corre-
sponding to QD705 fluorescence, was detected in the lymph nodes, as well as in the tumor. A very 
weak fluorescent signal was found in the liver area. The half-life of QD705-labelled polymersomes 
was 6 ± 2 hours in the bloodstream and 11 ± 3 hours in the lymph nodes. The data suggest that 
polymersomes are very promising carriers for lymph node mapping using QD as a contrast agent. 
They are useful matrix for development of nano-formulations with theranostic capabilities.
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Introduction

Lymph node targeting and mapping is a very important 
direction in the development of theranostic nanosized 
drug delivery systems (nano-DDS) due to the possibil-
ity to treat metastases and/or to visualize and remove the 
sentinel metastatic lymph nodes in surgery. The biopsy of 
the sentinel lymph nodes is very simple as a concept, but 
practically (technically) it is not so easy. In clinical practice, 
the most commonly used fluorophore for this purpose is 
isosulfan blue (Schaafsma et al. 2014). However, sometimes 
the sentinel lymph nodes could be located too deeply (to 
~10 cm below the skin), which restricts their visualization 
and localization prior to surgery using conventional organic 
fluorophores. Therefore, each novelty in this methodology, 
that improves the technique, is accepted with a great enthu-
siasm by clinicians.

The fluorescent imaging using quantum dots (QDs) have 
a great potential for application in surgery – for a precise and 
fast localization of sentinel lymph nodes and small lesions 
(e.g., metastatic tumors), and facilitation of their removal. 
QDs allow visualization of the lymph nodes at a few centim-
eters below the skin surface, before proceeding to the resec-
tion. Thus, it is possible to reduce the size of the resection 
and to decrease the time of surgical intervention.

A lymph node mapping, using QDs, was first published 
in Nature Biotechnology (2004) by Bawendy and Fran-
gioni’s teams (Kim et al. 2004). Currently, there is no doubt 
about the clinical importance of this approach, especially in 
cancer therapy (Vahrmeijer et al. 2013). The near-infrared 
fluorescent nanoparticles have a real potential to replace 
the conventional organic fluorophores in the biopsy of the 
sentinel lymph nodes (Ashitate et al. 2014).

The selective disposition of nanocarriers into the target 
tissue is an essential issue in drug delivery and lymph 
node mapping. In the last several years, the critical size of 
nanocarriers (150 nm), discriminating the permeability 
into normal and tumor tissues, was determined by the use 
of size-tunable, polyion complex hollow vesicles (polymer-
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somes) as a ruler (Meng et al. 2011; Bennett et al. 2014). 
Polymersomes are capable of encapsulating hydrophobic 
and hydrophilic drugs and they can be surface functional-
ized for target-selective drug delivery and delivery of imag-
ing probes. Their polymeric membrane potentially offers 
a protective barrier to proteins, peptides, DNA and RNA 
fragments against deleterious factors that may be present in 
the biological environment (Bennett et al. 2014).

To evaluate the impact of polymersomes (made by dif-
ferent polymer matrices) as drug carriers, it is necessary to 
investigate their pharmacodynamics in vivo and especially 
the possibility to deliver them into the target tissues. One 
of the most preferred targets is cancer due to the efforts to 
develop highly specific therapeutic strategies with minimal 
side-effects. The polymersomes are usually labeled by differ-
ent contrast agents and their pharmacodynamics in cancer 
and non-cancer tissues has investigated in vivo by optical 
imaging, magnetic resonance imaging, positron-emission 
tomography, multimodal imaging (Ghoroghchian et al. 2005; 
Duncan et al. 2008). Currently, a limited number of studied 
describe a localization of polymersomes (Tat-peptide or 
antigen-conjugated) in lymph nodes (Christian et al. 2009; 
Stano et al. 2013).

Semiconductor QDs are one of the most appropriate 
fluorescent markers for deep-tissue optical imaging of phar-
macodynamics of polymersomes in living organisms (Kim et 
al. 2004; Bakalova et al. 2007). The unique optical properties 
of QDs can be used to optimize the signal-to-background 
ratio, to improve the sensitivity of fluorescence detection, 
and to increase the quality of fluorescent deep-tissue imag-
ing in vivo (Kim et al. 2004; Bakalova et al. 2008). Moreover, 
single QDs can be observed and tracked for up to few hours 
by fluorescence confocal microscopy, total internal reflection 
microscopy, or basic wide-field epifluorescence microscopy, 

and single-molecule microscopy, as well as up to few days by 
optical (fluorescent) imaging systems. QDs are also excellent 
probes for two/multi-photon confocal microscopy because 
they are characterized by a large absorption cross-section 
(Bakalova et al. 2011; Osakada and Cui 2011; Chang and 
Rosenthal 2013; Hafian et al. 2014).

The present study was designed to investigate the pos-
sibility for lymph node mapping using QD-labeled size-
controlled long-circulating polymersomes on experimental 
animals, visualized by fluorescent imaging in vivo, and to 
clarify their potential as a carrier of drugs and/or contrast 
agents in diagnostic and treatment of metastases.

Materials and Methods

Chemicals

Water-soluble polymersomes were prepared from cholanic 
acid-modified chitosan as it was described by Lee et al. 
(2012) – with slight modifications (QDs and saturated 
fatty acid were conjugated with chitosan, instead of siRNA). 
Labeling of polymersomes with QDs was carried out via 
carbodiimide chemistry, using N-(3-dimethylaminopropyl)-
N‘-ethylcarbodiimide hydrochloride (EDC) as a zero-length 
cross-linker (Hermanson 1996). The nanoparticles were 
characterized by transmission electron microscopy (TEM), 
dynamic light scattering (DLS) and fluorescent spectroscopy. 
The concentration of QDs in polymersomes was calculated 
by the method of Yu et al. (2003). The structure of the na-
noparticles and their physicochemical characteristics are 
shown in Scheme 1.

QDot®705 ITKTM Carboxyl Quantum Dots were pur-
chased from Invitrogen. Isoflurane was purchased from 

Scheme 1. Scheme and physicochemical characteristics of QD-labeled polymersomes, based on chemically modified chitosan. Physico-
chemical characteristics of QD-labeled polymersomes: average size – 128 nm; size-distribution ~30%; excellent water-solubility; stability 
in high-salt physiological fluids (aggregation was not detected).



395Lymph node mapping using quantum dot-labeled polymersomes

Abbott (Japan). All chemicals used in this study were of 
analytical or HLPC grade.

Experimental cancer model

Balb/c nude mice (21 ± 2 g) were used. Conol26 cells (1 × 105 
in 10 µl PBS, pH 7.4) were inoculated subdermally in the left/
right hindpaw. All measurements were performed ~9–10 days 
after inoculation, when the tumour size was ~100 mm3.

All experiments were conducted in accordance with the 
guidelines of the Physiological Society of Japan and were 
approved by the Animal Care and Use Committee of the 
National Institute of Radiological Sciences, Chiba, Japan.

Optical imaging

All experiments in vivo were conducted under anaesthesia. 
Briefly, the mouse was anaesthetized with 1.5% isoflurane 
using mask. The tail veil was catheterized for administration 
of nanoparticles and the mouse was fixed in the camera of 
the Maestro EX Imaging System, connected to anaesthesia 
device. The body autofluorescence was registered at excita-
tion filter 435–480 nm and emission filter 700 nm (longpass). 
Nanoparticles (QD705 or QD705-labelled polymersomes) 
were injected intravenously (i.v.) via the tail vain (single dose 
– 80 nmol; 100 µl volume) and the whole body fluorescence 
was registered on the back and stomach side at different 

Figure 1. A. Fluorescence spectra of native QD705 in sa-
line solution (on phantom), fluorescence spectra (autoflu-
orescence) of mouse body detected before injection of 
QD705, and fluorescence spectra of mouse body detected 
5 min after i.v. injection of QD705 in the mouse. B. Fluo-
rescent images of colon cancer-grafted mouse, obtained 
immediately (~1 min) and 30 min after i.v. injection of 
QD705-lablelled polymersomes. C. Fluorescent images of 
colon cancer-grafted mouse, obtained immediately (~1 
min) and 30 min after i.v. injection of native QD705. In 
(B) and (C), the white arrows indicate the tumour area, 
the orange arrows indicate the liver area, and the yellow 
arrows indicate angiogenesis. Representative images from 
four independent experiments are shown in the figure. 
ROI, region-of-interest.
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time-intervals. The data were analyzed by Living Image In 
Vivo Imaging software (Maestro version 2.10.0).

Results and Discussion

In preliminary experiment we selected the appropriate con-
centration of QD705 for in vivo imaging, which gives a high 
signal-to-background ratio without saturation of the fluores-
cent signal and existence of artifacts. Thus, before fluorescent 
imaging on cancer-grafted mice, all imaging parameters were 
optimized using native QD705 solutions in different concen-
trations, applied on phantoms and healthy mice (subcutane-
ous and intravenous injections in different volumes). The 
most optimal concentration of QD705 for in vivo application 
was a single dose of ~80 nmol in 100 µl volume.

Figure 1A shows the fluorescent spectra of native QD705 
in saline solution (black line), autofluorescence spectra of 
mouse body (red line) and their overlap after injection of 
native QD705 in mouse via the tail vain (green line). The 

data indicate that QD705, emitting in the near-infrared 
region of the spectrum (700–900 nm), allow to overcome 
the autofluorescence of mouse body and to obtain a strong 
fluorescent signal around 700–710 nm, which comes from 
the nanoparticles.

The images in Figure 1B,C were obtained on colon cancer-
grafted mice, injected intravenously with QD705-labelled 
polymersomes or native QD705 in a concentration, selected 
in preliminary experiments. The images were obtained im-
mediately (~1 min) and 30 min after injection of the nano-
particles. In this short period after injection, the tumor was 
visualized on the basis of angiogenesis (yellow arrows) in both 
cases. The quantum yield of QD705 was high enough to allow 
a deep-tissue imaging of blood vessels. The native QD705 were 
rapidly accumulated into the liver, while QD705-labelled poly-
mersomes practically were not detected in the liver area.

Bright fluorescent spots were visualized on the stomach 
side of the mice, injected with QD-labelled polymersomes 
(Figure 2). In all overlapped spectra detected in these 
spots, there was a very well-defined fluorescent maximum 

Figure 2. Visualization of lymph nodes in colon cancer-bearing mouse after i.v. injection of QD705-labelled polymersomes. A representa-
tive image, obtained 30 min after injection is shown. The fluorescent spectra in red were obtained from each bright spot, indicated by 
orange arrows. The fluorescent spectrum in green was obtained from the region-of-interest (ROI), indicated by yellow dotted arrow.
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at 705 nm, corresponding to the QD705. The background 
spectrum (green line) detected outside the spots was charac-
terized by a high maximum at ~600 nm and a comparatively 
small maximum at 705 nm. In situ imaging showed that these 
were lymph nodes (data are not shown).

The half-life of fluorescence intensity of QD705-labelled 
polymersomes was 6 ± 2 hours in the bloodstream and 11 ± 
3 hours in the lymph nodes. Maximum fluorescence intensity 
in the lymph nodes was detected on the 1st hours after injec-
tion, followed by a plateau within 3 hours and comparatively 
slow decrease within 3–24 hours (Figure 3). Weak fluorescent 
signal was detected in the liver area.

Recently, two teams only have reported a localization 
of size-controlled polymersomes (composed of different 
block copolymers) in lymph nodes. In 2009, Christian et al. 
have developed PZn3-labeled Tat-peptide conjugated NIR-
emissive polymersomes composed of poly(ethylene oxide 
(1300)-b-butadiene(2500)) with 4-fluoro-3-nitrobenzoic 
acid (Christian et al. 2009). The polymersomes have been 
applied for in vivo dendritic cell tracking using fluorescence 
lifetime imaging. During the measurements the authors 

have observed an accumulation of the fluorescent dye in the 
lymph nodes. In 2013, Stano et al. have described antigen-
loaded polymersomes composed of poly(propylene sulfide) 
and poly(ethylene glycol) (Stano et al. 2013). The authors 
have observed that these nanoparticles induced enhanced 
frequencies of antigen-specific CD4+ T cells in the spleen, 
lymph nodes and lungs. Our study is the first demonstrating 
a direct lymph node mapping using polymersomes conju-
gated with contrast agent (e.g., quantum dot).

The data suggest that size-controlled long-circulating 
polymersomes are very promising carriers for contrast sub-
stances in lymph node mapping and drug-carriers for treat-
ment of metastases. They are useful matrix for development 
of nano-formulations with theranostic capabilities.

The growing number of studies on polymersomes 
shows that these nanoparticles are new and valuable tools 
for disease diagnosis and therapy. The enhanced stability 
and tunability of polymersomes will ultimately lead to the 
development of effective carriers for in vivo drug delivery, 
molecular imaging, and cellular mimicry. The potential to 
co-encapsulate two drug molecules in the same polymer-

Figure 3. Dynamics of fluorescence 
intensity in the lymph nodes, liver 
area and skin of mouse, injected with 
QD705-labelled polymersomes. In the 
chart, the kinetic curves correspond to 
the respective region-of-interest (ROI) 
shown in the images.
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some enables combination therapies and eliminates the need 
to individually administer two separate drug formulations 
(Levine et al. 2008; Chen et al. 2014).
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