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Abstract: Compared to ion pumps and carriers, ion channels have been quite late recognised as individual transport 
identities in red blood cells. Here the transition from cell population based flux experiments to single cell based patch-
clamp investigations are described in detail. The present knowledge of cation channels in red blood cells from their 
molecular identity to their electrophysiological properties are summarised. Tendencies and novel concepts for future 
research concerning ion-transport across the red blood cell membrane are discussed. 
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INTRODUCTION 

 Cation channels are versatile transporters, responsible for 
the adjustment of the resting membrane potential in most 
cells, for the induction of the action potential in excitable 
cells and the transmembrane transduction of many signalling 
cascades and ion-exchange in general. Historically, methods 
of tracer flux experiments using red blood cells have been 
extremely popular for investigating transmembrane transport 
processes (e.g. [1, 2]). The major reasons for this popularity 
are summarised in Box 1. 

(i) 
availability (also in large numbers) without seriously affecting the 

donor - such they are the easiest available living cells from 
humans 

(ii) 
individual cells (not connected as in tissue), so if the surrounding 
medium is changed they are immediately and completely covered 

by the new medium 

(iii) 
especially mammalian red blood cells do not contain cell 

organelles or subcellular compartments (cp. Fig. 1A) that could be 
used as ion stores 

(iv) 
the cellular population seems very homogeneous, cell to cell 

differences are minor since growth and development are almost 
stagnating in red blood cells. 

 
Box 1. Reasons for popularity of red blood cells in investigating 
transmembrane transport processes. 

 Even nowadays the availability (reason (i) in Box 1), 
especially the aspect of using human cells, holds a strong 
argument. Nevertheless, a decent number of studies have 
been performed on animal red blood cells. In the following 
the reasons for using animal cells are discussed: 
a) the size of the cells - it is not by chance that the first 

microscopically observed cells at all (probably around 
1660) have been frog red blood cells [3]. For an 
illustration of differing cell sizes refer to Fig. (1A); 

b) to avoid the special condition of lacking cell orga-
nelles and sub-cellular structures (argument (iii) in  
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Box 1) by investigating red blood cells of e.g. birds or 
amphibians, that contain a few organelles like a nuc-
leus or mitochondria and are therefore more repre-
sentative for cells in general; 

c) disease models might be more advantageous on 
certain animals, for instance the malaria Plasmodium 
gallinaceum in chicken red blood cells (cp. Fig. (1B) 
and Thomas et al. 2001 [4]) is not infectious to 
humans and therefore eases cell handling; 

d) animal red blood cells may display certain properties 
that are absent or not inducible in human red blood 
cells - examples are transgenic animals or lamprey 
erythrocytes having an inactive band 3 protein [5,6]. 

 Within this review the focus is set to human red blood 
cells, however, animal red blood cells are covered if their 
investigation made a significant contribution to the cation 
channel identification or investigation. 
 With the advent of methods addressing membrane 
properties more directly than flux experiments, namely the 
patch-clamp technique, but also single molecule imaging 
techniques or cloning and over-expressions of channels e.g. 
in oocytes, on the one hand a lot of open questions in the 
field of red blood cell transmembrane transport could be 
resolved (see below). On the other hand other cell types, not 
meeting the conditions of being individual cells per se and 
not containing cell organelles (reasons (ii) and (iii) in Box 1, 
respectively), became easier to investigate and ousted red 
blood cells somewhat from their central role of transport 
investigations. However, in the recent years it became 
evident, that the homogeneous cell population (argument (iv) 
in Box 1) is of limited validity. There are subpopulations 
behaving different from the rest of the cells indicating that 
red blood cells are much more versatile than one would 
expect from membrane-bags just holding the haemoglobin. 

THE DISCOVERY OF CATION CHANNELS IN 
ERYTHROCYTES: FROM FLUX-MEASUREMENTS 
TO ELECTROPHYSIOLOGY 

 The transport mediated by the cation channels in the red 
blood cell membrane was in the major fraction observed 
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before ion channels were established facts of life [7]. How-
ever, the discovery of cation transport across a biological 
membrane in general and across red blood cell membranes 
was a long way. The earliest observations considering cation 
concentration alterations under certain conditions date back 
more than 100 years e.g. Abderhalden 1898 [8] and Bang 
1909 [9].  
 The investigations measuring real transport across a 
membrane were boosted by the discovery of radioactivity, 
allowing a precise measurement of the movement of radio-
isotopes across red blood cell membranes. Among the first 
papers proving a cation permeability of the membrane under 
physiological conditions were the experiments by Elma and 
Waldo Cohn published in 1939 [10]. 24NaCl was intra-
venously injected into dogs and blood samples were exa-
mined after several hours in vitro or in vivo. Considerably 
amounts of 24Na were found inside erythrocytes proving a 
Na-permeability. The radioactive tracer flux measurements 
became state of the art and the predominant technique in 
investigating ion transport for almost 50 years. Such 
measurements based on observations in cell populations 
have detected general principles. However, such approaches 
are hardly be able to identify special transport properties of a 
minor subpopulation of the cells. The state of knowledge 
concerning passive cation transport in the red blood cell 
membrane at the advent of the cellular electrophysiology is 
comprehensively summarised by Lew and Beaugé [11]. 
 The investigations “predicting” the Gardos-channel date 
back to the 1930s when Ørskov measured a K+ loss caused 
by Pb2+ [12] and Wilbrandt, who detectet a K+ efflux upon 
inhibition of glycolysis [13]. Both investigations did not 
even hypothesise the Ca2+-activated K+-channel, but the K+-
fluxes they measured were caused by exactly that channel. 
However, the transport process as an Ca2+-activated K+-
pathway was demonstrated by Gardos [14] and the effect 
named after him - later on for consistence the channel was 
also called Gardos-channel. However, in the 1970s novel 
electrophysiological methods appeared, revolutionising the 
investigations and the understanding of membrane transport 

in general. As one of the precurser of the patch clamp-
technique the micro-electrode methodology appeared. In the 
1970s this was applied on Amphiuma red blood cells 
because of their enormous size exceeding even the size of 
frog red blood cells (cp. Fig. 1A). It was shown that the 
hyperpolarisation occuring with the micropuncture of the 
cells was Ca2+-dependent and determined by the membranes 
K+ permability [15]. 
 In similarity to the first observations of the Gardos 
channel the first results nowadays assigned to the voltage-
activated non-selective cation channel, namely the experi-
ments by Donlon and Rothstein from 1969 [16] were flux 
based. They found a three-phasic increase in the salt efflux 
from red blood cells with decreasing extracellular NaCl con-
centration and already discussed the hypothetical chance of a 
channel involvement. However, a voltage-activated cation 
channel was assigned to red blood cells by the work of 
Halperin et al. two decades later [17]. Remarkably it is a flux 
based paper giving evidence of a voltage-activated cation 
channel even after the establishment of the patch-clamp 
technique. The membrane potential was modulated by either 
varying the K+ concentration gradient in the presence of 
valinomycin or by varying the concentration gradient of the 
permeant anion nitrate in the presence of 4,4‘-diisothio-
cyanostilbene-2,2‘-disulfonic acid (DIDS). Interestingly, this 
results could not be verified when the Rb+-flux was 
measured in solutions of low ionic strength (LIS) activating 
the channel by carbachol (see Fig. (2A) and P. Bennekou, 
personal communication). 
 It should be mentioned that parallel to the electro-
physiological characterisation of the voltage-activated non-
selective cation channel (see section 3, below) a K+(Na+)/H+ 
exchanger was proposed and characterised [18, 19]. Both 
transport systems were assigned to be responsible for the 
residual K+ and Na+ fluxes in LIS solutions, but as pointed 
out before (Fig. 2A) under widely used LIS conditions the 
channel could not be observed in radioactive tracer flux 
experiments and most of the LIS effect is mediated by the 
K+(Na+)/H+ exchanger. Only a portion of the initial flux 

 
Fig. (1). Red blood cells of several species. The image A provides a white light image comparing red blood cells from frogs (F) chicken (C) 
and human (H). B depicts one of the first current-traces measured in malaria-infected (Plasmodium gallinaceum) chicken red blood cells. 
Recordings in cell-attached configuration, identical pipette and bath solution containing in mM: 150 NaCl, 5 KCl, 1.4 CaCl2, 1 MgCl2, 5 
glucose, 10 HEPES, pH adjusted to 7.4.  Figure 1B modified from Kaestner 2001 [71]. 
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measured by Donlon and Rothstein, namely the second 
phase of the three-phasic increase is channel mediated [20, 
21]. 

CLASSIFICATION AND PROPERTIES OF 
CHANNELS ACHIEVED BY THE PATCH-CLAMP 
TECHNIQUE 

 The patch-clamp technique as it was introduced by 
Neher, Sakmann and colleagues provided a tool for direct 
ion transport measurements through single channels and 
such provided a direct functional assay for a biophysical 
investigation of ion channels even allowing for versatile 
manipulation options. During the initial 20 years of patch-
clamp measurements on human red blood cells, investi-
gations were limited to the cell-attached configuration and 
excised patches, where channels in the piece of membrane 
touched by the micropipette could be recorded, either with 
the rest of the cell between the two electrodes or under direct 
voltage control of the membrane, respectively. This is caused 
by the difficulty to achieve whole cell recordings from 
human red blood cells, due to their small size and the special 
shape, which is determined by the cytoskeleton [7]. In the 
early days of patch-clamping red blood cells, the possibility 

to achieve whole cell recordings on human red blood cells 
was thought to be impossible [22]. However, with the estab-
lishment of automatised pipette pullers, whole cell record-
ings on red blood cells became a routine method. 
 The first person investigating ion channels in red blood 
cells was Hamill, who published current traces in an abstract 
[23] clearly depicting single channel openings of the Gardos-
channel giving a single channel conductance of 18 pS. This 
initial report was followed by a comprehensive chapter about 
„Potassium and Chloride Channels in Red Blood Cells“ in 
the 1st edition of the classic „Single Channel Recording“ 
book edited by Sakmann and Neher [24]. This chapter was 
focusing on frog red blood cells, but contained all classical 
patch-clamp approaches including whole cell recordings. 
The first comprehensive analysis of the Gardos channel in 
human red blood cells was performed by Grygorczyk and 
Schwarz [25] revealing basic properties such as the K+ to 
Na+ selectivity of 15:1, inward rectification and an estima-
tion of (in average) 10 channels per cell. After this initial 
report a number of follow-up paper appeared correlating the 
patch-clamp data to the flux measurements [26] and further 
characterising the Gardos-channel (cp. Table 1). The follow-
ing years more detailed reports were published, e.g. [27, 28] 

 
Fig. (2). Pannel A displays a radioactive tracer flux measurement. Each bar is the mean (±SEM) of measurements from 3 independent blood 
samples from healthy donors. To address channel activity both major K+-transport entities, namely the Na+/K+/2Cl--cotransporter and the 
Na+/K+-pump were inhibited with 100 µM bumetanide (B) and 100 µM ouabain (O), respectively. To be able to monitor an indirect channel 
activity (Gardos-channel mediated K+-efflux induced by Ca2+-influx), 2 mM Ca2+ was added to the external solution in the experiments 
performed in solutions of high ionic strength (HIS: 145 mM NaCl, 10 mM MesTRIS, 10 mM glucose). To depolarise the cells, 
measurements were performed in solution of low ionic strength (LIS: 10 mM MesTRIS, 10 mM glucose, 250 mM sucrose) leading to a 
measured membrane potential of approximately 45 mV [72]. Since carbachol activates the non-selective voltage activated cation channel 
[34], a significant difference should be observed in LIS-solutions in the presence and in the absence of carbachol. This change could not be 
measured. To ensure that bumetanide and ouabain do not interfere with the non-selective voltage activated cation channel, the experiments in 
LIS-solution were repeated without the presence of the mentioned inhibitors. Again, a significant difference between the presence and 
absence of carbachol was not detectable. Pannel B is a plot of a current trace recorded from an excised patch showing a number of 
biophysical properties of the non-selective voltage activated cation channel. The pipette and bath solution contained 20 mM Na-tartrate and 
70 mM Na-tartrate, respectively. Additionally, both solutions contained 2.5 mM BaCl2, 10 mM glucose, 100 µM bumetanide, 100 µM 
ouabain and 10 mM MOPS. The tonicity of the solutions was adjusted to 300 mOsM with sucrose and the pH-value was adjusted to 7.4 with 
NaOH. The inset shows the applied voltage ramp in the voltage-clamp mode, while the current trace nicely reflects the open probability of 
the channel being zero up to a membrane potential of approximately 25 mV and being about 1 from 75 mV upwards. The conductance is 
approximately 21 pS and the current-voltage relationship is within the range of the open probability roughly linear. 
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culminating in two papers by Leinders et al. [29, 30] sum-
marising and complementing the knowledge of the opening 

behaviour of the Gardos channel. 

 
Table 1. Overview of all Cation Channels and their Properties Described in Red Blood Cells 
 

I. The Gardos Channel 

Property Reference Remark 

flux measurement based evidence Gardos 1958 [14] short, but precise report published as 
"preliminary notes" 

microelectrode measurements of Ca2+ induced hyperpolarisation 
Lassen et al. 1974, 1976 

[15,73], Gardos et al. 1976 
[74] 

performed on giant red blood cells from 
Amphiuma means 

elelctrophysiological identification as a 18 pS channel by patch-clamp Hamill 1981, 1983 [23,24] major part of characterisation performed 
on frog red blood cells 

elelctrophysiological characterisation such as modulation of single channel 
conductance, selectivity of K+ over Na+ being 17:1, temperature dependence 

Grygorczyk and Schwarz 1983 
[25], Grygorczyk et al. 1984 

[26], Grygorczyk and Schwarz 
1985 [69], Grygorczyk 1987 

[70] 

all measurements performed on human 
red blood cells - inside out patches 

Ca2+ dependence of opening behaviour and the concentration dependent 
action of various metal ions 

Leinders et al. 1992a, b 
[29,30] 

2 side by side articles, all measurements 
performed on human red blood cells - 

inside out patches 

molecular identity (hSK4) Hoffman et al. 2003 [43] Western blots from ghost membranes 

whole cell conductance was noninactivating and inward rectifying for K+; 
selectivity of K+,Rb+:Cs+:Na+,Li+, NMDG:NH4

+ was 51:5:>1:0; inhibition 
(EC50) by charybdotoxin (28 nM), clotrimazole (153 nM), nitrendipine (27 
nM), Stychodactyla toxin (291 nM), margatoxin (459 nM), miconazole (785 
nM)econazole (2.4 µM), cetiedil (79 µM); activation (EC50) by 1-ethyl-2-

benzimidazolinone (74 µM) 

Jensen et al. 1998 [42] 

channel properties not investigated in red 
blood cells, although the characterisation 
was before the molecular identification of 

hSK4 in red blood cells it was already 
proposed to be the Gardos-channel 

II. Low Conductance Cation Channel 

Propery Reference Remark 

15 pS caused by inward current Grygorczyk and Schwarz 1983 
[25] 

cell attached configuration with the 
pipette solution in mM: 140 KCl, 1 

EGTA, 1 MgCl2, 10 MOPS 

17 pS, K+ selectivity Bennekou and Christophersen 
1988 [31] abstract 

8.4 pS in physiological ionic strength, 17 pS at approximatly bisected ionic 
strength 

Kaestner and Bernhardt 2002 
[32] 

when in inside out patches (symmetrical 
150 mM KCl solution) the bath solution 

was exchanged for 75 mM KCl no shift in 
the reversal potential could be observed 

III. The Voltage-activated Non-selective Cation Channel 

Propery Reference Remark 

flux measurement based evidence for voltage activation < 40 mV, 
permeability for Na+, K+ and Ca2+ inhibition by ruthenium red Halperin et al. 1989 [17] 

potential was adjusted by either varying 
the K+ concentration gradient in the 

presence of valinomycin or by varying the 
concentration gradient of anion nitrate in 

the presence of DIDS 

elelctrophysiological identification, zero current conductance of 35 pS, open 
probability increases between -30 mV and +30 mV from 0 to 100% 

Christophersen and Bennekou 
1991 [33] 

all measurements were performed in 
symmetrical 500 mM salt solutions 

acetylcholine sensitivity Bennekou 1993 [34] measurements were performed in 
symmetrical 500 mM salt solutions 

elelctrophysiological characterisation under physiological conditions, 
permeability for divalent cations 

Kaestner et al. 1999, 2000 
[20,44] 

the 2000 paper reconciles the discrepancy 
between the report of Chistophersen and 

Bennekou and the 1999 paper 

hysteretic behaviour of the open probability Kaestner et al. 2000 [44], 
Bennekou et al. 2004 [57] 

the property was initially found in patch-
clamp experiments, but confirmed in cell 

suspension 
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(Table 1) Contd….. 

III. The Voltage-activated Non-selective Cation Channel 

Propery Reference Remark 

whole-cell investigations Rodighiero et al. 2004 
[58] 

confirmation of previous single channel 
recordings 

activation by clotrimazole and analogues; inhibition: 30% by 100 µM La3+, max. 
70% by ruthenium red (IC50 of 3.7 µM); inactivation by N-ethyl-maleimide (IC50 

of 660 µM), iodoacetamide (IC50 of 480 µM), 2,4‘-dibromoacetophenone and 
declined pH values down to 6.0 

Barksmann et al. 2004 
[68], Bennekou et al. 
2004, 2006 [59,60] 

paper trilogy based on flux experiments; 
CCCP-estimated membrane potentials 

indications for identity CaV2.1 Andrews et al. 2002 
[48] 

Western blots from ghost membranes and 
ω-agatoxin pharmacology in flow 

cytometry 

for CaV2.1 no activators are known, but is blocked by ω-conotoxin MVIIC, 
piperidines, substituted diphenylpiperidines, piperazines, volatile anesthetics, 

gabapentin, mibefradil, peptide toxins DW13.3 and ω-conotoxin SVIB 
Catterall et al. 2005 [49] review, CaV2.1 channel properties not 

investigated in red blood cells 

IV. The Receptor-activated Non-selective Cation Channel 

Propery Reference Remark 

flux measurement based evidence Li et al. 1996 [67], 
Yang et al. 2000 [61] 

indirect measurement by Gardos-channel 
activity in the 1996 paper; 45Ca2+ flux and 

Fluo-3 based FACS in the 2000 paper 

activation by osmotic shock and oxidative stress 
Huber et al. 2001 [37] 
Duranton et al. 2002 

[38] 

performed in whole cell configuration on 
red blood cell ghosts 

activation by prostaglandine E2 and lysophospatidic acid 
Kaestner and Bernhardt 
2002 [32], Kaestner et 

al. 2004 [35] 

at the time of publication believed to be a 
property of the voltage-activated non-

selective cation channel; still not 
completely resolved 

inhibition by ethylisopropylamiloride and erythropoietin Lang et al. 2003 [62], 
Myssina et al. 2003 [63] 

channel inhibition protects against 
eryptosis 

V. TRP C6 Channel 

Propery Reference Remark 

identification (Western blot) Föller et al. 2008 [46] 
the particular Western blot was provided 

by V. Flockerzi, M. Meissner and M. 
Freichel (Saarland University, Germany) 

Ca2+ entry changes into human ghosts upon antibody incubation Föller et al. 2008 [46] performed by FACS analysis 

no selective or high affinity ligands for activation or inhibition; activation by 
phospholipase C signalling or directly by diacylglycerol 

Abramowitz and 
Birnbaumer 2009 [64] 

review, channel properties not exclusively 
investigated in red blood cells 

VI. NMDA-Channel 

Propery Reference Remark 

identification (Western blot, imunohistochemistry) Makhro et al. 2010 [47] 
performed on rat red cells, predominantly 

present in reticulocytes and young 
erythrocytes 

identification in human red blood cells Bogdanova et al. 2009 
[65] increased occurrence in sickle-cell patients 

agonists: L-glutamate, glycine, D-2-amino-5-phosphonovalerate, 7-
chlorokynurenate; sensitivity and affinity depends on heteromeric subunit 

composition 

Yamakura and Shimoji 
1999 [66] 

channel properties not investigated in red 
blood cells 

 
 Along with the recordings of the Gardos channel, a small 
conductance of about 17 pS was observed by Grygorczyk 
and Schwarz [25] without further characterisation. Bennekou 
and Christophersen [31] confirmed the finding. Kaestner and 
Bernhardt [32] reported a channel of a similar conductance, 
showing no shift in the reversal potential when the KCl 
concentration in the bath was bisected. Therefore they 
concluded to face a proton channel. It is unknown if this 

channel is identical with the previous reports and an 
independent confirmation of these results is lacking. 
 Single channel currents of the voltage-activated non-
selective cation channel in human red blood cells were firstly 
measured by Christophersen and Bennekou [33]. Measure-
ments have been performed in 500 mM salt solutions and as 
turned-out later on, showed a frequent appearance because it 
is coupled to an acetylcholine receptor of nicotinic type and 
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a contamination of utensils with nicotine due to tobacco 
smoking in the lab took place [34]. However, the channel 
could be verified in physiological solutions under agonist 
free conditions, with an extremely low open probability [20]. 
The biophysical properties of the channel are nicely dis-
played by a single current trace depicted in Fig. (2B): The 
ramp reflects the I-V relationship and the channel follows 
the typical open probability - for a detailed description refer 
to the figure legend of Fig. (2B). 
 In 2002 the first electrophysiological report of a receptor-
like channel not showing voltage dependent activation 
behaviour appeared [32]. At the time of publication it was in 
similarity to the follow-up reports [35, 36] believed that this 
channel is identical with the non-selective voltage-activated 
cation channel. Whether this is the case or not could still not 
be resolved completely. As a working hypothesis these 
reports were grouped in table 1 with other observations by 
the group of Florian Lang depicting channel activation by 
osmotic shock and oxidative stress [37, 38]. 
 Once the channels are identified on a molecular level (see 
section 4, below), a huge number of reports about the chan-
nels from other cell types become available. A full coverage 
of these sources would blast the frame of the present review. 
Therefore it is just pinpointed to comprehensive reviews (see 
Table 1, last line for each channel, if applicable). 

TOWARDS THE MOLECULAR IDENTITY OF THE 
CHANNELS 

 Identifying the amino-acid blueprint of ion-channels in 
red blood cells needs a different strategy compared to other 
cell types, where cloning the protein is the method of choice. 
Looking at the recent work of proteomics in red blood cells 
approximately 150 membrane proteins were identified [39, 
40]. However, there are basically no obvious candidates for 
ion channels, although their existence is clearly proved by 
the patch-clamp technique (compare section 3, above). All 
identification concepts so far mainly on antibody recog-
nition, either in Western blots or in immunohistochemistry. 
 As for the Gardos channel at the end of the 1990s a Ca2+-
activated K+-channel (hSK4) was cloned from, among other 
tissues, human T-lymphocytes [41] and was assigned to the 
KCNN4-gene. Shortly afterwards this cloned channel was 
characterised [42] and from that time the hSK4-channel was 
the hottest candidate for the Gardos channel, because electro-
physiological characterisation as well as the pharmacology 
of the channel was virtually identical. In 2003 Joe Hoffman 
and co-workers presented a paper [43] providing further 
evidence: The Western blots of erythrocyte membranes dis-
played a clear band for SK4. Additionally, the develop-
mental route was followed from Northern and Western blots 
of human erythroid progenitor cells to RT-PCR of RNA 
from reticulocytes also discriminating all other isoforms of 
the SK-family. These results whipped away all doubts for the 
hSK4 being identical with the Gardos channel. 
 For the non-selective cation conductance the situation is 
slightly more complex. It seems to be clear that the TRPC6 
and the NMDA channels are present in red blood cells. For 
the TRPC6 and the NMDA-channel, the groups of 
Flockerzi/Freichel and Bogdanowa provided the Western 

blots, respectively (for references refer to Table 1). However, 
both channels can not completely account for Ca2+-entry 
measured by patch-clamp, flow cytometry and fluorescence 
imaging before [37, 44, 45]. The TRPC6-channel covers just 
a fraction of the non-selective cation-influx ([46] and own 
unpublished results). The NMDA-channel is just found in a 
fraction (subpopulation) of the cells [47]. In conjunction 
with the Ca2+-permeability a report described Western blots 
against the α1A-subunit of the voltage activated CaV2.1-chan-
nel in human red blood cells [48]. From the electro-
physiological characterisation it is very hard to compare the 
data of the voltage-activated non-selective cation channel in 
red blood cells to CaV2.1-channel recordings in other cells, 
since these properties are differentially affected by the 
coexpression level of particular β-subunits as well as by 
alternative splicing of the α1A-subunit [49]. To clarify this, 
further investigations are compulsory. 
 For the low-conductance cation channel it is not even 
clear whether these are substates of channels covered above 
or if they have their own identity. No molecular data are 
available. 

RESEARCH PERSPECTIVE 

 The future basic research of red blood cells relies - as for 
most other cell types - on genetic manipulation. This mani-
pulation might be more difficult in red blood cells, since the 
lack of protein transcription and translation machinery in 
mature mammalian red blood cells provokes more sophis-
ticated methods. Presently there are two major strategies: (i) 
manipulation of stem cells and consecutive differentiation 
into red blood cells as described by Douay and coworkers 
[50]. A proof of principle that the expression of fluorescent 
fusion proteins works out in red blood cells was shown by 
Dickinson and coworkers when using the GFP expression to 
follow blood flow properties [51], (ii) the use of transgenic 
animals. Animals having a protein knocked-out or protein 
over expression, can be investigated independent of their 
initial purpose of breeding if the method to breed the 
transgene animal leads to a global and tissue-unspecific gene 
manipulation. Since the generation of a transgenic mouse is 
very labour intensive such synergic effects with other res-
earch fields can be used. However, within the recent years it 
became more popular to breed tissue specific and inducible 
transgenic animals. This may prevent the re-use of 
transgenic animals in red cell research that have been 
originally dedicated to other research areas. 
 Furthermore, the future mode of investigation will be 
single cell based such as patch-clamp, flow cytometry or live 
cell imaging, because it enables to identify also smaller 
subpopulations of cells that can hardly be addressed by 
measurements of huge populations of cells such as tracer 
flux analysis. 
 In that respect it has to be mentioned that these detection 
methods need to be further exploited. Presently it is e.g. still 
not possible to measure intracellular calcium concentrations 
in red blood cells in a quantitative manner. It has been 
proposed but never performed to solve that problem by 
fluorescence lifetime imaging [45]. 
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 Further concepts imply the expression of genetically 
encoded biosensors (GEBs) that have been proved to be 
useful tools in many different cell types, either as biomarker 
[52, 53] or as a functional sensor [54, 55]. As for other 
protein manipulation, the challenges described above lead to 
the concept of GEB expression in erythroid progenitor cells 
and consecutive differentiation into red blood cells still 
containing the sensor. 
 Independent of the direction of future technological deve-
lopments, investigations of red blood cell cation channels in 
health and disease will foster the understanding of blood 
related pathologies and may provide deeper insight in 
general cellular physiology [56]. 
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