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Abstract


Synchronised signal transduction between cells is crucial, since it assures fast and immutable information processing, which is vital for


flawless functioning of living organisms. The question arises how to recognise the ability of a cell to be easily coupled with other cells. In


the present paper, we investigate the system properties that determine best coupling abilities and assure the most efficient signal


transduction between cells. A case study is done for intercellular calcium oscillations. For a particular diffusion-like coupled system of


cellular oscillators, we determined the minimal gap-junctional permeability that is necessary for synchronisation of initially asynchronous


oscillators. Our results show that dissipation is a crucial system property that determines the coupling ability of cellular oscillators. We


found that low dissipation assures synchronisation of coupled cells already at very low gap-junctional permeability, whereas highly


dissipative oscillators require much higher gap-junctional permeability in order to synchronise. The results are discussed in the sense of


their biological importance for systems where the synchronous responses of cells were recognised to be indispensable for appropriate


physiological functioning of the tissue.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Synchronised signal transduction is of crucial impor-


tance, since it assures fast and immutable information


processing. For example, it has been shown experimen-


tally that beta cells, which form pancreatic islets must


function highly coordinated in order to produce enough


insulin [1]. Moreover, experimental studies on several


other cell types also showed that Ca2+ signals propagate


through tissue in a highly organized manner in time and


space [2–6]. Several experimental [7–9] as well as


theoretical studies [10,11] emphasize the importance of


inositol trisphosphate (IP3) as an important messenger in


many cells, inducing synchronised Ca2+ oscillations in


tissue. In some other cells, electrical coupling plays a


vital role assuring synchronised oscillations among cou-


pled cells [12–15]. However, the calcium ions seem to be
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the most important second messengers assuring cell


synchronisation in general [16–22].


The importance of calcium ions is well established at the


intra- as well as intercellular level (for review see Refs.


[23,24]). In excitable as well as in non-excitable cells, a


significant part of signal transduction from receptors at the


cell membrane to enzymes, controlling the complex behav-


iour of the biological systems, is performed by the oscil-


latory changing of free cytosolic Ca2+ concentration.


Cytosolic Ca2+ oscillations regulate many cellular processes


from egg fertilization to cell death [25]. The mechanisms of


these oscillations have been intensely investigated both from


experimental and theoretical point of view (for review see


Refs. [24,26]).


At the intercellular level, synchronisation of cytosolic


Ca2+ oscillations plays a vital role in the communication


between adjacent cells in tissue. During the last decade,


experimental evidences of intercellular spread of Ca2+


oscillations have been provided (for review see Refs.


[23,27,28]). For example, in hepatocytes [9,16,18], spinal


cord astrocytes [29], chromaffin cells [13], epithelial cells


[8,30], cholangiocytes [22], keratinocytes [21] and different
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malignant cells [19,20] synchronised Ca2+ oscillations be-


tween coupled cells have been found. The majority of


intercellular communications via calcium ions relies on


gap-junctional signal trunsduction ([16–22], for review


see Refs. [23,27,28]). Gap junctions are intercellular chan-


nels that connect the interiors of coupled cells and have an


important function in maintaining tissue homeostasis and


are thus a critical factor in the life and death balance of cells.


Sáez et al. [16] showed that hepatocytes can communicate


directly via calcium transmission through gap junctions.


Tjordmann et al. [18] studied connected hepatocytes pairs


and triplets, which were connected through gap junctions.


They found that calcium diffusion between adjacent cells


guaranties synchronised oscillations of Ca2+ in the coupled


cells. In cholangiocytes, Bode et al. [22] discovered that


apical exposure to ATP induced Ca2+ oscillations that were


coordinated among neighbouring cells. Furthermore, they


showed that inhibition of gap junctions permeable to Ca2+


ions desynchronised the Ca2+ oscillations. Korkiamaki et al.


[21] found that the type 1 of neurofibromatosis is related


with altered calcium-mediated signalling between keratino-


cytes. Calcium signalling through gap junctions was also


found between malignant glioma cells and astrocytes [19].


Malignant cells are prominent examples of Ca2+ based


communications through gap junctions. They form gap-


junctional connections with healthy cells across the tissue


and so spread, causing cell death. Krutovskikh et al. [20]


showed that Ca2+ ions are the most probable cell-killing


messengers that spread through gap-junctional connections


between healthy and malignant cells of tissue.


Coupling of calcium oscillations has also been studied


by use of mathematical modelling (for review see Ref.


[24]). Höfer [31], for example, showed that hepatocytes,


with initially different oscillation frequencies, when cou-


pled by gap junctions, synchronise because of calcium


diffusion between adjacent cells. Moreover, Höfer et al.


[32] studied the interrelation between the cytoplasmic


Ca2+ diffusion coefficient and the required gap-junctional


permeability for synchronised calcium oscillation among


coupled cells. They also examined effects of varying


calcium buffer concentration and the cytoplasmic inositol


trisphospahte level on coupling properties of cellular


oscillators. Zhang et al. [33] reported the phenomenon


of internal stochastic resonance in a diffusion-like coupled


model. They coupled identical cells with the same oscil-


lation frequency and induced asynchronous oscillations by


using different initial conditions for individual oscillators.


Their results indicate that noise can induce synchronisa-


tion in the initially unsynchronised system. Similar results


were obtained by Gracheva et al. [34]. They found that


stochastic effects in the coupled system improve agree-


ment with experimental results. All these theoretical


analyses [31–34] show that if the permeability of gap


junctions, which are permeable to calcium ions, is high


enough, and/or the stochastic effects are taken into


account, synchronisation of initially asynchronous Ca2+

oscillations in a coupled system can be achieved. The


question arises, however, which are those system proper-


ties that determine the highest coupling abilities of


coupled cells, i.e. under which internal system conditions


the minimal gap-junctional permeability is needed in


order to synchronise the initially asynchronously oscillat-


ing coupled cells.


In the present paper, we study the system properties of


a single oscillator, under which synchronisation of initial-


ly unsynchronised cells is most easily to achieve. We


introduce local dissipation as a measure for coupling


ability of cellular oscillators. The local dissipation reflects


the attractive properties of a limit cycle in phase space at


a given time. The limit cycle in the phase space corre-


sponds to Ca2+ oscillations in a single cell. Therefore,


local dissipation seems to be a good measure for deter-


mining adaptation ability of the system to external per-


turbations and thus, synchronisation properties of


individual oscillators. First, the interrelation between the


local dissipation and the synchronisation ability with a


well-defined cell-independent external forcing signal is


studied. This gives basis for better understanding of the


mechanisms involved in adaptation processes within sin-


gle cells, which are crucial for understanding the syn-


chronisation of coupled cells. The interrelation between


the synchronisation properties of coupled cells and the


local dissipation is studied for a diffusion-like coupled


system of two cellular oscillators. In dependence on the


local dissipation of the particular oscillator in the coupled


system, we look for the minimal gap-junctional perme-


ability that is necessary for synchronisation of initially


asynchronous oscillators. Local dissipation and coupling


properties of the dynamical system seem to be in close


interrelation. The results obtained for two coupled oscil-


lators can be easily generalised to multi-cellular systems.


In Discussion, the biological importance of the results is


discussed and some further applications of our findings


are proposed for systems of coupled cells with other


heterogeneities than studied in this paper.

2. Mathematical model


The role of local dissipation in synchronisation of Ca2+


oscillations is studied in a model for simple and complex


Ca2+ oscillations [35]. In the model, the endoplasmic


reticulum (ER) as well as mitochondria are taken into


account as intracellular Ca2+ stores. After cell stimulation


with a hormone, Ca2+ is released from the ER through


IP3-sensitive Ca2+ channels. The cytosolic Ca2+ concen-


tration increases very rapidly due to calcium-induced


calcium release (CICR) and begins oscillating. Calcium


oscillations result from the Ca2+ exchange across the ER


membrane, Ca2+ sequestration in mitochondria and Ca2+


binding to cytosolic proteins. Here, the model equations


are only briefly presented (for details see Ref. [35]). The







Table 1


Model parameters for which all results are calculated unless otherwise


stated


Parameter Value


Total concentrations


Catot 90 AM
Prtot 120 AM


Geometric parameters


qer 0.01


qm 0.01


ber 0.0025


bm 0.0025


Kinetics parameters


kch 480–4650 s�1


kleak 0.05 s�1


kpump 20 s�1


kin 300 AM s�1


kout 125 s�1


km 0.00625 s�1


k+ 0.1 AM�1 s�1


k� 0.01 s�1


K1 5 AM
K2 0.8 AM


Coupling parameters


h 0–0.16 s�1


a 0.02 s�1
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free Ca2+ concentrations in the cytosol (Cacyt), in the ER


(Caer) and in the mitochondria (Cam) are calculated by


the following differential equations (for parameter values


see Table 1):


dCacyt


dt
¼ Jch � Jpump þ Jleak þ Jout � Jin þ JCaPr � JPr;


ð1Þ


dCaer


dt
¼ ber


qer


ðJpump � Jch � JleakÞ; ð2Þ


dCam


dt
¼ bm


qm


ðJin � JoutÞ; ð3Þ


where


Jch ¼ kch
Ca2cyt


Ca2cyt þ K2
1


ðCaer � CacytÞ; ð4Þ


Jpump ¼ kpumpCacyt; ð5Þ


Jleak ¼ kleakðCaer � CacytÞ; ð6Þ

JPr ¼ kþCacytPr; ð7Þ


JCaPr ¼ k�CaPr; ð8Þ


Jin ¼ kin
Ca8cyt


Ca8cyt þ K8
2


; ð9Þ


Jout ¼ kout
Ca2cyt


Ca2cyt þ K2
1


þ km


 !
Cam: ð10Þ


The concentrations of free and occupied protein binding


sites of proteins (Pr and CaPr, respectively) are calculated


by conservation relations for the total protein binding sites


in the cytosol (Prtot) and for the total Ca2+ concentration in


the cell (Catot):


Pr ¼ Prtot � CaPr; ð11Þ


CaPr ¼ Catot � Cacyt �
qer


ber


Caer �
qm


bm


Cam: ð12Þ


In the basic model, described by Eqs. 1–12, Catot is


constant, while in case of cell coupling, this quantity is


variable (see below).


Coupling properties are studied for the system of two


cells coupled via a passive diffusion-like calcium transfer


through gap junctions, which is justified by experimental


evidences [16–22]. The calcium diffusion through gap


junctions is modelled by an additional Ca2+ flux through


the cell membrane [31–33]. Consequently, differential


equations for the cytosolic Ca2+ concentration in each cell


read:


dCacyt;1


dt
¼ Jch;1 � Jpump;1 þ Jleak;1 þ Jout;1 � Jin;1


þ JCaPr;1 � JPr;1 þ h � ðCacyt;2 � Cacyt;1Þ; ð13Þ


dCacyt;2


dt
¼ Jch;2 � Jpump;2 þ Jleak;2 þ Jout;2 � Jin;2


þ JCaPr;2 � JPr;2 þ h � ðCacyt;1 � Cacyt;2Þ ð14Þ


where indexes 1 and 2 denote the two coupled cells and h is


the effective gap-junctional calcium permeability.


The total concentration of calcium in the ith cell, Catot,i,


is due to coupling no longer constant. Therefore, additional


differential equations are needed for calculating changes in
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the total Ca2+ concentration in the first (Catot,1) and in the


second cell (Catot,2):


dCatot;1


dt
¼ h � ðCacyt;2 � Cacyt;1Þ; ð15Þ


dCatot;2


dt
¼ h � ðCacyt;1 � Cacyt;2Þ; ð16Þ


All results are calculated for the parameter values given


in Table 1 if not otherwise stated.

Fig. 1. Responses of the regular oscillatory regime at kch=480 s�1 to the


external forcing ( Jforcing, a=0.02 s�1): (A) time course of Cacyt (thick solid


line, left y-axis) remains unaffected by the external forcing (doted line, right


y-axis) if it is applied in the rigid part of the oscillation period (left side of


the dashed line); (B) time course of Cacyt (thick solid line, left y-axis) is


altered (thin solid line, left y-axis) by the external forcing (doted line, right


y-axis) if it is applied in the flexible part of the oscillation period (right side


of the dashed line); (C) time course of the local dissipation (thin solid line,


left y-axis) and time course of Cacyt (thick solid line, right y-axis) for one


oscillation period.

3. Results


We examine the coupling properties of two coupled cells


for different levels of agonist stimulation (kch). The two cells


are coupled via a passive diffusion-like calcium flux through


gap junctions (see Eqs. (13) and (14)), which is very


common in a large variety of cell types [16–22]. Initially,


the two cells oscillate asynchronously, which is a conse-


quence of different initial conditions, whereas the parameter


values of both cells are identical (for parameter values see


Table 1). The coupling ability of the cells is measured by


determining the minimal coupling constant (h), for which


the cells oscillate synchronously.


However, in order to analyse the system properties,


which facilitate cell coupling, we first study the easiest


way of a quasi-cell coupling. We examine cell responses


to a cell-independent well-defined external signal. The


external forcing ( Jforcing) is applied in form of a pulsatile


Ca2+ flux through the cell membrane. The term h�
(Cacyt,2�Cacyt,1) in Eq. (13) is replaced by the Jforcing,


which has the form of Ca2+ spikes characteristic for the


unforced model (F(t)=Cacyt(t)):


Jforcing ¼ aFðtÞ; ð17Þ


where a is a constant regulating the amplitude of the


forcing signal.


First, the response ability of regular oscillations at


kch=480 s�1 is examined. We apply the external signal


( Jforcing) with given amplitude determined by the factor


a=0.02 s�1. The same signal is applied to the basic Ca2+


oscillations at two different times. In Fig. 1A, the first case


is shown in which the basic Ca2+ oscillations (thick solid


line) do not respond to the external signal (dotted line),


whereas in Fig. 1B the response is well expressed in form of


a new Cacyt spike (thin solid line), which emerges as a


consequence of the external forcing. We applied the forcing


signal systematically in the whole oscillation period of the


basic Ca2+ oscillations to determine the region of response


to the external signal with given form and amplitude


(a=0.02 s�1). The dashed line in Fig. 1A and B represents


the boundary between the rigid part (left side) and the


flexible part (right side). If the external signal Jforcing with

a=0.02 s�1 is applied in the rigid part, there is no response,


and contrary, a new spike emerges if the external signal is


applied in the flexible part.


To understand these response abilities of the system


presented in Fig. 1A and B, the time course of the local







Fig. 2. Responses of the regular oscillatory regime at kch = 500 s� 1 to the


external forcing ( Jforcing, a= 0.02 s
� 1): (A) time course of Cacyt (thick solid


line, left y-axis) remains unaffected by the external forcing (doted line, right


y-axis) if it is applied in the rigid part of the oscillation period (left side of


the dashed line); (B) time course of Cacyt (thick solid line, left y-axis) is


altered (thin solid line, left y-axis) by the external forcing (doted line, right


y-axis) if it is applied in the flexible part of the oscillation period (right side


of the dashed line); (C) time course of the local dissipation (thin solid line,


left y-axis) and time course of Cacyt (thick solid line, right y-axis) for one


oscillation period.
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dissipation should be considered. If an attractor in form of a


limit cycle that corresponds to oscillations of cytosolic


calcium in the cell is weakly attractive, i.e. has a low local


dissipation, it seems much easier to alter its shape, thus a


response to the external signal is more likely to occur.


Therefore, the investigation of interrelation between the


local dissipation and the response ability of the oscillator


is reasonable. We calculate the local dissipation as the sum


of diagonal elements of the Jacobian matrix for Eqs. 1–3. In


Fig. 1C, the time course of local dissipation, together with


the time course of Cacyt for kch=480 s�1 is presented. By


comparing Fig. 1A–C, we see that the flexible region (on


the right side of the dashed vertical line) is characterized by


a very low, i.e. close to zero dissipation, whereas the rigid


non-flexible region (on the left side of the dashed vertical


line) is characterized by an increasingly higher dissipation.


In Fig. 2A and B, another example of the response ability


of the model system is shown for the regular oscillatory


regime at kch=480 s�1. Again, the external periodic forcing


of the same amplitude as above (a=0.02 s�1) is applied to


the basic Ca2+ oscillations at two different times. In Fig. 2A,


the original time course (thick solid line) remains unaffected


by the external forcing, whereas in Fig. 2B, a new Cacyt
spike (thin solid line) appears due to the external perturba-


tion. Like in Fig. 1A and B, the dashed vertical line in Fig.


2A and B represents the boundary between the rigid, non-


flexible part and the well-adaptable, flexible part of one


oscillation period. We see that for the oscillatory regime at


kch=500 s�1 the line of separation is shifted much more to


the right, compared to the oscillatory regime at kch=480 s�1,


thus the non-rigid, flexible region is much smaller. To


explain this, we calculate the time course of local dissipation


for the parameter value kch=500 s�1. In Fig. 2C, the time


course of the local dissipation, together with the time course


of Cacyt for kch=500 s�1 is presented. By comparing the two


time courses of local dissipation presented in Figs. 1C and


2C, we see that the time interval in which the dissipation is


low, i.e. very close to zero, is much smaller in Fig. 2C than


in Fig. 1C. This shows that the local dissipation plays an


important role in determining the adaptation properties of a


dynamical system and gives strong evidences that small


values of local dissipation are a necessary condition for high


response and adaptation ability that characterise a flexible


system.


To demonstrate the interrelation between the local dissi-


pation and the response ability of the model system even


further, we examine the regular oscillatory regime at


kch=800 s�1, which is characterised by a time course of


the local dissipation that is close to zero only in an


extremely narrow time interval (see Fig. 3). The conse-


quence of the predominant rigid part of the oscillation


regime is that no effects occur due to external forcing with


the same amplitude as used in the previous calculations


(a=0.02 s�1). An external forcing with much higher ampli-


tude is necessary to provoke an effect, i.e. alteration of the


basic Ca2+ oscillations.

We showed that for a high flexibility of the model system


a larger region of low, i.e. close to zero, local dissipation is


needed. This is reflected in a low time-averaged dissipation


(usually called just dissipation) over the whole oscillation


period, which we calculate as the sum of Lyapunov expo-







Fig. 3. Local dissipation for the regular oscillatory regime at kch=800 s�1.


Time course of the local dissipation (thin solid line, left y-axis) and time


course of Cacyt (thick solid line, right y-axis) for one oscillation period.
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nents according to the algorithm proposed by Wolf et al.


[36]. Indeed, Fig. 4 shows that for kch=480 s�1 the dissipa-


tion is much closer to zero than for kch=500 s
�1 and kch=800


s�1. As shown above (see Figs. 1 and 2) the oscillatory


regime at kch=480 s�1 has a much wider region of the


oscillation period with a close to zero local dissipation and


is therefore more flexible and adapts much better to external


forcing than the oscillatory regimes at kch=500 s�1 and


kch=800 s�1.


The examination of the response ability of Ca2+ oscil-


lations to pulsatile external forcing in dependence on the


local dissipation gives basis for studying the interrelation


between the local dissipation and the coupling properties of


the oscillators. Since we showed that the dissipation of the


model system vary upon different agonist stimulation


(changes in kch), we now examine the interrelation between


the coupling abilities of the system and its local dissipation

Fig. 4. Dissipation of the model system, i.e. the sum of the Lyapunov


exponents (k1+k2+k3), is plotted versus parameter kch. Studied oscillatory


regimes at kch=800 s�1, kch=500 s�1 and kch=800 s�1 are marked with


vertical dashed lines.

for different values of kch. We couple identical cells, i.e.


equations as well as parameter values are the same for all


cells coupled in the system. The initially asynchronous


oscillations in the system are set by different initial con-


ditions for the individual cells. As a result a phase shift (u)
between the oscillations of Ca2+ in the two cells occurs,


whereas the basic oscillation frequency of calcium in each


cell remains the same. We choose the initial conditions in


such a way that u=p (see Fig. 5A). If the coupling constant


(h) is zero, the two cells continue to oscillate asynchronous-


ly (see Fig. 5A). By increasing the value of parameter h, we


achieve synchronisation of Ca2+ oscillations in both cells


(see Fig. 5B).


We have determined the minimal value of the coupling


constant (h) for different values of agonist stimulation (kch).


The results are presented in Table 2. They show that the


time-averaged dissipation is a suitable index determining the


coupling properties of the cells. Low dissipation is a good


guarantee for efficient coupling, i.e. a smaller value of h is


sufficient for the synchronisation. On the other hand, high


dissipation characterizes oscillations that are more rigid in

Fig. 5. Time courses of Cacyt in the first (solid line) and in the second


(dashed line) coupled cell for the oscillatory regime at kch=800 s
�1: (A) h=0


s�1. (B) h=0.16 s�1.







Table 2


Coupling ability of cells at different levels of agonist stimulation


kch (s
�1) h (s�1) k1+k2+k3 (s


�1)


480 0.000016 �4.52


485 0.0024 �5.99


490 0.0067 �7.42


500 0.062 �10.5


550 0.11 �13.1


800 0.16 �14.4


2950 0.060 �6.32


3450 0.048 �5.04


4100 0.040 �2.51


4300 0.036 �1.62


4550 0.14 �0.14


4570 0.085 �0.11


4590 0.061 �0.087


For oscillatory regimes at different values of kch, the minimal value of


coupling constant h and the time-averaged dissipation (k1+k2+k3) are


calculated.
Fig. 6. Dependency between the minimal coupling constant (h) and the


time-averaged dissipation, i.e. the sum of the Lyapunov exponents


(k1 + k2 + k3), for simple spiking (circles connected by a solid line),


complex bursting (squares connected by a dashed line) and sinus-like


(triangles connected by a dotted line) oscillations.


Fig. 7. Local dissipation for the regular oscillatory regime at kch=4300 s�1.


Time course of the local dissipation (thin solid line, left y-axis) and time


course of Cacyt (thick solid line, right y-axis) for one oscillation period.
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the sense that larger values of h are required for the


synchronisation (see Table 2).


However, the time-averaged dissipation alone cannot be


taken as an absolute measure for determining the coupling


abilities of the system. For example, the two oscillatory


regimes at kch=485 s�1 and kch=2950 s�1 have almost the


same time-averaged dissipation, but their critical coupling


coefficients differ considerably (see Table 2). Furthermore,


the oscillatory regime at kch=4550 s�1 has a very low time-


averaged dissipation but requires a comparatively high


coupling coefficient in order to synchronise. These seem-


ingly deceiving results appear due to the fact that for various


values of kch the system expresses different oscillatory


behaviours, from simple spiking, complex bursting as well


as sinus-like oscillations. Haberichter et al. [37] made a


detailed analysis of different oscillatory regimes for the


same model system as studied in this paper. They found


that the system exhibits simple spiking oscillations for


473<kch<1800 s�1, complex bursting oscillations for


1800<kch<4500 s�1 and sinus-like oscillations for


4500<kch<4603 s�1. For the three different oscillatory


regimes, we graphically show the dependency between the


minimal coupling constant that is required for synchronisa-


tion (h) and the time-averaged dissipation separately in Fig.


6. It can be well observed that within a particular oscillatory


regime the time-averaged dissipation largely determines the


coupling abilities of the system.


The fact that two different oscillatory regimes have


almost the same time-averaged dissipation, but posses rather


distinct coupling properties (see Fig. 6), can be well


explained by calculating, in addition to the time-averaged


dissipation, also the local dissipation of the system. This


gives a better insight into the system properties of cellular


oscillators, which enable efficient coupling of cells. In Fig.


7, the local dissipation for the complex bursting oscillatory


regime at kch=4300 s�1 is presented. We see that the local


dissipation oscillates around zero in a wide range of the


oscillation period, which results in a low time-averaged

dissipation. However, the oscillatory part of the low local


dissipation is not so close to zero as in the case presented in


Fig. 1C (kch=480 s�1), for example. Therefore, the cell


requires a slightly larger external input from the neighbour-


ing cell (larger h) to synchronise (as shown in Table 2 and


Fig. 6).


The local dissipation is also necessary to explain the


coupling properties for the sinus-like oscillatory regime at


kch=4550 s�1. The oscillatory regime at kch=4550 s�1 has a


very low time-averaged dissipation (see Table 2) but is


rather difficult to synchronise (a large value of h is re-


quired). This result could be deceiving, since it may suggest


that the system is rigid and feebly adaptable. In fact, in


accordance to the low time-averaged dissipation the system


behaviour can be altered already by very weak external


signals. In case of coupling, the cells alter each others


behaviour extensively already by much smaller coupling


constant than it is required for the synchronisation (results
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not shown). However, under low gap-junctional permeabil-


ity (smaller values of h) oscillations in both cells are highly


irregular and far from being synchronised. That is, under


such conditions oscillations are characterized by a variety of


different amplitudes and frequencies, which at a given time


do not coincide in both cells. For biological systems, this is


not the desired effect, which would contribute to better


synchronisation and signal transmission between cells. In


order to efficiently transmit relevant information, biological


systems must respond controlled and immutably, i.e. their


response has to be synchronised and precisely encoded in its


frequency as well as in its amplitude [2–6]. To explain the


results presented in Table 2 and in Fig. 6, we calculate the


local dissipation of the model system for the parameter


value kch=4550 s�1, which is presented in Fig. 8. It can be


well observed that the very low time-averaged dissipation


results from the sinus-like time course of the local dissipa-


tion (Fig. 8). In accordance to our previous statement, the


low dissipation implies high flexibility of the system, which


is here expressed as a possibility of altering the system


behaviour already with very weak external signals. Howev-


er, in order to have a flexible system with well-defined


responses, in addition to the low dissipation, the local


dissipation has to express some asymmetry, like in (Figs.


1C, 2C and 7). For the larger part of the oscillation period,


the local dissipation either has to be close to zero or should


closely oscillate around zero. This contributes to the low


time-averaged dissipation and represents the flexible part of


the time course. However, in addition to this flexible part,


there must also be at least one well-expressed negative dell


of dissipation (see (Figs. 1C, 2C and 7)). This assures the


system to have a strong attractive region in phase space to


which the system returns with higher probability. Herewith,


the forcing signal cannot change these rigid parts of the time


course but only alters the system’s behaviour in regions of


low dissipation. Therefore, in this case (kch=4550 s�1) the


higher coupling constant is necessary not because the


system would be rigid and non-flexible (like for example


at kch=800 s�1) but because a firm and well-determined

Fig. 8. Local dissipation for the regular oscillatory regime at kch=4550 s�1.


Time course of the local dissipation (thin solid line, left y-axis) and time


course of Cacyt (thick solid line, right y-axis) for one oscillation period.

external signal is needed to prevent uncontrolled behaviour


and assure synchronised responses in the frequency as well


as in the amplitude.

4. Discussion


In the paper, the influence of local and time-averaged


dissipation on coupling properties of calcium oscillations in


diffusion-like coupled cells is examined. Our results show


that Ca2+ oscillations synchronise easily, i.e. at low coupling


constants, in regimes with low time-averaged dissipation,


and rather difficult, i.e. at high coupling constants, in


regimes with high time-averaged dissipation. We argue that


the time-averaged dissipation is a suitable index in charac-


terizing the coupling properties of the system.


However, the time-averaged dissipation cannot be taken


as an absolute measure for estimating the coupling proper-


ties of the system. For better insight into the system ability


to efficiently adapt its oscillations to the neighbouring


oscillator and thereby to synchronise, in addition to the


time-averaged dissipation, its whole time evolution, the so-


called local dissipation, has to be taken into account. The


crucial system property, which efficiently facilitates syn-


chronisation of Ca2+ oscillations in coupled cells, is the


predominantly close to zero local dissipation. This contrib-


utes to the low time-averaged dissipation and represents the


flexible, well-adaptable part of the time course. Intuitively,


if an attractor in form of a limit cycle that corresponds to


oscillations of cytosolic calcium in the cell is weakly


attractive, i.e. has a very low dissipation, it seems much


easier to alter its shape, thus adapting its basic Ca2+


oscillations to the Ca2+ oscillations in adjacent cells. It


should be noted, however, that in addition to this predom-


inant flexible part, there must also exist localised but well-


expressed negative dells of dissipation (see, e.g. Figs. 1C


and 2C). They act as stabilizers and enable well controlled


immutable responses of Ca2+ oscillations to external pertur-


bations. The same reasoning in explaining responses of a


system to external perturbations was tested also for other


model system for intracellular Ca2+ oscillations than studied


in this paper [38–40]. In particular, for the model system


proposed by Kummer et al., [40], we were able to show that


dissipation largely determines sensitivity and flexibility of


regular as well as chaotic Ca2+ oscillations [41]. Therefore,


we conclude that dissipation seems to be a suitable system


property for determining response abilities of the system


also for mathematical models with different heterogeneities


than studied in this paper.


From the biological point of view, the relation between


low dissipation and high flexibility of Ca2+ oscillations also


seems to be of special importance. Dissipation is closely


related with the free energy consumption, which all living


organisms tend to minimise. For signal transmission pro-


cesses, the free energy consumption and the information-


processing rate, which can be well determined [42,43], is of
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high biological interest [44]. Since highly important and


permanently active physiological functions that are vital for


normal functioning and reproduction of living organisms


depend on synchronous Ca2+ oscillations, it is important that


these processes consume as little free energy as possible.


For example, periodic release of luteinizing hormone-re-


leasing hormone (LHRH) from the hypothalamus, which is


essential for normal reproductive functions, requires coor-


dinated intercellular communication based on Ca2+ [45].


Furthermore, also proper insulin secretion relies on


synchronised Ca2+ oscillations in pancreatic islets [1]. All


these functions require fast and efficient synchronisation of


initially asynchronous oscillations throughout the organism,


with as little free energy consumption as possible. There-


fore, in view of low free energy consumption, dissipation of


biological systems should be minimised [46]. In order to


give more precise information about the energy consump-


tion for different oscillatory regimes, one would require


quantitative estimates of the metabolic energy used to


maintain calcium oscillations, being mainly due to ATP


breakdown by the ER and plasma membrane Ca2+ ATP-


ases. However, the determination of the energy consumption


for different oscillatory regimes requires quite extensive


calculations [47] and is therefore beyond the scope of the


present paper.


In previous studies, there were only modest attempts to


explain the phenomenon of faster and more efficient syn-


chronisation of Ca2+ oscillations for one set of system


parameters than for another. For example, Zhang et al.


[33] suggested a possible role of thrirhythmicity in occur-


rence of internal stochastic resonance. Intuitively, this pro-


posal seems to be reasonable since due to coexisting


oscillatory states the system has additional degrees of


freedom. In case of thrirhythmicity, for the same parameter


values, three different oscillatory regimes exist between


which the system can choose. In general, these oscillatory


regimes differ in their amplitudes as well as in their


frequencies [37]. Therefore, one could hypothesise that the


system in a thrirhythmic regime should be more flexible,


and could easily adapt to oscillations in adjacent cells.


Despite this intuitive interrelation between multirhythmicity


and coupling properties of oscillators, our results did not


confirm this hypothesis (see Table 2 at kch=3450 s�1 and the


analysis of thrirhythmicity for the same model system [37]).


Moreover, our calculations show that in determining cou-


pling abilities of the system, complexity of calcium oscil-


lations does not play a role at all. We tested very complex


forms of bursting chaotic regimes, which appear in our


system (e.g. at kch=2950 s�1, see Refs. [35,37]). Since


chaotic regimes poses a broad multitude of different ampli-


tudes as well as frequencies, they appear to be able to


respond even more sensitive and flexible to external pertur-


bations than the multirhythmic regimes. Therefore, one


could hypothesise that chaotic Ca2+ oscillations should be


extremely adaptable to signals from adjacent cells. Galva-


noskis and Sandblom [48,49], for example, studied effects

of external forcing on regular and chaotic Ca2+ oscillations.


Their results suggested a possible role of chaotic processes


in detection of weak signals within cells. Considering these


signals to come from adjacent cells, one could hypothesise


that chaotic regimes are more appropriate for efficient


coupling of cells than regular oscillatory regimes. We


investigated a possible interrelation between chaotic


regimes and a higher coupling ability of the system very


carefully. In general, no such interrelations could be ob-


served. However, in many cases (but not true in general, see,


e.g. Ref. [50]) complex system behaviours may coincide


with regions of lower dissipation (the case in several


mathematical models, e.g. [38–40]). Therefore, special care


has to be taken in order to interpret the results in such


models correctly.


In further studies it would be interesting to test coupling


properties of cells, which are initially not just phase shifted


but also have different basic oscillation frequencies. Some


studies [18,51] suggest that this is of great biological


relevance since adjacent cells may indeed have slightly


different oscillation frequencies due to non-homogenous


agonist stimulation over the whole tissue. Furthermore, it


is also possible that only a few cells are exposed to


sufficient agonist stimulation, while other remain quiescent.


Therefore, possibilities of switching from quiescent to


oscillatory regimes that may appear in consequence of


diffusion-like calcium transfer through gap junctions should


also be examined. Our preliminary studies suggest that these


properties also strongly depend on dissipation of the system,


and additionally on the type of bifurcation, that characterises


the transition between the quiescent and the oscillatory


regime. However, this topic is beyond the scope of the


present paper and further studies will be necessary to clarify


these statements.
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Abstract


Electrochemical impedance spectroscopy (EIS) was evaluated for the direct determination of herbicide 2,4-dichlorophenoxyacetic acid


(2,4-D). Specific antibody against 2,4-D was immobilised onto different gold electrodes. Several methods of antibody immobilisation by


covalent linkage to modified surface were studied. Self-assembled monolayers formed using thiocompounds as cystamine, 4-


aminothiophenol (ATPh), 3,3V-dithiopropionic acid di-(N-succinimidyl ester) (DTSP) and 11-mercaptoundecanoic acid (MUA) were chosen


for the sensing surface activation. Three different sensor types were tested: screen-printed disc and finger-like structures and interdigitated


array (IDA) electrodes produced by lithography. The measurements were carried out in a stationary arrangement, and the reaction between


hapten and the immobilised antibody was observed online. Changes of impedance parameters were evaluated, and the best immobilisation


technique (using 4-aminothiophenol) was chosen for further measurements. Impedance changes due to immunocomplex formation were


evaluated, and the possibility of direct monitoring of 2,4-D binding to the antibody was demonstrated at a fixed frequency. For the strip


sensor, the calibration curves were constructed in concentration range from 45 nmol l� 1 to 0.45 mmol l� 1 of 2,4-D.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Electrochemical impedance spectroscopy (EIS) is a sen-


sitive technique, which monitors response of the studied


system to the application of a periodic small amplitude AC


signal. Measurements are carried out at different frequen-


cies. Analysis of the system response contains information


about the interface, its structure and occurring reactions.


This technique does not lead to the identification of the


chemical bonds or of the intermediates; however, informa-


tion on the reaction rates occurring at the electrochemical


interface can be obtained and provide characterisation of the


intermediates [1].


EIS immunosensors were utilized for determination of


antigen–antibody interactions. In many cases, polypyrrole


was used as an integrated recognition and transduction


system for the immobilisation of biorecognition element.


The example is an immunosensor for detection of luteinising


hormone and for DNA hybridisation discrimination able to

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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differentiate single- and double-stranded DNA [2]. Another


immunosensor used avidin–biotin for antibody immobilisa-


tion [3] allowing design of a highly reproducible and stable


device. A flow injection system using two electrodes for


differential measurements was described [4]. Several meth-


ods for immobilisation of antibodies onto sensor surface


were studied. The stability of self-assembled monolayers


prepared with different thiols on gold electrodes in aqueous


and organic solvents was studied by capacitive techniques


[5]. Short-chain thiols (11-mercaptoundecanoic acid, MUA)


displayed a poor stability in aqueous solution in contrast with


long-chain thiols (16-mercaptohexanoic acid). Similar meth-


ods for the direct detection of antibody–antigen interaction


were studied, using immobilisation of antibody based on


either the self-assembling properties of functional thiols


bearing long alkyl chains or the possibility of a direct


coupling of antibody moieties [6, 7]. The spontaneous


adsorption of antibody on gold was used for detection of


immunological interaction between human mammary tu-


mour-associated glycoprotein and the corresponding mono-


clonal antibody (GP1D8) [8]. The direct monitoring of small


molecules was studied using several techniques including


the effect of conformation changes during interaction with
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the corresponding antibodies. Antibody attached to bilayer


lipid membrane on the surface of a conductometric sensor


was used for detection of 2,4-D [9]. The conformation


changes of metallothioneins immobilized on self-assembled


thiol layers were used for subnanomolar detection of heavy


metals using capacitance measurements [10]. Recently, di-


rect impedimetric affinity sensors based on immobilized


oligonucleotide and antibodies on bilayer surface were


presented [11].


The impedance system described in this paper involved


three types of sensors tested for immunochemical detection


of 2,4-D. 2,4-D is a pesticide widely used in agriculture for


protection of corn fields against weeds [12]. Several immu-


notechniques for its assay were described, involving ELISA


[13–17], ion-selective field effect transistor [18], potentio-


metric sensors [19] and piezoelectric sensors [12] as trans-


ducers. Amperometric sensors, which employed peroxidase


as a label, have been developed in our laboratory [20, 21].


This work studies possibilities of impedance devices for a


direct immunospecific detection of small molecules repre-


sented by the model hapten 2,4-D.


1.1. Experimental


1.1.1. Chemicals


Cystamine dihydrochloride and human serum albumin


(HSA) were obtained from Sigma (St. Louis, USA), 4-


aminothiophenol (ATPh), 2,4-dichlorophenoxyacetic acid


(2,4-D), O-(N-hydroxysuccinimidyl)-N,N,NV,NV-tetramethy-


luronium tetrafluoroborate (TSTU) and 3,3V-dithiopropionic
acid di-(N-succinimidyl ester) (DTSP) were obtained from


Fluka (Buchs, Switzerland); glutaraldehyde was from


Reanal (Budapest, Hungary). 11-Mercaptoundecanoic acid


was obtained from Aldrich; monoclonal antibody (MAb)


anti-HSA was provided by Exbio (Prague, Czech Republic)


and MAb against 2,4-D was prepared at Veterinary Research


Institute (Brno, Czech Republic). All aqueous solutions

Fig. 1. Schemes of electrodes: (A) Strip sensor: 1–working electrode, 2– reference


electrode: 1–Pt working interdigitated electrode, 2–connection (interdigitated arra


electrode sets, 3–alumina support, 4–contacts.

were prepared from Millipore water and degassed before


use.


1.1.2. Preparation of immunosensors


Three types of sensors were used to study antigen–


antibody interactions. The screen-printed electrochemical


strip sensors with either disc or finger-like electrode struc-


tures were supplied by Krejčı́ Engineering (Tišnov, Czech


Republic). The former one consisted of gold-based working


and auxiliary electrodes, the reference and contacts were


from the silver layers placed on an alumina support (25� 7


mm); only reference and working electrodes were used for


measurements. The geometric area of working electrodes of


10 randomly chosen strip sensors was calculated from


digitally captured microscopic images using the software


Quantity One (Biorad, Hercules, CA, USA). The finger


sensor consisted of two electrode sets (2.5� 2.5 mm),


containing five lines of electrodes (Fig. 1). The interdigitat-


ed array electrodes (IDA) were kindly provided by Prof. V.


Tvarožek (Slovak Technical University, Bratislava, Slova-


kia). The IDA electrode consisted of a pair of microband


array electrodes (finger thickness 5 Am with spacing 3 Am).


MAb E2/G2 anti-2,4-D was immobilised on the sensor


surface using different methods. At the beginning, the


sensors were carefully washed in acetone for 10 min. The


working electrode was then coated with a drop of thiocom-


pound (90 Amol l� 1 cystamine in water, 0.16 mmol l� 1 4-


aminothiophenol in dimethylsulfoxide, DMSO), and


allowed to incubate for 2 h at room temperature. The amino


groups from these deposited self-assembled monolayers


were activated with glutaraldehyde (3% in water, 1-h incu-


bation at room temperature). Alternatively, activation using


11-mercaptoundecanoic acid was performed with the solu-


tion of TSTU. A 500-Al sample of 25 mmol l� 1 MUA


solution in DMF was mixed with the same amount of 50


mmol l� 1 solution of TSTU in DMF. The prepared mixture


was stirred for 24 h and used for activation of sensor surface

electrode, 3–auxiliary electrode, 4–alumina support, 5–contacts. (B) IDA


y contacts), 3–contacts. (C) Finger strip sensor: 1–working electrodes, 2–







 


 


Fig. 2. Equivalent circuit used for evaluation of gold electrodes with


immobilized biolayers.
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(24 h). The last tested activation method involved incuba-


tion of the sensor surface with solution of DTSP (50 Amol


l� 1) in DMSO for 2 h. The final step for all three procedures


was always the incubation with anti-2,4-D MAb (0.44 mg


ml� 1 in phosphate buffer, 50 mmol l� 1, pH 7.0) overnight


at 4 jC. Thus, obtained immunosensors with covalently


attached anti-2,4-D MAb were stored dry in the refrigerator.


1.1.3. Experimental setup for EIS


The measuring electrodes of the anti-2,4-D Ab modified


sensors were immersed in a solution containing PBS (phos-


phate 50 mM, pH 7, containing sodium chloride, 145 mM),


and the response was observed without any stirring at either


variable or fixed frequency; the effect of addition of the 2,4-


D hapten was evaluated. Small additions of 2,4-D standard


solutions prepared in PBS did not influence the ionic


concentrations. The measurements were performed at room


temperature (25F 1 jC). For discontinuous stationary


measurements, the time interval for incubation of the


immunosensor in the presence of hapten was 30 min.


The sensors were connected to the electrochemical im-


pedance spectrometer EIS 21 (constructed by J. Kitlička,


Brno, Czech Republic), the AC amplitude was 5 mV, and


the frequency range was from 1 to 10,000 Hz. The output


from the detector was transferred to computer using stan-


dard serial interface. The program LabTools EIScope under


Windows controlled data storage, display and manipulation.


1.1.4. Evaluation of experimental results


The EIS device provided time, frequency, real and


imaginary parts of current as results. The rest of parameters


(real reZ and imaginary imZ parts of impedance, phase


angle / and magnitude jZj) were calculated:


reZ ¼ U � reI
reI2 þ imI2


ð1Þ


and


�imZ ¼ U � imI


reI2 þ imI2
ð2Þ


AZA2 ¼ reZ2 þ imZ2 ð3Þ


and


/ ¼ arctan
imZ


reZ
ð4Þ


The obtained impedance spectra were analysed using equiv-


alent circuit model. The best fit for biolayer immobilised on


the sensor surface was obtained with the circuit containing


two resistances and two constant phase elements (CPE) in


parallel (Fig. 2) [22], where CPE1 approximates capacitance


of the metal-film interface, R2 is resistance across the


biolayer, and CPE2 corresponds to capacitance of the


biolayer. The program ZView 2 (Scribner Associates,

Southern Pines, NC, USA) was used for calculations. The


impedance of CPE is given by the equation:


Z ¼ 1


AðjxÞu ð5Þ


where A indicates constant, x angular frequency, j imagi-


nary unit, and u is phase angle (it varies from 0 to 1). When


u is close to 0, the CPE represents resistance; when u
moves between 0.9 and 1, CPE can be considered as


capacitance.


The dependence of the relative change of impedance


parameters (Zmin and /max) on the mole concentration of


analyte c was fitted to the sigmoidal equation:


n ¼ A2 þ
A1 � A2


1þ c=coð Þp ð6Þ


where A1, A2, co and p are parameters of the fitted equation,


co indicates the middle point of the assay. The nonlinear


regression module from Origin (Microcal, Northampton,


USA) was used for all numerical fitting calculations.

2. Results and discussion


2.1. Immobilisation of biorecognition elements


At the beginning, the optimal modification of the sensor


surface was studied. Four different coatings of the strip gold


electrodes were prepared including cystamine–glutaralde-


hyde–IgG, aminothiophenol–glutaraldehyde–IgG, DTSP–


IgG and MUA–IgG. The result of immobilization of


particular components was evaluated using electrochemical


impedance spectroscopy. All sensors exhibited the differ-


ence in impedance parameters (/max,Zmin) during the mod-


ification steps caused by the surface changes (Table 1). The


increasing difference in /max corresponded to the changes


of the realignment of bound components on to the sensor


surface during immobilisation. On the other hand, the


change of impedance Z corresponded to the thickness of


the composed biolayer. As evident from the obtained results,


for sensors modified with MUA, the biggest increase of


impedance was observed probably due to the relatively


longest chain provided by MUA. The spectra for the strip


sensor modified with aminothiophenol (Nyquist plots) are







Fig. 3. Nyquist plots obtained during immobilisation procedure for the strip


sensor deposition of aminothiophenol–glutaraldehyde–anti-2,4-D anti-


body layers.


Table 1


The changes of impedance minima Zmin and capacitances C (CPE2


according to Fig. 2) within the antibody immobilization procedures for


sensors 1–4 based on different self-assembled monolayers


Sensor 1: Au–cystamine–glutaraldehyde– IgG


Clean Cystamine Glutaraldehyde Anti-2,4-D


Zmin (V) 622F 31 554F 42 590F 24 596F 20


C (nF) 170F 20 169F 23 187F 21 200F 20


Sensor 2: Au–4–aminothiphenol–glutaraldehyde–IgG


Clean ATPh Glutaraldehyde Anti-2,4-D


Zmin (V) 650F 15 657F 72 643F 23 651.6F 6.0


C (nF) 169F 43 137F 18 99.0F 6.8 89.7F 5.6


Sensor 3: Au–DTSP–IgG


Clean DTSP Anti-2,4-D


Zmin (V) 649.0F 1.8 610F 26 659F 16


C (nF) 80.4F 5.4 79.7F 5.2 86.7F 7.1


Sensor 4: Au–MUA–IgG


Clean MUA Anti-2,4-D


Zmin (V) 645F 14 650F 26 678F 10


C (nF) 170F 26 91.6F 5.8 92.8F 6.3


Mean value and standard deviation of parameters are shown.
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illustrated in Fig. 3. This thiocompound, as was studied


before [23], is able to bind on gold surface with a very high


density and hence to provide high density of bound anti-


bodies. Therefore, this method of modification was used for


the preparation of the following electrodes (IDA, finger strip


electrodes).


In addition, the equivalent circuit shown in Fig. 2 was


used for characterisation of surface changes during immo-


bilization steps. For all measurements, the value of phase


angle u for CPE2 moved around the value 0.93F 0.03;


hence, this constant phase element behaved as a capacitance


of the immobilized biolayer. The changes of capacitance


observed during different immobilisation procedures are


summarized in Table 1. The decrease of capacitance was


observed for antibody immobilizations using aminothiophe-


nol and mercaptoundecanoic acid. The same phenomenon


was observed in the literature, when the thioctic acid was


bound on the electrode surface [24]. On the contrary, the


increase of capacitance during immobilisation of thiocom-


pounds cystamine and DTSP indicated the dependency of


impedance parameters on the structure of presented biomo-


lecules and character of the formed bonds.


In order to study possible nonspecific interactions, the


second set of the screen-printed electrodes was coated with


the antibody specific against human serum albumin.


2.2. Monitoring of immunochemical interactions


The produced sensors were tested for the determination of


hapten (2,4-D, concentrations from 45 nmol l� 1 to 450 Amol


l� 1) using incubation procedure (30-min steps, stationary

measurement). The concentration of 45 Amol l� 1 was also


used for continuous measurements (strip sensors only),


where the hapten was added to the measuring solution, and


binding in real time was followed continuously.


For the stationary measurements, the Bode plot (the


dependence of impedance Z on frequency f) exhibited a


minimum with amplitude corresponding to concentration of


the bound hapten. The best results were obtained for strip


sensor with antibody immobilised via DTSP; the lowest


response was observed for the sensor based on cystamine


monolayer. The IDA electrode provided low reproducibility


and sensitivity especially for high concentrations of 2,4-D.


The same type of sensor with the same modification


provided either decrease or increase of the measured im-


pedance using the same concentrations of 2,4-D.


The nonspecific interactions were evaluated using


screen-printed finger strip electrodes. At the beginning,


measurements were performed in PBS without any hapten


to characterise the sensor stability in solution. Large fluctu-


ations of signal were observed for the electrode set with


anti-HAS antibody. 2,4-D was then introduced in concen-


trations 0, 4.5, 45 and 450 Amol l� 1. The interactions of


2,4-D with both anti-2,4-D and anti-HSA immobilised


MAbs were compared in Table 2. The changes of Zmin


and /max are shown in Figs. 4 and 5, respectively. The


electrode set with the anti-2,4-D MAb provided sufficient


response for the concentration 4.5 Amol l� 1 of 2,4-D.


Nonspecific binding of 2,4-D for the electrode set with


the anti-HSA MAb was observed, probably because of the


previously noted fluctuations.


Another evaluation method involved characterisation of


antigen–antibody complex formation by changes of /max


(Bode plot, summarised in Fig. 5). The strip sensors with


cystamine and aminothiophenol provided sufficient


responses for the low concentration of 2,4-D (4.5 Amol


l� 1). The strip sensors with DTSP and MUA and IDA


electrodes were able to provide response to 2,4-D at rather


high concentration (450 Amol l� 1). A high resolution was







Table 2


Interaction of different types of immunosensors with 2,4-D


(a) Strip sensors


c2,4-D (Amol l� 1) S1 (cystamine) S2 (ATPh) S3 (DTSP) S4 (MUA)


/max (j) Zmin (V) /max (j) Zmin (V) /max (j) Zmin (V) /max (j)


0 611F 32 79.1 664F 21 81.2 670F 44 81.9 705F 11 83.0


4.5 612F 16 79.9 641F 43 81.4 646F 33 81.5 667F 24 83.3


450 591F 36 79.5 609F 32 81.3 595F 32 82.0 659F 21 84.0


(b) IDA electrodes


C2,4-D (Amol l� 1) Zmin (V) /max (j)


0 752F 42 81.0


4.5 674F 36 82.6


450 811F 40 83.5


(c) Strip finger electrode


Antibody anti-2,4-D Anti-HSA


c2,4-D (Amol l� 1) Zmin (V) /max (j) Zmin (V) /max (j)


0 409F 53 76.4 554F 19 78.6


4.5 331F 40 80.9 333F 92 81.3


45 342F 43 80.6 518F 62 80.5


450 338F 41 80.3 519F 36 80.3


The values of minimum of impedance Zmin (mean values and standard deviations, n= 3–4) and phase angle maxima / (mean values, relative standard


deviations typically below 5%) for (a) strip sensors with different surface modifications, (b) IDA electrodes, (c) strip finger electrodes observed after addition of


2,4-D.
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obtained using finger strip sensor. With respect to specificity


of the interaction, the electrode set carrying the MAb anti-


2,4-D provided higher response for 2,4-D (4.5 Amol l� 1)


than the electrode set with anti-HSA.


The change of capacitance during interaction with 2,4-D


in increasing concentrations varied for different sensor types


(Table 3). Increase of capacitance was observed for strip


sensors with aminothiophenol and DTSP and for finger strip


sensors. For the strip sensors with cystamine, mercaptoun-


decanoic acid and IDA electrodes the capacitance decreased.


Capacitance of CPE2 is influenced by the roughness and


porosity of electrode surfaces. Hence, for different types of

 


Fig. 4. The changes of the minimum of the impedance Zmin in the


dependence on the different concentration of 2,4-D (screen-printed strip


sensor, IDA electrode, finger strip sensor).

immunosensors, this parameter provides valuable informa-


tion on the recognition layer.


Continual measurements were carried out at a fixed


frequency (2954 Hz) with immersion of the electrode to


the vial with 1.8 ml of the measuring buffer. When the


baseline achieved its steady state, hapten 2,4-D (0.2 ml) in


concentration of 450 Amol l� 1 was injected to the vessel to


get the final concentration 45 Amol l� 1. The interaction


between antibody and hapten was followed for 8 h. Then, a


fresh buffer was introduced, and regeneration of sensing


surface was studied after stabilisation of signal. A 0.1-mol


l� 1 sample of HCOOH was used as a regeneration solution.

 


Fig. 5. The changes of the phase angles /max in the dependence on the


response for different concentration of 2,4-D (screen-printed strip sensor,


IDA electrode, finger strip sensor).







  


Fig. 7. Calibration curves for two individual strip sensors (Au–amino-


thiophenol–glutaraldehyde–anti-2,4-D): sensor 1 (o), sensor 2 (5); the


dependence of DZmin on the increasing concentration of 2,4-D; sigmoidal fit


was used for the approximation of the calibration curves.


Table 3


The changes of capacitance C for different types of immunosensors


obtained in the presence of increasing concentrations of hapten (2,4-D)


(a) Strip sensors


c2,4-D (Amol l� 1) S1 (cystamine) S2 (ATPh) S3 (DTSP) S4 (MUA)


C (nF)


0 170F 20 87.1F 5.7 86.7F 7.1 98.5F 5.7


4.5 161F18 91.2F 6.8 95.2F 8.8 97.5F 2.1


450 182F 19 92.5F 5.9 94.5F 7.0 90.5F 1.8


(b) IDA electrode


c2,4-D (Amol l� 1) C (nF)


0 67.3F 2.8


4.5 64.3F 2.9


450 59.0F 2.0


(c) Strip finger electrode


el. set Anti-2,4-D Anti-HSA


c2,4-D (Amol l� 1) C (nF)


0 395F 24 308.1F 4.9


4.5 533F 29 498F 22


45 564F 17 514F 19


450 565F 16 523F 20
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The obtained responses are shown in Fig. 6. The additions


of 2,4-D caused responses 38.2, 38.3, and 40.9 V after


regeneration. A slow decrease of signal was then observed


caused probably by the antibody–hapten complex forma-


tion. Following the second repeated addition of 2,4-D, a


jump of the signal (77 V) was observed, when the working


solution was replaced with a fresh buffer. It was probably


partially due to defects in connections between sensor and


measuring device, when the sensor was removed and


reinserted into the liquid medium.

  


Fig. 6. Continual measurement (sensor Au–cystamine–glutaraldehyde– IgG): inj


HCOOH. Arrows indicate addition of particular components to measuring buffer

2.3. Calibration curve for 2,4-D


According to the obtained results, calibration curves for


increasing concentration of 2,4-D were constructed. For this


purpose, the strip sensor with immobilized antibody anti-


2,4-D via aminothiophenol and glutaraldehyde was chosen.


In Figs. 7 and 8, the calibration curves for two individual


sensors are presented. Apparent difference between shapes


of calibration curves indicate that strip sensors used in this


work were not entirely the same. In fact, the main difference


consisted especially of the size and shape of the gold


working electrode surface that was not exactly reproducible.


The area of the working electrode ranged from 0.368 to


0.655 mm2 within 10 individual randomly chosen sensors,

ection of 2,4-D (45 Amol l� 1), regeneration of sensor surface with 0.1 M


.







Table 5


The values of capacitances C of biolayers (CPE2 in Fig. 2) obtained during


calibration for 2,4-D performed with two individual immunosensors


(screen-printed sensor, antibody immobilized to aminothiophenol using


glutaraldehyde)


c2,4-D (Amol l� 1) Sensor 1, C (nF) Sensor 2, C (nF)


0 190F 65 90F 11


0.045 104F 35 58F 12


0.45 64.8F 8.3 30.5F 3.7


1.36 53.1F 6.5 33.8F 2.9


4.5 50.9F 3.9 32.9F 2.7


13.6 48.6F 2.9 33.1F 2.9


45 35.0F 6.7 33.0F 2.9


136 43.0F 3.2 33.5F 3.2


450 42.1F 2.4 33.8F 3.2


Fig. 8. Calibration curves for two individual strip sensors (Au–amino-


thiophenol–glutaraldehyde–anti-2,4-D): sensor 1 (o), sensor 2 (5); the


dependence of D/max on the increasing concentration of 2,4-D; sigmoidal


fit was used for the approximation of one of the calibration curves.


I. Navrátilová, P. Skládal / Bioelectrochemistry 62 (2004) 11–18 17

mean value was 0.518F 0.082 mm2. Nevertheless, when


using only one sensor repeatedly, the calibration curve


constructed from the impedance parameters dependency


provided reasonable results. For practical evaluation, the


calibration curves were approximated with the sigmoidal


function (Eq. (5)). Thus, obtained parameters are summar-


ised in Table 3. Using this method, it was possible to


measure response to 2,4-D in concentration range from 45


nmol l� 1 to 450 Amol l� 1. Detection ranges for 2,4-D


available in the literature vary significantly according to the


type of transducer used. The detection limit for 2,4-D


previously described direct capacitance immunosensor was


around 50 Amol l� 1 [9]. The immunosensor based on lipid


films supported on thin gold layers achieved the detection


limit 1 Amol l� 1 [25]. Competitive amperometric immuno-


sensor developed in our laboratory achieved LOD 0.45


nmol l� 1 [21]. Direct piezoelectric immunosensor was able


to detect 2,4-D in concentration 22.6 nmol l� 1 and com-


petitive immunosensor 45 pmol l� 1 [26] (Table 4).


For increasing concentrations of 2,4-D, the calibration


curves performed using strip sensors modified with amino-


thiophenol exhibited a continual decrease of capacitance


CPE2 from 190 to 42 nF (sensor 1) and from 90 to 34 nF


(sensor 2) followed by a slight increase of phase angle


(Table 5). The decrease of capacitance upon binding of

Table 4


Parameters of the sigmoidal functions approximating the calibration curves


(relative response vs. concentration of 2,4-D) for two individual strip


sensors


Strip sensor


number


(evaluated


parm.)


A1 A2 x0 (Amol l� 1) p


1 (DZmin) � 3F 18 487F 53 1.06F 0.86 0.31F 0.07


2 (DZmin) 1F15 615F 11 0.061F 0.011 0.55F 0.06


1 (DUmax) 0.023F 0.090 0.660F 0.079 1.8F 1.2 1.18F 0.78

antigen was observed in literature [11, 25]. The different


tendencies of both individual strip sensors were probably


caused by the low production reproducibility. Nevertheless,


it was possible to determine 2,4-D in different concentra-


tions using the same sensor which was successfully regen-


erated after each measurement.

3. Conclusions


EIS in connection with immunochemical methods was


tested for the direct determination of the herbicide 2,4-D.


Four different methods of antibody immobilisation were


studied. Impedance spectra were obtained and evaluated for


each step of the modification process. The changes of /max


and Zmin with frequency served as a parameter character-


ising changes on the sensing surfaces. Measurements were


performed in frequency range from 1 to 10 kHz. The most


sensitive responses for Zmin were obtained at frequencies


exceeding 3 kHz. The best method for covalent immobili-


sation of antibody employed the self-assembled monolayer


of 4-aminothiophenol activated using glutaraldehyde. Three


types of sensors were tested (strip sensors, IDA electrodes,


and strip finger sensors). Each of them provided similar


responses in the presence of hapten 2,4-D depending


especially on the sensitivity of each sensor. The real-time


experiments showed possibility of regeneration of sensor


surface using formic acid. However, this type of measure-


ment was abandoned because of undefined measuring


conditions for the subsequent measurements (loss of the


contact between sensor and measuring device during rapid


changes of medium). Hence, all the measurements were


carried out in stationary arrangement. Calibration curves


were constructed and evaluated for two individual strip


sensors in the concentration range from 45 nM to 0.45 mM


of 2,4-D. Using suitable equivalent circuit, it was possible


to calculate capacitance changes of the sensor surface


occurring during the modification of biolayers. For practical


use, the direct use of impedance value obtained at a fixed


frequency seems to be satisfactory. The observed direct


interactions of immobilised antibody with free molecules of
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hapten represented by 2,4-D provided promising base for


future experiments.
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Abstract


Up to today, several techniques have been used to maintain cells in culture for studying many aspects of cell biology and physiology.


More often, cell culture is dependent on proper anchorage of cells to the growth surface. Poly-L-lysine is commonly used as adhesive


molecule. In this study, we present, as an alternative to poly-L-lysine, new polymer film substrates, realized by electropolymerization of


different monomers on fluorine-doped tin oxide (FTO) surfaces since electropolymerization is a good method to coat selectively metallic or


semiconducting electrodes with polymer films. So, the adhesion, proliferation and morphology of rat neuronal cell lines were investigated on


polymer treated surfaces. Several amine-based biocompatible polymers were tested: polyethyleneimine (PEI), polypropyleneimine (PPI),


polypyrrole (PPy) and poly( p-phenylenediamine) (PPPD). These polymer films were coated on FTO surfaces by electrochemical oxidation.


After 8 h in a culture medium, a high percentage of cells was found to be attached to PEI and PPI compared to the other polymers and to the


reference surfaces (glass and FTO uncovered). After 24 and 72 h in the culture medium, cells were found to proliferate faster on PEI and PPI


than on other polymers and reference surfaces. Consequently, cells have a greater fold expansion on PEI and PPI than on PPPD, PPy or glass


and FTO uncoated. From these results, we deduce that PEI and PPI can be useful as coating surface to cultivate neuronal cells.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


In recent years, there has been a growing interest in


electrochemistry as a tool for biological and biomedical


applications. Thus, some fields of research are intensively


studied, in particular the electrical or magnetic effects on the


development of cells [1–3], the electrochemotherapy [4,5],


the development of ultramicroelectrodes studying cell mech-


anisms [6] or the search for new culture substrates [7].


Indeed, selective surface modification is a necessary step


to direct cellular adhesion and growth, since chemical


surface modification [8,9], topographical surface modifica-


tions [10,11] or both [12,13] are commonly used. The factors

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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that are believed to play an essential role in cell adhesion


mechanisms are: specific surface chemistry [14], surface


hydrophobicity [15], topography [16], surface charge [17]


and protein interactions [18].


Several materials with original processing techniques


have been proposed for being used in cell culture. A


frequently reported non-specific approach is the chemical


surface modification of silica-like materials with silanes,


alkylsilanes and amino-rich alkoxylanes, which produce


either non-adhesive or adhesive substrates [19]. Unfortu-


nately, a general acknowledged problem of silane modified


surfaces is the hydrolysis of the SiUOUSi bonds, which


occurs under physiological conditions. A silane-based sys-


tem able to maintain cellular patterns over long periods of


time is therefore unlikely and has not been reported yet.


Biomolecules represent another alternative to study cellular


patterns on surfaces. Extracellular matrix (ECM) compo-


nents like fibronectin or laminin [20,21] are very effective as
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cell-adhesive substances. In contrast, albumin is an effective


non-adhesive biological coating on hydrophobic surfaces


due to the irreversible strong adsorption and conformational


change [22]. However, our present work let us thinking that


polymers are a better alternative to other current biomaterials


commonly used. Indeed, polymers we tested are cheap, easy


to synthesize, biodegradable and biocompatible [23–25].


This confirms previous studies, which have shown that


electrosynthesized polymers used as biomaterials can be


more efficient than biological polymers such as poly-L-lysine


[26–29]. Indeed, Bledi et al. [26] used control plates pre-


treated with poly-L-lysine and compared them to other plates


coated with polyethyleneimine (PEI). They showed that no


difference appears during five days after the plating. How-


ever, after 10 days of differentiation, the cells were uniformly


spread and interconnected by extensive network of axons


and dendrites on PEI but not on poly-L-lysine. More cells


formed clumps sensitive to washing on poly-L-lysine, con-


sequently their detachment was unavoidable. We must also


discuss about the stability in time of biological molecules


since it is a crucial problem. For example, Frödjdö et al. [27]


showed that cells attach and start to grow on all biomaterials.


However, the proliferation was favored on double-coated


surfaces (lysine/laminin or poly-L-lysine/laminin). Recently,


Blau et al. [29] used polymers coupled to biological mole-


cules to improve cell adhesion. They showed that the


effectiveness of laminin or poly-L-lysine depends on the


addition of serum in the medium and on the type of the


substrate. In contrast, the adhesion promoting of synthesized


polymer films seems to be based on more direct cell–film


interactions with the film masking the substrate properties.


Consequently, our work consisted in coating polymeric


films onto surfaces by an original electrochemical way


[30,31] in order to favour cells growth on these polymers.


So, we performed electrochemical oxidations of different


monomers such as ethylenediamine (EDA), pyrrole (Py),


diethylenetriamine (DETA) and 1,3-diaminopropane (1,3-


DAP) to electrodeposit polymeric films at working elec-


trode surfaces. We used FTO as working electrode since


this semiconductor is optically transparent in the visible


spectrum range and allows anodic oxidation of the mono-


mers. Then, we used infrared spectroscopy to identify the


electrodeposited polymer films. For instance, it has already


been proved in previous works that anodic oxidation of


EDA or DETA leads to a linear film of linear polyethyle-


neimine, that 1,3-DAP leads to linear polypropyleneimine


[32,33], pyrrole to polypyrrole (PPy) [34] and p-phenyl-


enediamine to poly( p-phenylenediamine) (PPPD) [35] on


platinum surfaces.


Then, we tested the capacity of these different polymers to


improve cells adhesion and proliferation. We used a rat


neuronal cell line to check the adhesion and the proliferation


of these cells. So we plated neuronal cells in contact with


several FTO passivated surfaces, coated with the different


polymers, in a culture medium. Then, we let the olfactory


cells adhere and, during their growth, we observed the

changes in their morphology using a confocal microscope


since FTO is a transparent surface, which allowed us to


follow directly the development of our cells. Thanks to this


qualitative observation, we can conclude that the develop-


ment of the cells is normal. Note that we did not realize


immunostain essay since we did not want to differentiate


neurons from glia astrocyte or oligodendrocyte, which com-


pose cell lines, but we only wanted to demonstrate cells


adhere on the substrate.


So our electrodeposited polymers seemed to be biocom-


patible and they allowed cells to adhere and proliferate.


More, the adhesion rate (which corresponding to the number


of cells plated on the surface 8 h after their seeding in the


culture medium divided by the number of cells introduced in


the culture medium) and the proliferation rates (which are the


number of cells on the surface 24 and 72 h after their seeding


in the culture medium divided by the number of cells


introduced) were calculated for each polymer in order to


quantify and compare the ability of the olfactory cells to


adhere and proliferate on the different polymers. These rates


indicated that PEI and polypropyleneimine (PPI) are the best


polymers to cultivate olfactory cells since their adhesion and


proliferation rates are far much higher than those obtained


for PPy, poly( p-phenylenediamine) (PPPD) or uncovered


FTO and glass. So we demonstrated that a FTO surface


coated with PEI or PPI may be a good substrate for the


culture of olfactory cells.

2. Materials and methods


2.1. Biochemical procedures


2.1.1. Reagents


We used a rat neuronal cell line 13S124 transformed by


E1A antigen from an adenovirus. Cells were harvested and


cultivated in a Petri dish (diameter: 50 mm) for 8, 24 or 72 h.


Cells were cultivated in DMEMmedia with 10% of fetal calf


serum (from Gibco). All media were supplemented with 200


mM of L-glutamine and antibiotics: penicillin (100 U/ml)


and streptomycin (10 Ag/ml). After 8, 24 and 72 h, the cells


were treated with trypsin 2.5% (tenfold dilute in HBSS


Ca2 +- and Mg2 +-free) during 10 min, 37 jC. Trypan blue


exclusion test (0.4%) was used to discriminate and count


living cells.


2.1.2. Cell adhesion studies


To follow the development of the cells, we used a


confocal microscope Olympus OM2. The cells were allowed


to adhere to the substrates undisturbed in a humidified


incubator (at 37 jC, 5% CO2) for 8 h. We tested three


samples in parallel for each polymer. The number of plated


cells was quantified by counting with an hematocytometer.


The cells were seeded on each polymer at the same density of


cells for each sample and for each polymer and then


incubated for 8 h.
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2.1.3. Cell proliferation studies


We introduced in the Petri dish 2.105 cells/ml. Indeed,


total cell count was performed using trypan blue staining


method with a hemacytometer and the cell density was


then adjusted to about 2.105 cells/ml and the volume of


the cell suspension used is 100 Al. Thus, these cells can


adhere and proliferate onto polymer coated FTO. Cells


were allowed to attach and proliferate for 24 and 72 h at


which time point the number of plated cells was deter-


mined by counting with an hematocytometer. We do not


pursue the culture after 72 h because confluence was


reached after 90 h in the culture medium.


2.2. Chemical procedures


2.2.1. Reagents


All the electrolytes were obtained from Aldrich (analyt-


ical grade) and lithium trifluoromethanesulfonimide,


LiTFSI, was from Fluka. The electrolytes (EDA, DETA,


1,3-DAP, pyrrole and p-phenylenediamine) and the lithium


salt were used as received. LiTFSI was used as a supporting


electrolyte at a concentration of 10� 3 M, and was added to


EDA, 1,3-DAP and DETA in a glove box from Jacomex


under a dehydrated Ar atmosphere. PPD was used at the


concentration of 0.1 M in a phosphate buffer solution (pH = 7


for this solution), pyrrole was used at the concentration of 0.1


M in a solution of KCl at a concentration of 0.1M (pH = 7 for


this solution).


2.2.2. Apparatus and methods


The electrochemical apparatus was a classical three-


electrode setup using an Autolab PGSTAT 20, from Eco-


chemie, potentiostat-galvanostat. The working electrode


was a FTO surface of 3.7 cm2 (from Balzers, 10 V/cm2).


The reference electrode was a silver wire noted as Silver


Reference Electrode (SRE), the counter-electrode was a


platinum wire. All electrochemical experiments were carried


out at room temperature (293 K) with a sweep rate of 20


mV/s between 0 and + 4 V/SRE and with a hold at + 4 V/


SRE during the first scan. Each solution was purged by


ultrahigh purity argon. We used a NEXUS 470 spectropho-


tometer coupled to an Omnic software from Nicolet to


perform infrared-attenuated total reflection (IR-ATR) spec-


tra. After electropolymerization and just before cells were


seeded, FTO was washed in absolute ethanol during 15 min.


Polymers used cover approximately 2.4 cm2 of each FTO


surface.

3. Results


3.1. Electrodeposition of the polymer films


Electrodeposited poly( p-phenylenediamine) aroused in-


terest in the last few years in biosensor applications [36].


Fig. 1a shows the cyclic voltammogram of PPD, swept in

pH = 7.0 phosphate buffer solution containing 0.1 M PPD,


from 0 to + 4 V/SRE at 20 mV/s at a FTO electrode. It


can easily be noticed that the electrochemical oxidation of


PPD was completely irreversible and that the oxidation


peak can be observed at a potential of + 1.7 V/SRE.


Oxidation current of PPD dropped during successive steps


and, simultaneously, there is a decrease of the potential


corresponding to the oxidation peak. This behaviour is


indicative of the formation of a non-conductive polymeric


film on the electrode surface. p-Phenylenediamine, as the


isomer of o-phenylenediamine, contains two amino groups


in its molecular structure. It can be oxidized at a positive


potential to produce PPPD throughout an ECE mechanism


[36–39].


Then, we wanted to study the anodic oxidation of an


electrolyte composed with one salt, LiTFSI, dissolved in


1,3-DAP. Thus, for 1,3-DAP and at a FTO electrode, an


anodic peak was observed at + 2.2 V/SRE during the first


scan (Fig. 1b). For subsequent scans, there was a drastic


drop of current. So the anodic oxidation of 1,3-DAP leads


to the formation of a passivating film at the electrode


surface. The peak broadness is characteristic of primary


aliphatic amines and renders the experimental study of the


electrochemical mechanism impossible. The same general


trends can be observed for the oxidation of DETA and


EDA at FTO surfaces. Indeed, during the first scan: two


peaks appeared at + 1.9 and + 3.1 V/SRE for DETA-


based-electrolytes and one peak at + 2.7 V/SRE for


EDA-based-electrolytes. During the second scan and for


the following ones, it gave a drop of current and all the


peaks have disappeared.


Since EDA and 1,3-DAP contain two amino groups and


DETA three amino groups (two primary and one secondary)


in their molecular structure, they can easily be oxidized at a


positive potential to produce cationic radicals and further


react with other monomers to form polyethyleneimine from


EDA and DETA or polypropyleneimine from 1,3-DAP. The


mechanisms of these electropolymerizations have recently


been established using ab initio calculations at the Hartree-


Fock level of theory [40,41]. The growth of these poly-


alkyleneimines described here can occur on different me-


tallic or semiconducting electrodes: smooth gold, smooth


platinum, glassy carbon, p- or n-type silicon [42].


Finally, the cyclic voltammogram of PPy at a concentra-


tion of 0.1 M swept in a KCl solution at a concentration of


0.1 M (pH = 7 for this solution) in the potential range going


from 0 to + 4 V/SRE at 20 mV/s at a FTO electrode was


done. We can observe an oxidation peak at a potential of


+ 2.3 V/SRE. This peak can be observed for all cycles. So


the polymeric film formed at the FTO surface is a conduc-


tive one [34].


3.2. Characterization of the polymeric films


To determine the nature of the deposited films, we


performed IR-ATR spectra from the films obtained by anodic







Fig. 1. (a) Cyclic voltammogram of PPD swept in pH= 7 phosphate buffer solution containing 0.1 M of PPD with a sweep rate of 20 mV/s. (b) Cyclic


voltammogram of 1,3-DAP+LiTFSI 10� 3 M with a sweep rate of 20 mV/s.
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oxidation of EDA, DETA, 1,3-DAP, PPD and Py at FTO


surfaces. All the passivated electrodes were preliminary


rinsed with bi-distilled water and dried at 30 jC for 24


h. The spectrum obtained for PPD is shown Fig. 2. Table 1


summarizes the vibrational bands observed on all these IR


spectra. These spectra allowed us to identify the film


obtained from the oxidation of EDA and DETA as poly-


ethyleneimine, –(NH–CH2–CH2)–n, since its main char-


acteristic bands appear on these spectra: N–H stretching


(3200–3300 cm� 1) and N–H deformation (1600 cm� 1) of


secondary amine, C–N stretching (1100 cm� 1), C–H


stretching (2930 and 2860 cm� 1) and C–H deformation


(1500 cm� 1) of aliphatic –CH2–. The same analysis was


carried out for oxidized 1,3-DAP and the corresponding IR-


ATR spectrum showed that the oxidation of pure 1,3-DAP


leads to polypropyleneimine, –(NH–CH2–CH2–CH2)–n,


as it has already been shown with platinum electrodes [42],

since all the vibration bands that appear on the IR spectrum


are those characteristic from propyleneimine. We have also


made a spectrum of oxidized PPD and the vibration bands


appearing on the spectrum are those characteristic of


poly( p-phenylenediamine): N–H stretching of primary


amine (3387 and 3334 cm� 1), N–H stretching (3200


cm� 1) and N–H deformation (1678 cm� 1) of secondary


amine, C–N aromatic stretching (1283 and 1251 cm� 1),


C–H aromatic stretching (3040 cm� 1) and C–H aromatic


deformation (827 cm� 1).


Then, a similar analysis was carried out for oxidized Py


and the IR-ATR spectrum showed that the oxidation of Py


leads to polypyrrole since the following vibrational bands


appear on the infrared spectrum: N–H stretching of


secondary amine (3332 cm� 1), N–H deformation (1698


cm� 1) of secondary amine, C–N primary amine aromatic


stretching (1350 and 1280 cm� 1), C–H aromatic stretch-







Fig. 2. IR-ATR spectrum of PPD swept in pH= 7 phosphate buffer solution containing 0.1 M of PPD with a sweep rate of 20 mV/s.
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ing (3030 cm� 1), C–H aromatic deformation (700 and


880 cm� 1) and C–C aromatic stretching (1560 and


1447 cm� 1).


Consequently, we can assume that the oxidation of EDA,


DETA, 1,3-DAP, PPD and Py at FTO surfaces lead to PEI,


PEI, PPI, PPPD and PPy, respectively.


3.3. Cell culture


Our purpose is now to cultivate cells onto these polymers


electrodeposited on FTO surfaces.

Table 1


Vibrational bands of oxidized monomers

3.3.1. Cells adhesion


First of all, we studied cell morphology using an


inverted phase contrast microscope (Willovert S). We


took photographs of the cells (Olympus OM2) 5, 8, 24


and 90 h after they have been seeded in the culture


medium. We observed after 5 h in culture, that cells are


able to adhere to the substrate (for instance onto PEI, see


Fig. 3a). We observed some aggregates of cells, com-


posed in vast majority by dead cells, which disappeared


after a few hours when cells could no longer adhere to


the substrate. Fortunately, these accumulations represent







Fig. 3. Images obtained with an inverted phase contrast microscope of cells (300*250 Am) cultivated on PEI polymeric films at different times of observation.


(a) Cells begin to adhere to the substrate after 5 h in the medium culture. There are some accumulations of cells. These accumulations disappear after a few


hours. Arrow shows a neuron. (b, c, d). Neuronal cells begin to interconnect themselves (8 h). Arrow shows neurons and their interconnection. (e) Cells


continue to proliferate on the substrate (24 h). (f) Cells are confluent after 90 h. The whole FTO surface is covered by cells.
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only a few percentage of cells even if they seem bigger


than adhering cells because of their morphology (round


and not extended as the neurons). Fig. 3b shows the


adhesion after 8 h of culture. Cells begin to interconnect


themselves since we could observe the development of


fasciculated neurites. We observed Fig. 3c and d (which


are magnification of Fig. 3b) that cells keep their neuro-


nal characteristics (long prolongation with a soma).


Then, we studied the adhesion of cells onto the different


substrates. In fact, we want to calculate the adhesion rate

which is the number of cells plated on the surface 8 h after


their seeding in the culture medium divided by the number of


cells introduced in the culture medium (which is equal to


2.105 cells/ml).


So the amounts of cells adhering on the four polymeric


films are shown in Fig. 4 and Table 2. First, we can


conclude that cells attach to all substrates. However, there


are statistical differences in cell attachment among the


substrates. Indeed, 51% of cells seeded onto PEI adhere


and 46.5% on PPI but only 20.5% 19.5%, 18.5% adhere







Fig. 4. Cell lines adhesion and proliferation on different substrates after 8, 24 and 72 h of culture. The numbers of cells were normalized to initial density of


seeded cells (200,000 cells/ml) (n= 3 per substrates). The volume of the cell suspension used is 100 Al. All results are given at F 5%.
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on PPy, FTO uncovered and uncoated glass, respectively.


So PEI and PPI allow more cells to adhere after seeding


than other coatings. No quantitative study was done for


PPPD since we observed that cells could not adhere on


this polymeric film.


3.3.2. Cells proliferation


We studied the morphology of cells 24 and 90 h after


they have been seeded.


Fig. 3e shows that cells proliferated well on the sub-


strates after 24 h since their number was visibly increasing.


Fig. 3f shows that cells reached confluency after 90 h in


the culture medium. The whole FTO surface is coated by


cells and most of these cells are neuronal ones growing


axons.


These photographs show that cells kept a normal mor-


phology showing that the different substrates used are


perfectly biocompatible.


Then, we studied proliferation of cells onto these


different polymeric films 24 and 72 h after seeding


(results are shown Fig. 4). Indeed, we calculated the

Table 2


Adhesion rate and proliferation rate on the different substrates


Adhesion rate Proliferation rate 24 h Proliferation rate 72 h


PEI 0.51 1.85 3.85


PPI 0.47 1.45 3.05


PPy 0.21 1.35 1.60


FTO 0.19 0.70 2.15


Glass 0.19 0.55 2.05

proliferation rate, which is the number of cells on the


surface 24 and 72 h after their seeding in the culture


medium divided by the number of cells introduced in the


culture medium.


The increasing number of cells at the two time points


demonstrates that the proliferation occurred on all sub-


strates. As the initial cell densities were the same (2.105


cells/ml), at 24 h, cells were found to have more folds on


expansion on PEI and PPI than on other substrates. So


cells proliferate faster on these two latter polymeric sub-


strates than on the other ones. At 72 h, cells continue to


proliferate quickly on PEI and PPI and even on FTO and


glass but not on PPy. Moreover, cells presented an


abnormal morphology on PPy film.

4. Discussion


In this study, a rat neuronal cell line were able to adhere


and proliferate on some of the polymeric films used. Phase


contrast images showed that cell line plate and spread well


on all the substrates tested but especially on PEI and PPI.


There was no effect of the substrate on the cell morphology


(see Fig. 3). These results correlated well with those of


previous studies [43].


It was found that the number of cells adhering on FTO


uncovered, glass and PPy is lower than the number of


cells adhering on PEI or PPI. These results showed that


cell lines are more likely to attach to polymeric films


such as PEI or PPI. It is generally agreed that hydro-


philicity of substrates affect biological responses, such as
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cell adhesion and proliferation. Due to the presence of


methyl group in PEI and PPI, these two polymers could


be more hydrophobic than PPy. Another explanation for


this difference of adhesion could be that amount and type


of serum protein that adhered to substrates vary on


different chemical surfaces, this can also affect cell


behaviour on the substrates [44].


PPI and PEI have other interesting properties. Indeed,


they are strongly bonded to the electrode surfaces during


the electropolymerization step. Moreover, thanks to the


presence of the amino groups onto the modified surfaces,


it was possible to imagine that chemically modified


electrodes can be used as substrates for cell culture.


These films can grow thick enough because of their


non-conducting properties, they give high impedance to


the modified electrode providing a better protection to


interferents and, they are insoluble in cold water and in


main organic solvents. So these two polymers are very


interesting for different applications in biology such as


cell substrate but in pH sensors [45] or biosensors [46]


and many other applications too.

5. Conclusion


In this present work, we show it is possible to make


cells adhere onto polymeric films electrosynthesized by


electrochemical oxidation. This method is cheap and easy


and so could be a possible alternative to commonly used


coating materials such as poly-L-lysine. All polymer


substrates studied were able to allow neuronal cells of


rats to adhere and proliferate. These cells are more likely


to adhere on PEI and PPI than on PPy or PPPD. The


information obtained should be correlated with other types


of cells but is really encouraging for future experiments.


Since we have already developed sensors [33,45] and


microsystems [46] using polymer films coated on differ-


ent surfaces, and since we showed that the culture of


olfactory cells is possible on surfaces coated with PEI and


PPI, we now want to develop a microsystem using these


polymers as cell culture supports. This microsystem will


consist in an olfactory neuron cultivated on polymeric


films electrodeposited onto the silicon substrate. A neuron


is surrounding with a medium culture. Different measure-


ment systems can detect the activity of the neuron when


we introduce a specific odour into the culture medium.


Thus, as each olfactory cell is able to recognize a specific


odour, the microsystem will be used as a sensor of odour,


which can be very useful for water pollution control or


drug’s detection for instance.
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Abstract


Immobilization of DNA on carbon nanotubes plays an important role in the development of new types of miniature DNA biosensors.


Electrochemical characteristics of the immobilization of calf thymus DNA molecules on the surfaces of multi-walled carbon nanotubes


(MWNTs) have been investigated by cyclic voltammetry and electrochemical impedance analysis. The peak currents for Fe(CN)6
3�/


Fe(CN)6
4� redox couple observed in the cyclic voltammograms decrease and the electron-transfer resistance (Ret) obtained from the Nyquist


plots increase due to the immobilization of DNA molecules (dsDNA or ssDNA) on the surfaces of MWNTs. Most of calf thymus DNA are


covalently immobilized on MWNTs via diimide-activated amidation between the carboxylic acid groups on the carbon nanotubes and the


amino groups on DNA bases, though the direct adsorption of the DNA molecules on MWNTs can be observed. Additionally, the interaction


between DNA molecules immobilized on MWNTs and small biomolecules (ethidium bromide) can be observed obviously by cyclic


voltammetry and electrochemical impedance analysis. This implies that the DNA molecules immobilized at the surface of MWNTs, with


little structure change, still has the ability to interact with small biomolecules.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Since the discoveries of multi-walled carbon nanotubes


(MWNTs) and single-walled carbon nanotubes (SWNTs) in


1991 [1] and 1993 [2], respectively, much attention has been


attracted because of their unusual structures and properties


[3,4]. Various applications of carbon nanotubes have been


investigated, such as batteries [5], tips for scanning probe


microscopy [6], the oxidation of dopamine [7], electrochem-


istry of protein [8–10], chemical sensors [11,12], etc.


Both SWNTs and MWNTs have potential applications in


developing new types of miniature biological devices in-


cluding probes and sensors due to high electrical conduc-


tivity, nanometer size and so on. The first step towards


achieving this goal involves the immobilization of bioactive


molecules on the surfaces of carbon nanotubes through


covalent or non-covalent bonds. Recently, several investi-


gations have concerned the attachment of natural proteins to

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.


doi:10.1016/j.bioelechem.2003.10.005
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carbon nanotubes [13–16]. Sun et al. [14,15] have reported


that bovine serum albumin (BSA) proteins can be covalently


attached to SWNTs and MWNTs via diimide-activated


amidation under ambient conditions, while the overwhelm-


ing majority (f 90%) of the protein species in the nano-


tube–BSA conjugates remain bioactive. Dai et al. [16] have


developed a controlled and nanotube-specific method for


immobilizing proteins and small molecules onto non-cova-


lently functionalized SWNTs.


On the other hand, DNA is an important and promising


molecule with all the basic properties necessary for the


assembly of nano-scale electronic devices. The construction


of DNA electronic nano-devices is possible and will also be


a predominant technique of new molectron with attendant


benefits of miniaturization, low power requirements, high


efficiency and low heat generation [17]. DNA immobiliza-


tion has been paid great attentions and considered as a


fundamental methodology for the construction of DNA


biosensors. Lots of flat electrodes, such as gold [17], carbon


paste electrode [18] and highly ordered pyrolytic graphite


electrode [19], have been used to immobilize DNA. How-


ever, only a few investigations have focused on the immo-
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bilization of DNA on the surfaces of carbon nanotubes [20–


23]. Amino-terminated DNA strands have been attached to


the open ends and defect sites of oxidatively prepared


SWNTs [20]. Kappes et al. [22] have covalently modified


SWNTs with DNA and found that the SWNT–DNA


adducts hybridize selectively with complementary strands


with minimal nonspecific interactions with noncomplemen-


tary sequences. Compared with SWNTs, much cheaper


MWNTs produced by the chemical vapor deposition


(CVD) method are known to have more defects and can


provide more sites for the immobilization of DNA. An


MWNTs-enhanced electrochemical DNA biosensor has


been fabricated by Fang and used in DNA hybridization


detection [24]. Additionally, DNA molecules adsorbed on


MWNTs via nonspecific interactions have also been ob-


served [25,26]. In these works, the techniques applied to the


study of the interaction between DNA and carbon nanotubes


are usually scanning electron microscopy (SEM), transmis-


sion electron microscopy (TEM), confocal fluorescence


microscopy, etc. [20–22]. According to our knowledge,


the electrochemical characteristics on the immobilization


process of DNA, especially the natural DNA, on the surface


of MWNTs is still unclear.


In this work, the electrochemical characteristics on the


immobilization of both double-stranded and single-stranded


calf thymus DNA molecules on the surface of MWNTs have


been investigated by cyclic voltammetry and electrochem-


ical impedance analysis. MWNTs were treated with nitric


acid prior to the immobilization of DNA in order to


introduce carboxylic acid groups to the surfaces of carbon


nanotubes. DNA molecules were covalently immobilized on


MWNTs-modified electrode via diimide-activated amida-


tion. Additionally, the interaction between DNA immobi-


lized on MWNTs and small biomolecules, such as ethidium


bromide (EB), has been investigated.

2. Experimental


2.1. Chemicals and instrumentation


Calf thymus DNA from Sino–American Biotechnology


Company was used as received. The stock solution of


double-stranded DNA (dsDNA) (around 2 mg/ml) was


prepared with 1/15 M phosphate buffer solution (pH 7.0)


containing 0.1 M NaCl and was stored at 4 jC. Single-
stranded DNA (ssDNA) was obtained through heating


dsDNA solution in a boiling-water bath for about 5 min


and then rapidly cooling in an ice-water bath [27]. 1-ethyl-3-


(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)


and N-hydroxy-succinimide (NHS) were purchased from


Merck and Sigma, respectively. EB from Amresco was used


without further purification. Multi-walled carbon nanotubes


(MWNTs) with the diameter about 70 nm, prepared by


chemical vapor deposition (CVD) method [28] were


obtained from Dr. Chen’s group (Hunan University). Before

use, MWNTs were refluxed in concentrated nitric acid for


about 5 h, filtered and washed with double-distilled water


until the filtrate became neutral, and then dried under


vacuum. All other chemicals were of reagent grade. Dou-


ble-distilled water was used throughout the experiments.


Cyclic voltammetry and electrochemical impedance


measurements were carried out at a CHI660A electrochem-


ical workstation. A gold wire (diameter, 0.2 mm), sealed in


a glass tube with epoxy, was used as the working elec-


trode. The reference electrode was a saturated calomel


electrode (SCE), and a platinum electrode was used as


the counter electrode. All experiments were carried out at


room temperature.


2.2. Preparation of MWNTs-modified electrode


The gold electrode was cut with a sharp razor blade


followed by cycling between 0.0 and 1.5 V vs. SCE in 0.5


M H2SO4 until a stable gold oxidation/reduction cyclic


voltammogram was obtained. A 5 Al of the 0.5 mg/ml black


suspension, which was prepared by dispersing purified


MWNTs in double-distilled water with the aid of ultrasonic


oscillation, was dropped on the gold electrode surface and


then dried under vacuum at about 50 jC.


2.3. DNA immobilization and the interaction between DNA


and EB


A 10 Al of a 1/15 M phosphate buffer solution (pH 7.0)


containing 3 mg/ml EDC and 5 mg/ml NHS was dropped on


the MWNTs-modified electrode surface and was evaporated


to dryness for the activation of the carboxylic acid groups on


the carbon nanotubes. After rinse, the electrode was im-


mersed in the same phosphate buffer solution containing 2


mg/ml dsDNA (or ssDNA) for several hours. The interac-


tion between EB and DNAwas performed by immersing the


DNA–MWNTs-modified electrode in a 1/15 M phosphate


buffer solution (pH 7.0) containing 1 mM EB.


2.4. Electrochemical measurements


The electrochemical properties of the MWNTs-modified


electrode were studied by cyclic voltammetry in 1/15 M


phosphate buffer solution. A K3Fe(CN)6/K4Fe(CN)6 (10/10


mM) solution was used as a redox probe to study the interface


properties of the electrode immobilized with DNA. 0.1 M


NaCl aqueous solution was used as the supporting electro-


lyte. Electrochemical impedance measurements were per-


formed at open circuit potentials in 10 mM K4Fe(CN)6 + 10


mM K3Fe(CN)6 + 0.1 M NaCl aqueous solutions. The fre-


quency scan range was from 0.1 Hz to 100 kHz and the


sinusoidal potential amplitude was 5 mV. The electron-


transfer resistance was obtained through the nonlinear re-


gression analysis of the semicircle portion on the Nyquist plot


(Zim vs. Zre). All solutions were purged at least 5 min with


nitrogen before electrochemical measurements.
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3. Results and discussion


3.1. Electrochemical behavior of the MWNTs/gold electrode


In order to study the electrochemical characteristic of the


MWNTs-modified electrode in media where the immobili-


zation of DNA and the interaction between EB and DNA


were performed, cyclic voltammogram of the electrode was


recorded in 1/15 M phosphate buffer solution (pH 7.0)


containing 0.1 M NaCl. For comparison, the cyclic voltam-


metric investigation for the bare gold electrode was also


carried out. The corresponding results are shown in Fig. 1.


As shown in Fig. 1b, a couple of redox peaks can be


observed and become stable after several cycles when the


gold electrode is modified with MWNTs. At a scan rate of


50 mV s� 1, the cathodic and anodic peak potentials were


� 0.109 and � 0.004 V vs. SCE, respectively. As reported


in literature [29], the couple of peaks correspond to the


redox of the carboxylic acid group, which can be used to


immobilize DNA with the aid of EDC and NHS via cross-


linking reaction. Compared with the bare gold electrode, the


background current of the MWNTs/gold electrode, which is


the nature of capacitance, is apparently large. This implies


that the real surface area of the MWNTs-modified gold


electrode is significantly enhanced. It is benefit to the


increase of immobilization mass of DNA on the electrode


surface.


Considering the great importance of the stability of the


MWNTs-modified electrode to further studies, cyclic vol-

Fig. 1. Cyclic voltammograms for different electrodes in 1/15 M phosphate


buffer solution (pH 7.0) containing 0.1 M NaCl (scan rate: 50 mV s� 1). (a)


bare gold electrode; (b) MWNTs-modified gold electrode; (c) MWNTs-


modified gold electrode stored in air for 24 h; (d) MWNTs-modified gold


electrode treated with 2 mg/ml dsDNA with EDC/NHS activation for 3 h.

tammetry was carried out after the electrode was rinsed


with double-distilled water and stored in air for about 24 h.


As shown in Fig. 1c, no obvious change in the peak


potentials and currents can be found, which indicates that


the MWNTs film exists very stable on the surface of the


gold electrode.


On the other hand, when DNA is immobilized on the


MWNTs, it can be observed from Fig. 1d that the redox


peaks of –COOH groups on carbon nanotubes disappear


and the background current decreases significantly as a


result of DNA coupling to MWNTs-modified electrode.


3.2. Cyclic voltammetry study on the immobilization of DNA


onto MWNTs-modified electrode


It has been reported by Huang et al. [30] that calf thymus


DNA can be attached onto carboxylate-terminated alkane-


thiol self-assembled monolayers preformed at gold surfaces


with the aid of EDC and NHS through the formation of


amide bond between the carboxylic groups and the amino


groups on the DNA bases. Therefore, based on the afore-


mentioned fact that carboxylic acid groups had been intro-


duced to the carbon nanotubes during the purification


process, EDC and NHS were used in this work to immobi-


lize DNA on MWNTs-modified electrode.


Using Fe(CN)6
3�/Fe(CN)6


4� redox couple as the indica-


tor, the immobilization of DNA on the MWNTs-modified


electrodes has been studied by cyclic voltammetry. Fig. 2A


shows the typical cyclic voltammograms about the immobi-


lization process of dsDNA on MWNTs-modified electrode.


After the electrode is treated with EDC, NHS and dsDNA,


both the anodic and cathodic peak currents for the


Fe(CN)6
3�/Fe(CN)6


4� redox probe decrease. With the immo-


bilization time increasing, the redox peak currents decrease


rapidly. This may be explained as follows: after the immo-


bilization of dsDNA on the carbon nanotubes, the phosphate


groups negatively charged on dsDNA resist the access of the


Fe(CN)6
3�/Fe(CN)6


4� redox couple to the electrode surface


[31]. On the other hand, the DNA helices, which lie flat on


the surface of the MWNTs due to the interaction between


carboxylic acid groups and amino groups [31], may block


the electron transfer between the redox probe and the


electrode surface due to the low conductivity of DNA


molecules.


The immobilization of ssDNA on the surface of MWNTs


has also been carried out and the similar CV feature can be


observed. To show the processes of DNA immobilization


more clearly, the change of the anodic peak current (DIpa) of


the Fe(CN)6
3�/Fe(CN)6


4� redox probe after DNA immobi-


lization on MWNTs is calculated and the relationships


between DIpa and the immobilization time are shown in


Fig. 2B. From Fig. 2B, it can be observed that the anodic


peak current of the Fe(CN)6
3 �/Fe(CN)6


4 � redox probe


decreases quickly at the beginning of the immobilization


process. When the immobilization time is longer than 3 h,


no obvious change can be observed. This implies that the







Fig. 2. (A) Cyclic voltammograms for MWNTs-modified gold electrode


treated with 2 mg/ml dsDNA with EDC/NHS activation at different times.


Supporting electrolyte solution is 10 mM K4Fe(CN)6 and 10 mM


K3Fe(CN)6 containing 0.1 M NaCl. (a) 0 h; (b) 0.8 h; (c) 1.8 h; (d) 2.8


h; (e) 4.8 h. (B) Changes of the anodic peak current of Fe(CN)6
3�/Fe(CN)6


4�


redox couple at MWNTs-modified electrode immobilized with dsDNA (n)


and ssDNA (.) for different time intervals.


Fig. 3. Nyquist plots (Zim vs. Zre) for different electrodes in 10 mM


K4Fe(CN)6 + 10 mM K3Fe(CN)6 + 0.1 M NaCl aqueous solutions. (a)


MWNTs-modified gold electrode; (b,c) MWNTs-modified gold electrode


treated with 2 mg/ml dsDNA with and without EDC/NHS activation,


respectively; (d,e) MWNTs-modified gold electrode treated with 2 mg/ml


ssDNA with and without EDC/NHS activation, respectively.
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saturation of DNA immobilization on MWNTs is reached.


Therefore, the immobilization time of both dsDNA and


ssDNA was chosen to be 3 h in the further studies.


Additionally, it can be observed that the DIpa for dsDNA


is larger than that for ssDNA when the immobilization time


is more than 2 h. This may result from that dsDNA lying flat


on the electrode surface has more effective resistance to the


access of the Fe(CN)6
3 �/Fe(CN)6


4 � redox probe to the


electrode surface.

3.3. Electrochemical impedance characteristic of the


immobilization of DNA onto MWNTs-modified electrode


Electrochemical impedance, the widely used and effec-


tive way to study the interface properties of the modified


electrode, was also used to identify the immobilization of


DNA on MWNTs-modified electrode. The corresponding


Nyquist plots for the electrochemical impedance measure-


ments are shown in Fig. 3. For MWNTs-modified electrode,


a linear Nyquist plot (curve a), which indicates a diffusion-


controlled process, can be observed. This implies that


carbon nanotube modified electrode has high conductivity


and the redox behavior of Fe(CN)6
3�/Fe(CN)6


4� couple is


controlled by diffusion process. After the electrode was


treated with dsDNA with EDC/NHS activation for 3 h, the


corresponding Nyquist plot (curve b) is a semicircle along


with a straight line. The electron-transfer resistance, Ret, is


estimated from the semicircle diameter and equal to 16.02


kV. This implies that the redox process of the Fe(CN)6
3�/


Fe(CN)6
4� ion couple has been inhibited significantly due to


the immobilization of dsDNA on the MWNTs surface. The


results obtained from electrochemical impedance analysis


method are in agreement with that from CV method.


To investigate whether the increase of the electron-


transfer resistance was due to the direct adsorption of


dsDNA on carbon nanotubes, a control experiment was


performed by treating MWNTs-modified electrode with the


same dsDNA solution without EDC/NHS activation for the







Fig. 4. (A) Cyclic voltammograms for dsDNA–MWNTs-modified


electrode before (a) and after (b) the treatment with 1 mM ethidium


bromide. (B) Nyquist plot for dsDNA–MWNTs-modified electrode treated


with 1 mM ethidium bromide for (a) 0 min; (b) 2 min; (c) 7 min and (d) 18


min. Supporting electrolyte solution is 10 mM K4Fe(CN)6 and 10 mM


K3Fe(CN)6 containing 0.1 M NaCl.


M. Guo et al. / Bioelectrochemistry 62 (2004) 29–35 33

same time and the corresponding result is shown in Fig. 3c.


As shown in Fig. 3c, a small electron-transfer resistance


(6.58 kV) is obtained. This implies that the amount of


dsDNA directly adsorbed on carbon nanotubes is relatively


small and the immobilization of dsDNA on MWNTs-mod-


ified electrode through covalent bonds between the carbox-


ylic acid groups on the carbon nanotubes and the amino


groups on the DNA bases is dominant.


The electrochemical impedance analysis study on the


immobilization of ssDNA on MWNTs has also been


carried out and the corresponding Nyquist plot is shown


in Fig. 3d. The characteristic of the Nyquist plot is similar


to that in Fig. 3b. The corresponding electron-transfer


resistance is about 11.41 kV, which is smaller than that


for the dsDNA-modified electrode (16.02 kV). Such a


result is consistent with that in the cyclic voltammetry


study, and the reason has been mentioned above. On the


other hand, the double layer capacitances for dsDNA and


ssDNA modified electrodes can also be calculated from


Nyquist plots and equal to 3.77 and 6.09 nF, respectively.


This may result from the difference in the structure


between dsDNA and ssDNA. For ssDNA-modified elec-


trode, much supporting electrolyte solution can be in-


volved in the double layer structure of the electrode due


to the single-stranded structure of the ssDNA molecules. A


similar control experiment has also been carried out for the


MWNTs-modified gold electrode treated with ssDNA


without EDC/NHS activation. Compared with Fig. 3d, a


smaller semicircle diameter (5.08 kV) can be obtained


from Fig. 3e, which confirms that ssDNA was immobilized


on MWNTs mainly through covalent bonds.


As mentioned above, some DNA (ssDNA and dsDNA)


can be adsorbed on the MWNTs modified gold electrode


without EDC/NHS activation though DNA was immobi-


lized on MWNTs mainly through covalent bonds. In order


to identify whether DNA is adsorbed directly on the gold


surface or MWNTs, a control experiment has also been


performed by immersing the bare gold electrode in 2 mg/ml


DNA solution for 3 h. No obvious changes for the elec-


trodes with or without DNA (ssDNA or dsDNA) treatment


have been observed in the corresponding cyclic voltammo-


grams and electrochemical impedance spectra. This implies


that no obvious adsorption of DNA (ssDNA or dsDNA) on


the bare gold surface occurs and curves c and e in Fig. 3


were caused mainly by the adsorption of DNA on MWNTs.


3.4. Interaction between DNA and ethidium bromide


To investigate whether the characteristic of calf thymus


DNA molecules has not changed after they were immobi-


lized on the surfaces of MWNTs, the abilities of double-


stranded and single-stranded calf thymus DNA molecules to


interact with small biomolecules have been investigated.


EB, a well-known DNA intercalator, was chosen and used


as the DNA-binding reagent. The interactions between calf


thymus DNA molecules (double-stranded or single-strand-

ed) and EB have been studied by cyclic voltammetry and


electrochemical impedance analysis.


Fig. 4A shows the cyclic voltammograms for the


dsDNA–MWNTs-modified electrode before and after the


interaction with 1 mM EB. After the electrode is treated


with EB, the anodic peak current decreases obviously while


the slight decrease of cathodic peak current can be observed.


The split of the redox potentials changes from 0.108 to


0.189 V. The worse symmetry of peaks and the increasing of


the peak-to-peak separation indicate that the irreversibility
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of the redox behavior of the Fe(CN)6
3�/Fe(CN)6


4� couple


increases. These results imply that the intercalation of EB


into DNA molecules between the stacked base pairs of the


DNA double helix structure happens and the characteristic


of double-stranded calf thymus DNA molecules has not


changed obviously after they were immobilized on the


surface of MWNTs.


The interactions between EB and dsDNA at different


time intervals have also been investigated by electrochem-


ical impedance analysis and the corresponding Nyquist plots


are shown in Fig. 4B. After the dsDNA/MWNTs electrode

Fig. 5. Cyclic voltammograms (A) and Nyquist plot (B) for ssDNA–


MWNTs-modified electrode treated with 1 mM ethidium bromide for (a) 0


min; (b) 10 min and (c) 20 min. Supporting electrolyte solution is 10 mM


K4Fe(CN)6 and 10 mM K3Fe(CN)6 containing 0.1 M NaCl.

is treated with EB, the semicircle diameter increases obvi-


ously, which also indicates that EB has interacted with DNA


molecules immobilized on MWNTs. From Fig. 4B, it can


also be observed that the semicircle diameter of the Nyquist


plot increases with the interaction time increase. The elec-


tron transfer resistance, Ret, can be derived from the Nyquist


plots and equal to 16.02, 25.73, 45.58, and 56.19 kV at 0, 2,


7, and 18 min, respectively. This also indicates clearly that


more and more EB molecules intercalate into dsDNA.


The interaction between EB and ssDNA immobilized on


the surface of MWNTs were also studied with the same


methods. The corresponding results are shown in Fig. 5.


The features of cyclic voltammograms and Nyquist plots


are similar to that in Fig. 4. However, there are still some


differences between Figs. 4 and 5: (1) When DNA elec-


trode is treated with EB, the change of the anodic peak


current in Fig. 5 is much smaller than that in Fig. 4. (2) The


change of the electron-transfer resistance for the interaction


between ssDNA and EB (4.98 kV for 10 min) is much


smaller than that for the interaction between dsDNA and


EB (29.56 kV for 7 min). (3) For ssDNA, the saturation


state for the interaction between ssDNA and EB will be


reached quickly and no obvious changes for the cyclic


voltammograms and electrochemical impedance spectra can


be observed after about 10 min (Fig. 5). However, for the


interaction between dsDNA and EB, no saturation state can


be observed even when the interaction time is equal to 18


min (Fig. 4). The electron-transfer resistance increases


continuously with the increase of the interaction time.


These results imply that the interaction between ssDNA


and EB is very weak and the direct adsorption of EB on the


ssDNA-electrode surface may be dominant. This is in


agreement with Fang’s report [27].

4. Conclusions


The immobilization of biomolecules at the surface of


carbon nanotubes has great importance in introducing car-


bon nanotubes into biological systems. Cyclic voltammetry


and electrochemical impedance have been used to charac-


terize the immobilization process of both double-stranded


and single-stranded calf thymus DNA molecules on the


surface of multi-walled carbon nanotubes (MWNTs). It has


been found that most of calf thymus DNA are covalently


immobilized on MWNTs via diimide-activated amidation


between the carboxylic acid groups on the carbon nanotubes


and the amino groups on DNA bases, though the direct


adsorption of the DNA molecules on MWNTs can be


observed. Additionally, the interaction between DNA mol-


ecules and small biomolecules (EB) can be observed obvi-


ously by cyclic voltammetry and electrochemical impedance


analysis and the results are in good agreement with that


reported in the literatures. This implies that DNA molecules


immobilized at the surface of MWNTs still has the ability to


interact with small biomolecules.
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Abstract


Interstitial transport of DNA is a rate-limiting step in electric field-mediated gene delivery in vivo. Interstitial transport of


macromolecules, such as plasmid DNA, over a distance of several cell layers, is inefficient due to small diffusion coefficient and inadequate


convection. Therefore, we explored electric field as a novel driving force for interstitial transport of plasmid DNA. In this study, agarose gels


were used to mimic the interstitium in tissues as they had been well characterized and could be prepared reproducibly. We measured the


electrophoretic movements of fluorescently labeled plasmid DNA in agarose gels with three different concentrations (1.0%, 2.0% and 3.0%)


subjected to electric pulses at three different field strengths (100, 200 and 400 V/cm) and four different pulse durations (10, 50, 75, 99 ms).


We observed that: (1) shorter pulses (10 ms) were not as efficient as longer pulses in facilitating plasmid transport through agarose gels; (2)


plasmid electromobility reached a plateau at longer pulse durations; and (3) plasmid electromobility increased with applied electric energy, up


to a threshold, in all three gels. These data suggested that both pulse strength and duration needed to be adequately high for efficient plasmid


transport through extracellular matrix. We also found that electric field was better than concentration gradient of DNA as a driving force for


interstitial transport of plasmid DNA.


D 2004 Elsevier B.V. All rights reserved.

Keywords: Interstitial transport; Plasmid electromobility; Electric field-mediated gene delivery; Non-viral gene delivery

1. Introduction


Non-viral gene therapy has yet to reach its enormous


potential as the treatment of choice for the majority of


inherited and acquired diseases. Although non-viral gene


therapy promises to revolutionize modern medicine, poor


transfection efficiencies and inadequate transgene expres-


sion have characterized the growing pains of this emerging


field. In particular, inadequate development of efficient gene


delivery systems has severely limited transfection, and thus,


the progress of non-viral gene therapy.


Non-viral gene delivery from the location of administra-


tion to the cell nucleus can be broken down into a series of


individual transport processes in which physiological bar-


riers to the passage of plasmid DNA must be overcome.


However, the vast majority of research conducted in non-


viral gene therapy has focused primarily on modifying input


parameters of gene delivery technologies while observing

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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quantifiable outputs such as transfection efficiency or ther-


apeutic responses. In this type of research, physiological


barriers are either misrepresented or consolidated into a


poorly understood, poorly characterized black box. If these


barriers remain uncharacterized, progress in enhancing gene


delivery will be achieved only in small increments by slight


modification of gene delivery input parameters via a trial-


and-error approach.


Therefore, there is a definite need to characterize the


transport of non-viral vectors through physiological bar-


riers without necessarily measuring expression or therapy.


Based on these studies, novel systems of gene delivery can


be designed to facilitate DNA transport through various


barriers, thereby helping gene therapy realize its full


potential.


In this study, we focused on barriers to plasmid transport


posed by the interstitium and how they might be overcome


by the application of electric field. Interstitial transport of


macromolecules, such as plasmid DNA, in solid tumors is


limited by small diffusion coefficient, large diffusion dis-


tance and inadequate convection [1–3]. In addition to poor


transport, naked DNA can be rapidly degraded by nucleases
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in the interstitial compartment. The half-lives of naked


plasmid DNA in mice vary from 5 min to 24 h depending


on the site of injection [4–9]. These values are likely to be


overestimations of the time period in which the plasmid is


still biologically active as most measurements probe for


either a small portion of the entire plasmid or radioactivity


from a DNA label.


Upon injection of a therapeutic plasmid, whether it be


intravenous, intratumoral, or intramuscular, only a portion of


the injected DNAwill be readily accessible to a target on the


cell membrane, i.e., within some critical distance of a cell


membrane in which transport can occur before DNA degra-


dation or clearance. This critical distance can be affected by


tissue geometry, extracellular matrix composition, non-spe-


cific DNA binding to extracellular molecules, DNA size,


DNA configuration, and/or external forces. Without consid-


ering DNA binding, tissue geometries, and external forces, a


conservative estimation of this critical distance is on the order


of 1–20 Am based on plasmid diffusion coefficient in 3%


agarose gel (see below) and plasmid half-life mentioned


above. By adding DNA binding and using a more realistic


estimate of plasmid diffusion coefficient in tissues, the


estimated critical distance could be reduced by one or more


orders of magnitude. Therefore, any enabling technology that


would expand this critical distance through enhancing trans-


port and/or decreasing the interstitial residence time of


plasmid, would improve the traditionally low transfection


efficiencies of non-viral vectors.


To this end, we investigated the influences of pulsed


electric fields on plasmid electromobility in agarose gels and


compared the electromobility with plasmid diffusion in the


same gels. This work follows a recent study from our


laboratory, which determined the interstitial electromobility


of plasmid DNA in two types of tumor tissues subjected to


two different pulsing conditions [10]. One limitation in our


previous study was that we could not control the composi-


tion and density of extracellular matrix. In addition, we


could not separate the retardation effects of cells and


extracellular matrix on the electromobility of plasmid


DNA. Therefore, we developed an in vitro assay, based on


agarose gels, and used it to study the effects of pulse


strength and pulse duration on plasmid electrophoresis in


the interstitial space subjected to pulsed electric fields.


Gel models have been used widely in studying mecha-


nisms of interstitial transport in tissues [11–16]. The ad-


vantage of using gel models is three-fold. First, structures of


gels are more reproducible and better characterized than the


interstitial space. Second, there exist common mechanisms,


such as diffusion, convection, reptation, trapping, and elec-


trophoresis, which govern DNA transport in both gels and


the interstitial space. Third, gel preparation is much easier


than tissue preparation. Thus, gel models allow more


thorough investigation of molecular transport in fiber ma-


trices, as well as testing a variety of pulsing conditions to


assess how plasmid DNA responds to different pulsing


parameters. Results from our in vitro experiments demon-

strated specific effects of electric pulses and pore size in


agarose gels on the electrophoretic transport of plasmid


DNA. This information would be useful for improving


interstitial plasmid transport in vivo.

2. Experimental methods


2.1. DNA loading into agarose gel


Agarose gels (0.5%, 1.0%, 2.0% or 3.0%) were formed


by dissolving the appropriate amount of agarose (0.125,


0.25, 0.50 or 0.75 g, respectively; Fisher, Fairlawn, NJ) in


25 ml of 1� TAE buffer. The mixture was heated in a


microwave oven and stirred until the agarose was complete-


ly dissolved. Solutions were weighed before and after


heating to confirm that evaporation was negligible. 2.0 Al of
1.0 Am Fluoresbritek YG latex microspheres (Polyscien-


ces, Warrington, PA) were stirred into to the agarose. About


10 ml of the agarose/microsphere solution was placed in a


10� 6.5 cm electrophoresis submarine gel tray (E-C Appa-


ratus, Holbrook, NY) with an 8-well comb and allowed to


solidify at room temperature. Upon solidification, the comb


was removed and the tray was placed in a horizontal


electrophoresis chamber (E-C Apparatus, Holbrook, NY)


filled with 1� TAE buffer. 1.5 Al of 0.5 Ag/ml rhodamine-


labeled, GFP-encoding plasmid DNA (Gene Therapy Sys-


tems, San Diego, CA) were loaded into a well. DNA was


loaded into the gel with an electric field applied via an


electrophoresis power supply (EC250-90; E-C Apparatus,


Holbrook, NY). A small square of agarose containing the


plasmid was cut out of the tray and placed on a microscope


slide. An electrode lid was fixed to the slide with super glue


such that the electrodes penetrated the agarose gel and


flanked, in parallel, the band of DNA. The electrode lid


was composed of a 35-mm petri dish lid with two halves of


a stainless steel razor blade fixed, in parallel, 5.0 mm apart,


and perpendicular to the lid surface. The razors, or electro-


des, were connected to a T820 square wave electroporator


(BTX, San Diego, CA). The assembly was fixed to the stage


of an LSM 510 confocal microscope (Zeiss, Thornwood,


NY) with tape.


2.2. DNA electromobility experiments


Fluorescence images of the rhodamine-labeled plasmid


and the microspheres in the agarose gels were acquired at


10� magnification before and after each of 10, 50, 100 or


200 V pulses of 10, 50, 75 or 99 ms at room temperature. One


control experiment without electric field was conducted at


each gel concentration. The total plasmid or gel movements


per pulse were determined by cross-correlation analysis of the


fluorescence images of the DNA or microspheres, respec-


tively, between successive pulses. The details of the analysis


are as follows. The successive images can be represented as


p(x,y) and q(x,y), where x and y are the indices of pixels in
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each image. If the image p is fixed and image q is shifted by i


and j pixels in x and y directions, respectively, the normalized


cross-correlation coefficient of two images is given by


rij ¼


X
x


X
y


½pðx; yÞ � pmean�½qðxþ i; yþ jÞ � qmean�


rprq


ð1Þ


where pmean and qmean are the mean intensities in the images


of p(x,y) and q(x + i, y + j), respectively, and


rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
x


X
y


½pðx; yÞ � pmean�2
s


ð2Þ


rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
x


X
y


½qðxþ i; yþ jÞ � qmean�2
s


The summation above includes only overlapping pixels


between p and q. We determined the vector of DNA


movement by searching i and j at which the correlation


coefficient, rij, reached a maximal value. The maximal rij in


our experiments ranged from 0.7 to 0.99. The net plasmid


movements in gel were found by subtracting the gel


movement from the total plasmid movement during each


pulse and averaged over each 10-pulse experiment.


2.3. DNA diffusion in agarose gels


Rhodamine-labeled, GFP-encoding plasmid DNA (Gene


Therapy Systems, CA) was loaded into 0.5%, 1.0%, 2.0% or


3.0% agarose gels, without latex microspheres, as described


above. Six to ten fluorescence images of a DNA band


embedded in agarose gels were acquired using a 10�
objective for 0.5% and 1.0% gels or a 40� objective for


2.0% and 3.0% gels with an LSM 510 confocal microscope


(LSM 510, Zeiss). The time interval between successive


images was 10 min. Average intensity line profiles of each


image of the DNA band were acquired with image analysis


software (Image-Pro Plus, Media Cybernetics, Silver


Spring, MD).


We assumed that DNA diffusion was one-dimensional


and in the x direction, because the maximum concentration


gradient in the y direction was less than 5% of that in the x


direction in all cases. To estimate the error, caused by this


assumption, in the diffusion coefficient measurement, we


performed an order of magnitude analysis on the basis of


Fick’s second law for diffusion. If D1 and D2 denote the


diffusion coefficients obtained by fitting the same experi-


mental data to the solutions of 1-D and 2-D diffusion


equations, respectively, then they would be related by the


following equation,


D1


1


L2x


� �
¼ D2


1


L2x
þ 1


L2y


 !
ð3Þ

where Lx and Ly are the characteristic lengths of diffusion in


the x and y directions, respectively. Because the concentra-


tion gradient in the y-direction was, at most, 5% of that in


the x-direction, Lx must be less than 5% of Ly. Substituting


these values into Eq. (3), we found that the relative


difference between D1 and D2 was less than 0.25%, which


was much smaller than the error or standard deviation in the


diffusion coefficient measurements.


The equation for 1-D diffusion in an infinite medium is


as follows:


Cðx; tÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
4pDt


p
Z l


�l
FðxVÞexp � ðx� xVÞ2


4Dt


" #
dxV ð4Þ


where F(x) is the initial concentration profile, D is the


diffusion coefficient, t is the time, and C(x,t) is the final


concentration profile. The procedure for determining the


diffusion coefficient of DNA in agarose gel is as follows.


We first substituted an assumed diffusion coefficient and


the data of the initial concentration profile, F(x V), into the


numerical approximation of Eq. (4),


Cðx; tÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
4pDt


p
XN
n¼0


FðxVnÞexp � ðx� xVnÞ
2


4Dt


" #
DxV ð5Þ


where Dx V was the pixel dimension, approximately 1.8


and 0.45 Am in images acquired with 10� and 40�
objectives, respectively. The calculated concentration pro-


file, C(x,t), was compared with experimental data; and the


relative error was calculated. We then changed the value


of the diffusion coefficient until the error was minimized.


Eq. (5) assumed implicitly that the gel was a uniform


porous medium, neglecting the details in the molecular


structure of gels. This assumption required that DxVwas
much smaller than the characteristic length of the con-


centration profile and much larger than the molecular


length scale. Both values of Dx V used in this study


satisfied the requirements. Any further reduction in


DxV by decreasing the pixel dimension would cause more


fluctuation in C(x,t) as a function of x, but would not


significantly improve the estimation of D.

3. Results


3.1. Electrophoretic movement versus applied electric field


and pulse duration


The net distances of plasmid DNA movement per electric


pulse are shown in Fig. 1. The voltage applied for each


pulse has been converted to applied electric field by


dividing the former by the interelectrode distance (5.0


mm). As expected, plasmid electrophoretic movement in-


creased with pulse duration and pulse strength at all three







Fig. 2. Electromobility of plasmid DNA as a function of pulse duration in


(a) 1.0%, (b) 2.0% and (c) 3.0% agarose gels. Plasmid electromobility in all


gels was lower for shorter duration (10 ms) pulses as compared with longer


duration (75–99 ms) pulses. Plasmid electromobility reached a plateau


somewhere between pulse durations of 10 and 50 ms in 1% gel. The


occurrence of the plateau was shifted to a higher pulse duration when the


gel concentration was increased. Each symbol represents 50 measurements


taken from five independent experiments. Standard errors of means are


comparable to the size of the symbols.


Fig. 1. Plasmid DNA movement versus pulse duration in (a) 1.0%,


(b) 2.0% and (c) 3.0% agarose gels. Applied electric fields were 100, 200


and 400 V/cm, respectively. Electrophoretic movement of plasmid


increased with both pulse strength and pulse duration. Each symbol


represents the mean of 50 measurements taken from five independent


experiments. Standard errors of means are comparable to the size of the


symbols. The 0 ms data point was obtained from averaging 10


measurements in a control experiment.
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gel concentrations. Longer, stronger pulses lead to greater


plasmid movement.


Plasmid movement was inversely related to gel con-


centration. At higher gel concentrations, plasmid transport


was more hindered by agarose fibers. There was no


measurable plasmid movement during either image acqui-


sition or the time interval between pulses. Plasmid


movement did not change significantly over the course


of any ten-pulse experiment ( p>0.05; Spearman rank


correlation).

3.2. Electromobility versus applied electric field, pulse


duration and gel concentration


To elucidate better the specific effects of pulse strength


and duration on plasmid electrophoresis, plasmid move-


ments shown in Fig. 1 were converted to electromobilities.


Electromobility is defined as plasmid velocity divided by


electric field. Plasmid velocity was calculated by dividing


net distance of plasmid movement by pulse duration.
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Fig. 3. Electromobility of plasmid DNA as a function of applied voltage


squared times pulse duration, which is proportional to the applied


energy, in (a) 1.0%, (b) 2.0% and (c) 3.0% agarose gels. Electromobility


reached a plateau in all gels. The threshold energy at the plateau onset


was shifted in favor of higher energies as gel concentration increased.


Each symbol represents 50 measurements taken from five independent


experiments. Standard errors of means are comparable to the size of the


symbols.


Fig. 4. Diffusion coefficient of a fluorescently labeled, 5.1 kb supercoiled


plasmid as a function of agarose gel concentration. The diffusion coefficient


decreased with gel concentration. Each symbol represents the mean of 20


measurements taken from three independent experiments. Standard errors


of means are smaller than the size of the symbols.
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Plasmid electromobility increased with pulse duration


and then reached a plateau when pulse duration was


between 10 and 50 ms in 1% gel (Fig. 2a). The occurrence


of the plateau was shifted in favor of higher pulse duration


when the gel concentration was increased (Fig. 2b and c). At


all gel concentrations, shorter duration pulses (10 ms) were


not as efficient as longer pulses in facilitating plasmid


transport (Fig. 2). In the literature, electric pulses with


strengths in the 1 kV/cm range and durations of approxi-


mately 100 As have been used for electroporation of cells in


vivo [17–21]. We observed that plasmid movement per


pulse in the same agarose gels was only 0.05–0.10 Am

when the pulse strength and duration were 2.0 kV/cm and


99 As, respectively (data not shown), which was two to three
orders of magnitude less than the data shown in Fig. 1.


Thus, electric pulses with 1 kV/cm strength and 100 As
duration are sufficient for electroporation of cells but cannot


efficiently facilitate plasmid DNA transport in the intersti-


tium of tissues.


3.3. Electrophoretic mobility as a function of applied energy


The electromobility data are re-plotted in Fig. 3 as a


function of applied voltage squared times pulse duration,


which is proportional to applied energy. Plasmid electro-


mobility increased with applied energy up to a threshold in


all gel concentrations. For energies above the threshold,


plasmid electromobility was constant or increased minimal-


ly with energy. The threshold energy increased with gel


concentration.


3.4. Electrophoresis versus diffusion


The diffusion coefficient of a 5.1 kb supercoiled


plasmid DNA in agarose gels is shown in Fig. 4. As


expected, plasmid diffusion coefficient decreased exponen-


tially with gel concentration. To compare plasmid trans-


port via electrophoresis versus diffusion, we defined a


dimensionless parameter, PEE = vL/D, where v is the elec-


trophoretic velocity, L is the transport distance, and D is


the diffusion coefficient. PEE is similar to the Peclet


number, which compares the relative contribution of


convection (electrophoresis in our case) versus diffusion


to molecular transport. Using the data shown in Figs. 1


and 4, we found that transport via electrophoresis was up


to five orders of magnitude faster than diffusion in agarose


gels when the transport distance, L, was between 1 and 10







Fig. 5. The ratio, PEE, of electrophoretic versus diffusive flux as a function


of transport distance L. Electrophoresis was three to five orders of


magnitude faster than diffusion over the distance of 1–10 Am. The ratio


increased with L and the concentration of gel.
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Am (Fig. 5). This advantage of electrophoresis over


diffusion increases with both transport distance and gel


concentration.

4. Discussion


We characterized the plasmid electromobility in agarose


gels at various pulsing conditions to simulate electrophoretic


movement of DNA in the extracellular matrix of tissues. We


observed that plasmid movement in agarose gels was great-


est for pulses with high amplitude and long duration. This


was not surprising as longer, more intense pulses create a


larger and stronger driving force for the transport of plasmid


through porous media. When the distance of plasmid


movement was converted to electromobility and thus nor-


malized by pulse duration and amplitude, we found that


electromobility first increased with pulse duration and then


reached a plateau (Fig. 2).


In comparing these results to our previous study [10], we


found the distance of plasmid movement in agarose gels to


be one to two orders of magnitude larger than that in tumor


tissues in the same electric fields. We expect that similar


results will occur in other tissues, because biological tissues


are densely packed with cells and extracellular matrix


whereas agarose gel mimics only the latter. Quantitatively,


one may predict the electromobility of plasmid DNA in vivo


on the basis of its values in agarose gels if the information


on local arrangement of cells and the structure of extracel-


lular matrix is known.


Mechanisms of the dependence of plasmid DNA elec-


tromobility on pulse duration are still unclear. Here, five


possibilities are explored individually: (1) overcoming iner-


tial forces during plasmid acceleration; (2) DNA orientation;


(3) DNA–DNA interactions; (4) DNA–ion interactions;


and (5) entropic trapping.

4.1. Overcoming inertial forces


Upon application of a constant force, a finite time period


is required to accelerate all molecules from rest to a steady


state velocity, due to inertial and drag effects. The same is


true for plasmid movement in a uniform electric field. Thus,


we estimated the time constant for a sphere, of similar size


and charge as the plasmid used in our experiments, to reach


a steady state velocity in free solution subjected to an


applied electric field. The governing equation describing


the motion of the sphere is:


qE � fv ¼ ma ð6Þ


where q is the total charge on the sphere (0.066 e� per base


pair [22] times 5000 bp or 5.3� 10–17 C/plasmid); E is the


strength of the electric field (40,000 N/C for a 400 V/cm


electric field); f = 6plRg is the Stokes’ frictional drag


coefficient on a sphere; Rg = 100 nm is the radius of gyration


for a 5.4 kb supercoiled plasmid [23]; l = 0.01 g/cm s is the


viscosity of water; m is the mass of sphere (approximately


5.1�10� 18 g/plasmid); and a is the acceleration of the


sphere. Eq. (6) can be solved analytically for v given the


initial condition v = 0 at t = 0.


vðtÞ ¼ qE


f
� qE


f
e�


ft


m ð7Þ


The velocity of the sphere increased exponentially before


reaching its steady state velocity of qE/f when t was


approximately 3� 10� 11 s, based on values of f and m


given above. This time constant was much smaller than the


time to reach the plateau shown in Fig. 2.


The assumption of the spherical shape of the plasmid is


based on the fact that conformations of long DNA mole-


cules are globular in solutions [24]. Furthermore, changing


the conformation of the DNA would have a minimal effect


on the time constant. A completely elongated 5 kb DNA


chain moving parallel or perpendicular to the electric field


reached the steady state velocities in 2–3� 10� 11 s. Thus,


the inertial and drag effects could be neglected as a possible


mechanism to explain the pulse duration-dependence of


electromobility.


4.2. DNA orientation


Another possible mechanism for the pulse duration-


dependence of electromobility was the orientation of DNA


in electric fields. It is well known that charged macro-


molecules such as DNA become aligned in electric field


[25–30]. The orientation of DNA as a rod perpendicular and


parallel to an electric field leads to minimum and maximum


DNA velocities, respectively, due to the differences in


frictional forces. Therefore, the maximum possible change


in velocity attributable to DNA orientation occurs between


these two extremes. From Eq. (7), we see that the velocity of
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a particle is inversely proportional to its frictional force. The


normal, fN, and tangential, fT, coefficients of friction for a


needle-like rod (lengthHradius) have been solved for low


Reynolds number flow [31],


fN ¼ � 4plL
lnðL=rÞ þ 0:5


ð8Þ


fT ¼ � 2plL
lnðL=rÞ � 0:5


ð9Þ


where l is the viscosity of the solution, L is the length of the


rod and r is the radius of the rod. The ratio of fT to fN is


equivalent to the velocity ratio for a rod moving parallel and


perpendicular to an electric field. If L is half of the length of


a 5.1-kb circular plasmid, or 867 nm based on 0.34 nm per


base pair, and the radius of double stranded DNA, r, is 1.2


nm [32], then a DNA rod moving parallel to the electric


field is 1.7 times faster than a DNA rod moving perpendic-


ular to the electric field. This maximum difference in


velocity due to DNA orientation cannot explain the 3- to


10-fold increase in velocity observed in Fig. 2. While DNA


orientation likely contributes to the increase in electromo-


bility, the effect is not sufficient to explain the pulse


duration-dependence of electromobility as well.


4.3. DNA–DNA interactions


There are three regimes describing the transport of


polymers in solution: dilute, semi-dilute and entangled


(concentrated). In a dilute regime, the concentration of


polymer is low enough that the polymer chains do not


interact and can be considered as isolated particles. In an


entangled or high concentration polymer solution, all poly-


mer chains influence the transport of one another. Semi-


dilute solutions exhibit properties of both dilute and


entangled solutions. The maximum concentration of poly-


mer in dilute solutions is


c*c
MW


NA
4
3
pR3


g


� � ð10Þ


where MW is the molecular weight of the polymer, NA is


Avogadro’s number and Rg is the radius of gyration of the


polymer [33]. For the DNA used in our experiments, c* is


approximately 1.2 mg/ml. The concentration of DNA in our


experiments was approximately 0.05 mg/ml. At this con-


centration, DNA solution is dilute and DNA–DNA inter-


actions can be neglected.


4.4. DNA–ion interactions


Next, the interactions between DNA and ions are con-


sidered. A charged surface, e.g. DNA, in a static ionic


solution will develop a layer of ions of opposite charge,

i.e. counterions, near its surface. The counterions balance


the charge of the surface and they together form the electric


double layer. Upon application of an electric field, DNAwill


undergo electrophoresis, however, its movement is affected


by the counterion atmosphere. The effect of the double layer


on the electrophoresis of DNA is threefold.


The first is the retardation effect, which reduces the


electromobility of a spherical particle in an ionic solution


by, at most, 33% depending on the double layer thickness


and particle dimension [34]. The second is relaxation, which


depends on the ratio of the particle’s radius to the double


layer thickness and the particle’s zeta potential (f). The ~ of
plasmid DNA varies from –30 to –80 mV [35]. When ~ is


–80 mV, relaxation and retardation together lead to a 50%


reduction in electromobility [34]. The third is the surface


conductance effect [34]. The change in surface conductance


is only significant when the double layer thickness is much


smaller than the radius of the particle [36]. In our case, the


double layer thickness is about half of the radius of double


stranded DNA. As a result, surface conductance can be


neglected.


Taken together, DNA–ion interactions may affect DNA


mobility through three mechanisms: retardation, relaxation


and surface conductance. However, none of them can


adequately account for the dependence of DNA electro-


mobility on pulse duration shown in Fig. 2.


4.5. Entropic trapping


The interfiber gaps, commonly referred to as pores, in


agarose gels have been measured by size exclusion of latex


spheres [37]. The average pore size depends on the concen-


tration of agarose gels. The dependence is described by,


P ¼ 118 
 A�0:74 ð11Þ


where P is the pore radius in nm and A is the percent


concentration of agarose in a range between 0.2 and 4.0


[37]. Based on Eq. (11), the average radii of pores are 118,


71 and 52 nm in agarose gels with concentrations of 1.0%,


2.0% and 3.0%, respectively. Incidentally, collagen, whose


levels have been correlated with transport impairment of


macromolecules in tissues [10,38], has interfibrillar distan-


ces of 20–40 nm for well-aligned bundles and 75–140 nm


for poorly aligned bundles in tumor tissues [38]. The radius


of gyration of a 5.4-kb supercoiled plasmid is approximately


100 nm [23], which is either comparable to or larger than


the interfibrillar distances in both agarose gels and tumor


tissues.


Although agarose gels have a defined mean pore size and


are generally considered to be macroscopically homoge-


neous, the disordered distribution of fibers creates a hetero-


geneous distribution of pores at the microscopic level. Thus,


an agarose gel can be considered as a distribution of larger


voids connected by narrower passages or pores. When the


radius of a molecule is comparable to the mean pore size,
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transport is significantly hindered by frictional and steric


interactions between that molecule and the pores [38,39].


Therefore, in order for a DNA random coil to move through


the narrow passages of agarose gels, it must be elongated in


the direction of motion and shrunken in the perpendicular


direction and therefore lose entropy [40]. The narrow


passages function as entropic barriers to the transport of


DNA.


The application of electric field has been shown to reduce


the height of the entropic barrier [41]. Rousseau et al.


suggest that the entropy barrier or entropic trapping does


not occur if the electric field is beyond a critical level [41].


However, the electric field applied in Rousseau’s study was


continuous. If the duration of the electric field is finite, then


pulse duration must be considered since entropy has units of


energy per unit temperature and the applied electric energy


is proportional to the product of voltage squared and pulse


duration. When plotted as a function of applied energy as


shown in Fig. 3, plasmid electromobility increased first and


then reached a plateau at all gel concentrations. The thresh-


old energy for the electromobility to reach a plateau in-


creased with increasing gel concentration. Since other


mechanisms unlikely explain the pulse duration-dependence


of electromobility, and energy is proportional to pulse


duration, the data shown in Fig. 2 and Fig. 3 are likely to


be explained by the entropic trapping mechanism.


In biological tissues, which are much denser and more


transport impairing, one should expect the threshold ener-


gy to be outside the physiologically relevant range cov-


ered in this study. Therefore, increasing the energy of a


pulse will always increase plasmid transport through the


interstitium.


4.6. Electrophoresis vs. diffusion


To date, there has been no measurement of large nucleic


acid diffusion in tissues and very few measurements in


agarose gels. Pluen et al. measured the diffusion coefficient


of a 4.4-kb linear DNA fragment in 2.0% agarose gel via the


fluorescence recovery after photobleaching (FRAP) tech-


nique. From their figure, the diffusion coefficient is approx-


imately 5.5� 10� 9 cm2/s [14]. This is about five times


greater than the diffusion coefficient measured in this study


for a 5.1-kb rhodamine-labeled, supercoiled plasmid in the


same gel (Fig. 4). The discrepancy could be caused by the


fact that the 4.4-kb fragment was linear and therefore could


presumably reptate, or migrate head first, through the gel,


whereas the 5.1-kb plasmid was supercoiled, and therefore,


less flexible. The mobility of supercoiled plasmid is in


general lower than linearized plasmid in gels with pore


sizes similar to plasmid radius of gyration [23].


As shown in Fig. 5, electrophoresis is faster than diffu-


sion as a mode of plasmid transport by several orders of


magnitude. The advantage increases with transport distance


and gel concentration or medium density. In tissues, which


are much denser than agarose gels, we expect to observe a

greater advantage of electrophoresis. Therefore, employing


electric field is a feasible and powerful strategy for enhanc-


ing plasmid transport, decreasing plasmid residence time


and thus plasmid degradation in the interstitial space


[42,43].
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Abstract


The effects of a supra-physiological membrane potential shock on the conducting system of the delayed rectifier K+ channels in the


skeletal muscle fibers of frogs were studied. An improved double Vaseline gap voltage clamp technique was used to deliver stimulation


pulses and to measure changes in the channel currents. Our results showed that a single 4 ms, � 400 mV pulsed shock can cause a reduction


in the K+ channel conductance and a negative-shift of the channel open-threshold. Following the Boltzmann theory of channel voltage-


dependence, we analyzed the shock-induced changes in the channel open-probability by employing both two-state and multi-state models.


The results indicate a reduction in the number of channel gating particles after the electric shock, which imply possible conformational


changes at domains that gate the channels proteins. This study provides further evidence supporting our hypothesis that high intensity electric


fields can cause conformational changes in membrane proteins, most likely in the channel gating system. These structural changes in


membrane proteins, and therefore their dysfunctions, may be involved in the mechanisms underlying electrical injury.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


During an accidental electrical shock or a clinical therapy


involving high power electric field, the electric field may


cause severe damages to skin, muscle and nerve cells.


Clinical manifestations of injury include limb dysfunctions,


cell edema, necrosis and finally cell death. In the last two


decades, electrical injury diagnosis and patient care have


been improved, but not significantly. A reason, perhaps, is


that the underlying mechanisms of electrical injury remain


unclear. A better understanding of the mechanisms under-


lying electrical injury is essential in electrical trauma man-


agement and patient treatment.


One of the possible mechanisms is electroporation [1,2].


When living cells are exposed to an intensive electric field,


pore or pore-like structures may be induced in the phos-


pholipid bilayer of the cell membranes. Formation of these


electropores in cell membranes significantly increases ion


transfer between the cytoplasmic fluid and extracellular


medium, resulting in losses of ionic concentration gradients

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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across the cell membranes. The membrane permeability


increment also leads to leakage of cellular metabolic sub-


strates such as ATP molecules, which eventually depletes


the cell’s energy [3–6].


In addition to electroporation in phospholipid bilayer, an


intensive electric field may inevitably affect the membrane


proteins, especially the voltage-sensitive proteins. The in-


tensive electric field-induced conformational changes in


membrane proteins have been suggested as another mech-


anism involved in electrical injury [7–10]. The pioneering


work on the electrical shock-induced damages in membrane


proteins was done by Tsong and Teissie [7] on the Na/K


ATPase by using erythrocyte cells. After being shocked by


an intensive electrical field, concentration of the radioac-


tively labeled, intracellular Na+ ions of the erythrocyte cells


became higher. They attributed this ionic leakage to alter-


ations of the membrane proteins, Na/K ATPase, since the


leakage could be eliminated by ouabain, a specific inhibitor


for the Na/K ATPase.


Recently, we have improved the double Vaseline-gap


voltage-clamp technique to study the effects of an intensive


electric field on cell membrane of skeletal muscle fibers


[11]. In addition to electroporation on membrane phospho-


lipid bilayer, we found that the membrane proteins, espe-
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cially the voltage-dependent membrane proteins such as ion


channels, may be affected by the electrical shock, resulting


in channel’s functional reductions such as decreases in the


channel conductance and channel ionic selectivity [10]. The


possible mechanisms underlying the membrane protein


damages may include large current-medicated thermal


effects or supra-membrane potential-coupled structural


changes, or both. More recently, our studies showed that


for an electric shock generating a membrane potential up to


� 500 mV, large transmembrane current-mediated thermal


effects did not play a significant role in damaging the


channel proteins. Consequently, for this field-strength range,


supra-membrane potential-induced proteins’ conformational


changes have been postulated as the major mechanism


involved in membrane proteins’ electrical damages [12].


It is still unclear which domains of the membrane


proteins are most vulnerable to an external electric field


resulting in the channels’ functional reduction. One of our


hypotheses is the channel gating system because it’s voltage


sensitivities. This speculation is based on the physiological


voltage-dependence of the movable charge particles in the


S4 domain functioning as the channel gating system. To


support this hypothesis, the ideal experimental evidence


would come from direct measurements of the channel gating


currents affected by an intensive electric shock. However,


many published literatures suggest that the majority of the


measured channel gating current in skeletal muscles is not


attributed to the K channels. That is partially because of the


slow kinetics of K+ channels.


In this paper, we present results of our recent studies of an


electric field-induced damages in the channel gating system


by estimating possible changes in the limiting number of


channel gating charge particles. We re-measured the K+


channel conductance with great emphasis on the membrane


potentials close to the channel open-threshold. The limiting


number of channels’ gating charge particles was estimated


according to Boltzmann theory for the channels’ voltage-


dependence. The results suggest that the field-induced


reductions in the channel conductance may result from a


decrease in number of channels’ gating particles. Interest-


ingly, these analytical results also predict a negative shift of


the channel open-threshold after the electric shock, which is


consistent with our experimental results. These results pro-


vide strong evidences to support our hypothesis: the protein


domains that gating the channels may be vulnerable to the


electric shock suffering structural damages.

2. Material and methods


2.1. Skeletal muscle fiber preparation


The protocol published by others [13–16] with some


adjustments was used for the preparation of single muscle


fibers [11,12]. Briefly, the skeletal twitch muscle, semite-


ndinosus, was separated from English frogs, Rana tempo-

raria, or American frogs, Rana pipiens. A single fiber was


then hand-dissected and mounted in a custom-made cham-


ber, with two clips at the ends for securing the fiber. The


whole fiber was electrically isolated into three pools by two


Vaseline-gap partitions. The width of the two partitions and


the central pool are 100 and 300 Am, respectively. We then


stretched the fiber up to the length of a sarcomere of 3 Am to


avoid fiber contraction during electrical stimulation.


The fiber segments in the two end pools were treated


with a solution of 0.2% saponin for 2 min to permeablize the


cell membrane electrically and ionically, and then washed


off using internal solution. A voltage clamp (Dagon TEV


200) was connected to the three pools by six agar bridges


and three Ag/AgCl pellets. The total resistance of these


agars and pellets was less than 1 kV. The voltage clamp


controlled by a PC was used to deliver both stimulation


pulses and shock pulses. Data was sampled by an Axon data


acquisition board (AC 1200) and stored in a hard disk for


further analysis.


2.2. Solution compositions


The compositions of each solution were as follows (in


mM): Relaxing solution: 120, K-glutamate; 1, MgSO4; 0.1


EGTA and 5, PIPES, External solution: 120, NaCl; 4.25,


KCl; 2.15 Na2HPO4; 0.85, NaH2PO4; and 1.8, CaCl2
Internal solution: 45.5, K-glutamate; 20, Tris–Creatine


Phosphate; 20, EGTA; 6.8, MgSO4; 5, PIPES; 5, glucose;


and 5.5 Na2ATP.


A 1 AM TTX in the External Solution has been exper-


imentally tested to effectively eliminate most of the Na+


channel currents even after electric shock. This shows that


the blockage of the Na+ channel is not affected by electric


shocks [10].


2.3. Electrical shock and channel functional assessments


We have suggested an improved configuration of the


double Vaseline gap voltage clamp to study the electrical


field-induced damages in cell membrane of skeletal muscle


fibers [10]. Briefly, the two end pools were connected and a


positive feedback circuit was designed to compensate for


the voltage drops across the series resistance. The advan-


tages of the improved configuration include a more uniform


membrane potential-distribution in the central pool and an


elimination of a transient over-shock at the rising phase of


the shock pulse.


The experimental protocol is similar to that used in our


previous study [10]. Cell membranes were held at � 90 mV.


Two groups of pulses were used in the experiments. Step


clamp pulses were applied as a sequence of 25 ms step


pulses ranging from 20 to 110 mV, which depolarized the


membrane potential from � 70 to + 20 mV. When the


membrane potential was close to the channel open-thresh-


old, which is defined as a potential where the channel


currents start to be measurable, the voltage-step of the
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stimulation sequence changed to 2 mV. Shock pulses ranged


from � 200 to � 500 mV in magnitude. The durations of all


shock pulses were 4 ms in order to simulate exposures to a


power-line frequency electric field. A 4-ms duration pulse


and a half-cycle sinusoid current at commercial (60 Hz)


power frequency with the same RMS value have the same


energy.


Before electrical shock, the sequence of step clamp


pulses was applied to the isolated cell membrane and the


evoked channel currents were recorded. Then a 4-ms supra-


membrane potential shock pulse was delivered to the cell


membrane. The transmembrane current response was mon-


itored during the shock pulse to determine occurrence of


membrane electroporation. Following the shock pulse, the


fiber was relaxed until the holding current became stable.


The same step clamp pulses were then reapplied to the


membrane in order to study changes in the channel currents.


The P/N method was used to resolve the channel currents


and the electroporation currents from the step clamp pulse-


and the shock pulse-induced transmembrane currents, re-


spectively. When measuring channel currents, four (N = 4)


sub-stimulation pre-pulses were employed preceding each


stimulation pulse, which also being referred as P/4 method.


The duration of these pre-pulses was the same as the


subsequent stimulation pulse, while the magnitude is only


1/4 of the stimulation pulse, which makes these sub-pre-


pulses far below the channel open threshold. The linear


capacitance and leakage currents crossing the cell mem-


brane or through the pathway underneath the Vaseline seals


were recorded responding to those four pre-pulses. These


linear currents were then scaled up and subtracted from the


stimulation pulse-evoked transmembrane currents. The


remaining current was the non-linear current, which have


been identified as the delayed rectifier K+ channel current


[10]. With the same method but using a group of sub-shock


pre-pulses, the shock pulse-induced electroporation currents


can be identified. The number of sub-shock, pre-pulses was


eight (N = 8) to reduce the magnitude of each pre-pulses,


thereby avoiding an occurrence of pre-pulse-induced elec-


troporation. For example, for a shock pulse of � 400 mV,


the magnitude of the sub-shock pulses is � 50 mV, which is


far below the membrane electroporation threshold. Again,


all sub-shock pulses had 4 ms duration. Details can be found


in our previous paper [10,11].

Fig. 1. Transmembrane current recorded during a 4 ms, � 400 mV supra-


membrane potential shock-pulse (A). The first transient peak current


followed by an exponential-like decay represents the membrane capacitate


current. The transmembrane current then increased monotonically until the


end of the shock pulse, which is the shock pulse-induced electroporation


current (B). Electroporation current was a shock-induced non-linear leakage


current, which was obtained by subtracting the linear currents recorded


from a group of sub-shock pre-pulses.

3. Experimental results


3.1. Shock pulse-induced non-linear leakage currents


across the cell membrane


In this control group, the external solution contains


channel blockers, TTX, TEA [10] to maximally block the


Na+ and the K+ channels.


In order to electrically shock the membrane, a 4-ms


shock pulse with a supra-membrane potential of � 400

mV was applied to the cell membrane by the voltage clamp.


The evoked total transmembrane current was simultaneous-


ly recorded, as shown in the upper panel of Fig. 1. If the


shock pulse is small enough, less than � 250 to � 300 mV,


the current response is a transient peak current with an


exponential decay to a plateau representing the membrane


linear leakage current. In Fig. 1, the current response to a


� 400 mV shock pulse shows a monotonously increasing


following the transient peak. This monotonous current


increase is the shock pulse-induced, non-linear leakage







Fig. 2. The delayed rectifier K+ channel currents recorded immediately


before (A) and right after (B) the fiber was shocked by a single, 4 ms, � 400


mV supra-membrane potential pulse. The holding potential was � 90 mV.


A stimulation sequence consisted of 31 consecutive 25-ms depolarized


pulses ranging from � 64 to � 4 mV in steps of 2 mV. Linear capacitance


and leakage currents across the cell membrane were subtracted by a P/4


method. The delayed rectifier K+ channel currents were obtained and shown


in the upper panel. The channel current has the highest plateau value


corresponding to a stimulation pulse of � 4 mV. The consequent channel


currents with less plateaus correspond to stimulation pulses of � 6, � 8. . .
and � 64 mV, respectively. After being shocked by 4 ms, � 400 mV


pulses, the same stimulation sequence was reapplied to the cell membrane.


With the same method, the K+ channel currents were obtained and are


shown in the lower panel.
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currents, which represent either electroporation current or


the current resulting from the membrane dielectric break-


down. This electrical shock-induced nonlinear leakage cur-


rent was explicitly obtained by using the P/N method, and is


shown in the lower panel of Fig. 1.


It is necessary to point out that 250–300 mV is only the


potential for reversible breakdown of the biological mem-


brane. After the electric shock, the shock-induced trans-


membrane leakage current can quickly disappear in a time


course from milliseconds to seconds. From Fig. 1, after 4


ms, � 400 mV pulsed-shock, the increase in leakage


currents reduced to zero in a few milliseconds following


the fall-phase of the shock pulse.


To confirm the reversibility of the membrane electro-


poration and the membrane dielectric breakdown induced


by a 4 ms, � 400 mV, a near-thread pulsed-shock, we


performed the following experiments. After the membrane


holding current was fully recovered to the pre-shock value, a


30-ms stimulation pulse of � 80 mV with four pre-, sub-


pulses were applied to the cell membrane. After subtracting


the currents responding to the pre-sub-pulses, the currents


responding to the stimulation pulse are zero. This result


indicates that the membrane electroporation or the mem-


brane dielectric breakdown is fully reversible after a single 4


ms, � 400 mV electric shock. The purpose of this control


experiment is to rule out the possible contamination of the


membrane electroporation to the measurements of channel


currents.


3.2. Shock-pulse induced reductions in the K+ channel


conductance, and negative shift of the channel


open-threshold


In the following experiments, only TTX was used in


the external solution, as described previously. To measure


the delayed rectifier K+ channel currents in cell mem-


branes, a stimulation pulse sequence was applied to the


cell by the voltage clamp, consisting of 31 consecutive


pulses holding the membrane potentials in a range from


� 64 to � 4 mV. Each stimulation pulse followed four


sub-pulses with a magnitude 1/4 of the responding stim-


ulation pulse. The evoked delayed rectifier K+ channel


currents were resolved by P/4 method, and are shown in


the upper panel of Fig. 2.


Then, the muscle fiber was shocked by a 4 ms, � 400


mV pulse in order to simulate electrical injury. The current


response was recorded, which is very similar to those shown


in Fig. 1 without visual difference. This similarity indicates


that the transient, non-linear leakage currents mainly go


through the phospholipid bilayer of the cell membrane.


Following a short period relaxation, the membrane hold-


ing currents was recovered to a stable value close to the pre-


shock value. Then the same stimulation pulse sequence was


applied again to the cell membrane. With the same method,


the K+ channel currents were obtained and are shown in the


lower panel of Fig. 2.

By comparing the pre- and post-shocked channel cur-


rents, one can easily notice that the K+ channel currents


responding to almost all of the stimulation pulses were


reduced after the electrical shock. The maximum value of


the pre-shock K+ channel currents, about 220 nA, was


reduced to around 175 nA, which is an approximately


20% reduction.


The K+ channel currents in the upper panel are plotted as


a function of the membrane potential in Fig. 3, represented


by dark circles. The abscissa is the membrane potential held


by the stimulation pulses and the ordinate is the evoked


channel current. Similarly, the post-shock channel currents


from the lower panel of Fig. 2 are plotted in the same figure


as open squares. The current–voltage relationship (I–U


curve) of the pre-shock K+ channels differs from the post-


shock I–U curve in two aspects. First, the slope of the post-


shock I–U curve is lower than that of the pre-shock curve,







Fig. 3. K+ channel currents as a function of the membrane potential. The


abscissa is the potential to which the membrane was clamped and the


ordinate is the evoked channel current. Dark circles and open squares


represent the channel currents recorded before and right after the fiber was


shocked by a 4 ms, � 400 mV pulse, respectively.
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indicating the shock pulse-induced reductions in the K+


channel conductance. For this fiber, the slope of the curves


for the pre- and post-shock K+ channels, or the channels’


slope conductance was 4.4 and 3.5 AS, respectively. A


single 4 ms, � 400 mV, pulsed-shock reduced approximate-


ly 20% of the channel conductance.

Fig. 4. Redrawn K+ channel currents shown in Fig. 1. The pre- and post-shock K+


side in the left and right panels, respectively. Numbers in central column repre


represent the holding current at a membrane potential of � 90 mV. Only the memb


the first pre-shock channel current was evoked by a step stimulation pulse clamping


shows the post-shock channel current in response to a step potential to � 54 mV

Secondly, the potential threshold where the channel


currents start to be measurable is shifted to the negative


direction for a few millivolts after the electric shock.


We have noticed that from Fig. 2 the most pre-shock K+


channel currents are larger than the corresponding post-


shock channel currents. But this is not always the case.


When small pulses holding the membrane potential slightly


positive than the channel potential-threshold, the induced


post-shock channel currents were larger than the pre-shock


channel currents. This can be seen from the cross section of


the two I–U curves shown in Fig. 3.


To be clearer, the channel current traces shown in the


upper and lower panels of Fig. 2 are redrawn as the left and


right panels of Fig. 4, correspondingly. The pre- and post-


shock channel current-traces evoked by the same stimula-


tion pulse are placed side-by-side. The numbers in the


central column represent the corresponding membrane


potentials. Only the membrane potentials ranging from


� 64 to � 48 mV are redrawn here. In the left panel, the


first trace showing the delayed rectifier K+ channel currents


(out ward current) were not evoked until the stimulation


pulse of � 50 mV, while in the right panel, the post-shock


channel currents were evoked when the stimulation pulse


was only � 54 mV.


This negative shift in the channel critical-potential is also


clearly shown in Fig. 3. This result indicates that the single 4


ms, � 400 ms shock pulse may cause a negative shift of the


K+ channel open-threshold.


Nineteen fibers from 13 muscles were studied. All of the


fibers showed a shock pulse-induced reduction of the


channel conductance, and 12 fibers exhibited a negative


shift of the channel potential-threshold. Data will be shown


later in Fig. 6.

channel currents evoked by the same stimulation pulse are placed side-by-


sent the membrane potential of stimulation pulses. The base line currents


rane potential ranging from � 64 to � 48 mV is re-drawn. In the left panel,


the membrane potential at � 50 mV; while in the right panel, the first trace


.







Fig. 5. A semi-logarithm plot of channel open probability expressed as the


normalized channel conductance as functions of the membrane potential. X-


axis is the magnitude of the membrane potential on a linear scale. Y-axis is


the corresponding channel open probability drawn on a logarithmic scale.


Dark circles represent control before the electrical shock, while open


squares represent the post-shock channel open probability. All channel


conductance responding to different stimulation pulses were normalized to


the maximum channel conductance, recorded before the electrical shock in


response to a stimulation pulse holding the membrane potential at +30 mV,


where all K+ channels are assumed to be open.
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4. Data analysis


4.1. Estimation of the number of channels gating charge


particles affected by an electric shock


4.1.1. Two-state model


Let us first assume a simple two-state model of the K+


channels: open and closed. According to thermodynamics,


the possibilities of channel opening can be described by the


Boltzmann distribution of the movable charge particles in


the gating system. There are two kinds of energies that


dominate the gating charge particles contributed to the open


or closed states. One is the protein conformation energy


difference between the closed state, Ec, and the open state,


Eo. Another is electrical energy, � zeU, provided by the


external stimulation pulses, where U is membrane potential


of stimulation pulses, e is the elementary charge, and z is the


number of movable gating charge particles or dipole


moments [17,18]. z can also be considered as equivalent


valence of the gating charge particle when assuming only


one charged particle is mobile among the two-states. The


total change in energy from the closed state to the open state


responding to the stimulation pulse is Eo�Ec� zeU. The


ratio of the open state probability, Po, over the probability of


the closed state, Pc, can be described by the Boltzmann


equation [18].


Po


Pc


¼ exp


�
� Eo � Ec � zeU


kT


�
ð1Þ


The probability of the open channels among the total


number of channels, the relative channel open probability, P,


can be obtained by rearranging the above equation,


P ¼ 1


1þ exp½ðEo � Ec � zeUÞ=kT � ð2Þ


When the membrane potential is very negative, the first


term in the denominator can be ignored because of much


smaller than the second terms. By taking the natural


logarithm on both sides of the equation, the logarithm of


the probability of the open channels can be expressed as a


linear equation of the membrane potential U.


lnP ¼ Ec


kT
� Eo


kT
þ ze


kT
U ð3Þ


From Eq. (3), it is clear that the logarithm of the channel


open probabilities, lnP, is a linear function of membrane


potential, U, with an intersection, (Ec�Eo)/kT, and a slop of


ze/kT, which is a function of the number of charge particle,


z. Therefore, the number of charge particle, z, can be


resolved from the slope of the straight line.


The relative channel open probability can be easily


expressed as the relative channel conductance, which is


equal to the measured channel conductance, normalized to


the maximum channel conductance. The maximum channel

conductance can be obtained by stimulating the membrane


potential at a very positive pulse, such as + 30 mV. By


normalizing the measured channel conductance shown in


Fig. 3 to the maximum channel conductance, we obtained


the pre- and post-shock channel relative open probabilities.


Using Eq. (3), these relative channel open probabilities of


the pre- and post-shock K+ channels can be plotted as


functions of the membrane potentials, as shown in a semi-


logarithm coordinate of Fig. 5.


The abscissa is the size of the membrane potential held


by stimulation pulses in a linear scale and the ordinate is the


relative channel conductance drawn in a natural logarithm


scale. Dark circles and open squares represent the probabil-


ity of open channels obtained in the control and after the


electric shock, respectively. From Fig. 5, the plateau of the


relative channel conductance of the post-shock channels is


lower than that of the pre-shock, which reflects the field-


induced decrement in the K+ channel conductance.


To study channel relative open-probabilities before and


after an electric shock, the measured channels’ conductance


should be normalized to the pre- and post-shock maximum


channel conductance, respectively. Fig. 6 shows the results


from all 19 fibers. Dark circles represent the pre-shock


channel conductance normalized to the maximum value


recorded at a membrane potential of + 30 mV, the same as


those shown in Fig. 5. The post-shock channel conductance


represented by open squares was normalized to the post-


shock maximum value at the + 30 mV, which is different


from Fig. 5. The purpose of normalizing the channel con-


ductance to the post-shock maximal conductance is to obtain


the post-shocked channel open probabilities.







Fig. 6. Channel open probability as a function of membrane potential. The


abscissa is the membrane potential in a linear scale. The ordinate is the


channel open probability expressed as a normalized channel conductance


drawn on a logarithmic scale. Dark circles represent the pre-shock relative


channel conductance normalized to the maximum value recorded before the


shock in response to a membrane potential of 30 mV. The post-shock


channel conductance represented by open squares were normalized to the


maximum conductance at the same membrane potential but recorded after


the electrical shock. The results were from 19 fibers and the bars are


standard errors. Eq. (5) was used to fit the data. The two intersections of the


fitted lines with a horizontal line passing through the ordinate of � 3


indicate the required membrane potentials to open 5% (e� 3) of the channels


before and after the electrical shock, respectively. The potential for the post-


shock channels is a few millivolts more negative than the pre-shock


channels.
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It is necessary to point out that when using channel


conductance to express the channel permeability, therefore


the channel open probability, it implicitly admits an instan-


taneous current–voltage relation. Indeed, this is not always


the case. In general, this is true only when the ionic


concentrations crossing the cell membrane are the same


and only when one kind of channels exists. However, study


from the Goleman–Hodgkin–Katz (GHK) current equation


showed that for the voltage-gated Na+ and K+ channels,


these factors only play a trivial role in the channel conduc-


tance steepness [18,19]. The maximum steepness of voltage


dependence in the channel conductance is mainly dependent


on the channel gating system. In other words, we can


attribute the steepness of the K+ channel I–U curve to the


steeply voltage-dependence of channel opening.


Following the assumption we made when we derived Eq.


(3), we only focus on very negative membrane potentials


which is the rising part of the semi-logarithm plot. From Eq.


(3), the rising part of the semi-logarithmic plot can be


expressed as a straight line where the slope contains


information of the number of limiting charge particles, z,


in the channel gating system. The larger the number of the


limiting charges particles, the steeper the straight line, or the


steeper the rising part of the curve. Fig. 6 shows that the


curve slope of the pre-shock channels is steeper than that of


the post-shock channels. It indicates that the number of

limiting charge particles was reduced by a high intensity


electrical shock.


We fitted the rising parts of the two curves to Eq. (3) to


two separate straight lines, respectively (not shown). The


slope of the best-fit straight line for the pre-shock channels


is 4.1 mV per e-fold (2.72) increase of the channel open


probability. The value of kT/e is about 24 mV, so that z = 24/


4.1 = 5.8, which means that the limiting number of charge


particles for the pre-shock K+ channels is about 5.8. The


slope of the best-fit line for the post-shock K+ channels is


5.3, indicating that the limiting number of charge particles in


the channel gating system was reduced to 4.5 after the


electrical shock. A single 4 ms, � 400 mV electric shocks


eliminated over 20% of the limiting charge particles in the


K+ channel proteins.


The origin of the ordinate, � 4, represents the membrane


potential where the K+ channel open probability is about 2%


(e� 4). It should be pointed out that the vertical position of


the abscissa on the ordinate is randomly chosen. In this


study, we chose the origin at 2%, because this is the value


closest to the smallest channel currents we can identify.


When the origin of the ordinate is chosen at a smaller value,


the intersection of the extrapolations of the fitted straight


lines with the abscissa will be more negative. This is


reasonable because according to the Boltzmann thermody-


namic theory, only were membrane potential at negative


infinity, all of the channels would be at close state.


When the criterion for the measurable channel currents is


defined as the channel open probability of about 5% (e� 3),


the potential threshold opening the post-shock K+ channel is


4 mV negative to the threshold for the pre-shock channels.


From the intersections of the extrapolations of the straight


lines on the abscissa, we see that the difference of the


membrane potentials is about 5 mV. A larger membrane


potential threshold would be shifted when the criterion of


the measurable channel currents is set up at a channel open


probability of 2%. In addition, the intersections of the


extrapolations of the fitted pre- and post-shock straight lines


with the ordinate were also obtained. These two values will


be used later in the analysis of multiple-state model.


4.2. Reduction of the limiting number of gating charge


particles resulting in a negative shift of the channel


open-threshold


4.2.1. Sequential multiple-state model


Our experimental observations include that (1) a lower


slope of the post-shock channel open probability drawn as a


function of the membrane potential, and (2) a negative shift


of the post-shock channel open-threshold.


So far, we only focused on the slope changes by fitting a


straight line to estimate the limiting number of charge


particles in the channel gating system. The results show


that the slope reduction, or the channel conductance reduc-


tion, can be well explained by a reduction of the limiting


number of gating charge particles. However, the second
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observation, or the negative shift of channel open-threshold,


has not been considered in our discussion as of yet.


Questions remain. Do these two observations together


reveal the same information, a reduction in the channel


gating particles? Can a reduction in the channel gating


particles explain both two observations? Is the negative


shift in channel open-threshold independent of the changes


in the slope of the channel open-probability?


To answer these questions, we have tried to fit the data


shown in Fig. 6 to Eq. (2) in a whole potential range without


the assumption we made in deriving Eq. (3). Unfortunately,


the curve did not fit the data well. That is because when


using channel conductance to represent the channel perme-


ability and channel open-probability in the two-state model,


an instantaneous current–voltage relationship has been


assumed. As mentioned previously, we can only attribute


the maximum steepness of the K+ channel I–U curve,


obtained at a very negative membrane potential, to the


steeply voltage-dependent of channel opening and closing.


This assumption is not necessarily true for the whole


potential range.


Let us consider a sequential, multiple-state model. In the


two-state model, when an external electric field is applied to


the cell membrane, the electric energy is only used to


overcome the energy difference, Eo�Ec, to redistribute


the gating charge particles. All these gating charge particles


are assumed being free and ready to be relocated. In fact,


various chemical bonds in the protein structure may hold the


gating charge particles at different close states, so that an


extra energy may be needed to free these charge particles. In


other words, electric energy has to free the gating charge


particles first and then to relocate them. We assumed that the


redistribution of the free charge particles from the close state


to the open state still followed the Boltzmann distribution,


as described above. Charge particles moved from different


closed states to the final closed state, where they are ready to


move to the open state, can be expressed by a simple first


approximation,


z ¼ z0 þ nU ð4Þ


where z0 is the free charge particles when the applied


external membrane potential is zero and n is a coefficient.


In other words, in addition to relocated the free charge


particles from closing state to open state (as described in


two-state model), the membrane potential also control the


number of free charge particles to be moved. Here, the


number of free-charge particles, z, is a linear function of the


membrane potential, U. By substituting Eq. (4) into Eq. (2),


the channel open probability can be expressed as follow:


P ¼ 1


1þ exp½ðEo � Ecðz0 þ nUÞeUÞ=kT � ð5Þ


We then fitted the channel open probabilities to Eq. (5),


shown in Fig. 6, where the value of (Eo�Ec)/kT is the


interception obtained in the two-state model previously. The

ratio of the best fitted, the number of gating charge particles,


z, of the post- and pre-shock K+ channels at a membrane


potential of � 50 mV is 0.76. This ratio indicates 24% of


the channel gating charge particles was eliminated by the


electrical shock, which is relatively consistent with the result


of 20% reduction from a two-state model.


More interestingly, the fitted curves clearly show the


trends of the relationship between the number of gating


charge particles and the channel open threshold. The smaller


the number of gating charge particles, not only the more


shallow the slope of the curve, but also the more the


negative of the channel open threshold. The difference of


the membrane potentials is about 5 mV in response to the


channel open probability of 5% (e� 3), which can be


obtained by the intersections of the fitting curves and the


horizontal line passing though � 3 on the ordinate. These


results clearly show that the observations of reduction in


channel conductance and negative shift in channel open


threshold are necessarily correlated as a result of the


decrement in the number of charge particles.


In fact, reductions in the gating charge particles resulting


in both a smaller slope of the open probability-curve and a


negative-shift of the potential-threshold can be observed


from numerical plots of the channel open-probability in


terms of various number of the charge particles by Almers


and Hille [17,18]. They employed a two-state model and


further assumed that Eo�Ec equal to zero; therefore half of


the channels are in the closed state when no external


electrical field was applied. The numerical plots showed


that the smaller the limiting number of gating charge


particles, the lower the slope of the open probability is,


and the more negative of the channel open threshold. That


is equivalent to Eq. (3), when assuming that Eo�Ec is


equal to zero and at a negative potential range, the less the


number of charge particles, z, the larger the channel open


probability is.

5. Discussion and conclusion


5.1. Performing control experiments to clearly identify the


channel currents


Great efforts have been put to eliminate or reduce the


artificial effects during the experiments in order to identify


the electric field-induced effects on the K+ channel currents.


5.1.1. Effects of membrane electroporation current on


channel current measurements


When shock pulse is not much higher than the potential


threshold for reversible breakdown of cell membrane,


� 300 mV, the post-shock transmembrane leakage currents


can quickly reduce to, or close to, the pre-shock leakage


current. In all of our experiments, the post-shock stimula-


tion pulse sequence was not applied to the fibers until the


full recovery of the holding currents.
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In addition, in our control experiments using TTX and


TEA-chloride to block channel currents, we showed that the


post-shock electroporation currents is fully disappeared, as


long as the holding current was recovered to the pre-shock


value.


In fact, the shock pulse-induced effects on membrane


leakage currents are opposite to the effects on the channel


currents: shock pulse electroporates cell membrane therefore


increases transmembrane leakage currents, while because of


electric-coupled structural changes, the pulse decrease the


channel currents.


In conclusion, the current traces shown in Fig. 2 are


mainly the measured K+ channel currents. There is no


attempt to fully eliminate the electroporation current


through the channel proteins. It is safe to say that electro-


poration currents have no, or very little, effects on the K+


channel current measurements. In other words, our mea-


sured post-shock channel currents remain the characteristics


of the K+ channel currents, such as TEA toxicity and current


kinetics.


5.1.2. Polarization of electrode vs. negative shift of the


channel-open threshold


Another concern is the possible polarization of the


electrodes induced by a high intensity electric shock. In


the situation of microelectrode patch-clamp, large currents


through the electrode with mega-ohm series resistance may


polarize the electrode for a few millivolts, resulting in a shift


in holding or command potential. This is not the case in our


experiments. In the double Vaseline-gap voltage clamp


technique, the total resistance of the electrode is less than


1 kV, thousands times less than that of a microelectrode. We


have documented that high intensity electric shock-induced


polarization in our experimental electrode is far less than 1


mV [11]. This is one of the reasons of this technique


superior to a microelectrode patch-clamp to study electric


field-induced damages in skeletal muscle fibers.


5.2. Two-state model vs. a simple multi-state model


In this study, a two-state model was used and Hodgkin–


Huxley empiricism was followed to derive the number of


the channel gating charge particles. In this model, at very


negative membrane potentials where most channels are in


the closed state, the channel relative open probability can be


expressed as a linear function of the membrane proteins in a


semi-logarithm scale. Experimental data in a very negative


membrane potential range was used to fit the straight line.


This method was well established and used to study the


number of gating charge particles of the Na+ and K+


channels. However, in this model we can only focus on at


a very negative potential range. Therefore, this method


cannot predict the shift of the channel open-threshold as a


function of the number of channel gating charge particles.


Therefore, a simple multiple-states model was further


assumed to fit our experimental data in a full membrane

potential range. The results clearly indicated that the more


the gating charge particles, the steeper the voltage depen-


dence of the channel open probability, and the larger


membrane depolarization needed to open the channels.


The multiple-state model used in this study may be the


simplest multiple-state model, but the results do not lose


general conclusion. Indeed, real situations are much more


complicated than either two-state or multiple-state models.


However, the purpose of this study is to investigate the


field-induced changes in susceptibility of the K+ channel by


estimating alteration in the number of channel gating


particles. We, here, emphasize a comparison of the pre-


and post-shock channels’ gating particles using well-studied


models, such as two-state, and simple multiple-state models.


Neither attempt is to establish a new model to better


describe the system, nor to accurately identify the particle


numbers. By using theses models, our results can be easily


compared with those obtained by other investigators.


5.3. Discussion


We have studied a supra-membrane potential shock-


induced functional reduction in the delayed rectifier K+


channels, including previous results of reduction in the


channel conductance [10] and recent results of the nega-


tive-shift of the channel open-threshold. However, mecha-


nisms underlying the proteins’ damage in the delayed


rectifier K+ channels are not clear. One possibility is a


reduction of the size of the narrowest pores in the channel


proteins, resulting in a decrease in the channel conductance.


However, it is difficult to imagine that when an intensive


electrical field generates electropores in the membrane


phospholipid bilayer, the channels’ narrowest pores could


become smaller. In fact, the shock pulse-induced large


transmembrane currents might cause local damages around


the narrowest pores (few A0 in diameter) by thermal effects,


making the pores even bigger. Tsong and Teissie [7]


suggested that an intensive electric field might induce


electroporation on the Na/K ATPase, thus increasing the


conductance of the membrane proteins.


The reasonable explanation is that the channel conduc-


tance reductions may result from conformational changes


in the proteins, especially in the channel gating system.


This gating system has been considered as protein domains


or subgroups of amino acids carrying charged particles or


dipoles, which are susceptible to the membrane potential.


The field-induced supra-membrane potential exerts a huge


electric force on these domains or subgroups, resulting in


movement of the charged particles along, or re-orientation


of their dipole moments parallel to, the direction of the


applied electric field. This supra-membrane potential may


even break down some chemical bonds in the protein


structure or disable some mobile charged particles or


dipole moments. The outcome is a loss of the channel


gating capability, therefore, a reduction in the channel


conductance.
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To better understand the mechanisms of the electrically


injured channel proteins, we estimated and compared the


number of gating charge particles for pre- and post-shock


K+ channel proteins. We found clear correlations between


the decrease in channel conductance and the negative-shift


in channel open-threshold. Both respond to a reduction in


the number of channel gating particles. This study provides


further evidence in supporting our hypothesis that high


intensity electric field can cause membrane protein confor-


mational changes. Most likely, the changes occur in the


channel gating system because of its voltage-sensitivity.


Consequently, the channels’ functions are reduced. In clos-


ing, these studies indicate that field-induced conformational


changes in membrane proteins are one of the mechanisms


involved in electrical trauma.
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Abstract


Background: Several authors have recently reported encouraging results from Electrochemical treatment (EChT) in malignant tumours.


However, EChT is not established and mechanisms are not completely understood. In vivo studies were conducted to evaluate the toxic


changes and effectiveness of EChT on an animal tumour model. Methods: Tumours were induced by injecting cells from the R3230AC rat


mammary tumour cell line clone D subcutaneously, in 28 female Fischer 344 rats. EChTwas conducted by inserting a platinum electrode into


the tumours. The positive and negative control groups were subjected to the same conditions but without current. The rats were kept for 0, 7


or 14 days post-treatment. Three hours prior to euthanasia an i.p. injection of Bromodioxyuridine (BrdU) was given. The rats were


euthanized, the lesions extirpated and samples were collected for histopathological, and immunohistochemical examination. Results:


Significant changes in cell proliferation rate were seen both in the cathode and anode regions. Apoptosis were induced in the anodic treated


area outside the primary necrosis, detected with the TUNEL method. Discussion: The results suggest that secondary cell destruction was


caused by necrosis with cathodic EChT and apoptosis or necrosis with anodic EChT.


D 2003 Elsevier B.V. All rights reserved.

Keywords: Electrochemical treatment (EChT); Tumour; Rat; Apoptosis; pH

1. Introduction


Electrochemical treatment (EChT) of tumours has been


used for more than a hundred years [1]. Although treated


with great concern, during the last years many encouraging


reports have been published where authors report of tumour


destruction in a vide range of tumour models like subcuta-


neous sarcomas [2], melanomas [3], intramuscular


implanted hepatomas [4], subcutaneous Lewis lung carci-


noma [5] and most recently in liver tumours [6,7].

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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Electrolysis is a simple technique using a direct current


passed through a conductive medium between a pair of


electrodes, measured in Coulombs (1 C = 1 A� 1 s). At the


cathode (negative electrode) sodium hydroxide and hydro-


gen gas are liberated, whereas at the anode (positive


electrode), hydrochloric acid, oxygen, and chlorine gas are


produced [8,9]. The resulting pH change, the anode


becomes acidic relative to the basic environment surround-


ing the cathode, causes a localised parenchymal necrosis


[10,11]. The electric field causes a flux of interstitial water,


electro-osmosis, from the anode towards the cathode, since


the water molecules act like a dipole. Consequently, the


tissue surrounding the anode dehydrates while oedema is


obtained around the cathode [9,12]. Charged substances,


dissolved or suspended in tissue, migrate in the electric field


and accumulation of ions and charged tissue constituents are


obtained at certain and different locations in the electric


field. The electric field influences the ion exchange across


the cell membranes. Hence, the transmembrane potential is
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altered and thereby the conditions, e.g. for many essential


enzyme-regulated reactions [9,13]. There is a negligible


thermal effect [14].


The clinical introduction of EChT has been hindered by


uncertainness regarding dose planning and mechanisms of


destruction. In 1983 Professor Nordenström reported results


from the treatment of 26 lung tumours in 20 patients [9].


Many of these patients were, for various reasons, unsuitable


for surgical, radiotherapeutic or chemotherapeutic treat-


ment. Regression was obtained in 12 out of 26 tumours


and no signs of re-growth were detected after a 2–5 year


follow-up period. Among the side effects, Nordenström


noticed slight fevers and local pain during the treatment.


From the early 1990s until today more than 15000 patients


have been treated with EChT in China [15]. The results


have been presented in a number of publications and at


several conferences and have been thoroughly reviewed, for


example by Nilsson et al. [16]. Despite the vast experiences


from China and recent clinical experimental studies in


Australia [17] EChT is still not established and obviously


endorse the need for further investigation concerning e.g.


destructive mechanisms.


Here we present a suitable experimental model to eval-


uate the mechanism and effectiveness of low-level direct


current therapy in mammary carcinoma in rat, with the


R3230AC mammary carcinoma model, first described by


Hilf et al. [18].


In a previous work we were able to identify, in vitro, the


effect of a pH gradient on the tumour cell line used in the


animal model [19]. The aim of this study was to see if


similar results regarding cell morphology, proliferation and


induction of apoptosis could be achieved after EChT in vivo


and if any differences between the electrode polarity,


coulomb given and duration after treatment could be


detected. In addition it was investigated if an indication of


destructive efficacy could be obtained.

2. Materials and methods


The animal experiments conformed fully to the Swedish


Animal Ethical Committee’s code S84/00.


The inoculation model was performed as earlier de-


scribed by Sapino et al. [20] with some slight modifications.


2.1. Cell line and culture methods


The R3220AC rat mammary tumour cell line (clone-D;


kindly provided by Prof. G. Bussolati, University of Turin,


Italy) was cultured in RPMI 1640 with Glutamax I medium


(GIBCOk, Invitrogen, Stockholm, Sweden) supplemented


with 10% heat-inactivated foetal bovine serum and plated in


tissue culture flasks (Falcon Plastics, Los Angeles, CA) in a


humidified 37 jC, 5% CO2 incubator. When the cells


reached approximately 80% confluence, they were collected


by trypsin-EDTA treatment. Briefly the cellsheet was rinsed

once with Ca2 +- and Mg2 +-free PBS and incubated for


approximately 5 min at 37 jC in the presence of fresh


trypsin-EDTA. After incubation the cells were suspended in


RPMI 1640 for injection. Viability was determined for


harvested cell batches using the trypan blue exclusion dye


method. All cells used for this study showed >90% viability.


2.2. Animals and tumour induction


Tumours were induced by injecting 0.5 ml (0.5–


0.8� 106 cells) R3230AC Rat mammary tumour clone D


subcutaneously into the shaved left and right region 1 cm


caudal to the scapula in rats weighing 185–210 g. Before


the tumour model was commenced a test inoculation pre-


formed at the The National Veterinary Institute (SVA,


Uppsala, Sweden) on SPF rats had proven that the clone


D were free from the following viruses; Murine Poliovirus/


Theiler’s encephalomyelitis virus (TEV), Reovirus type 3,


Hantaan virus, Parainfluenza virus type 1 (PMV-1)-Sendai,


Pneumonia virus of mice (PVM), Rat coronavirus and


Parvovirus/Kilham rat viruses (KRV). The procedure of


subcutaneous implantation was performed under aseptic


conditions. The animals were divided into two dose cate-


gories (10 or 20 C; C =A s) with a follow up period after


treatment of 0, 7 or 14 days. Each group consisted of four


rats. Moreover, nine positive controls (tumour cells inocu-


lated and electrodes inserted but no electric treatment; three


rats for each time period) and three negative controls; one


for each time period (as for pos controls but only RPMI


1640 injected) were included in the study, making the total


number of rats 36. Animals were kept under defined flora


conditions in our animal facility. They were allowed food


and water ad libidum.


Tumours size measurements were made using a digital


Vernier calliper. The three longest, orthogonal diameters (a,


b and c) were registered. Tumour volume was calculated


using the formula (pabc/6). Tumours were allowed to grow


for approximately 21 days, which resulted in nodules that


had a mean volumeF SD of 416F 382 mm3. Tumours were


elevated above the skin and easily measured with a digital


Vernier calliper (Guanglu, Taizhou, China). The rats were


treated under general anaesthesia using midazolam


(DormicumR, Roche, Stockholm) 1.2 mg/ml and fentanyl-


fluanisone (HypnormR, Janssen Animal Health, Bucking-


hamshire, UK) diluted 1:4, which was injected i.p. 0.3 ml/


100 g [21]. After induction, one half of the initial dose was


iterated every 30 min. A heating gel pillow was placed


underneath the animal to avoid hypothermia.


Two identical string shaped electrodes made of Pt:Ir


(9:1), with a diameter of 0.5 mm, were used throughout


the experiments. The string was electrically insulated using


TeflonR, despite the active electrode, 10 mm long. Before


each use, the electrodes were disinfected in 70% ethanol.


The electrodes were placed in the left and right tumour,


through a small cutaneous incision and were held firmly by


a supporting gantry. The electrodes were inserted in a







Fig. 1. A schematic of how the cell proliferation labelling index (LI) was


determined. In the seven directions indicated by the arrows each of the


zones numbered 1 through 10 was evaluated, starting at the border of


destruction (zone 1).
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caudal-cranial direction with the rats in ventral recumbency


lying on their chest. In all procedures, the electrode on the


animal’s right was made anodic. The electrode spacing


varied between 15 and 25 mm.


Direct current was passed through the electrodes by


means of a constant-current power supply, consisting of a


potentiostat (Wenking LT 73, Germany) coupled to an


adjustable resistance. The current and voltage were contin-


ually monitored with multimeters (3610D METEXRInstru-
Instruments, Korea), and data was recorded on a Palm pilot


IIIXeR (Palm, Santa Clara, CA, USA) using the accompa-


nying software (Quickoffice, Cutting Edge Software, USA).


To avoid muscle twitching, linear current ramps with a


length of 2 min were used to reach the current level (10


mA) and before turning off at the end of the treatment. The


total coulomb was continually calculated and the treatment


was interrupted when a total dose of 10 or 20 C had been


delivered. The applied voltage automatically varied in the


range of 0–20 V throughout the treatment, since the


equipment was designed to maintain a constant current.


After EChT, rats were returned to the animal housing


facility. The rats were wrapped in heat insulating towels and


housed separately when waking up, to optimise postopera-


tive recovery and to prevent cannibalising one another’s


tumours; later on four rats were housed per cage. During the


first 24 h postoperatively the rats received two i.p. injections


of Buprenorphine (TemgesicR, Schering-Plough AB, Stock-
holm, Sweden) 0.05 mg/kg to sustain accurate analgesia.


Tumour wounds were inspected daily.


After treatment the animals’ status was continuously


examined. 3 h prior to euthanasia the rats were given an


i.p. injection of 5-Bromo-2V-deoxyuridine (BrdU) 100 mg/


kg, dissolved in sterile, 0.9% sodium chloride.


The rats were euthanized by administering 3 ml Na-


pentobarbital 2.5% i.p., the lesions extirpated and samples


were collected for histopathological and immunohistochem-


ical examination. Sample buffer used was 4% phosphate


buffered formaldehyde.


2.3. Histopathological and immunohistochemical


examination


2.3.1. Morphology


The tissue was examined in a light microscope (Nikon


ECLIPSE E 1000) after staining with haematoxylin eosin


according to routine procedures. For investigation of poten-


tial distant metastases, tissue from liver, spleen and lungs


were examined.


2.3.2. Cell proliferation


For the immunohistochemical quantification of cellpro-


liferation the S-phase marker BrdU (thymidine analogue)


was used. After dewaxing the paraffin sections in xylene


and rehydrated in ethanol according to standard procedures,


the slides were rinsed and kept in TBS for at least 15 min.


The glasses were place in a beaker with 0.01 M citrate

buffer pH (6.0), heated to boiling point in a microwave oven


and then kept boiling for 10 min. The buffer and tissue


sections were cooled down to room temperature during 20


min in cold water. To block endogenous peroxidase activity


the sections were incubated with 0.75% H2O2 solved in


methanol for 30 min in RT. The sections were rinsed in tap


water and subsequently with TBS 2� 5 min. To improve


antibody penetration the sections were treated with 0.1%


protease in TBS for exactly 5 min in RT, followed by careful


rinsing with TBS for 15 min. To block unspecific binding


the sections were incubated with 5% BSA-TBS for 15 min,


then covered with the primary antibody (mouse anti-BrdU,


Dako, Glostrup, Denmark) for 1 h in RT. After careful


washing, the secondary antibody (rabbit anti-mouse bioti-


nylated, Dako) was applied to the sections and incubated for


30 min before it was removed with TBS. Thereafter the


Avidine–Biotin–Complex /HRP (Dako) was added and


rinsed off after 30 min, followed by DAB (diaminobenzi-


dine, Sigma) staining for 7 min. Counterstaining with


Hematoxylin (Mayer, Merck) for 5 min was performed


according to conventional procedures. Finally, the sections


were rinsed in tap water for approximately 10 min. Dehy-


dration and mounting followed standard routines.


The labelling index (LI), the ratio of BrdU positive cells


and the total amount of cells, was quantified by light


microscopy. Seventy high power fields were examined in


each section. The counting started at the border of the


primary destruction caused by heavily pH changes[10], in


this paper called the border of destruction and moved out


towards untreated tumour tissue in a sunray pattern, with the


electrode as the centre. The cumulative incidence of BrdU







Fig. 2. Average tumour size after EChT compared to untreated control. In the beginning the anodic treatment gives rise to an immediate decrease in tumour


volume due to dehydration. At day 0 the initial tumour volume and the one after treatment is the same for the control. Hence, the difference in volume becomes


0. There is an illusionary prominent increase in ‘‘tumour volume’’ immediately after EChT at the cathode due to the formation of oedema (electro-osmosis).


Error bars are showing the standard deviation (SD), which is the percentage increase/decrease from start of the experiment (e.g. day 21) until termination (0, 7


or 14 days after EChT).
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labelled cells was determined for each of the ten high power


fields, called zones, counted (Fig. 1). In the positive control


the counting started at the border of the central necrosis,


spontaneously formed in the tumour.


2.4. Tunel


For the immunohistochemical detection and quantifica-


tion of apoptosis (programmed cell death) at single cell

Fig. 3. Histopathological examination of the R3230AC Rat mammary tumour clon


is clearly visible (A, magnification 212� ) and a marked central necrosis has


untreated control has a prominent capsule (C, magnification 100�) and contains a f


of necrosis.

level, based on labelling of DNA strand breaks (TUNEL


technology) the In Situ Cell Death Detection Kit, POD


(Roche Diagnostics, Mannheim, Germany) was used. The


formalin-fixed tissue sections were dewaxed and transferred


into PBS. After incubation with proteinase K 20 Ag/ml in 10


mM Tris–HCl for 20 min in 37 jC the slides were rinsed in


PBS 2� 5 min, followed by blocking the endogenous


peroxidase activity with 3% H2O2 in methanol for 10 min


in RT. After additional rinsing in PBS 2� 5 min the slides

e D after EChT. At the anodic treatment (20 C 7d) the border of destruction


developed with a secondary inflammation (B, magnification 212� ). The


ew minor local necroses (D, magnification 212� ). Arrows marking the area







Fig. 4. Chart showing the cumulative incidence of tumour cells in S-phase from the border of destruction and out towards ‘‘normal’’ tumour tissue. Note that


the cell proliferation is significantly decreased even far from the actual EChT destruction, suggesting that additional impact on tumour proliferation is achieved,


apart from the primary necrosis. Initially (0d) the decrease in cell proliferation rate is more prominent close to the border of destruction, due to toxic impact


from the produced hydrochloric acid, oxygen, and chlorine gas (anode) or sodium hydroxide (cathode; not shown). Further away from the necrotic area it


becomes higher than for the 7d group. Error bars are showing the standard deviation (SD).


Fig. 5. Cell proliferation after EChT. Ten high power fields were counted in


the light microscope after staining for BrdU incorporation (brown nuclei).


Note the decrease in proliferation far from the border of destruction in the


cathodic treatment (A, magnification 212� ) compared to the untreated


control (B, 212� ).
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were incubated in permeabilisation solution 0.1% Triton X-


100 (Sigma) in 0.1% sodium citrate (Merck) for 2 min in 4


jC. After rinsing in PBS at RT, 50 Al of TUNEL reaction


mixture was added on the section and incubated for 60 min


at 37 jC in a humidified atmosphere in the dark. After


rinsing the slides in PBS, samples were analysed in a


fluorescence microscope (Leica TCS NT ArKr laser confo-


cal microscope). For light microscope analysis 50


Al Converter-POD was added on the samples followed by


incubation in a humidified chamber for 30 min at 37 jC.
After rinsing slides in PBS, 100 Al DAB-substrate solution


(Roche Diagnostics) was added. A final 10 min incubation


at RT followed. After the last rinse with PBS the slides were


counterstained with Haematoxylin (Merck) and mounted


according to standard routines. Subsequently analysis in a


light microscope (Nikon ECLIPSE E 1000 with a SONY 3


CCD color video camera) was performed.


2.5. Statistics


Tumour volumes were expressed as meanF standard


deviation (SD). Data were analysed as a mixed model


according to Littell et al. [22] using the individual animal


as a random factor. Time and anode, cathode or none were


used as fixed factors. The procedure Mixed in the SAS


package was used for the analysis [23]. A p-value of less


than 0.05 was considered statistically significant. The com-


parison of the proliferation rate, with immunohistochemis-


try, between the therapeutic and the control group was


statistically analysed with the Student’s t-test. A p-value


of less than 0.05 was considered statistically significant.







Fig. 6. Immunohistochemistry using the TUNEL method shows the induction of apoptosis after EChT (10 C 7d). In fluorescence microscope the distinct


apoptotic nuclei at the border of destruction at the anode (A, objective 64� ) is compared to the untreated control (C, objective 64� ) where few apoptotic


nuclei are found and the cathodic treatment (E, objective 64� ) where a general necrosis is present. After staining with peroxidase technique the apoptosis can


be seen in the light microscope (B, D and F; magnificaion 212� ). The light microscope view is placed beside the corresponding immunofluorescence picture.


Arrows mark the border of destruction or necrotic margin.
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3. Results


The initial volumes of tumours were 416F 382 mm3.


The difference (percentage) between the tumour volume


initially and after 0, 7 and 14 days post treatment, respec-


tively, were assessed by means of comparing the mean


difference for each treatment group, divided with the ini-


tially determined tumour volume. Hence, the variation in


initial tumour volume, between groups, could be neglected


(Fig. 2).


After the EChT was supplied to tumours, it was observed


that the volumes initially decreased at the anode and


increased at the cathode when compared with the control.


Only one rat went into complete remission (Anode 10 C,


7d). The tumour sloughed off 4 days after EChT. In the rest


a significant decrease (both anode and cathode) in tumour


progression compared to untreated control was achieved.


Significant tumour responses were found in the anode 10 C


14d and 20 C 14d, when compared to the corresponding


cathodic treatments as well as the controls.


3.1. Histopathological examination


Tumour cells were easily identified on hematoxylin and


eosin sections by their basophilic properties and polymorph


appearance. The tumours were well delimited and did


seldom attach to underlying muscles. Tumour samples,


positive control and treated (anode) are shown in Fig. 3.


Microscopic examination of the control group indicated that


the mammary tumours that developed showed the character-


istics, described in detail by Papotti et al. [24], of a high


differentiated solid adenocarcinoma with minor central


necroses.


The necrosis surrounding the positive electrode was


coagulative in nature with preservation of the architectural


contours. In contrast, the necrotic areas surrounding the


negative electrode exhibited liquefaction and almost com-


plete effacement of tissue architecture (not shown).


Due to the subtotal tumour destructive dose, in all cases


except the complete remission described earlier, necroses


and reparative tissue were found alongside remnants of vital


tumour conglomerates. The necrotic areas occurred mostly


as coagulation necroses in organization, interspersed with


connective tissue. The necrotic area was sharply demarcated


from the adjacent tumour. Several necroses were partially


encased in vital tumour tissue. Distant metastases were not


detected in any of the inoculated rats following macroscopic


as well as microscopic examination of lung, spleen and liver


tissue. This confirms the findings of a former study by


Sapino et al. [20].


3.2. Cell proliferation


There was a significant decrease in cell proliferation both


at the anode and cathode compared to the positive control.


The labelling index (LI) was almost constant from the

border of destruction and further out in less affected tumour


tissue. An example of this is shown for animals killed 7 days


after EChT (Fig. 4). The positive control can be compared to


the significantly decreased BrdU labelling for both anode


(not shown) and cathode treatments (Fig. 5). Cell prolifer-


ation was significantly impaired far from the macroscopic as


well as microscopic visible border of destruction. Initially


(0d) the proliferation rate was significantly decreased close


to the border of destruction, for both 10 C and 20 C,


compared to the 7d and 14d post EChT groups (all groups


not shown). Further out from the necrotic area the 0d-group


had a higher LI instead, compared to the other treatments.


10 C (0d) is included in Fig. 4.


3.3. Apoptosis


The spontaneous amount of apoptosis in the R3230AC


Rat mammary tumour cell line is very low in vitro [19].


After EChT an induction of apoptosis was found in the


anodic treated areas at the border of destruction compared to


both the untreated control as well as the cathode groups. In


fluorescence microscope (Fig. 6) the light green stained


nuclei express the presence of cleaved genomic DNA that


during apoptosis have yield doublestranded, low molecular


weight DNA fragments (mono-and oligonucleosomes) as


well as single strand breaks (‘‘nicks’’) in high molecular


weight DNA. Labelling free 3V-OH termini with modified


nucleotides in an enzymatic reaction can identify those


DNA strand breaks. In the cathode treatments very necrotic


material was found close to the destruction zone and almost


no intact nuclei were considered as being apoptotic. In the


controls the general frequency of apoptosis was investigat-


ed, especially at the border of the spontaneous central


necrosis/necroses. Occasionally, clusters of positive stained


cells were found, but the overall amount of apoptosis was


low. In the light microscope the findings in the fluorescence


microscope were confirmed (Fig. 6).

4. Discussion


This subtotal tumour destruction trial was carried out to


investigate the possible biological features of EChT on


mammary carcinomas and not being a treatment modality


for dose–response calculations. Hence, the dose could be


sustained at a low level, minimising the postoperative


trauma and patient discomfort. Despite the large variation


in initial tumour size and small number of animals, it was


possible to prove a statistical difference between the un-


treated control and the rats that underwent EChT, even if


this was not the primary aim of this study.


The single electrode configuration also made it possible


to separately examine the different polarities’ influence on


the tumour, still working in the same individual. As we


believe that the pH alterations during EChT is the major


reason for tissue destruction we have recently presented a
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paper where the R3230AC Rat mammary tumour clone D


was investigated in vitro [19]. In this study tumour cells


were exposed to a pH gradient similar to that of EChT and


after a variable period of recovering in normal medium


investigations were carried out concerning viability (MTT-


test), morphological observation in phase contrast micro-


scope and light microscope, nucleotide analogue incorpora-


tion (BrdU), caspase-3 activity measurement and detection


of DNA fragmentation by an agarose gel electrophoresis. In


this study cell proliferation was significantly impaired, both


in acidic and alkaline milieu. More interesting however was


the fact that apoptosis was induced only in strong acidic


environment and that the cell morphology distinctly resem-


bles the features seen in in vivo experiments with EChT.


Since the induction of apoptosis is concentrated to the


border of destruction at the anode the most probable


mechanism is the acidification that occurs. This is also


supported by the in vitro study described above. Interest-


ingly the cell proliferation rate was reduced significantly in


the whole tumour, both for the anodic and cathodic treat-


ment, suggesting that secondary mechanisms such as the


inflammatory response, tumour ischemic anoxia and radical


formations also impair the tumour progression after EChT.


Hence, the treatment had a significant effect on tumour cells


proliferation far from the evidently destroyed area.


Very few studies with EChT have separated the two


electrodes and studied the different impact on the cell


damage. In this trial an excellent possibility to study this


was achieved. The information could be useful if it is known


that a specific tumour is more prone to resist, or susceptible


to undergo, apoptosis. The choice of tumour may influence


the treatment outcome and could possibly explain why


different studies have claimed either the anode or the


cathode as being more efficacious.


The direction of the intracellular pH (pHi) change (acid-


ification or alkalisation) as well as the level of the change


depends on the extracellular (pHe). It is well known that


acute extracellular acidification acidifies the intracellular


environment, thereby perturb the cell proliferation [25].


Low pHe results in low pHi because of increased H+ entry.


Intracellular acidification correlates well with DNA diges-


tion, and acidic cells show apoptotic morphology [26]. It has


also been shown that acid endonuclease can be responsible


for the DNA cleavage seen in apoptotic neutrophils [27].


Thus, acidification is a potential signal for the final, irre-


versible stages of cell death.


The destructive mechanism in higher pH is that alkalic


condition directly destroy various enzyme and structure


proteins and result in inactivation of function or protein


denaturation. Intracellular alkalisation increases the inward


calcium current and the resultant increase of intracellular


Ca2 + [28]. The initiating event in necrosis leads to an influx


of water and extracellular ions. Intracellular organelles, most


notably the mitochondria, and eventually the entire cell,


swell and rupture, the structure of the relatively unchanged


DNA is randomly degraded.

EChT perturbs blood perfusion in treated tumours and


thus leads to growth retardation [29,30]. It is also described


that EChT causes micro thrombi that eventually lead to


ischemic injury [9,17]. It is however not clear if there is any


difference between electrode polarities, considering micro


thrombi formation and hypoxic lesions, although some


reports claim a slightly stronger impact at the anode


[31,32]. Apoptosis is triggered by a hypoxic environment


[33,34]. Thus, it is easy to assume that the apoptosis found


in this study is due to ischemic injury. However, it is hard to


explain why there is such a difference between the anodic


and cathodic treatments. Furthermore, the results in the


previous described in vitro study support the hypothesis


that low pH induces apoptosis, whereas high pH induce


necrosis [19]. Taking these two studies together they indi-


cate that the EChT of R3220AC cells and exposition of low


pH in vitro exhibit several features of apoptosis including


chromatin condensation, DNA fragmentation, TUNEL la-


belling and activation of caspases.


The observations in the animal model can certainly be


a combination of both acidic milieu and hypoxia, al-


though most likely with low pH as the predominating


factor.


The development of different EChT treatment modalities


is getting increasing interest in the Western world. Basic


investigations of the cellular behaviour in both normal and


neoplastic tissue are good complements to the large-scale


models and long terms studies of the safety effects of


electrochemical treatment that recently have been published


[6,35,36]. The introduction of EChT as a complement in the


treatment of tumours in humans as well as companion


animals can soon be anticipated.
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Abstract


The effect of the pH on the ionic transfer of glycine and h-alanine at the interface between two immiscible electrolyte solutions


(ITIES) was investigated by a simple potentiometric method. Upon addition of small amounts of solution containing the investigated


amino acids, a variation of the potential drop across the interface was recorded, which was found to be pH-dependent. This behavior was


explained in terms of a preferential orientation of the amino acid molecules at the ITIES, induced by the different lipoficility of the


functional groups. The results enabled the measurement of this voltage variation to be used as the basis for a simple and rapid method for


determining the isoelectric point of the investigated compounds. The agreement between the pHi values thus estimated and those reported


in the literature suggests the possibility of using the method for the interpretation of processes occurring at the level of biological


membranes.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction


Over the past several years, there have been numerous


studies devoted to the electrochemical phenomena of


liquid/liquid interfaces. Attention has been given to the


use of the results thus obtained, both for analytical


applications in sensor design, and to uses in the interpre-


tation of processes occurring at the level of biological


membranes (see Refs. [1,2] and references therein). It is


widely accepted that, in order to better understand the


electrochemical behavior of an interface between two


immiscible electrolyte solutions (ITIES), it is suitable to


describe the above interface by means of an equivalent


electrochemical cell [3–5]. Thus, considering the case of


two immiscible electrolyte solutions (denoted I and II)


that are brought into contact and contain the same redox
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couple (O/R), the following model holds for the interface


thus created:


Pt=I;O;R==II;O;R=Pt ð1Þ


The two platinum electrodes (denoted ‘‘Pt’’) immersed


into the both solutions allow us to measure the voltage of


the above electrochemical cell:


U ¼ ðuPtI � uIÞ þ ðuI � uIIÞ þ ðuII � uPtIIÞ ð2Þ


were u represents the inner potential of each phase. At the


equilibrium, the voltage drops to zero and the following


equation can be written:


U ¼ 0 ¼ gPtI þ gITIES þ gPtII ð3Þ


in which the terms gPtI, gITIES and gPtII stand for the


differences of inner potentials (uPtI�uI), (uI�uII) and


(uII�uPtII), respectively [6,7].
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The addition at the ITIES of a small amount of solution II


containing the electrolyte CA, will give rise to a variation of


the cell voltage, DU1. Taking into account that the new


electrochemical cell is:


Pt=I;O;R==CA; II==II;O;R=Pt ð4Þ


its voltage will be:


U þ DU1 ¼ ðuPtI � uIÞ þ ðuI � uIIÞ*þ ðuII � uPtIIÞ ð5Þ


and the voltage jump DU1 can be obtained by subtracting


Eq. (2) from Eq. (5):


DU1 ¼ ðuI � uIIÞ*� gITIES ð6Þ


It is worth noting that the term (uI�uII)* in Eq. (6)


accounts for the effect of the electrolyte CA on the voltage


across the ITIES.


For the case in which the amount of solution II added at


the ITIES contains, besides the electrolyte CA, a buffer


(improperly denoted ‘‘pH’’), the following model holds for


the electrochemical cell:


Pt=I;O;R==CA; pH; II==II;O;R=Pt ð7Þ


and the voltage jump (DU2) can be written as:


DU2 ¼ ðuI � uIIÞ**� gITIES ð8Þ


Therefore, it seems reasonable to assume that the differ-


ence between the voltage jumps produced by the addition of


a CA and a CA+ buffer solution:


DU1 � DU2 ¼ ðuI � uIIÞ*� ðuI � uIIÞ** ð9Þ


will account for the effect of the concentration of protons on


the transfer energy of the ions resulted from the dissociation


of CA. Thus, if the dissociation equilibrium of CA is not


affected by the variation of the pH, the term (DU1�DU2) in


Eq. (9) drops to zero, or in other words, the same value of


the voltage jump is to be expected, regardless the presence


of the buffer. We should note however that, for a more


accurate approach, the effect of the buffer itself on the


potential drop across the ITIES has to be taken into account.


Thus, due to the fact that the buffer is also an electrolyte, its


addition at the ITIES (even without any amount of electro-


lyte CA) results in the formation of the following electro-


chemical cell:


Pt=I;O;R==pH; II==II;O;R=Pt ð10Þ


the corresponding voltage jump being:


DU3 ¼ ðuI � uIIÞ***� gITIES ð11Þ


Keeping in mind that the terms (uI �uII)** and


(uI�uII)*** account for the effects of the presence of either

CA + buffer or of the buffer alone on the voltage across


the ITIES, the equation:


DU3 � DU2 ¼ ðuI � uIIÞ***� ðuI � uIIÞ** ð12Þ


allows us to estimate the effect of the presence of CA,


even when its dissociation equilibrium is pH-dependent.


Among electrolytes the dissociation of which is affected by


the variation of the pH, amino acids are of particular


interest. This is because it was previously suggested [8]


that, understanding the behavior of amino acids at ITIES


could help in establishing useful in vitro models for some


processes occurring at biological membrane level. It is


expected that, at pH values close to the isoelectric point


(pHi), the presence of the amino acid at the ITIES does not


affect to a large extent the cell voltage, because the


zwitterions forms prevail. Thus, under these experimental


conditions, the following relation holds:


DU3 � DU2c0 ð13Þ


provided that the amino acid molecules are randomly


oriented along the ITIES.


Based upon the above considerations, we propose a simple


potentiometric method for studying the effect of the pH on the


process of ionic transfer of amino acids at the interface


between two immiscible electrolyte solutions. In the present


paper we report the results of an investigation of the behavior


of glycine and h-alanine. These compounds are good models


for further studies of the electrochemical behavior of other


amino acids at the ITIES.

2. Experimental


The experiments were carried out in a two-compartment


glass cell with vertical symmetry, containing the two immis-


cible phases I and II, in the upper and lower compartments,


respectively (Fig. 1). The geometry of the cell allows us to


adjust the position of the ITIES (within the range of the length


of the narrow neck between the two compartments) by means


of the cock on the side arm. The surface area of the ITIES was


ca. 0.3 cm2. A platinum electrode (3 cm2) was immersed into


each compartment, in order to measure the voltage across the


cell, by means of a high-impedance voltmeter (Instek GDM-


8145) and/or a x–t recorder (Linseis LY 14100 II). It should


be noted that the cell voltage was recorded by measuring the


potential of the electrode in the lower compartment versus


that of the electrode in the upper compartment. The modified


micropipette attached to the upper compartment of the cell


allows the addition of small, reproducible drops (ca. 0.03


cm3) of phase II with a content of investigated electrolyte


(CA) of 0.2 M.


In the present work, water-saturated 1-butanol (BW) and


butanol-saturated water (WB) were used as the immiscible


phases I and II, respectively. The redox couple K3Fe(CN)6/


K4Fe(CN)6 was present in both compartments (at a concen-







Fig. 1. Two-compartment cell employed for measuring the potential drop


across ITIES. (WB and BW stand for water saturated with butanol and


butanol saturated with water, respectively.)


Fig. 2. Typical variation of DU as a function of time: (a) DU3 for a pH of


5.8; (b) DU2 for Gly at pH 5.8; (c) DU2 for Gly at pH 7.5.
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tration of 5 mM) in order to ensure the stability of the


potential of each platinum electrode. In a typical experiment,


a drop of WB from the micropipette was allowed to flow


through the upper BW phase and, when the drop reached the


ITIES, a voltage jump (DU) was measured between the two


platinum electrodes. The investigated CA electrolytes were


glycine (Gly) and h-alanine (Ala), and in some cases, NaCl


was also used for comparison. The effect of the pH was


studied (within the range 5.3–7.5) by using a phosphate


buffer solution saturated with butanol, as a solvent for


electrolyte CA in the micropipette. The pH of the buffer


was adjusted by mixing appropriate volumes of 1/15 M


KH2PO4 and 1/15Na2HPO4 solutions. Glycine andh-alanine
were purchased from Aldrich and were used without further


purification. All the other substances were analytical reagent


grade, and all solutions were prepared using Milli-Q water


(Millipore). All the measurements were performed under


aerated conditions, at room temperature.

Table 1


Results of the potentiometric measurements performed for several pH


values of the WB drops, in the presence (DU2) and in the absence (DU3) of


the investigated electrolytes


PH DU2/mV (RSDa/%) DU3/mV (DU3�DU2)/mV


NaCl Gly Ala
(RSDa/%)


NaCl Gly Ala


5.3 52 (0.92) 28 (2.32) 27 (2.67) 34 (1.06) � 18 6 7


5.8 52 (1.10) 21 (3.33) 20 (3.40) 28 (0.96) � 24 7 8


6.3 53 (0.85) 9 (7.55) 8 (7.62) 20 (1.30) � 33 11 12


6.5 55 (0.80) 4 (7.50) 1 (16.83) 16 (3.75) � 39 12 15


6.8 52 (0.98) � 2 (12.50) � 6 (8.83) 10 (5.23) � 42 12 16


7.0 53 (1.23) � 4 (9.00) � 7 (8.85) 9 (5.44) � 44 13 16


7.5 52 (1.50) � 5 (8.60) � 9 (7.88) 8 (4.63) � 44 13 17


a Relative standard deviation of DU.

3. Results and discussion


In order to assess the validity of the above theoretical


considerations, the voltage jumps DU, observed when the


drop reaches the ITIES, were recorded for three different


compositions of the solution from the micropipette, as


follows:


– DU1 for the drops that contain the electrolyte CA (NaCl,


Gly, Ala) dissolved in WB;


– DU2 for the case in which CA is dissolved in the buffered


WB, at several pH values;


– DU3, corresponding to buffered WB drops (at the same


pH values as for DU2), in the absence of the electrolyte


CA.


Typical DU3 and DU2 responses are shown in Fig. 2.


Elucidating the shape of the curves describing the variation of

DU as a function of time is a difficult task and was beyond the


scope of the present work.


Table 1 summarizes the results of all the above potenti-


ometric measurements, together with the corresponding


values of the relative standard deviation. It should be noted


that, each DU value in Table 1 represents the average of 10


consecutive measurements. It was found that, the use of


NaCl as electrolyte resulted in a value DU1 = 53 mV, in


agreement with the results previously reported for the study


of the potentiometric determination of the relative standard


Gibbs energies of transfer [9]. As data in Table 1 shows, the


values DU2 obtained for the NaCl over the whole investi-


gated pH range are rather equal to DU1. This is not


surprising because NaCl dissociation process is not affected


by the variation of the pH. The same measurements carried


out by using amino acids as the electrolyte CA, resulted in


DU1 values of � 34 and � 12 mV for glycine and alanine,


respectively. It was also observed that, in the presence of the


amino acids into the WB drops, DU2 gradually decreases by


increasing the pH.


Fig. 3 illustrates the variation of DU2 as a function of the


pH for NaCl, Gly and Ala (curves a, b and c, respectively)


together with the same variation of DU3 (curve d in Fig. 3)


obtained in the absence of the electrolyte. Curve a in Fig. 3







Fig. 3. The effect of the pH on the potentiometric response for the ionic


transfer at the ITIES: (a) DU2 for NaCl; (b) DU2 for Gly; (c) DU2 for Ala;


(d) DU3 for the buffer only.
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clearly shows that the transfer of NaCl through the ITIES is


not a pH-dependent process. This observation is in line


with the fact that, in this case, the ionic transfer is


controlled only by the difference in standard Gibbs energies


of transfer of the involved ions [6,10]. Unlike NaCl, DU2


linearly decreases with increasing pH for both investigated


amino acids, tending to a pseudo-plateau at pH values


higher than ca. 6.7 (curves b and c in Fig. 3).


According to Eq. (13), it would be expected that the


curves describing the pH-dependence of DU2 for Gly and


Ala cross curve d (at pH values close to those of the pHi


of each amino acid), all on the condition that the


molecules of the amino acids remain randomly oriented


along the ITIES. Nevertheless, as Fig. 3 shows, our


experimental data seem to indicate that this prerequisite


is not fulfilled. A possible interpretation for this behavior


is provided by the fact that, at the ITIES, the molecules of


short aliphatic amino acids are most probably directed


with the carboxylic moiety towards the aqueous phase.


This orientation is favored by the hydrophilic character of


the above functional group [11,12]. Based upon this


observation, and taking into account that in aqueous


solutions the ionization of amino acids depends on the


pH [13], it seems reasonably to assume a distribution of


Gly and Ala at the ITIES like that in Fig. 4. It is likely


that, within the whole investigated pH range, the mole-


cules are orientated with the carboxylic groups towards


WB, although the prevailing ionic form of the amino acid


depends on the pH. Schemes from Fig. 4 could help in

Fig. 4. Schematic representation of the hypothetical distribution at the


ITIES of short aliphatic amino acids: (a) pH< pHi; (b) pHc pHi; (c)


pH>pHi.

understanding, at least in a qualitative manner, the results


obtained under our experimental conditions (we should


remind that all DU values were obtained by measuring the


potential of the platinum electrode in the lower compart-


ment of the cell versus that of the electrode in the upper


one). Thus, at pH values close to pHi, the distribution of


the amino acid molecules at the ITIES (Fig. 4b) will have


the effect of a reversed polarization of the interface,


resulting in the decrease of DU2 (in the presence of the


amino acid) compared with the voltage jump DU3


recorded for a WB drop that contains the buffer only. In


other words, an increase of the difference (DU3�DU2) is


to be expected.


As Fig. 4a and c suggest, the presence of the amino


acid at the ITIES will result in an increase of (DU3�DU2)


even if the zwitterions form is not prevailing. Nevertheless,


this increase should be less important than that observed at


pH values close to pHi, due to the fact that the reversed


polarization is only partial.


Fig. 5 shows the variation of the difference


(DU3�DU2) as a function of the pH, for the investigated


amino acids. It can be observed that, for Gly and Ala the


term (DU3�DU2) gradually increases with increasing pH


(curves a and b in Fig. 5, respectively). It is interesting to


note that, for both amino acids, this increase is more


important within a certain pH range. If the above theoret-


ical considerations hold, this pH range should correspond


to the vicinity of pHi, for each investigated amino acid. It


was found that the shape of the curve obtained for NaCl is


rather similar to that illustrating the pH-dependence of


DU3 (curve d in Fig. 3). This was not surprising because


the dissociation process of NaCl is not affected by the pH.


Based upon the variation of (DU3�DU2) as a function of


pH, an attempt to estimate the value of pHi is shown in Fig.


5, both for Gly and for Ala. Thus, a graphical method


(similar to that used for estimating the half-wave potential in


polarography) applied on curves a and b in Fig. 5 yielded


pHi values of 6.14F 0.11 for Gly and 6.20F 0.09 for Ala,


that reasonably agree with data from the literature, i.e. 6.06


and 6.11, respectively [14]. Nevertheless, it appears that,


due to the errors of experiment, the pHi values estimated


under the above experimental conditions do not allow us to

Fig. 5. The variation of (DU3�DU2) as a function of pH for Gly (a) and


Ala (b).
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discriminate between Gly and Ala. This was not surprising


because this is a very difficult task also when using pHi


values estimated from titration curves [15].

4. Conclusions


The effect of the pH on the ionic transfer of gycine and


h-alanine at the interface between two immiscible electro-


lyte solutions was investigated by a simple potentiometric


method. Thus, the equilibrium of the ITIES was perturbed,


by adding small amounts of solution containing the inves-


tigated amino acids, at several pH values. As a result, a


variation of the potential drop across the interface was


recorded, which was found to be pH-dependent, both for


Gly and Ala. A possible explanation for this behavior is


provided by assuming a preferential orientation of the amino


acid molecules at the ITIES, as a result of the different


lipoficility of the functional groups. Although this interpre-


tation should only be considered as tentative, the good


agreement between the pHi values estimated by this poten-


tiometric method and those reported in the literature is


noteworthy. We are currently pursuing this approach in


our laboratory and detailed results concerning the behavior


of other amino acids will be published elsewhere. It is likely


that these results will enhance our ability to understand the


relationships between the structure of the amino acids and


their behavior at the level of biological membranes.
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Abstract


To achieve the maximal introduction of plasmid DNA into cells and, at the same time, to prevent undesirable cell deaths,


electrotransfection conditions should be determined for every single cell type individually. In the present study, we determined the optimal


electrotransfection parameters for in vitro transfection of B16F1, SA1, LPB, SCK, L929 and CHO cells. Some of these varying parameters


were electric field strength, number of applied pulses and their duration, osmolarity of electroporation buffer, plasmid DNA concentration


and temperature at which the electroporation was carried out. The maximal transfection rates at optimal electrotransfection parameters in


B16F1, SA1, LPB, SCK, L929 and CHO were 85%, 40%, 60%, 1%, 40% and 65%, respectively. The obtained results confirmed that the


electroporation is a useful procedure for an in vitro transfection of the majority of mammalian cells. The method, if optimized, may generate


reproducibly high proportion of transfected cells among the cell types that are sensitive to electric field action. Thus, the determined


parameters could serve for the subsequent implementations of this method.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


The electroporation is a process where the electric field


causes a highly transient permeability of the cell membrane


and the subsequent formation of membrane pores [1–4]. If


the membrane is permeable, it allows different kinds of


small and large molecules to be introduced into the cyto-


plasm, although, in its normal state, the cell plasma mem-


brane represents a formidable barrier for their transfer.


Among the first authors who demonstrated that electro-


poration could be used for the introduction of DNA into


mammalian cells were Neumann et al. [5] and Wong and


Neumann [6]. They transfected the mouse fibroblasts with


linear or circular plasmid DNA containing the herpes


simplex thymidine kinase (TK) gene and clearly showed


that the introduced DNA was expressed. The subsequent


results with other types of cells provided further evidence


that the electroporation is an effective procedure for the in
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vitro introduction of DNA into various cells [5,7,8], thereby


becoming also an important method for the transfer of genes


(and other molecules) in numerous cases. Though the


electroporation is widely used in biotechnology and medi-


cine, the molecular mechanisms have not been definitely


explained. In general, the mechanisms could be a reflection


of combined effects of electrophoresis, osmotic processes


and direct electric field action on the cell membrane and


DNA molecules. Nowadays, the electroporation is also


being used over and over again for introducing the DNA,


proteins or drugs into the cells in vivo. There are some


reports of successful in vivo DNA transfer into the cells of


malignant melanoma as well as normal liver, skin and


skeletal muscle cells [9–14], as well as of a rapidly


developing method, the so-called electrochemotherapy,


intended for the transfer of chemotherapeutical drugs direct-


ly into the tumor cells [15,16].


Although electroporation in vitro is effective in a wide


variety of cells, each type of them requires slightly different


electroporation conditions. Among the main parameters that


importantly affect the electroporation effectiveness are elec-


tric field strength, number of pulses, duration of pulse and
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the frequency applied [17–19]. Other parameters affecting


the electroporation are temperature, conductivity of the


poration medium, molecular size of the transferred mole-


cules, shape of the target cells, charge of the cell membrane


as well as the cell density [17–20]. Thus, the optimal


electroporation parameters must be determined empirically


for each cell line severally. In the present study, we


determined the effect of different parameters on the in vitro


transfection in B16F1, SA1, LPB, SCK, CHO and L929


cells. The transfection efficacy was assessed by counting the


cells expressing the reporter h-galactosidase plasmid, while


the cell survival was determined using the clonogenic assay.

Table 1


Composition of electroporation buffers [21]


Hypoosmolar


electroporation


buffer


Isoosmolar


electroporation


buffer


KCl 25 mM 25 mM


KH2PO4 0.3 mM 0.3 mM


K2HPO4 0.85 mM 0.85 mM


myo-Inositol 90 mOsm/kg 280 mOsm/kg


pH value 7.2F 0.1 7.2F 0.1


Conductivity at 25 jC 3.5 mS/cmF 10% 3.5 mS/cmF 10%

2. Experimental


2.1. Materials


2.1.1. Cell culture


Mouse B-16 melanoma (clone F1) cells (American Type


Culture Collection—ATCC, Rockville, MD, USA), mouse


fibrosarcoma SA1 cells (Jackson Laboratory, Bar Harbor,


ME, USA), mouse mammary adenocarcinoma cells—SCK


(kindly provided by Chang W. Song, University of Minne-


sota, Minneapolis, MN, USA), murine fibrosarcoma cells—


LPB, clonal derivative of TBL.Cl2 cells (kindly provided by


Lluis M. Mir, Institute Gustave Roussy, France), mouse


fibroblast cells—L929 (Instituto Zooprofilatticco Sperimen-


tale della Lombardia e dell’Emilia, Brescia, Italy) and


Chinese hamster ovary cells—CHO (ATCC) were grown


in Eagle’s minimal essential medium (EMEM) supple-


mented with 10% of fetal calf serum—FCS (Sigma, St.


Louis, MO, USA), 100 units/ml of penicillin (Pfizer, New


York, NY, USA), 100 mg/ml of streptomycin (Pfizer) and 11


mg/ml of gentamycin (Invenex, Chagrin Falls, OH, USA).


Cell lines were cultured in petri dishes (Costar, Badhoeve-


dorp, The Netherlands) with a diameter of 60 mm, in a CO2


incubator at 37 jC and at humidity of 5%. Electroporation


was performed using the cells that have already passed


several growth cycles and were in the exponential growth


phase.


2.1.2. b-Galactosidase vector


The 6.821-kb large plasmid pSV h-galactosidase, that
directs the synthesis of h-galactosidase enzyme under the


control of the SV40 early promotor, was used in the


experiments (Promega, Madison, WI, USA). It was grown


in Escherichia coli strain TOP10FV or DH5a and purified


using the Endo Free Plasmid Maxi Kit (Qiagen, Chatsworth,


CA, USA).


2.2. Setting the parameters of electroporation on the


electroporator


For the study, the Eppendorf’s MultiporatorR 4308


10096 (Eppendorf-Netheler-Hinz, Hamburg, Germany)

was used. The multiporator enables a transient transfection


of various adherent and suspension cell lines by producing


exponentially diminishing and electronically controlled


electric pulses. Such a pulse is defined by a peak voltage


and the time constant, i.e. the time at which the voltage


has dropped to 1/e of the initial value. Since the pulse of


multiporator is electronically regulated every 5 As, an ideal


form of pulse curve can be achieved. The parameters will


not vary with the conductivity of the sample. The multi-


porator enables multiple pulsing from 1 to 99 pulses with


1-min interval and a time constant between 15 and 500 As
in increments of 5 As. To perform the electroporation of


mammalian cells, the eukaryotic module that generates the


pulse voltage between 20 and 1200 V was applied.


2.2.1. Electroporation buffer


The optimal osmolarity of the low electrical conduc-


tivity electroporation buffer was achieved by mixing


hypoosmolar and isoosmolar buffers (Eppendorf-Neth-


eler-Hinz) for each cell line separately. In Table 1, we


present the main characteristics of the buffers. The mix-


ture that allows maximal water absorption by the cells


(maximal swelling and cell diameter) and causes less then


10% cell lysis was considered as optimal. According to


the manufacturer’s electroporator protocol, the electro-


transfection procedure should be completed in maximum


30 min. So, the cell viability was determined after 30 min


of incubation in different buffer mixtures using trypan


blue. After the determination of the diameter of the cells


in the optimal hypoosmolar buffer, the corresponding


electric field strength was calculated. The diameter of


the cells was determined under the microscope’s ocular


micrometer scale, which was previously calibrated against


an objective micrometer scale (with the spacing value of


10 Am).


The precision of the measurements at a magnification of


the microscope of 10� 40 was F 1 Am.


2.2.2. Electric field strength


The parameters (peak voltage), which have been set, are


applicable. The course of the curve is calculated internally,


so that the course of the discharge curve (e-function) is


maintained according to the parameters, which have been


entered. The formula for estimating the critical field strength
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that allows a membrane breakthrough is based on Laplace


equation:


Ec ¼ Uc=1:5� R


where Ec is the critical electrical field strength (V/cm), Uc is


the critical breakdown voltage (V)—1 V at room tempera-


ture and 2 V at 4 jC [21], and R cell radius (cm).


The voltage required for the multiporator was calculated


as a function of the electrical field strength and the distance


between the electrodes in the cuvette:


U ¼ Ec � D


U is the voltage required for the multiporator (V) and D the


distance between electrodes (cm).


The calculated voltage was supposed to be the minimum


value at which the membrane could be permeated. To


determine the optimal pulse voltage, a series of experiments


at the minimum and at gradually increasing voltages were


carried out (Table 2). The voltage set on the multiporator


corresponds to the initial voltage (V0) of the discharge curve


(Vt =V0� e� t/s). The time constant (s) is the time required


for the voltage to decrease to the value V0/e ( = approxi-


mately 37% of the initial voltage).


2.2.3. Pulse number and their duration


Electroporation was carried out with one, two, three or


four pulses and with the pulse duration of 70 and 100 As.


2.3. Gene transfer procedure


Adherently growing cells with identical passage numb-


ers were harvested in the exponential growth phase.


Following trypsinization, the cells were resuspended in


the growth medium (to inactivate trypsin) and centrifuged


(at room temperature and 1500 rpm for 5 min). The


electroporation was performed in the plastic cuvettes with


the volume of 400 Al. The distance between the electrodes


in the cuvette was 2 mm. In one electroporation cuvette,


we electroporated 400 Al of cell suspension with the cell


density of 5� 105–1.5� 106 cells/ml. The electroporation


buffer contained the mixture of hypoosmolar and isoosmo-


lar buffers with different amounts of the plasmid DNA


(2.5, 5 and 10 Ag/ml). The h-galactosidase plasmid DNA


was ultra pure without endotoxin contamination (A260/

Table 2


Applied electroporation field strength and voltage required for its


achievement


Cell line B16F1 SA1 LPB L929 CHO SCK


Electrical


field strength


(V/cm)


0–1200 0–1200 0–1600 0–1350 0–1050 0–6000


Applied


voltage (V)


0–240 0–240 0–320 0–270 0–210 0–1200


The field strength was increased by 100 V/cm.

A280 = 1.8). The electroporation was performed at 4 jC
or room temperature with Eppendorf’s Multiporator


(Eppendorf-Netheler-Hinz). After electroporation, the cells


were kept in the electroporation cuvette for 10 min at room


temperature and than transferred onto 6-well microtiter


plates. Forty-eight hours after electroporation, the transient


expression (h-galactosidase assay) and the number of


viable cells were determined (clonogenic assay).


2.4. b-Galactosidase assay


h-Galactosidase gene expression in transfected cells was


followed by X-gal staining procedure [22]. The transfection


efficacy was determined by counting a total number of 200


adherently growing electroporated cells in representative


areas of the plate under the magnification of 20 and by


determining the percentage of blue stained cells in the


counted areas (transient expression of the reporter gene


exclusively among the viable cells).


2.5. Trypan blue staining


The permeability of the electroporated cells was verified


by the electroporation with trypan blue dye. The stock


solution of trypan blue dye was prepared by dissolving of


400 mg of trypan blue in 100 ml of PBS buffer. The cells


were electroporated under the same conditions as described


previously, yet the plasmid DNAwas replaced with 10 Al of
the trypan blue stock solution. The electric field strength for


experiments was being varied from 0 to 6000 V/cm with the


increments of 100 V/cm. The percentage of colored cells


was determined 24 h after the electroporation.


2.6. Clonogenic assay


The survival rate of the electroporated cells was deter-


mined by clonogenic assay. The transfected and untreated


(E = 0 V/cm) control cells (300 cells of each) were plated


in petri dishes with a diameter of 60 mm, each containing


4 ml of EMEM supplemented with 10% of FCS. After 7


days, the colonies were fixed and stained with crystal


violet diluted in absolute ethanol (Sigma) and counted.


Abortive colonies were not counted. The survival of cells


treated with electric pulses was presented as survival


rate—i.e. the ratio between the number of formed colonies


in treated groups and the number of colonies in the


untreated groups (considered as 100%).

3. Results


In order to optimize the in vitro process of electro-


transfection in B16F1, SA1, LPB, SCK, CHO and L929


cells, some parameters were being varied: electric field


strength, pulse number and duration, electroporation buffer,


temperature, cell growth medium, DNA amount and cell







Table 3


Determination of the electroporation buffer optimal osmolarity, diameter of the cells in isoosmolar as well as in optimal hypoosmolar electroporation buffer


mixture, the transfection rate at calculated critical field strength of pulses by all combinations of their number and duration for each cell line


Cell line Determined optimal


mixture of


electroporation


buffer (isoosmolar/


hypoosmolar buffer)


Osmolarity of


the optimal


electroporation


buffer


(mOsm/kg)


Diameter of the


cell in optimal


electroporation


buffer osmolarity


(Am) (AMF SD)


Diameter of the


cell in isoosmolar


electroporation


buffer (Am)


(AMF SD)


Calculated


critical


field strength


(V/cm)


Calculated


critical


voltage


(V)a


Duration


of pulse


(As)


Number


of


pulses


Transfection


rate (%) in the


optimal


electroporation


bufferb


B16F1 30/70% 147 20F 3 14F 2 650 130 70, 100 2–4 57–85


SA1 30/70% 147 19F 4 13F 3 700 140 70, 100 2–4 15–20


LPB 80/20% 242 19F 3 13F 3 700 140 70, 100 3 5–60


L929 20/80% 128 19F 2 15F 2 700 140 70, 100 3 10–13


CHO 40/60% 166 19F 3 14F 3 700 140 70, 100 3 60–63


SCK 30/70% 147 20F 1 14F 2 650 130 70, 100 3 1


There were at least three sets of experiments performed for each electroporation condition in every cell line under study.
a The critical voltage was calculated by using critical electric field strength and the distance between the electrodes in the cuvette.
b Corresponding to different number of pulses and their duration.


Fig. 1. B16F1 cells transfected in vitro with h-galactosidase reporter gene


by the electroporation method (plasmid DNA concentration was 5 Ag/ml).


In transfected cells, the transient expression of reporter gene resulted in the


production of h-galactosidase, which then changed the color of X-gal


substrate to blue.
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density. The effect of varying parameters was followed by


determining the expression of the transferred h-galactosi-
dase gene and the survival rate of the electrotransfected


cells.


3.1. Setting the osmolarity of the electroporation buffer,


determining the cell diameter in the electroporation buffer


and setting the temperature and cell medium


To determine the most appropriate buffer osmolar con-


centration needed for electroporation, we tested the viability


of the cells in the mixtures of hypoosmolar and isoosmolar


buffers. The determined optimal buffer osmolar concentra-


tion (that enabled a maximum cell stretch and caused at the


same time minimum cell deaths) for B16F1, SA1, SCK cells


was 147 mOsm/kg, and for LPB, L929 and CHO cells 242,


128 and 166 mOsm/kg, respectively (Table 3). The


corresponding cell diameters were 20 Am for B16F1 and


SCK cells and 19 Am for SA1, LPB, L929 and CHO cells.


The cell diameters were used for the calculation of the initial


electric field strength (Table 3).


The transfection rates as well as survival of the electro-


transfected cells were not significantly different when the


electroporation was done at 4 jC or at room temperature.


The results were quite similar when different cell growth


media were used: neither EMEM with phenol red nor RPMI


without phenol red influenced the transfection rates or


survival of the electrotransfected cells. Therefore, additional


electroporation procedures were carried out at room tem-


perature using EMEM with phenol red as a growth medium.


3.2. Setting the amount of b-galactosidase vector and cell


density


Considering the fact that the transfection rate was


determined as a percentage of cells expressing b-galacto-
sidase reporter gene, we tested the influence of different


plasmid DNA concentrations on the proportion of electro-


porated B16F1 cells expressing this gene. Under equal

electroporation conditions (electric field strength = 650 V/


cm, number of pulses = 3, pulse duration = 70 ls), 2.5, 5 or


10 lg/ml of ultra pure plasmid DNA were added to the


cells and the expression rate was determined. The highest


percentage of cells expressing the reporter gene was found


when 5 lg of DNA per ml was used (85%) (Fig. 1).


Almost the same results were obtained with 2.5 lg DNA/


ml, where 75% of cells expressed reporter gene, while the


electroporation carried out at the concentration of 10 lg
plasmid DNA/ml yielded only 55% cells expressing re-


porter gene. Besides, different concentrations of plasmid


DNA did not affect the cell survival during and after the


electroporation; so, their survival was somewhere around


95% in all tested cases. It is also worth mentioning that the


cell density of 1�106 cells/ml (recommended also by the


producer) allowed the best transfection results (data not


shown).







Fig. 2. Transfection and survival rates of B16F1 and SA1 cells when the number of electric pulses, their duration and electric field strength were varied: (A) two


pulses with the duration of 100 As; (B) three pulses with the duration of 100 As; (C) three pulses with the duration of 70 As; (D) four pulses with the duration of
70 As. Plasmid DNA concentration was 5 Ag/ml. Dotted line represents the mean value of at least three independent experiments. (.) Transfection rate of


cells, (5) survival rate of SA1 cells.
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3.3. Setting the optimal electric field strength of pulse and


the number and duration of pulses


The electrotransfection and survival rates of electropo-


rated cells were determined in respect to different electric-


field strengths, number of field pulses and pulse duration.


One, two, three or four electric pulses with the duration of


70 or 100 ls, repeatedly occurring at 1-min interval and at a


B16F1 cells, (o) survival rate of B16F1 cells, (n) transfection rate of SA1

Fig. 3. Transfection and survival rates of CHO and L929 cells when the number of


(A) three pulses with the duration of 100 As; (B) three pulses with the duration of


mean value of at least three independent experiments. (.) Transfection rate of CH


(5) survival rate of L929 cells.

field strength of 0–6000 V/cm, were used in our experi-


ments. The plasmid DNA concentration was 5 lg/ml in all


experiments. The results of gene expression and conse-


quently relative plasmid DNA uptake by the electroporated


cells as well as the survival rates of the very same cells are


presented in Figs. 2–4. As it can be seen from the presented


results, the transfection efficiency and survival patterns in


SA1, LPB, L929 as well as in CHO cells after the electro-

electric pulses, their duration, as well as electric field strength were varied:


70 As. Plasmid DNA concentration was 5 Ag/ml. Dotted line represents the


O cells, (o) survival rate of CHO cells, (n) transfection rate of L929 cells,







Fig. 4. Transfection and survival rates of LPB and SCK cells when the number of electric pulses, their duration, as well as electric field strength were varied:


(A) three pulses with the duration of 100 As; (B) three pulses with the duration of 70 As. Plasmid DNA concentration was 5 Ag/ml. Dotted line represents the


mean value of at least three independent experiments. (.) Transfection rate of LPB cells, (o) survival rate of LPB cells, (n) transfection rate of SCK cells, (5)


survival rate of SCK cells.
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transfection were very similar (Figs. 2–4). Namely, the


increase of the electric field strength was followed by the


increase of the proportion of cells expressing reporter gene


and diminishing of the number of viable cells. The results


were slightly different with B16F1 cells that had an ex-


tremely narrow range of electric field strengths in which an


optimum transfection efficacy and surviving were achieved


(Fig. 2). An additional increase in the electric field strength


was followed by a rapid decrease in the proportion of cells


expressing reporter gene as well as by a decrease of the


number of viable cells. In all of these cell lines, the


transfection rate was substantially lower when the transfec-


tion procedure was carried out using electric field strength


below the critical one. The transfection was unsuccessful


and also no unspecific coloration was observed in the


control cells that were incubated with the same amount of


plasmid DNA (5 lg/ml), but without electric field treatment


(E = 0 V/cm).


The only cell line in which no coloration of the cyto-


plasm could be detected after the electroporation in the


presence of control plasmid DNA was SCK. We were


unable to transfect these cells even when the applied electric

Table 4


Determination of the optimal field strength of pulses, their optimal duration and


conditions for each cell line


Cell


line


Optimal field


strength (V/cm)


Applied voltage


(V)


Duration


of pulse


(As)


N


o


B16F1 650 130 70 3


SA1 850 170 100 3


SA1 1100 220 100 2


LPB 700 140 100 3


L929 950 190 100 3


CHO 750 150 70 3


SCK 650b 130 70 3


SCK 650b 130 100 3


There were three sets of experiments performed for each electroporation conditio
a The electroporation buffer and its optimal osmolarity are described in Table
b The calculated critical field strength.

field was enormously increased (6000 V/cm) (Fig. 4). As


the electric field did not support the cell transfection, also


the cell survival remained stable (comparable to the one in


control cells that were not exposed to the electric field), but


only up to 2500 V/cm. Further increase in the electric field


strength above 2500 V/cm resulted in a diminished survival


of the tested cells (at 2600 V/cm the cell survival was


reduced to 70% and at 6000 V/cm to merely 1%). Therefore,


additional experiments with trypan blue dye were carried


out to confirm whether the electropermeabilization of these


cells actually did or did not occur. Surprisingly, no dye


penetration was detected even after 6000 V/cm had been


applied to the cells, which speaks for the fact that the


membranes of SCK cells remained completely undamaged.


The variation of pulse number revealed that the transfec-


tion efficiency is improved by applying more than one


electric pulse, but in majority of cells, not more than four.


Actually, by applying only one pulse, no transfection at all


was observed, while the best transfection results were


obtained using three pulses (except in SCK cells) (Figs.


2–4) (Table 4). Additional parameter that affected the


transfection efficiency and survival rates of electroporated

number, as well as the maximal transfection rate at optimal electroporation


umber


f pulses


Maximal transfection rate


(%) in electroporation buffer


with optimal osmolaritya


Maximal transfection


rate (%) in isoosmolar


electroporation buffer


85 30


40 2


40 2


60 15


40 10


65 20


1 1


1 1


n in every cell line under study.


3.
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cells was the pulse duration. This influence was expressed


differently, depending on the cell type. LPB cells were the


most sensitive to this parameter. The survival rate was 20%


higher in the cells treated with 70 As durable pulses than in


the cells treated with 100 As durable pulses (electric field


strength 850 V/cm). Under the same conditions, the trans-


fection rate was 21% lower in the cells treated with 70 As
durable pulses (Fig. 4). The same tendency was observed in


CHO, L929 and partially in SA1 cells, while no effect of the


pulses of different duration was noted in B16F1 and SCK


cells. The optimal electrotransfection conditions for the


tested cells are summarized in Table 4.

4. Discussion


The need for the transfer of DNA into mammalian cells


arose from our research work in the field of classic and


genetically modified tumor vaccines [23–27]. The creation


of genetically modified tumor vaccines urged the optimi-


zation of appropriate vector systems for introducing DNA


into the target cells. The procedure that we were seeking


was supposed to enable an efficient transfection of a large


number of cells (primarily in vitro), to be simple, control-


lable and without undesired side effects to the cells.


Although the viral vectors (Retro, Adeno, Adeno-associat-


ed) are superior to plasmid-based vectors in their DNA


delivering efficiency [28–30], we considered the non-viral


methods as more appropriate ones. The reasons lay pri-


marily in securing high standards of safety and controlla-


bility of the plasmid-based vectors and also in the intention


to restore only a transient expression of the transferred


genes. The first methods that we optimized were the


receptor-mediated gene transfer and the method of a


biolistic gun [31]. Since the receptor-mediated gene trans-


fer proved to be superior to biolistic gun for in vitro gene


transfer, it became the method of choice for the transfec-


tion of mammalian cells in our laboratory. However, the


method is quite expensive and requires well-trained tech-


nicians to achieve the optimal transfection efficiency. On


the other hand, the method of electrotransfection was


reported to be successful for both in vitro and in vivo


gene transfer by different authors [5,8,10–14,32]. The


mechanisms that allow electrotransfection of mammalian


cell with plasmid DNA are not yet clearly defined, but


they seem to be relatively cell unspecific (that was a


prerequisite for our additional work). Based on some early


presumptions, the DNA is moved into the cells with


electrophoretic forces in the applied electric field. This


theory was proposed by Andreason and Evans [33] and


rests on their observations that a significant increase in


transfection yield was achieved when the cells were treated


by low-voltage pulses after the first short electroporative


pulse. The next evidence that DNA is moving under the


action of electrophoretic forces came from the experiments


by Klenchin et al. [34] and Sukharev et al. [35] who did

not only prove that DNA was passing the cell membrane


during the electric field pulse, but also extended the theory


by suggesting that electric field had a double action, first


on the cell membrane (by forming the membrane pores),


and second, on the DNA molecules susceptible to orien-


tation and deformation. According to this model, the


electric pulses are responsible for DNA transfer through


the cell membrane and mechanical interaction with the


membrane pores, as well as for simultaneous pore expan-


sion. Although this theory set the fundamental principles


of electrotransfection, there was still a substantial gap in


understanding the molecular mechanisms of the DNA


transfer into the cell. One more step forward in under-


standing the electrotransfection was made by Teissie, Rols


and Neumann. This group of authors and their co-workers


demonstrated experimentally and theoretically that, when


the pulses with a duration that was longer than the critical


value were applied, the plasmid DNA formed a stable


complex with the electropermeabilized membrane; the


introduction of the DNA into the cell was controlled by


membrane enzymatic activities (necessary for passing of


the molecules through the membrane) [9,18,36–38].


Therefore, in the process of electrotransfection, two main


activities are involved: the membrane poration and DNA


transport through the cell membrane. The poration kinetics


includes four different steps: (i) electric field induction of


local defects on the cell membrane (poration), (ii) size


expansion of defects (as long as the electric field is


present), (iii) stabilization of electropermeabilized mem-


brane and (iv) resealing of the membrane [38]. The DNA


transport occurs partially under the direct action of elec-


trophoretic forces and partially through enzymatic cell


membrane transportation.


With no intention to study the mechanism involved in the


process of electrotransfection, the present study was aimed to


optimize the conditions for electrotransfection of a larger


number of different mammalian cells in vitro. The electro-


poration parameters were optimized on Eppendorf’s device


for six laboratory cell lines and the yielded results of


transfection efficiency as well as of cell survival were


surprisingly good. Except in SCK cells, where the electric


current could not affect the cell membrane (even under high


electric field strength—6000 V/cm), the transfection effi-


ciency in other five lines was at least comparable to the


transfection efficiency of receptor-mediated gene transfer, or


in some cases, even to the transduction efficiency of viral


vectors [28–31,39,40]. The comparison of the transfection


efficiency achieved in our study (40–85% of viable cells,


except in SCK) with the ones in other electrotransfection


studies was not simple since many authors presented the level


of transfected gene activity (e.g. for gene encoding Green


Florescence Protein, or for gene encoding Luciferase) instead


of presenting the percentage of transfected cells [9,37,41]. To


our knowledge, some of the authors also cited the percentage


of transfected cells that varied from 1% to 20% in case of in


vitro electrotransfection with h-Gal [37,42,43].
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According to our findings, the determination of appro-


priate electroporation buffer and respective cell diameter


were of extreme importance. As indicated by Sukhorukov et


al. [44], the electropermeability of the cell membrane is


easily achieved when the electroporation is carried out in the


buffer with the osmolarity just above the critical one for the


particular type of cells. Similar observations were described


by Golzio et al. [45] who showed that the electroloading of


h-galactosidase was decreased in a hyperosmotic and in-


creased in hypoosmotic buffer. They concluded that the


membrane undulation and hydration forces controlled re-


pulsive forces preventing protein transfer across the electro-


permeabilized membrane during the pulse. On the other


hand, Neumann et al. [36] theoretically proved that electro-


poration more frequently occurs in the strongly curved parts


of the membranes than in its planar parts. This is probably


not in collision with the described results since the basic


molecular membrane structure is not affected by cell swell-


ing and the fragility of primarily strongly curved membrane


parts in the electric field just becomes intensified due to the


hydration forces and a more profound membrane exposure


to electric forces. In other words, this means that the optimal


electric field strength should be calculated with regard to the


maximum cell diameter when the cells are maximally


swollen. In the majority of cell lines, the electric field


strength calculated in this way was quite close to the


optimum and only fine-tuning was needed to achieve a


compromise between the optimal transfection rate and


optimal survival of the electroporated cells. However, there


was a difference between the cells: B16F1 demonstrated a


sharp field strength optimum for the cell survival and


transfection rate (at 650 V/cm) (Fig. 2), while in SA1,


LPB, L929 and CHO cells, the higher the field strength,


the better the transfection and the lower the survival rate


(Figs. 2–4).


The determined optimal number of two to three pulses


was constant for all of the cells tested. This is in accordance


with the above described theories that, with the first pulse,


the external electric field initializes the formation of mem-


brane pores and that the second pulse is required to transfer


DNA by electrophoretic forces and enzymatic cell mem-


brane transportation. Actually, we believe that the second


pulse is required to trigger the electrophoretic processes that


also include electroosmosis and diffusion, and to support the


endocytosis that is predominately dependent on the active


cell transmembrane transportation. The pulses applied in our


study were exponentially diminishing and, considering the


transfection efficiency, two of them delivered enough ener-


gy to transport DNA into the large number of cells. An


additional increase in the pulse number resulted rather in


increased cell damage than in increased transfection effi-


ciency. Thus, instead of delivering a few square wave pulses


with the usual frequency of 1 Hz [9,37], we delivered just


two exponentially diminishing pulses. The pulse voltage is


readjusted every 5 As. After the time constant, the pulse


voltage has dropped down to 37% of its initial value. The

interval of 1 min between these two pulses was determined


by the manufacturer of the electroporator and is intended to


offer the electroporated cells some time to regenerate certain


essential membrane structures and functions [21]. Although


1-min period might seem to be too long, Teissié et al. [38]


provided the data that at least 50% of cells are still


permeabilized 6 min after the initiation of permeabilization.


One of the latest article by Golzio et al. [46] describes the


plasmid interaction with the electropermeabilized part of the


membrane and formation of plasmid-membrane aggregates


that remain stable at the membrane up to 10 min after the


pulses of a longer duration than the critical value have been


applied. Considering these data, the prolonged time interval


between the pulses should have no negative effect on the


final electrotransfection result.


The number of electric pulses used in other studies (range


1–10 pulse) was different from the number in our study


(range 1–4 pulses) [9,35,37,41,42]. The most commonly


used electric field strengths for electroporation of mamma-


lian cells were between 0.2 and 2.0 kV/cm with the pulse


duration of 1–100 As or even 1–10 ms. The determined


electric field strength in our study was just within the ranges


used in other studies, while the pulse duration (as well as the


number of pulses) was different due to the fact that we used


exponentially diminishing pulses and other authors square


wave ones.


Supposing that the first pulsation of the cell membrane


resulted from the formation of numerous pores, it could then


be expected that the increase of DNA concentration should


be followed by the increased transfection efficiency. As a


matter of fact, the increase of DNA concentration in our


experiments had a negative influence on the transfection


efficiency. Namely, the optimal concentration for the elec-


trotransfection of 1�106 cells was 2.5–5 Ag/ml of DNA,


which is comparable to the concentrations used by some


authors [37], but at least 10 times lower than those reported


by other authors [47]. However, a saturation effect of


plasmid DNA has already been described previously


[11,41]. Furthermore, we observed no significant difference


in assessing the effect of the temperature on the electro-


transfection efficacy at 4 jC or at room temperature. This is


slightly different from what Rols et al. [43] described when


they compared the electrotransfection efficacy of CHO cells


with h-galactosidase reporter gene at 4 jC with the one at


21 jC. Applying 10 square wave pulses with the duration of


5 ms at 600 V/cm, they accomplished to transfect 9% of


cells at 4 jC and 6% at 21 jC. We assume that such a


difference was not observed in our experiments primarily


because we did not preincubate the cells at 4 jC before the


electrotransfection procedure (like it was done by Rols et


al.). In our experiments, the cells were just electrotrans-


fected at the indicated temperatures and, when the procedure


was finished, the cells were incubated at 37 jC.
The question why the electric current did not affect the


SCK cells is interesting, but in this article we could not


provide the answer to it. The basic set of experiments







U. Čegovnik, S. Novaković / Bioelectrochemistry 62 (2004) 73–82 81

included the detection of expression of reporter gene in


transfected cells and the clonogenic assay for the determi-


nation of cell survival. The results of these experiments


showed a completely equal survival of the cells exposed to


the electric field strength up to 2500 V/cm and of untreated


control cells, as well as a complete absence of characteristic


blue coloration of the substrate in the presence of h-
galactosidase. The coloration could be absent because (1)


the plasmid DNA did not enter the cells or (2) because the


expression of the control gene was suppressed. Considering


the fact that the survival of the treated SCK cells was


unaffected (when the applied electric field strength was


below 2500 V/cm), we presumed that the SCK cell mem-


branes were not permeabilized. To confirm this hypothesis,


an additional set of experiments was performed with trypan


blue that should be internalized by the cells when their


membrane is electropermeabilized. In the range of electric


field strengths that were applied in our experiments (0–


6000 V/cm), we could detect no dye internalization even


though the cell survival assessed by clonogenic assay was


reduced (as compared to control) following the treatment


with the electric field strengths above 2500 V/cm. On one


hand, this speaks for an unexpected cell membrane resis-


tance (of SCK cells) to the electric field action and, on the


other, that certain processes in the cells caused by high


electric field inhibited cellular proliferation.


In conclusion, we have to accentuate that the main goal


of this study was to determine the basic parameters for


electrotransfection of various cell lines and to optimize the


procedure to become useful for the transfection of a larger


number of cells than demanded in clinical experiments. The


achieved average transfection, especially in B16F1 cells


(85%), was absolutely above our expectations and compa-


rable to the values obtained by many other well established


procedures. Unfortunately, we were not able to transfect all


of the tested cell types meaning that this physical transfec-


tion method is not as unspecific as we supposed and,


thereby, not suitable for all types of mammalian cells.


Finally, it should be mentioned that the intensity of gene


expression in the electrotransfected cells was slightly lower


than in the cells transfected by the receptor-mediated gene


transfer (even in cases where the percentage of transfected


cells was higher), which is most likely due to the physical


damage of the cell membrane and physiological processes in


the cytoplasm. This speculation could be supported by the


experimental results of other authors that confirmed the


leakage of the important energy-supplying molecules, such


as cAMP, ATP and GTP from electroporated cells. These


molecules are known to play an important role in the


organization of the cytoskeleton as well as of the membrane


structure components. Additionally, it was proved that


electropermeabilization could induce the generation of re-


active oxygen species that affect the electropermeabilized


cells [48,49]. Therefore, even when the plasmid DNA is


successfully loaded into the cell cytoplasm, the gene ex-


pression and translation could be affected.
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Abstract


The artificial electrotransfer of bioactive agents such as drugs, peptides or therapeutical nucleic acids and oligonucleotides by membrane


electroporation (MEP) into single cells and tissue cells requires knowledge of the optimum ranges of the voltage, pulse duration and


frequency of the applied pulses. For clinical use, the classical electroporators appear to necessitate some tissue specific presetting of the pulse


parameters at the high voltage generator, before the actual therapeutic pulsing is applied. The optimum pulse parameters may be derived from


the kinetic normal mode analysis of the current relaxations due to a voltage step (rectangular pulse). Here, the novel method of trapezium test


pulses is proposed to rapidly assess the current (I)/voltage (U) characteristics (IUC). The analysis yields practical values for the voltage Uapp


between a given electrode distance and pulse duration tE of rectangular high voltage (HV) pulses, to be preset for an effective in vivo


electroporation of mouse subcutaneous tumors, clamped between two planar plate electrodes of stainless steel. The IUC of the trapezium


pulse compares well with the IUC of rectangular pulses of increasing amplitudes. The trapezium pulse phase (s) of constant voltage and 3 ms


duration, following the rising ramp phase (r), yields a current relaxation which is similar to the current relaxation during a rectangular pulse of


similar duration. The fit of the current relaxation of the trapezium phase (s) to an exponential function and the IUC can be used to estimate the


maximum current at a given voltage. The IUC of the falling edge (phase f) of the trapezium pulse serves to estimate the minimum voltage for


the exploration of the long-lived electroporation membrane states with consecutive low-voltage (LV) pulses of longer duration, to eventually


enhance electrophoretic uptake of ionic substances, initiated by the preceding HV pulses.


D 2004 Elsevier B.V. All rights reserved.
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1. Introduction practical aspects of the electrotransfer methods comprise

High voltage pulses have traditionally been used to


transfer bioactive substances such as drugs, therapeutical


peptides and nucleic acids or oligonucleotides into cells by


the method of membrane electroporation (MEP) [1,2]. The


controlled drug delivery by MEP gains increasing impor-


tance not only in cell biology and biotechnology but also for


novel clinical applications in electrochemotherapy [3–5]


and delivery of nucleic acids using electroporation in vivo.


It is well known that electroporative high voltage pulses


greatly increase the transdermal drug transport improving


the pharmacological potential of drug delivery [6]. The

1567-5394/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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the determination of optimum ranges for the pulse voltage


and the pulse time, as well as the number of pulses [7]. In


particular, the clinical use of classical electroporators


appears to necessitate the presetting of the pulse parameters


before the actual therapeutic pulsing is applied.


The mechanism of membrane electroporation (MEP)


and of the various electroporative processes are slowly


being understood in physicochemical terms [1,6,8–14]. In


brief, when biological cells, organelles or lipid vesicles are


subjected to short-lasting (100 As–10 ms) electric field


pulses, the (ionic) Maxwell–Wagner polarization of the


cell membranes enormously increases the membrane po-


tential difference. The electrically induced membrane field,


Eind= �Duind/dm, where Du ind is the induced transmem-


brane potential and dm = 5 nm is the assumed membrane


thickness, can be orders of magnitude larger than the
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externally applied field strength Eapp =Uapp/S , where Uapp


is the voltage applied and S is the electrode distance.


The stationary value of the induced contribution Eind at


the pole caps of spherical and ellipsoidal cells can be


specified in line with the relationships derived previously


[15]. In modern terminology, the expression:


Eind ¼
�Duind


dm
¼ F


a


dm
fkE ð1Þ


appears to be most useful, where F is the geometrical shape


factor (for spheres F = 1.5) and the ratio a/dm the geomet-


rical amplification factor. For cells of radius a = 5 Am, a/dm
is as large as 1.5� 103. If the membrane conductivity jm is


small compared to both the cell interior jin, the exterior


medium jex, the condition aHdm for cells and organelles


specifies the conductivity factor to [1]:


fk ¼ 1� jm


aðjex þ 0:5jinÞ
dmjexjin


ð2Þ


For many biotechnological applications, where jinHjex


holds, the expression fk = 1� 0.5(jm/jex)(a/dm) can be used.


For densely packed cells [9] and for bacterial rods of length


2a the approximation Eind=(a/dm) fkE may be applied for


the pole caps. Since all living cells exhibit a natural mem-


brane potential Dunat =uin�uex, where uin is the electric


potential of the cell interior, and uex = 0 is the extracellu-


lar potential commonly used as zero reference; typically,


Dunat =� 70 mV.


The total transmembrane potential Dum(h) at the angular
position h relative to the direction of the external field (x-


direction) through the midpoint of the cell is given by the


sphere approximation [1]:


DumðhÞ ¼ � 3


2
afkE þ Dunat


cosh


� �
AcoshA ð3Þ


The corresponding membrane field is Em(h) =Eind(h) +
Enat, where the contribution of Enat=(�Du/dm)AcoshA/cosh
to Em in the direction of x is asymmetric. At the left pole cap


(cosh =� 1), Em>Enat and at the right pole cap (cosh = 1),
Em<Enat. For elongated bacteria of length 2a or for densely


packed cells, the approximation F = 1 in Eq. (1) is appro-


priate. It is well known that the change in the membrane


field Em (or of the natural field Enat) can cause structural


changes in the membrane phase. In lipid bilayers, the


enhanced field Em may enlarge the conducting aqueous


pathways or pores [8,16,17] for smaller ions and larger


ionic or polar molecules. The lipid rearrangements involved


in pore formation are the structural basis for the electro-


porative transport. At moderate field strengths, EV 1F 0.5


kV/cm for cells of radius a = 5 Am and pulse durations


tEV 10 ms, pore formation and resealing appear reversible;


the resistance recovers completely [18].


At higher field strengths and larger pulse durations,


isolated cells, tissue cells and cell aggregates exhibit

irreversible changes. Specifically, the corneocytes of the


stratum corneum (SC) appear to reorganize smaller pores


into localized transport regions (LTR) which at higher field


strengths reseal only extremely slowly [19]. Proper pore


resealing after pulse applications is required for the sur-


vival of cells. Irreversible damage and local cell death in a


part of the tissue or of cell aggregate may be tolerable in


electrochemotherapy (ECT) of tumors. In direct gene


transfer therapies, side effects of cell damage must be


minimized. Technically, this means that intensity and


duration of the therapeutic pulses must be adjusted to


optimum values, requiring some previous knowledge of


the electrical properties of the cell membranes and the


tissue as a whole.


The primary aim for therapeutic applications is to explore


the electrical conditions already before the therapeutic high


voltage pulses are applied. In using present electroporator


devices, proper presetting of the pulse duration appears


necessary.


Here, a procedure is proposed to obtain the presetting


parameters from a special double ramp pulse, in the form of


a trapezium, applied shortly before the actual electroporative


high voltage pulsing is performed. The detailed outline of


the trapezium procedure aims at a practical guidance to


obtain the voltage and time parameters for the presetting.


The usefulness of this approach is judged from a compar-


ison of the trapezium ramp data with the results of the


analysis of current relaxations due to voltage steps (rectan-


gular pulses).


In many cases, the high field-induced electrical changes


of cells can be satisfactorily modeled with electric equiva-


lent circuits (see Fig. 1). In the simplest case, the cell


interior is represented as a conductive medium of resistance


Ri and of conductivity jin = 1.4 S/m (muscle cells), sur-


rounded by a practically nonconductive membrane of resis-


tance Rm and capacitance Cm. The rest of the system is


represented by the extracellular medium in between the cells


with the resistance Ra. For instance, when MEP creates ionic


pathways in SC, the membrane resistance Rm drastically


decreases during the pulse time and increases again after the


pulse termination [20]. It is the time course of Rm(t) which


can be subjected to physicochemical analysis.


Model studies with isolated cells [16] and lipid bilayer


vesicles [21] have shown that MEP and the transport


through the electroporated membrane surface patches are


highly localized. Net-transport like small-ion exchange


appears only at a critical pore density where, at constant


overall pore surface, transport pores must develop [14].


In a multi-layered system, such as the SC, the larger


small-ion transport pores reorganize to LTR for the elec-


trophoretic passage of larger poly-ionic molecules [22].


The critical pore density occurs in a critical range of the


membrane field strength and is dependent on the pulse


time [18]. Many actually measured uptake curves reflect


not only the extent of MEP and transport during the


pulse time but also the after-field transport of the pore







Fig. 1. Simple electrical equivalent circuit (EEC) for a tissue cell. Rm and


Cm model the resistance and the capacitance of the cell membranes,


respectively, and Ra and Ri are the resistances of the extracellular and the


intracellular parts, respectively. When conductive electropores are induced


by high voltage pulses, Rm is a time-variable resistance.
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resealing phase because of the longevity of transport pores


[1,10].


In the case of the field-dependent and time-dependent


transport curves (electropermeabilization curves), it has been


instrumental to operationally define a critical midpoint (or


half-maximum) field strength Ēc = Ūc/S of the critical trans-


port range ĒcFDEc or ŪcFDUc of the cell population


[23,24]. Usually, Ēc increases with decreasing pulse time tE
[10,11,18]. The details mentioned so far are a part of the


specific basis for the objective to provide a practical guidance


for presetting high voltage generators in cell biological and


medical applications of the electroporation technique.

Fig. 2. Schematic cross section of a typical subcutaneous mouse tumor


( xenographed with A549 cells ) designed according to a stained cross


section obtained after electroporative transfer of oligonucleotides [25]. The


tumor is clamped between the two metal electrodes (black) of a special


holding device, in which the mouse is gently fixed (below the holder). The


electrodes of (polished) stainless steel for the applied voltage Uapp are


equipped with smaller inner electrodes of gilded cooper. The measured


voltage is the inner voltage U=Uapp-2 UES (<Uapp). This setup avoids the


electrode polarization contributions UES at the two current supply


electrodes. The distance S between the inner electrodes is the same as


that between the outer electrodes (Uapp). The skin covering the tumor has


here the thickness dskin = 0.4 mm and includes the stratum corneum layer


of thickness dSC = 15F 5 Am; CT, connective tissue of thickness dCT= 1 F
0.5 mm; NR, the necrotic region of thickness dNR = 2F 1 mm; VT, vital


region of the tumor with a thickness of dVT = 0.5F 0.2 mm. The mouse


tumors used here have localized, non-distributed, necrotic regions as


judged from the stained cross sections obtained after successful oligo-


nucleotide transfer [25].

2. Materials and methods


2.1. Tumors


A549 human tumors have been subcutaneously


implanted at both sides of the back of NMRI nude mice


and have been grown for 2 weeks. Before the pulse experi-


ments, the mice have been anesthetized with isofluorane and


clamped into a mouse holder, such that the tumor is easily


accessible for the two parallel, stainless steel plate electro-


des (8� 6 mm2) with integrated inner electrodes to measure


the inner voltage U. The distance between the integrated


inner electrodes is the same as the distance between the


outer electrodes. The electrode surface facing the tumor has


been covered with conductive paste. In Fig. 2, the schematic


cross section shows the main features of a typical mouse


tumor in a skin fold, clamped between the two planar metal


electrodes. In order to calculate the electric field distribution


between the electrodes across the tumor, the various tissue

thicknesses are indicated. Fig. 3 visualizes the inhomoge-


neous field distribution (A) and the corresponding electric


potential profile (B) and voltages across the various parts,


specified in the figure legend. It is readily seen that it is the


skin which represents the part of highest ionic resistance due


to its outer SC layer. The skin as a whole consists of the thin


SC of thickness dSC = 15F 5 Am and several other layers of


higher conductivities. The simulation data shown in Fig. 3


refer to the skin as a whole of overall conductivity


j(skin) = 20 mS/m.


2.2. Apparatus


The high voltage (UappV 1 kV) is generated by using a


specially developed arbitrary function generator (Scientopo-







Fig. 3. Cross section of the electrode tumor system (A) for the calculations


of the electric field distribution and (B) the electric potential profile f(x) of


a mouse subcutaneous tumor in a skin fold, clamped between planar


stainless steel electrodes (ES) at a distance of S = 3.2 mm. The electric


potential profile refers to the height y = 2 mm and the voltage is U = 526 V.


The cross section has the same dimension as that in Fig. 2 (bitmap of Fig.


2). The gray contrast image of the E-distributions is continuous between the


high-field area (white) of E = 9.6 kV/cm and the low field area (black) of


E = 0. The numerical values of the various voltages USC, UCT, UVT, UNR,


respectively, are calculated using known average conductivity values,


measured on isolated specimen of mouse skin, of CT, VT and NR (during


the presence of high voltages): n (ES) = 0.1 MS/m, n (CT) = 0.08 S/m, n
(VT) = 0.1 S/m, n (NR) = 0.6 S/m and n (air) = 1 AS/m. The value n
(skin) = 20 mS/m refers to the skin of thickness dskin as a whole, consisting


of SC of thickness dSC and other layers.


Fig. 4. Time course of the conductance G(t) = I(t)/U at constant voltage U


during tE = 10 ms pulse duration for 3 representative field strengths E =U/S ,
(o) 71.8 V/cm (Uapp = 50 V), (x) 131.3 V/cm (Uapp = 100 V), (w) 160.2 V/


cm (Uapp = 150 V), for three consecutive pulses (at given E) at a 1 s interval


between the pulses, respectively. The shaded areas refer to the pulse


duration tE = 10 ms, here stretched with respect to the t/s scale. The dc-


conductance prior to pulsing is slightly different for each tumor; it is,


however, always in the range G0 = 0.1F 0.05 mS. The different tumors


(n = 5 for 5 different voltages) used are of the same type as those sketched


in Fig. 2., but are all one week older.
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rator) [24], containing a time-domain based impedance


meter. Both, the voltages Uapp at the outer electrodes (pulse


application) and U at the inner electrodes are recorded by a


digital oscilloscope (TDS 540C, Tektronix, Beaverton, OR,


USA). The voltage trace at the outer electrodes only serves


as a monitor for the correct pulse application while the


voltage U across the inner electrodes is used for further data


processing. The total current I(t) is recorded with a current


transducer attached to the oscilloscope.


The shapes of the applied voltage pulses are either


rectangular or a trapezium-shaped double ramp. If the

amplitudes of the resulting currents I(t) are nonlinearly


dependent on the voltage, they presumably indicate struc-


tural changes of the object between the electrodes. Because


of the potential drop (DuES) at the electrodes, which is


dependent on the current density, the voltage U at the inner


electrodes decreases with time (up to 10%) compared to the


constant voltage applied Uapp.


A simplified version of the Scientoporator has been used


to introduce antisense oligodesoxy-nucleotides into the


interior of tumors by in vivo MEP [25]. Once the cell


constant z=Aeff/S eff of the electrode configuration is deter-


mined, the conductivity j =G/z is calculated from the


conductance G = I/U, where Aeff and S eff are the effective


electrode surface and distance, respectively. For linear, time-


invariant objects the conductance G = I/U is constant (ohmic


behavior). If the stationary current changes nonlinearly with


U, the differential (or dynamic) conductance GD = dI/dU is


used to obtain closed analytical expressions. For most


practical cases, the simple ratios G = I/U are, however,


sufficient to describe the nonlinear current dependence on


voltage.

3. Results


The time courses of the measured signals (e.g., Fig. 4),


I(t) and U(t), contain resistive and capacitive contribu-


tions, which can be specified in terms of individual circuit







Fig. 6. Time course of the current I(t) as a response to a trapezium-shaped


voltage pulse U(t), applied to a single mouse tumor (n = 1) at electrode


distance S = 0.7 cm. (r), rising edge with slope mu,r =DU/Dt1 = 150 kV/s up


to the time point t = 4 ms; (s) stationary phase at US = 600 V lasting for


DtS = 3.3 ms, recorded as dashed line; (f ) falling edge of voltage slope


mu,f = DU3 /Dt3=-500 kV/s, for t>tS = 7.3 ms, where D tf = 1.2 ms. The


estimate of Ir,E = 1.7 A refers to the onset of the stationary phase (s). The


dashed line refers to the Eq. (12) of the text, representing the corrected


current without the Joule heating contribution, heading at Imax,corr = 1.75 A.


The conductance before pulsing is G0 = 54.3 AS.- The actual time course


represents one example out of n = 15 tumors.
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elements. Impedance spectroscopy of the mouse tumors


before the pulsing (at E = 0) yields the average values of


Ra = 15.7F 7.8 kV, Ri = 363F 100 V, Cm = 31.8F 14.8


nF (Fig. 1). If there are structural changes such as


MEP, these quantities change in the presence of a field


pulse and continue to change after field application. Note


that the relatively large standard deviations of the imped-


ance refer to the differences of the tumors at low


measuring voltage. The actual time-courses in the pres-


ence of high electric fields can be represented as relative


changes and are thus only marginally affected by the low-


field impedance data.


3.1. Conductance relaxations at constant Uapp


In Fig. 4, it is seen that the conductance at consecutive


rectangular voltage pulses, applied for tE = 10 ms in inter-


vals of Dt= 1 s, first rapidly increases with time, followed


by a slower increase. After switching off the voltage, there is


first a rapid decrease, corresponding to the previous rapid


in-field increase, followed by several slower phases. For


demonstration, three typical voltages are selected. The


conductances increase with voltage and pulse number. In


Fig. 5, it is shown that the dc-resistance decreases during the


pulse and increases again after the pulse. Qualitatively, the


increase in the resistance is consistent with the resealing of


pores and tissue reorganization (mostly of the SC). Because


of the large resistance of the SC the respective field strength


ESC =USC/dSC is high (Fig. 3B). Therefore, the observed


resistance changes dominantly originate from the SC. Note


that the skin conductivity (20 mS/m) is a (measured) mean


value. See the legend to Fig. 3. From the database of the


electroporative transfer of oligonucleotides [25] it is con-

Fig. 5. Recovery of the tissue resistance of a tumor (n = 1) after high voltage


pulses: DC resistance R0 (tHtE) as a function of time, after three


consecutive rectangular pulses have been applied, starting at the time points


t = 0, 2 and 4 s, indicated by the circles (o): Uapp = 100 V (S = 0.7 cm) or


E = 131 V/cm and tE = 10 ms; initial resistance R0 (t = 0) = 12.2 kV.

cluded that, once the SC is permeabilized, the rest of the


tumor is electroporated, too.


The actual current traces I(t) =G(t)U are readily repro-


duced from the G(t) curves. The (subtracted) rapid initial


contributions of the capacitive elements are quantified by


the impedance data. It is interesting to note that the current


traces obtained for tissue like liver with needle electrodes


are very similar (data not shown) to the current traces of


tumors clamped between stainless steel plate electrodes as in


Fig. 2.


3.2. Trapezium voltage pulse


As seen in Fig. 6, a trapezium-shaped voltage pulse


(double ramp), U^(t), causes a roughly trapezium-shaped


current pulse I^(t). Three ranges are distinguished: the rising


phase (r), the stationary voltage phase (s) and the decay


phase (f). Because Joule heating causes an increase in the


conductance with time, the data analysis requires a correc-


tion for the Joule heating contribution such that the calcu-


lated current level Imax,corr is a key parameter for the data


analysis; see below. In order to cover the voltage range


(between 50 and 500 V), known to effectively electroporate


tissue of thickness S V 1 cm [25] with rectangular pulses of


up to 10 ms duration, the maximum trapezium voltage of


600 V has been chosen. In the voltage range up to 300 V, the


measured current density does not exceed 1 A/cm2 because


of the high resistance of the SC. For UV 300 V, straight-


forward simulation shows that Joule heating is negligibly


small for pulse durations of V 10 ms (data not shown).
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4. Theory and discussion


4.1. Rectangular pulses


It is recalled that the SC of the skin of a subcutaneous


tumor represents the highest resistance for ion motion.


Therefore, the conductance relaxations in Fig. 4 refer


dominantly to the SC. As shown for isolated cells and cell


aggregates [18], the multiphase time course of the conduc-


tance G(t) = I(t)/U of the tumor may also reflect a series of


coupled processes.


Therefore, the overall relaxation curves in the presence of


the field are analyzed in terms of reaction normal modes [1],


i.e., as a sum of exponential terms reflecting coupled single


processes. The general parameter equation for the kinetic


normal modes Gi(t)is:


GðtÞ ¼
X


GiðtÞ ¼
X


Ḡi½1� expð�t=siÞ	 ð4Þ


where Ḡi is the amplitude and si the relaxation time of the i-


th relaxation process, respectively. Within the limits of time

Fig. 7. The relaxation parameters Ḡ1 (A), Ḡ2 (B), 1/H 2 (C) and m3 = Ḡ3/H 3 (D), see


voltage for the MEP parameters Ḡ2 and H 2 is estimated to be the same within the


Note that the dashed lines are drawn to illustrate the trends in the voltage dep


experimental data base, a more detailed fit of the data points would not be justif

resolution for pulse durations in the ms range, the data in


Fig. 4 are satisfactory described by the specific expression


GðtÞ ¼ G0 þḠ1 þḠ2½1� expð�t=s2Þ	 þ m3t ð5Þ


where, for the average tumor in the setup sketched in Fig. 2,


the zero conductance is G0 = 85F 56 AS for S = 0.9F 0.1


cm; number of tumors n = 5, one tumor per given voltage


(Fig. 4). Ḡ1 is the amplitude of the first relaxation phase


(here not time-resolved). The relaxation mode 2 in the


presence of the field is characterized by the amplitude Ḡ2


and the time constant s2. The third process is represented by


a so-called inclined baseline with the slope m3 = Ḡ3/s3 as the
ratio of the amplitude Ḡ3 and time constant s3. This


approximation is valid for the time range tbs3, where


G3(t) = Ḡ3 [1� exp (� t/s3)] = Ḡ3
t/s3 =m3t holds. The con-


ductance relaxations during the second and third pulse do


not start from stationary G-values of the after-field relaxa-


tions. Therefore, the quantitative analysis of the G(t) curves


is here restricted to the first pulse.

Eq. (5) of the text, as a function of the voltage U, respectively. The midpoint


margin of error: ŪC = 130F 20 V (S = 0.9 cm) and H 2 (ŪC) = 0.7F 0.1 ms.


endences for these specific examples where, at the present stage of the


ied. The experimental conditions are given in the legend to Fig. 4.







Fig. 8. The after-field relaxation parameters. (A), the kinetic normal mode


amplitudes Ḡ1
off (o),Ḡ2


off (x), Ḡ3
off (*) normalized to the conductiv-


ity G0 = 0.1F 0.05 mS (before electroporation) and (B) the relaxation time


constants H 2
off (o) and H 3


off (x), as a function of the voltage of the third


pulse (see Fig. 4). For S = 0.9F 0.1 cm, the midpoint voltage is ŪC


(Ḡ3
off) = 120F 20 V. Note that S is slightly different for the n = 5 different


tumors. The time intervals of one second between the first and second


pulse and the second and third pulse (Fig. 4), respectively, are too short for


a meaningful analysis with Eq. (7).
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In Fig. 7, it is seen that all reaction normal mode


quantities Ḡ1, Ḡ2, 1/s2 and m3, respectively, increase with


increasing voltage U. The amplitude Ḡ1 is suggested to


reflect the formation of small, yet conductive electropores


without appreciable electrolyte net transport between cell


interior and the outside medium [14]. At higher field


strengths, Ḡ1 may contain contributions from Wien-effects


due to perturbations of ionic atmospheres and ion-pairing


processes on the cell surfaces [18,26] or other processes


not yet specifiable. When compared with relaxation data


of salt-filled vesicles and densely packed cell aggregates,


the amplitudes Ḡ2 and the relaxation rates 1/s2 exhibit the


typical features, such as sigmoidal dependencies, of con-


ductive pores [14,18]. By qualitative inspection, we obtain


the midpoint voltage Ūc(Ḡ2) = 130F 20 V for the mean


electrode distance S = 0.9F 0.1 cm, the value Ḡ2(Ūc) and


the time constant s2(Ūc) = 0.7F 0.1 ms, as derived from


data of rectangular pulses of duration tE = 10 ms. Because


of ion flow through the larger pores the cell membranes


discharge partially. Thereby the membrane field is re-


duced. See Eqs. (1) and (2). It is recalled that Joule


heating is negligibly small up to U = 350 V for S = 0.9 cm


used here. There are no indications of damage like


burning at the electrode surfaces.


The original current trace I(t) contains a capacitive


contribution Icap = I
0 exp[� t/sm], where sm=RmCm (with


Rm =Ri) is obtained from the impedance data. The trace is


readily reproduced from Eq. (4) or Eq. (5). With Eq. (4),


I(t) =G(t)/U is given by I(t) = I0
exp[� t/sm] +G0U + Ī1 + Ī2
[1� exp (� t/s2)] + Ī3(t/s3), where I0, G0U, Ī1 = Ḡ1U, Ī2=


Ḡ2U and Ī3, respectively, are the additive amplitude con-


tributions to I(t). The time point tmin of the current minimum


I(tmin) is derived from the condition dI(t)/dt= 0 at t= tmin.


For the lower voltage range where m3 = Ī3/s3 = 0, we find


tmin ¼ s2þsm
sm�s2


ln Ī2
s2

 sm
I0


� �
. Inserting t = tmin, I(tmin) can be


calculated.


The current or conductance relaxations after turning off


the pulse at t = tE may be parameterized in terms of reaction


normal mode quantities similar to those in the in-field


relaxations. The general conductance expression for the


range tz tE is:


Goff ðtÞ ¼
X
i


Goff
i ðtÞ ¼


X
i


Ḡ
off
i expð�t=soffi Þ þ Gl ð6Þ


For the data in Fig. 4, Eq. (6) is specified as:


Goff ðtÞ � Gl ¼ Ḡoff
1 þ Ḡoff


2 expð�t=soff2 Þ


þ Ḡoff
3 expð�t=soff3 Þ ð7Þ


where Gl refers to G at t!l.


Since the time interval between the successive pulses is


only 1 s (Fig. 4), Eq. (7) is here applied only to the off-field


relaxations after the third pulse where within 5–6 s the


parameters appearing in Eq. (7) are specified as an instruc-

tive example. The after-field parameters are displayed in


Fig. 8 as a function of the voltage for S = 0.9F 0.1 cm. Ḡ1
off


refers to the rapid resealing phase of pores without appre-


ciable ion release during the pulse time [14]. The pairs Ḡ2
off,


s2
off and Ḡ3


off, s3
off, respectively, refer to the two kinetically


distinguishable, slow pore resealing processes underlying


the recovery of the membrane resistance. In Fig. 8, it is seen


that the after-field amplitudes Ḡ1
off and Ḡ2


off as well as the


after-field relaxation times s2
off = 4F 1 s and s3


off = 50F 5 s


change only slightly with U. Solely Ḡ3
off changes consider-


ably with U; the largest slope d(Ḡ3
off)/dU is associated with


the midpoint voltage Ūc (Ḡ3
off) = 120 F 20 V for


S = 0.9F 0.1 cm.
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4.2. Trapezium pulses


Evidently, the currents I^(t) of the three time ranges of the


trapezium pulse, rising edge (r), stationary phase (s), and


falling edge (f), respectively, contain capacitive and resistive


contributions and reflect linear and nonlinear dependencies


of the current on voltage. When compared with Ūc(Ḡ2) and


s2(Ūc) for rectangular pulses, Fig. 7B and C, the nonlinear


contributions are in a voltage and time range, respectively,


which are consistent with progressive MEP. The nonlinear


contribution (without MEP) at the rising edge (r) of the


trapezium is described by Inonlin
^ (t) = I^(t)� Ilin


^ (t). Explicitly,


I^nonlinðtÞ ¼ I^ðtÞ � U^
r ðtÞ=Ra � mUCm½1� expð�t=smÞ	


ð8Þ


where sm =CmRm=CmRi and the prepulse impedance dataRa,


Ra, Ri and Cm (Fig. 1) can be used.


It is seen in Fig. 9 that, above U = 5 V (S = 1.1 cm), I^(t)


depends nonlinearly on U^(t). It is therefore appropriate to


use the differential conductance GD = dI
^(t)/dU^(t) for the


description of the transition of G from a lower voltage range


5 <U/V < 120 to a higher voltage range 120 <U/V < 500


(Fig. 9). The transition point of the rising phase at Ur* is


obtained by fitting GD with two linear functions, here


intersecting at U* =Ur* = 190F 20 V. It is interesting that


Ur* is sufficiently above the midpoint voltage Ūc(Ḡ2) =


130F 20 V (Fig. 7) to cover the upper part of the range


ŪcFDŪc of effective electroporative transport. The numer-


ical values represent characteristic parameters valid for all


tumors so far measured in our setup (Fig. 2).


During the stationary phase (s), where the voltage is kept


constant, the further increase in the current, solid current


line (Fig. 6), suggests continuation of pore formation and
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Fig. 9. The differential conductance GD= dI
^(t)/dU ^(t) as a function of


voltage U. The transition voltage Ur* is the voltage U*= 190F 20 V


(S = 1.1 cm) at the intersection, obtained by fitting two linear functions to


the low and the high voltage region, respectively.

partial discharging of cell membranes as well as Joule


heating. The current contribution due to Joule heating,


which is caused by the higher current density due to pore


formation, is described by:


DI^J ðtÞ ¼ I^S ðtÞ � I^S;corrðtÞ ¼ DGJðtÞ 
 U^
S ð9Þ


The respective conductance contribution is:


DGJðtÞ ¼ GSðtÞ � GS;corrðtÞ


¼ GSðtÞ 
 kJ 
 DTðtÞ=½1þ kJ 
 DTðtÞ	 ð10Þ


where the familiar relationship Gs(t) =GS,corr(t)/[1 + kJ

DT(t)] is applied. This contribution is very significant for


higher voltages (U>300 V) and can be estimated using the


temperature coefficient, for instance, of 0.1 M KCl solution


(modeling the cell interior): kJ = 0.026 K� 1 at T= 298 K


(25 jC). The temperature increase may be calculated ac-


cording to


DTðtÞ ¼ U^
S


Z
I^S ðtÞ 
 dt=CcU^


S


X
I^S ðtÞ Dt=C ð11Þ


where C = qcp
S eff
Aeff is the heat capacity of the tissue and


Dt is an adequately chosen small time interval between the


individual IS
^(t) values. The tissue mass density q and the


tissue specific heat capacity cp may be approximated by


q(H2O) and cp(H2O) of water at 298 K, respectively.


The corrected current contribution IS,corr
^ (t), Eq. (9), in


the phase (s), dashed current line (Fig. 6), heading at Imax,corr


is described by:


I^S;corrðtÞ ¼ ðImax;corr � Ir;EÞ½1� expð�t=sSÞ	 þ Ir;E


¼ GS;corrðtÞ 
 U^
S ð12Þ


where sS is the time constant of the corrected current


relaxation. Applying now the Eqs. (9) to (12) to the data


in Fig. 6, yields the time constant sS = 0.6F 0.2 ms and the


amplitude ḠS,corr according to


GS;corrðtÞ ¼ ḠS;corr½1� expð�t=sSÞ	: ð13Þ


In Fig. 10, the conductance Gf(t) = If
^(t)/Uf


^(t) of the


falling edge (f) decreases in roughly two phases. The Gf(t)


relaxation may be approximated by the two linear voltage


ranges 0 <Uf
^<Uf* and Uf


^>Uf*, respectively. It is suggested


to use the estimate of Uoff =Uf* = 70F 10 V for S = 0.7 cm


as the characteristic voltage at which sufficiently many


electropores remain permeable for further small-ion trans-


port and most likely also for the electrophoretic transport of


larger ionic molecules like DNA or proteins. It is recalled


that the data given in (Figs. 6, 9, and 10), respectively, are


illustrative examples, out of 15 tumors measured and


quantitatively analyzed.







Fig. 10. The conductance Gf
^(U) = If


^(t)/Uf
^(t) of the trapezium phase (f) as


a function of U(t); see Fig. 6. The voltage Uoff = 70F 10 V (S = 0.7 cm)


at the intersection point of the two fitting lines is Uf*, where a major


fraction of electropores returns to nonconductive states. The arrow repre-
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4.2.1. Practical guidance for presetting high voltage pulse


generators


It is recalled that the sigmoid behavior of Ḡ2(U), as


shown in Fig. 7B, and of 1/s2, Fig. 7C, is characterized by


the midpoint voltage ŪC, which quantifies the voltage range


ŪCFDŪC for practical applications of rectangular pulses.


However, ŪC as the sole parameter is not practicable for the


quantification of optimum pulsing conditions, because the


application of several consecutive pulses at different vol-


tages will considerably change the passive electrical behav-


ior of the tumor. On the other hand, the trapezium pulse data


provide the estimates for rectangular pulse parameters


Uappz Ūc(Ḡ2) and tE = 10
s2(Ūc) , see Fig. 7. Note that an


exponential change gets practically stationary at t = 10
s2.
Additionally, a minimum value of the voltage is estimated


for subsequent low-voltage pulses supporting electromigra-


tion of ionic macromolecules through long-lived electro-


porated membrane parts.


It is recalled that the application of a time-varying


voltage (ramp) yields the differential conductance GD = dI
^


(t)/dU^(t) as a function of voltage and time, where in our


case the values for voltages below 5 Vare neglected (Fig. 9).


It is repeated that data fit in Fig. 9 with two linear functions


of the rising phase (r) provides the characteristic quantity


U* =Ur* and the (I^/U^)r characteristics of the tissue be-


tween the electrodes.


The voltage Uapp for a rectangular high voltage pulse is


chosen according to UappzU* (Fig. 9). The maximum


current at the selected voltage Uapp and the pulse duration


tE is given by


ImaxðUapp; tEÞ ¼ I^ðUappÞ þ ḠS;corr 
 Uapp þ DGJðtEÞ 
 Uapp;


ð14Þ


sents the direction of the conductance decrease (falling edge) with time.

where the current level I^(Uapp) is the current I^(tV) which
corresponds in Fig. 6 to the selected voltage level U^(tV) =
Uapp. Obviously, the time point tV in Fig. 6 is in the range


2V tV/msV 6, which is the range of the ramp duration. It


is recalled that this range is suggested by the relaxation


data displayed in (Figs. 4, 7, and 8). Additionally, in Eqs.


(10) Eqs. (11) Eqs. (12) Eqs. (13) the practical condition


tEc 10sS has been used. Note that ss and ḠS,corr are


defined by Eqs. (12) and (13), respectively. Since it has


been found that the trapezium quantity ss corresponds to


s2 of the relaxation process 2 according to G2(t) = Ḡ2[1�
exp(� t/s2)], Fig. 7C, the actual current I(tE) at tE of a


rectangular pulse of voltage Uapp is calculated using the


relationship:


IðtEÞ ¼ Uapp GðUappÞ þ ðḠS;corrÞ½1� expð�tE=sSÞ	
�


þ DGJðtEÞ	 ð15Þ


where G(Uapp) = I(Uapp)/Uapp = Ir
^(t)/Ur


^(t) at Ur
^(t) =Uapp is


obtained from the rising phase of the trapezium pulse


(Fig. 6). The stationary phase yields sS. We propose to


specify the correspondence between s2 and sS by the


approximation s2 = sS. The Joule heating correction term


DGJ(tE) is obtained by using the explicit relationship:


DGJðtEÞ ¼ ðGðUappÞ þ ḠS;corrÞ½ð1þ kJDTðtEÞ	


¼ ðGðUappÞ þ ḠS;corrÞ½1þ kJCU
2
appðGðUappÞ


þ ḠS;corrÞtE	: ð16Þ


Because in a rectangular voltage pulse the current con-


tribution of the relaxation phase i is practically stationary at


t = 10si, we suggest to preset the high voltage pulse duration


as tE = 10
s2(ŪC) = sS, to ensure successful electroporation


with only small side effects.


The current at the falling edge If
^(t) of the trapezium


pulse is treated similarly as Ir
^(t) of the phase (r), yielding


Uoff =Uf* (Fig. 10). Since the resistance after the pulse


recovers rapidly (ms time range) only at U <Uf* [27],


indicating rapid restoration of membrane barrier functions,


the condition U>Uf*, has to be applied to meet the system in


the longer lasting permeabilized states produced in the


previous high voltage pulse. Therefore, in those cases where


the high voltage (HV)-induced transport can be enhanced by


subsequent low-voltage (LV) pulses [28,29], Uapp


(LV)zUf* is the voltage proposed for the LV-pulses,


following the electroporation high voltage (HV) pulse.


Practically, the upper current level for the termination of


the HV-pulse is set to Imax(Uapp, tE); see Eq. (14). If during


MEP, Imax is reached, the pulse generator is suggested to be


switched to the preset low voltage U(LV)zUf*. In any case,


the diagnostic trapezium pulse, as a first electroporation


pulse causing longer lived pore states, also conditions the


tissue such that subsequent therapeutic pulses are more


effective.
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5. Conclusion


Based on a comparison of the current voltage charac-


teristics (IUC) of rectangular voltage pulses with increas-


ing voltage with that of a trapezium shaped voltage pulse,


it is proposed to use the IUC of a trapezium high voltage


pulse for parameter presetting on the pulse generator. The


data show that voltage and time parameters obtained from


the nonlinear current–voltage region of the trapezium


pulse are suited to preset the high voltage (HV) and the


duration tE of the rectangular pulse to be applied in


clinical electroporators for the electrotransfer of drugs


and genes. The quantities calculated from the trapezium


prepulse are the voltage Ur* (rising phase), characterizing


MEP, and the voltage Uf* (falling phase), characterizing


the resealing of the previously induced electropores, as


well as the time constant sS of the corrected current


relaxation (Eq. (12)) of the stationary phase (s) of the


trapezium voltage. The pulse time tE for the rectangular


HV-pulse (and the number of pulses) has to be adjusted


according to sSc s2(ŪC) , such that tE = 10sS to provide


effective electroporation and electrotransport. In the case


of HV-pulsing applied to mouse skin tumors, the trapezi-


um procedure yields the lower limits of the voltage and


the time constant of a rectangular pulse, necessary to


electropermeabilize the stratum corneum of the subcuta-


neous tumor. In summary, the trapezium method yields


pulse parameters which, as judged from the comparison


with rectangular pulse data, are useful for the presetting


of the pulse voltages and pulse durations for biotechno-


logical and medical purposes.
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Glossary


a: cell radius


Aeff: effective area of the electrode


Cm, Rm: overall capacitance and resistance of cell


membranes, respectively


dm: thickness of the cell membrane


E: electric field strength


Ēc, Ēc(Ḡ2): midpoint field strength, midpoint field strength


of Ḡ2of phase (2)


Eind: induced membrane field strength


Em: membrane electric field strength


G, R: conductance, resistance, respectively


G0: dc conductivity before pulse application


ḠI: reaction normal mode conductance amplitude of phase i


(voltage step)


GD: differential conductance


Ḡi
off: normal mode amplitude of relaxation phase i after the


pulse


Imax: maximum current of preset rectangular pulse (Uapp, tE)

Imax,corr: corrected maximum current for the trapezium


voltage phase US
^


Ir,E: current at the end of the rising edge (r)


I^(t): current of the trapezium voltage pulse


IS
^(t): current at the steady state voltage US


^ of the trapezium


pulse


If
^, Uf


^: current and voltage at the trapezium falling edge (f),


respectively


LTR: localized transport regions


S , S eff: distance and effective distance between the plate


electrodes, respectively


tE: duration of rectangular pulse


Uapp: voltage applied at the outer electrodes


Ur*: voltage of the rising phase at the intersection point (U*,


Fig. 9)


Uf*: voltage of the falling phase at the intersection point


(Uoff, Fig. 10)


ŪC, ŪC(Ḡ2): midpoint voltage, midpoint voltage for Ḡ2,


respectively


Duind: induced transmembrane potential


Dunat: natural membrane potential


jm, jex, jin: conductivity of the membrane, external and


internal medium, respectively


sI: time constant of the relaxation phase i


sm: time constant of the capacitive relaxation contribution
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Abstract


The aim is to demonstrate that macromolecular chromophore dextrans (Cibacron-dextran) acting as photosensitizers can be transported


easily into cancer cells by electroporation of their membranes (short electric pulses on cell suspension between electrodes). There are two


possibilities, either:


(A) irradiation starts with the electropulse—showed with easily penetrating thiopyronin—yielding nearly 100% dead cells;


(B) irradiation starts after a resealing time of membrane pores during which macromolecular photosensitizers can penetrate into cells. In


this way, fractions of Cibacron-dextran with molecular weights (Mw) 3300, 10,900 and 500,000 are now able to kill.


This combination of bioelectrochemistry and photobiology will be suitable also for other biopolymers, connected with photodynamic


active chromophores (e.g. chromopeptides) to transport them through cell walls and membranes into cells and tissues. The human cancer


cells U-935 and K-562 (pulsed by 1.15 kV/cm field strength) additionally or synergistically reach high rates of necrotic cells (colored by


trypan blue) by this combination.


D 2003 Elsevier B.V. All rights reserved.

Keywords: Electroporation; Cell membrane; Chromophore dextrans

1. Introduction


Therapeutically used photosensitizers of the first gener-


ation are methylene blue, thiopyronin, protoporphyrin IX,


‘‘photofrin’’, etc., with molecular weights (Mw) < 1000


penetrate easily through cell membranes. Their mechanism


have been studied also by flash photolysis [1–3] with the


result that the positive radical of photosensitizers oxidizes


among other targets the guanine in DNA. A somewhat


larger molecule, the chromopeptide Actinomycin-D or -C


(Mwc 1300), was tested recently [4] showing—besides its


known cancerotoxic activity—an enhanced photodynamic


effect after electroporation of cell membranes.


In combination of electroporation pulses some chromo-


phore dextrans were tested. At these polymer drugs, the dye


Cibacron blue (Mw 840) is bound at the a-glucose chain,


acting as enzyme inhibitor of cyclic nucleotide phosphodi-

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.


doi:10.1016/j.bioelechem.2003.10.007
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esterase and lactic dehydrogenase. Up to now, only elec-


trochemical studies on such Cibacron-dextrans have been
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presented, namely the reduction currents and diffusion


coefficients determined by polarography [5].


This deep blue chromophore is an anthraquinone derivate


with an heterocyclic ring bounded by an oxygen bridge—at


the position of Cl—to the dextran chain (see formula).


The photochemical effect of anthraquinones (AQ) [6]


resulted—according to the overall redox mechanism—via


the excited molecule AQ*:


AQ!hv AQ* ð1Þ


AQ*þ RH2 ! AQH2 þ RS ð2Þ


AQH2 þ O2 ! AQþ H2O2 ð3Þ


The hydrogen donor RH2 can be also H2O. The peroxide


H2O2, its radicals and RS destroy cell components and


inhibit glycolysis of tumor cells; however, in presence of


catalase, its lethal effect was diminished [6].


Dextran itself adsorbs at electrodes [5] and cell mem-


branes depending on its Mw in such a way that the


adsorbability decreases with increasing Mw.


The photodynamic death (necrosis) of cancer cells U-937


and K-562 according to 1) mechanisms (2) mechanisms (3)


[3,4] was counted as percentage of stained cells by the trypan


blue method. The aim of this combination between bioelec-


trochemistry and photochemistry is the utilization of this


macromolecular drug, Cibacron-dextran, with a novel chro-


mophore, by the increase of its penetration for its photody-


namic action through electroporated cell membranes.


By the way, the model for electroporation–resealing


cycle [7] presents data of Serva Blue-G (Mw=854) com-


parable with Cibacron blue.

2. Materials and methods


2.1. Substances


Thiopyronine (Mw 198, Fluka), trypan blue (Mw 960.8,


Sigma, USA, 0.4% buffer sol.), Cibacron blue F3G-A, Na


salt (Mw 840, Fluka), absorption maximum 630 nm.


Fractions of Cibacron-dextrans (blue dextran) from Phar-


macia (Uppsala) have the following mean molecular


weights (Mw) and diffusion coefficients (D), determined


by polarography [5]:

Mw D� 106/cm2 s� 1


840 (dye) 5


3300 4.5


10,900 3.4


500,000 0.21

Their dye content is somewhat different and hence such


stock solutions were used with the same extinction. There-


fore final concentrations contain 3� 10� 5 M Cibacron


blue. Trypan blue in the final concentration of 0.2% was


used for determination of the cells’ viability.


2.2. Cancer cells


Two strains of cancer cells were tested with concentra-


tions of about 5� 105 cells/ml. The human histolytic


lymphoma U-937 cells with mononuclear phagocyte char-


acteristics were from the American Cell Culture Collection,


and cultivated in RPMI 1640 medium supplemented with


10% fetal calf serum (Gibco Life Science, USA), 100 mg/ml


streptomycin and 100 U/ml penicillin (Sigma) at 37 jC in a


5% CO2 incubator of 90% humidity.


The human chronic myeloid, leukemia K-562 cells were


from Fujisachi Cell Center (Japan). The culture medium was


90% RPMI (Gibco) with 10% CO2 at 37 jC, cultivated in


the FG Molecul. Cytology (IMB, Jena).


For the measurements, 100 Al cells (5� 105 cells/ml) in


nutrition medium were mixed with 100 Al buffer pH = 5.29


(0.1 MNaH2PO4�2H2O, 0.1 MKCl, j = 22.4 mS/cm) for


cancer membrane destabilization by hyperacidification.


The final suspension has a conductivity of 13.5 mS/cm


and a pH= 6.13.


After treatment by electropulse and light, the concentra-


tion of dead cells was determined by the trypan blue method


[1,9]: to 10 Al cells always 10 Al trypan blue was added at


times indicated in the figures.


2.3. Equipment


2.3.1. Exponential pulse—BTX manipulator 600


The electroporation was performed by the BTX Electro


Cell Manipulator-600 (Genetronics, San Diego) producing


exponentially decaying pulses and a cuvette with embed-


ded aluminum electrodes of 0.2 cm distance [4]. The


experiments were carried out in a low output voltage mode


at ambient temperatures; 200 Al cell suspension (2.2) plus


60 Al of different dextran fractions were subjected to one


pulse (field strength E = 1.15 kV/cm and pulse width of 2–


3 ms). After the electropulse, the electroporated cells


became colored by trypan blue and also during the reseal-


ing time (20 min), where pores can be closed with the


exception of already dead cells.


2.3.2. Light irradiation


For light treatment, the BTX cuvettes for experiment and


control were positioned in front of a halogen lamp (24 Vand


150 W, Osram 64465) at 37 cm distance in the focus area of


a lens. The white light beam produced about 55 mW/cm2


irradiance measured by a thermopile from LASER 2000


(SL-Microtest, Jena). Furthermore, for heat absorption a


glass chamber containing 7 cm water layer was positioned


between the lamp and the lens.







Fig. 2. Synergism of electropulse and photodynamic effect on U-937 cells


by two fractions of blue dextrans Mw= 3300 (n) Mw= 500,000 (.). After
the pulse 20 min waiting for resealing (process of electroporated membrane


not finished completely! ) and uptake of dextran fraction the irradiation


started by white light. Control for Mw=3300 (5) and Mw= 500000 (o)


without pulse. Percentage of stained cells by trypan blue during V 20 min


means they are electroporated; however, z 20 min later cells are killed by
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Possibility (A) was demonstrated in the case of thio-


pyronin as a model (Fig. 1). The control shows about 20%


dead cells after 14 min irradiation, whereas the pulse


electroporated 80% of cells and the immediately irradiated


cells for 20 min became necrotic to nearly 100%. This


technique is the most effective because the photodynamic


action prevents the resealing process, otherwise the con-


centration of ‘‘blue cells’’ should be diminished as shown


in Figs. 2 and 3.


Possibility (B) for Cibacron-dextrans let cells reseal their


electroporated membranes [7] during the uptake of photo-


sensitizer, which was tested already with thiopyronin [9]


some time ago.


The following procedure let cells reseal their membranes


during the uptake of photosensitizer.


(a) for experiment: until 20 min after the pulse, the cell


suspension was kept in the dark for resealing the


membrane pores, verified by decreased number of blue


stained cells, which were determined by the trypan blue


test at each point in the figures. After 20 min waiting,


most electropores are closed and the dye is inside.


(b) for control: suspension kept only 20 min in the dark (as


it is shown in Figs. 2 and 3) and then the cuvettes


became irradiated. All experiments were repeated at


least three times with S.D. =F 4% for each determi-


synergism of both agents.


Fig. 1. Possibility (A): Combination of electroporation and photodynamic


effect on U-937 cells with the classical sensitizer thiopyronine (1�10� 5 M)


in 1:1 nutritional medium and 0.6 M mannitol, 22 jC. Curve below


control: colored (dead) cells by irradiation without field. Curve above


experiment: 0.5 min after the pulse (2 kV/cm, 800 pF, time constant 11 ms)


the irradiation starts. Because there is no time available for resealing


membranes, most cells were killed immediately. Increasing intensities of


electropulse and light, thus all cells can be destroyed.

nation. The responses of U-937 and K-562 cells are in


the same order of magnitude.


Counting always of about 200 cells from electroporation


as well as from irradiation treatment was performed on 40%


of dead cells using the microscope (Olympus, Japan).

3. Results and discussions


All three fractions of Cibacron-dextran produce a negli-


gible effect in the control measurement during 20 min


waiting time in the dark. However, after electroporation


by similar pulses the penetration of Cibacron blue dextran


and the resealing of membrane pores during 20 min (in the


dark) takes place and the following irradiation by 66 J/cm2


produces a distinct photodynamic effect on U-937 cells


(rising part in Fig. 2 after 20 min).


A somewhat stronger, synergistic effect occurs with K-


562 cells (Fig. 3, compare Mw= 3300). The percentage of


cells stained by trypan blue after resealing 20 min in the


dark and at the end of irradiation (dead cells by photoox-


idation) decrease with increasing molecular weight, which


means the efficacy of electropulse as well as the penetration


ability is still hindered by adsorption [10] and slower


diffusion (see Section 2.1). Only the low-molecular dye


Cibacron blue itself, which penetrates easily (Fig. 3), yields







Fig. 3. Synergism of electropulse and photodynamic effect on K-562 cells


by two fractions of blue dextrans Mw= 3300 (n) Mw= 10,900(.) and the


chromophore Cibacron blue Mw= 840 (E) itself. After 20 min waiting for


resealing (not finished completely! ) irradiation started by white light.


Below the Control (without electropulse) for Mw=3300 (5), Mw=10,900


(o) and Cibacron blue (D, 3� 10� 5 M), which penetrates faster through


membranes than Cibacron-dextrans (like other anthraquinones [8]) and


produces about 45% lethality of K-562 cells.
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a stronger photodynamic effect of 45% lethality without


preceding electroporation, comparable with other anthraqui-


none derivatives [6,8].


Nevertheless, the killing effect of Cibacron blue increases


further by the electropulse until 80%. The killing of cells by


low-molecular sensitizers can be enhanced to 100%, if


irradiation starts at the same time as the electropulse without


waiting for resealing [7] of membrane pores (possibility A),


as shown with thiopyronin in Fig. 1 [9].


In spite of electrostatic repulsion between the nega-


tively charged cell membrane and the Cibacron-dextrans,


their penetration will be facilitated always by electro-


poration, because at lower temperatures the pores remain


open for minutes. Therefore also high-molecular Ciba-


cron-dextrans can diffuse into cells or even into tissues in


spite of their large dimensions and low diffusion coef-


ficients < 0.5� 10� 6 cm2/s. The same will be possible for


any other biopolymers or artificial macromolecules with

excitable chromophores reacting according to different


photodynamic mechanisms. In such cases, a synergism


of electroporation and photodynamics can occur as in the


current tumor therapy according to the invasive needle-


electrode technique [11] for bleomycin.
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Editorial


Bioelectrochemistry of red blood cells

It is the second time that selected scientific work pre- tific work can truly be considered as a breakthrough in

sented as lectures or posters at a conference of the European


Association for Red Cell Research (EARCR) is published in


a special issue of Bioelectrochemistry. This conference,


organised by one of us (S.T.), took place in Roscoff (France)


in April this year and was already the 14th meeting of the


EARCR. The main topics were (i) red cell shape and cell


membrane, (ii) membrane transport systems, (iii) antigens,


receptors, signalling, erythrocyte disorders, oxidative stress,


and (iv) malaria (for further information see the web-page of


the EARCR http://www.earcr.uni-saarland.de). The scientif-


ic outcome of the EARCR meetings, held every 2 years in


another European country, clearly demonstrates that basic


research on red blood cells and their membranes is of


general importance for understanding processes in cell and


membrane biology. In some respect, red blood cells not only


in the past 100 years but still today serve as model systems


for the discovery of general principles in physiology,


biophysics, and bioelectrochemistry.


It is interesting to note that the Nobel Prize in Chemistry


this year was awarded to two scientists who substantially


contributed to our understanding of the mechanisms of


processes occurring in biological membranes. Their scien-

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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research on regulation of transport. In 1988, Peter Agre


described for the first time a protein in the red blood cell


membrane that was later characterised by him as a water


channel called aquaporin. Roderick MacKinnon was able to


present in 1998 the first three-dimensional structure of a K+


channel in a biological membrane. It is worth mentioning


that already in 1956 Gardos published a paper giving first


evidence for a Ca2 +-activated K+ channel in red blood cell


membranes. The channel was postulated on the basis of


classical ion flux measurements (the patch-clamp technique


was not yet invented) which clearly demonstrates how


investigations of red blood cells can help to reveal general


principles of biological membranes.


This special issue contains reports with new results on


the regulation of ion channels and transporters, such as the


K+–Cl� symporter, the K+(Na+)/H+ antiporter, and the


glucose transporter, in red blood cell membranes. Other


contributions deal with shape transformation, cell aging, the


mechanical behaviour of red blood cells, and the physical


state of membrane lipids.


I. Bernhardt, S. Thomas
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Abstract


Red blood cell (RBC) shape, behaviour and deformability can be consistently accounted for by a model for the elastic properties of the


RBC membrane that includes the elasticity of the membrane skeleton in dilation and shear, and the local and nonlocal resistance of the bilayer


to bending. The role of the corresponding energy terms in different RBC shape and deformation situations is analyzed. RBC shape


transformations are compared to the shape transformations of phospholipid vesicles that are driven by the difference between the equilibrium


areas of the bilayer leaflets (DA0). It is deduced that the skeleton energy contributions play a crucial role in the formation of an echinocyte.


The effect of a transformation of the natural biconcave RBC shape into an echinocyte on its resistance to entry into capillary-sized cylindrical


tubes is analyzed. It is shown that, during the aspiration of an echinocyte into a pipette, there are two competing skeleton deformation effects,


which arise due to skeleton density changes, one due to spicule formation and the other due to deformation induced by micropipette


aspiration. Furthermore, the shift of the observed dependence of the projection length on the aspiration pressure of more crenated cells


towards higher aspiration pressures can be accounted for by an increase of the equilibrium area difference DA0 and consequent modification


of the nonlocal contribution to the cell elastic energy.


D 2003 Elsevier B.V. All rights reserved.

Keywords: Red blood cells; Deformability; Shapes; Membrane elastic properties; Echinocyte; Micropipette aspiration

1. Introduction


The elastic properties of the red blood cell (RBC)


membrane influence both RBC shape formation as well as


the response of this cell to different external stresses, i.e., its


deformability. The RBC membrane consists of the phos-


pholipid bilayer containing integral membrane proteins and


the underlying membrane skeleton. The subject of this work


is to demonstrate that these two parts of the RBC membrane


affect its elastic behaviour in a cooperative manner.


A considerable insight has been already gained into the


structure of RBC membrane constituents, such as spectrin


[1] and the RBC membrane organization and microelasticity

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.


doi:10.1016/j.bioelechem.2003.08.002
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[2]. The latter results are particularly important for the


interpretation of differences between the mechanical behav-


iour of different RBC membrane mutants and transgenically


engineered mice that lack specific RBC membrane proteins.


They can also be used for further elaboration of the


theoretical links between structural details of the membrane


constituents and macroscopic membrane properties such as


the elastic moduli [3,4]. Recently, the elastic behaviour of


the RBC membrane was studied also at a purely macro-


scopic level, with the aim to employ well-established


mathematical descriptions of RBC membrane elasticity in


the interpretation of RBC shapes and deformability. In this


work, we shall survey some of these studies, in particular


the continuum mechanics description of the echinocyte


shapes [5], the membrane mechanics basis of the bilayer


couple hypothesis [6] and echinocyte deformability [7].


The primary interest of cited papers [5–7] was in reveal-


ing which independent elastic deformational modes have to
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be included minimally for a description of the shape and


deformability behaviour of RBC of a given composition,


which would wholly describe the response of the system to


different physical and chemical perturbations. Physical per-


turbations relate to different external forces that act on RBC,


e.g., aspiration pressure in the pipette experiment or forces


due to the velocity gradient in a rheometer. Chemical


perturbations include the effects on the equilibrium areas


of different layers that compose the RBC membrane. The


equilibrium leaflet areas play a role in determining mem-


brane deformation in response to applied forces and are


included in mathematical descriptions of the membrane


response to applied forces. These areas are of interest in


connection with the bilayer couple interpretation [8] of the


stomatocyte – discocyte – echinocyte sequence of RBC

Fig. 1. Shapes of red blood cells and phospholipid vesicles. (A) RBCs observed a


areas of the outer and the inner leaflet of the bilayer part of the RBC membrane (fr


from Bessis [9]). (B) Examples of phospholipid vesicle shapes obtained experimen


(the second two shapes, Janja Majhenc, unpublished). (C) Phospholipid vesicle sha


the equilibrium area difference DA0. (D) RBC shapes predicted theoretically [6]

shapes (Fig. 1A). Thus, the bilayer couple model explains


these isovolumic RBC shape transformations by the asym-


metric changes of the areas of the layers of the bilayer part of


the red blood cell membrane. Within the realm of the bilayer


couple model, the shape transformations of the RBC can be


compared with the shape behaviour of phospholipid vesicles.


The RBC shape transformation from the discocyte shape into


the stomatocyte shape seems to be identical to the


corresponding vesicle shape transformation, as shown in


Fig. 1A and B. These shape transformations can be inter-


preted in terms of a decrease of the difference between the


areas of the outer and the inner membrane layers [11,12]. On


the other hand, it can also be seen in Fig. 1A and B that, at


area differences which are larger than the discocyte area


difference, RBCs transform into echinocytes and, in this

t different conditions that determine the difference between the equilibrium


om left to right): stomatocyte, discocyte, echinocyte I, echinocyte III (taken


tally by Käs and Sackmann [10] (the first two shapes) and in our laboratory


pes obtained theoretically by minimization of Eq. (1) for different values of


for different values of DA0.
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region, they do not follow the shape course of phospholipid


vesicles characterized by their tendency to form shapes


composed of connected spherical parts.


As already stated, in order to obtain a consistent inter-


pretation of RBC shape and deformability behaviour, it is


necessary to include the elasticity contributions both from


the membrane bilayer and the membrane skeleton. These


were shown to be [5–7], at constant membrane surface area,


the area expansivity and shear of the membrane skeleton,


and local and nonlocal bending of the bilayer. The emphasis


in this work will be in elucidating the reasons for including


all these described deformational modes. We shall discuss


separately first the aspects of the membrane bilayer and then


the aspects of the membrane skeleton. The description of the


echinocyte shape and deformability will be given next and,


in the discussion section, we shall also present some general


implications about the functional role of the RBC membrane


skeleton.

2. The elasticity of the bilayer and shapes of


phospholipid vesicles


The bilayer part of the RBC membrane and phospholipid


membranes share the structural feature that they are both


composed of two leaflets that are in contact but can relax


lateral stresses independently. Their elastic properties must


be therefore describable in terms of the same deformational


modes. The comparison of the shape behaviour of phos-


pholipid vesicles and RBCs can thus be indicative of the


role of the membrane skeleton in the RBC shape formation.


Here, we shall review briefly the basics of the bilayer


elasticity and of the phospholipid vesicle shape behaviour.


The mechanical response of phospholipid vesicles is


determined by the bilayer area expansivity, and the local


and nonlocal bending [13–16]. The energy required to


expand or compress the bilayer area is several orders of


magnitude larger than the bilayer bending energy and


therefore surface area (A0) can be considered to be constant


during vesicle shape transformations. The sum of the local


(Wb) and nonlocal (Wr) bending energies is


Wb þWr ¼
kc


2


Z
ðc1 þ c2 � c0Þ2dAþ kr


2h2A0


ðDA� DA0Þ2;


ð1Þ


where in the local bending energy term kc is the local


bending modulus, c1 and c2 are the principal curvatures and


c0 is the spontaneous curvature. In the nonlocal bending


energy term, kr is the nonlocal bending modulus, h is the


distance between the neutral surfaces of the two leaflets, DA


is the difference between the neutral surface areas of the


outer and the inner bilayer leaflets, which is equal to


DA= hm(c1 + c2)dA being thus defined by the vesicle shape,


and DA0 is the corresponding difference between the


equilibrium (relaxed) areas of these leaflets, being thus

determined by the leaflet compositions. Nonlocal bending


energy has to be included because in general DA is not


equal to DA0.


In Fig. 1C are shown some characteristic shapes, which


can be predicted [11,12] on the basis of the minimisation of


Eq. (1) for different values of DA0, and at constant mem-


brane area and vesicle volume. They were calculated nu-


merically using surface evolver [17]. The comparison of


experimental (Fig. 1B) and theoretical (Fig. 1C) phospho-


lipid vesicle shapes shows a satisfying agreement.

3. The elastic properties of the skeleton and its


axisymmetric deformation


Different shape behaviour of phospholipid vesicles and


RBCs at values of the parameter DA0 that are higher than the


discocyte value can be understood by the influence of the


membrane skeleton [18]. The role of the membrane skeleton


was originally implicated from studies of RBC deformabil-


ity. Early studies of micropipette aspiration of the RBC have


already indicated the crucial role that membrane shear


deformation plays in RBC deformability [19]. These anal-


yses were performed under the assumption that the skeleton


is incompressible. More recently, Discher et al. [20], using


fluorescence to image the deformation of the skeleton,


demonstrated that the skeletal density of the pipette-aspirat-


ed membrane is nonuniform. Based on this evidence,


Mohandas and Evans [3] and Boey et al. [4] developed


elastic constitutive models of the membrane that account for


the skeleton area expansivity.


The membrane skeleton is considered to be two-dimen-


sional and to be free to move only in lateral directions. It is


assumed that it does not contribute to the nonlocal bending


of the membrane because the area expansivity modulus of


the skeleton is four orders smaller than that of the bilayer


[20]. The expression for the elastic energy of the skeleton


is not trivial because the elastic response is nonlinear at


large deformations [20–22]. The corresponding energies


differ at large deformations, while at small extensional


ratios they are all proportional to the sum of invariant


terms (k1� k2)
2/2 and (k1 + k2� 2)2/2, where the first term


describes shear deformation (Wl) and the second area


expansivity (WK):


Wl þWK ¼ l
2


Z
ðk1 � k2Þ2dA0 þ


K


2


Z
ðk1 þ k2 � 2Þ2dA0;


ð2Þ


with l the shear modulus and K the area expansivity


modulus. Deformations are given in terms of the exten-


sion ratios k1 and k2 that describe extensions of a


relaxed skeleton patch in the two perpendicular principal


directions.


The effects of the skeleton deformation will be illus-


trated here by considering a simple system in which a flat







Fig. 2. Determination of the axisymmetric deformation of the RBC


membrane skeleton. (A) Skeleton is deformed from a flat circular patch


with the radius R to the tube with the radius Rp and the semispherical cap of


the same radius. The circle with the radius rc separates the outer part of the


patch that is deformed into the tube from the central part that is deformed


into the spherical cap. The meanings of other symbols are given in the text.


A material point is mapped from its location in the undeformed membrane


(left) at radius r to its location in the deformed membrane (right) at the


coordinate z. The axis of symmetry is shown with dotted lines. (B) The


dependence of the skeleton area density (q) relative to its density in the


relaxed state (q0) on the distance from the tube entrance. Above the dotted


line, the skeleton is condensed; below the dotted line, it is expanded.
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circular patch of the relaxed skeleton is displaced into the


tube and in this way deforms into a cylinder with a


spherical cap (Fig. 2A). The axis of symmetry is pre-


served in this deformation. Also preserved are the relative


positions of the skeleton elements. It is therefore possible


[7] to map the positions into which each point of the


relaxed skeleton is displaced or vice versa. When consid-


ering as an example the deformation of the outer section


of the circular patch into the cylinder (Fig. 2A), the area


element 2prdr is displaced into the area element 2pRpdz,


and the skeleton is deformed such that the extensional


ratios are:


k1 ¼
Rp


r
and k2 ¼


dz


dr
: ð3Þ

It is assumed that the skeleton elastic energy in its


relaxed state is zero. The total skeleton deformational


energy (Eq. (2)) can then be expressed as


W ¼ p
Z L�Rp


0


l
Rp


r
� 1


r V


� �2


þK
Rp


r
þ 1


r V
� 2


� �2
" #


rr Vdz


ð4Þ


where r V = dr/dz.
The skeleton deforms in a way that its elastic energy (Eq.


(4)) increases minimally. The corresponding deformation


can be obtained using a variational approach to minimise the


energy (Eq. (4)) and thus find the mapping function r(z) for


which the skeleton energy is smallest. Such a mapping


function can be conveniently obtained by solving the


corresponding Euler–Lagrange equation [7].


In order to map the whole circular patch in Fig. 2A, its


central part is mapped in an analogous way into the


spherical cap. Because the area of the lipid part of the


membrane remains constant, the total area of the deformed


skeleton is the same as in the relaxed state. However, the


relative proportion of the resting skeleton that is either


displaced into the spherical cap or into the cylinder does


not necessarily correspond to the relative proportions of


the areas.


It is assumed that relaxed skeleton density is uniform


with the density U0. Then, it cannot be uniform in the


deformed state. The relative skeleton density at a point on


the deformed cell is defined as:


q
q0


¼ 1


k1 � k2
: ð5Þ


The resultant dependence of the skeleton density on the


position on the cylinder is shown in Fig. 2B. The behaviour


is consistent with the measurements of Discher et al. [20],


who showed that the deformation of the membrane during


pipette aspiration causes lateral redistribution of the mem-


brane skeleton such that, in regions where the shear defor-


mation is large, the density is larger than the relaxed density,


and where shear deformation is small, the density is also


small. This effect can be interpreted on the basis of energy


minimisation in response to axisymmetric deformation. As


the membrane is pulled into the pipette, each section of the


membrane must decrease its circumference to 2pRp. If the


area of the section remained constant, the skeleton would


have to extend appreciably in the direction of the pipette


axis. However, it is energetically more favourable for the


system to decrease the energy of shear deformation by


increasing its local density, thus trading an increase in


dilational energy for a larger decrease in shear energy.


Because the RBC skeleton is attached to the lipid bilayer,


there is a constraint on the total skeleton surface area,


requiring that when there is condensation of the skeleton in


regions where shear deformation is high, dilation must occur
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in regions where shear deformation is low. The effect is more


pronounced when larger changes of the radial distances


occur in the shape transformation. Such are the shape trans-


formations both in RBC pipette aspiration and in the echi-


nocyte spicule formation. The situation is different in the


RBC discocyte–stomatocyte shape transformation where


deformations of the skeleton are not large because the radial


distances of different displaced skeletons in stomatocytes do


not differ appreciably from the corresponding radial distan-


ces in the discocytes.

4. The shape and deformation of an echinocyte


Echinocytic shapes are characterised by a certain number


of spicules, which because of their evaginated forms have


large values of DA0. In the formation of the echinocyte


spicules, the relatively flat parts of the relaxed skeleton have


to be displaced into more highly curved spicule regions. For


the transformation of cell shape from discocyte to echino-


cyte, several studies have recognised that both skeleton


shear elasticity and bilayer-bending elasticity must be con-


sidered to account for stable spicule formation properly.


Early studies of this problem treated membrane skeleton as


incompressible [18,23], but a more recent report extended


the treatment to include the elastic compression and dilation


of the skeleton [5]. Lim et al. [6] have recently shown that


the whole stomatocyte–discocyte–echinocyte shape series

Fig. 3. The aspiration of the echinocyte into a large micropipette. The details of


pipettes are used. Large aspiration pressures (DP >10 mm H2O) were used to ca


(DP< 3.0 mm H2O) were applied via the larger pipette (Rpf 1.7 Am) to meas


pressures from the left to the right. (C) Experimentally obtained (points) and predic


radius) on the product of the aspiration pressure times the pipette radius. The materi


and A0 = 140 Am2. The pipette radius is 1.7 Am.

is well accounted for by the equilibrium area difference


changes and, in this way, they provided a theoretical support


to the bilayer couple hypothesis of RBC shape transforma-


tions [8]. Some of their RBC shapes obtained theoretically


are presented in Fig. 1D.


We have performed [7] corresponding studies of the


echinocyte deformability. Previous studies of the effect of


morphology on RBC deformability have already shown that


echinocytic as well as stomatocytic shape alterations lead to


decreased RBC deformability relative to the deformability


of a discocyte [24–27]. We investigated the role of the


equi1ibrium area difference DA0 in the mechanical stiffness


of the RBC. Experimentally, we modified RBC equilibrium


area difference DA0 by the method described by Artmann et


al. [28], to produce RBC morphology changes of different


degrees. Then, we examined RBC deformability by whole


cell micropipette aspiration. An example of such an exper-


iment is shown in Fig. 3. These results were compared with


the results of the analysis of the cell deformation as it is


aspirated into the pipette, where we used a parametric model


to describe the shape of the partially aspirated cell and


accounted for both the membrane skeletal and bilayer


contributions to the energy.


RBC deformability measured bymicropipette aspiration is


characterised by the dependence of the equilibrium projection


length on the aspiration pressure. For a certain cellular


volume, cellular surface area and given material properties,


the dependence of projection length on pressure can be

the experiment and analysis are described in Kuzman et al. [7]. (A) Two


use cell crenation via the smaller pipette (Rpf 0.7 Am). Small pressures


ure cell deformability. (B) Aspirated echinocytes at increasing aspiration


ted (full line) dependence of the projection length (normalized by the pipette


al constants are: l= 6 AN/m, K= 2l, kc = 2� 10� 19 J, kr = 4kc, V0 = 109 Am
3
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obtained [7] and an example of the resultant fit is presented in


Fig. 3B. It can be noted that the measured projection lengths


(points in the figure) increase progressively with increasing


aspiration pressure and at a certain aspiration pressure reach a


critical value where the projection length begins to increase


freely at constant pressure, i.e., the cell flows into the pipette


without further increases in pressure. The model prediction


(solid line) supports this behaviour. The model also predicted


[7] that the surface density of the spicules in the outside


portion of the cell decreases with increasing aspiration


pressure, as can be noted in Fig. 3A by comparing the


consecutive aspiration stages.


The progressively increasing deformability curve in Fig.


3B reflects two competitive skeleton deformation effects that


occur during the aspiration of an echinocyte into a pipette:


one due to the deformation in the spicules and the other due


to the deformation in the pipette. The skeleton is initially


‘‘caught’’ in the higher deformation regions of the spicules.


At small aspiration pressures, it is less favourable for the


skeleton to be moved from spicules into the aspirated part of


the membrane, causing the skeleton to be relatively com-


pressed in the region outside the pipette and expanded in the


aspirated portion. This results in an extra resistance to


aspiration of the cell into the pipette. However, when the


deformation in the aspirated portion is larger (near the critical


point), the balance shifts toward higher density in the


aspirated portion, leading to easier aspiration of the cell as


the skeleton shifts from the spicules to the aspirated portion.


Comparison of the aspiration curves for the echinocytes


of different echinocytic stages demonstrates [7] that the


relationship between projection length and aspiration pres-


sure depends on DA0. The effect of an increase of DA0 is a


shift of the curve to larger values of the aspiration pressure


(DPRp) and a decrease in the slope of the curve. The critical


point also depends on DA0. Increasing DA0 moves the


critical point to larger values of DPRp and smaller values


of Lp/Rp.

5. Conclusions and implications


The RBC membrane is a composite of lipid bilayer and


an underlying protein skeleton, and the mechanical proper-


ties of this composite are the principal determinants of cell


morphology and the response of the cell to external forces.


The elastic behaviour of the cell membrane includes con-


tributions from the local and nonlocal bending of the bilayer


as well as the shear and area expansivity of the membrane


skeleton, subject to the constraint of constant membrane


surface area. In the absence of time-dependent effects, these


contributions to the membrane elastic energy constitute a


minimal but complete model for the analysis of RBC shapes


and deformability [5–7]. The role of the skeleton is partic-


ularly important in shape transformations and deformations


that require large shear deformations, such as occur in the


formation of an echinocyte or in the pipette aspiration

experiment. In both cases, the skeletal and bilayer elasticity


have to be included. We specifically demonstrated [7] that


the relationship between cell deformability and the degree of


crenation can be attributed solely to the modification of the


bilayer equilibrium area difference DA0.


Several inferences can be made with regard to the role of


the membrane skeleton in the RBC mechanical stability. In


the circulation, RBCs are subject to different stresses, which


may jeopardise their integrity. A particular threat for the


integrity of RBC is to attain a shape that is a composite of


different spherical parts connected by narrow necks. Such


shapes are found with simple phospholipid vesicles (the


rightmost shapes in Fig. 1B and C, respectively) and also in


RBCs heated to temperatures close to the thermal transition


for spectrin [29]. It seems that the functional role of the


RBC membrane skeleton is to prevent the formation of


shapes containing buds. Previously, we already ascribed the


role of the skeleton to this purpose by noting [30] that the


skeleton prevents the formation of buds by inhibiting the


segregation of membrane integral proteins, as would occur


if the latter were free to diffuse laterally [31]. The present


analysis points to another mechanism, resulting from the


fact that skeleton shear deformation resulting from large


changes of the circumferential dimensions of a budding


region of the membrane is energetically unfavorable. Thus,


the integrity of the RBC is preserved under conditions in


which external perturbations might cause a temporary


increase in the difference between the equilibrium areas of


bilayer leaflets. The echinocyte RBC shape can thus be


understood as a practical response of the cell that preserves


its ability to function.
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Abstract


Erythrocyte membrane permeability coefficients for a series of diols have been defined by the method developed. The method is


based on the physical and mathematical modeling of hypotonic hemolysis process. There have been also determined membrane


permeability coefficients for erythrocytes treated with p-chloromercuribenzenesulfonic acid monosodium salt (pCMBS), which is


known to block aqueous protein channels. Permeating process is shown to be conditioned both by hydrophilic/hydrophobic properties


of the molecules and their geometrical parameters. The obtained results propose that, when exceeding the molecules diameter over a


value of 4 Å, the permeability coefficient reduces due to decreasing of flow through the aqueous protein pores of a constant size.


Permeability coefficients for comparatively hydrophobic molecules are almost directly proportional to the coefficients of partition


between hydrophobic and hydrophilic phases, by pointing to a lipid way of permeation of these molecules through erythrocyte


membranes.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Plasmatic membrane is the key structure, which sep-


arates a cell from the environment and interacts with it.


Passive permeability of the cell membrane is conditioned


by its general structure, the properties of the compounds


and the way they interact. Comparison of permeability


coefficients for different substances showed that perme-


ability coefficient depends significantly on lipophilic


properties of the molecules. For a number of substances,


the value of permeability coefficient is almost directly


proportional to that of hydrophilic/hydrophobic partition


[1,2]. The small neutral hydrophilic molecules, such as


urea, ethyleneglycol and especially water, are known to


penetrate easily through membranes of certain cells. The


permeability models for penetration of hydrophilic mole-


cules through biological membranes were developed


based on the analysis of the experimental data. One of


the models supposes a fluctuative formation of pores in

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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the lipid bilayer as the result of thermal motion [3].


Another modification of this hypothesis considers perma-


nent presence of hydrophilic pores of a certain diameter


formed by protein structures. In an erythrocyte mem-


brane, the anion-exchange protein of band III is an


example of such a transmembrane structure [4]. This


protein is known to bind to such organic reagent as p-


chloromercuribenzenesulfonic acid monosodium salt


(pCMBS) [5], which inhibits transport of water and small


hydrophilic molecules. It was assumed that incubation of


erythrocytes with such reagents resulted in blockage of


protein water channels due to conformational changes in


the protein of band III, while lipid ways for water


penetration are still available [4]. In the work presented,


we analysed the permeability of erythrocyte membranes


to a series of diols. This choice was conditioned by the


possibility to compare physical and chemical properties


for the molecules in homologous series and structural


isomers and to elucidate the influence of these properties


on their permeability through biomembranes. From the


practical point of view, such a choice was made due to a


wide use of certain diols and glycerol in cryobiological


routine.







O.I. Gordiyenko et al. / Bioelectrochemistry 62 (2004) 115–118116

2. Materials and methods


2.1. Materials


For investigation, we have chosen the following polar


non-electrolytes: ethane diol (ethylene glycol), two structur-


al isomers of propane diol (1,2- and 1,3-propane diol), four


structural isomers of buthane diol (1,2-, 1,3-, 2,3-, 1,4-


buthane diol), di- and triethylene glycol and propane triol


(glycerol). Substances were ‘‘chemical pure’’ or ‘‘pure for


analysis’’ standards and additionally purified. Diols purifi-


cation was accomplished by double vacuum distillation


(under 2 mm Hg) followed by absorption with activated


aluminium oxide. Glycerol was purified by single vacuum


distillation after pre-absorption with activated coal.


Erythrocytes were obtained from bank blood supplied by


Kharkov State Blood Perfusion Station. Erythrocytes were


isolated 2 days after blood collection. This was conditioned


by the necessity to test blood for AIDS, hepatitis and other


infections. Only uninfected blood was used in the experi-


ments. The state of the erythrocytes was controlled by light


microscopy. After 2 days of storage at hypothermic con-


ditions, erythrocytes have normal discoid shape and keep


the ability to rouleaux formation.


To block aqueous protein channels, we used pCMBS


(Sigma).


2.2. Methods


Permeability coefficients were determined with elaborat-


ed by us method, which is based on physical and mathe-


matical model of hemolysis in aqueous solutions of


permeating substance. For the determination of permeability


coefficients by measuring the time required for 50% hemo-


lysis in hypotonic medium, the erythrocyte volume change


in time is usually calculated using the Kedem–Katchalsky


equations at different values of permeability coefficients.


Such a permeability coefficient at which the calculated time


required for the cell to reach a critical volume coincides with


the experimentally determined time of 50% hemolysis is


supposed to be the unknown value. Hemolysis is assumed to


occur immediately when the cell reaches a certain critical


size [6]. However, it has been shown the assumption that


hemolysis occurs immediately when an erythrocyte reaches


a certain fixed critical volume is not valid [7]. The time th,


during which hypotonic hemolysis in erythrocyte suspen-


sion reaches 50%, was shown to consist of two items:


th = tk + ts, where tk represents the mentioned time required


for an erythrocyte to reach a critical volume. The existence


of the spherical time period ts is connected with the fact that


the pore formation in membrane is an activated process and


requires some time to occur. To this aim, a theoretical model


was developed for measuring the time required for 50%


hemolysis [8–11]. It introduces into consideration the


concept of the so-called ‘‘spherical period’’ and dependence


of critical erythrocyte volume on membrane transport char-

acteristics. We obtained the analytical solution of the equa-


tion system, which describes the cell relative volume change


from the time when the cells come into contact with a


hypertonic aqueous solution of permeable substance until


the cell becomes spherical [9,11] and the average time of a


pore formation [10,11]. The developed physical and math-


ematical model explains the process of hypotonic hemolysis


as a whole, and in particular connects the time required for


50% release of hemoglobin with the cell membrane perme-


ability coefficient for non-electrolyte. This theory, therefore,


can be used for the experimental determination of cell


membrane permeability coefficients for non-electrolytes.


Permeability coefficients for non-electrolytes were de-


termined as follows. At the initial moment, 3 Al of


erythrocyte suspension were added to 3 ml of aqueous


solution of the penetrating substance in the chamber of the


device for measuring of the intensity of the scattered light.


The time dependence of the light scattered by the cell


suspension was registered at 9j towards the reference


beam (k = 1000 nm). The intensity of the light scattered


can be determined theoretically based on the physical and


mathematical model of hypotonic hemolysis developed in


our laboratory and using Mie scattering theory well known


in theoretical optics. Therefore, we obtain theoretical


dependence of the light scattered by the cell suspension


under the certain angle upon the concentration of hemo-


globin in the cell during hemolysis. The value of perme-


ability coefficient could be obtained by the coincidence of


the theoretical and experimental time curves of the inten-


sity of the light scattered by erythrocyte suspension at the


convenient calculated value of this coefficient.


Geometrical parameters of molecules were estimated


basing on Stewart models using the Hyper Chem Pro


v.5.1 software.


To block the protein channels, erythrocytes were incu-


bated with 2 mM pCMBS during 1 h at 22 jC [12]. After


incubation, erythrocytes were washed with phosphate buffer


pH 7.4.

3. Results and discussion


Following our method, the permeability coefficients of


human erythrocyte membranes for the substances under


investigation were determined in native conditions and after


pre-incubation with pCMBS. Measurements were carried


out at 20 jC and the concentrations used were 1 M.


Experimental results and calculated geometrical param-


eters of the molecules are presented in the Table 1 as well


as previously obtained [13] octanol/aqua partition coeffi-


cients (Kp), which describe hydrophobic properties of the


molecules.


These data give evidence that butanediol penetrates into


the cells through the lipid phase. Permeability coefficients


for butanediol isomers depend greatly on the coefficient of


hydrophobic/hydrophilic partition with correlation coeffi-







Table 1


Erythrocyte membrane permeability coefficients ( P) at 20 jC and partition coefficients (Kp) and geometrical parameters of penetrating molecules (D—


diameter, L—length, V—volume)
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cient of 0.927 (Fig. 1, curve 1, right branch). Moreover,


taking into account that the correlation coefficient has the


value of 0.996 (Fig. 1, curve 2) for the erythrocytes pre-


incubated with pCMBS, the suggestion of butanediol


penetration through lipid bilayer becomes very probable.

Fig. 1. Dependence of erythrocyte membrane permeability coefficients ( P, m/s)


octanol–water’’ system (Kp). x—native erythrocytes, 5—pCMBS-treated erythro

On the other hand, erythrocytes pre-incubation with


pCMBS leads to a quite considerable inhibition of buta-


nediol penetration that can provide the evidence for the


protein aqueous pores to be available for butanediol as


well.

at 20 jC vs. partition coefficient of the penetrating substances in the ‘‘n-


cytes.
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Analysis for the hydrophilic substances (ethylenegly-


col, 1,2-propanediol, 1,3-propanediol) shows that penetra-


tion of ethyleneglycol and propanediols is conditioned by


both their hydrophilic properties and sizes. The correla-


tion coefficient between permeability of these substances


and their diameter is � 0.9 and that, between permeabil-


ity and the volume, is � 0.97. Since these non-electro-


lytes are highly hydrophilic, they are supposed to


penetrate through aqueous pores, and therefore a strong


dependence on sizes is clear. It is interesting that, while


hydrophilic/hydrophobic partition coefficients for 1,2-pro-


panediol and 1,3-propanediol are very close, the perme-


ability coefficient for 1,2-propanediol is more than twice


that for 1,3-propanediol. Pre-incubation of erythrocytes


with pCMBS inhibits the penetration of 1,2-propanediol


by 58%, but only by 36.6% of that of 1,3-propanediol.


The difference in size of these isomers leads to a


significant decrease in the penetration of 1,3-propanediol


through aqueous pores. Therefore, a change in diameter


from 3.7 Å for 1,2-propanediol to 4.1 Å for 1,3-propane-


diole is a critical for passing through the pore. The data


for butanediols confirms this conclusion. The percentage


of inhibition in penetration after pre-incubation with


pCMBS for 1,2-butanediol with the molecular diameter


of 4.3 Å decreases only by 7.6%.


Comparison of permeability coefficients in the series:


ethyleneglycol–diethyleneglycol– triethyleneglycol leads


to the same conclusions. For example, permeability


coefficient significantly decreases from ethyleneglycol


(with the molecular diameter D = 2.6 Å) to diethylene-


glycol (D = 4.1 Å). Pre-incubation of erythrocytes with


pCMBS highly inhibits penetration of ethyleneglycol (by


77%). Hence, the major passway for ethyleneglycol is


thought to be through aqueous pores. For diethylenegly-


col with the molecular diameter of 4.1 Å, that coincides


with that for 1,3-propanediol, inhibition of penetration is


only by 36.6% and agrees with that of 1,3-propanediol


(36.3%). As for triethyleneglycol, its permeability coeffi-


cient is more than one order less than that for ethyl-


eneglycol and preincubation with pCMBS does not


statistically change it. So, molecules of triethyleneglycol


can barely penetrate aqueous pores.


As we can see from the data the permeability coeffi-


cient for glycerol, it does not change after pre-incubation


with pCMBS and also is one order less than that for


ethyleneglycol after pre-incubation. The molecular diam-


eter of glycerol is 4.7 Å, so it can be considered not to


penetrate through pores due to sterical limits. While


penetration through lipid bilayer is also non-efficient


because of low hydrophobic/hydrophilic partition coeffi-


cient. It is quite interesting that in contrary to human


erythrocytes glycerol almost do not penetrate bovine


erythrocytes and its permeability rate for rat erythrocytes


is in 242 times higher than that for sheep erythrocytes


[14]. It is known also that passive permeability of lipid


bilayers is tightly associated with their viscosity, and

therefore with content of non-saturated fatty acids. At


the same time, the double bonds index for lipids of


sheep, bovine, human and rat erythrocytes makes 0.7,


0.8, 1.4 and 1.7 correspondingly [15]. Taking into ac-


count these data, we suppose that glycerol for all that


penetrate to human erythrocytes through the lipid phase.


As the result of our research, we can postulate that small


hydrophilic molecules with the diameter up to 4 Å can


easily penetrate through aqueous pores formed by protein


structures. But to some extent, they can also penetrate


through lipid phase. The more lipophilic the molecule is,


the higher is the probability of its penetration through the


lipid phase. Therefore, the permeability of 1,2-butanediol,


which cannot easily pass through protein pore, is even


higher than permeability of ethyleneglycol. It is possible


that the penetration mechanism for small hydrophilic mol-


ecules through lipid bilayer differs from that for lipophilic


molecules, which can be dissolved in lipid phase. However,


in both cases, the size of the molecule affects permeability


coefficient.
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Abstract


The densities of cell distributions by spherical index (SI) in erythrocyte populations from healthy adults and donors with endocrine


pathologies were determined via the developed method. The investigation shows that this characteristic varies for different donors, thereby


reflecting the erythrocyte population state of an individual donor. Individual distribution curves obtained from healthy donors are close to


Gaussian and are characterized by smooth curve plot with one maximum. Cells distribution by SI in donors with endocrine pathologies has a


polymodal character. Our research shows that the developed method for determining erythrocyte distribution density by SI is a sensitive and


informative test for quantitative evaluation of an erythrocyte population state. Moreover, this characteristic has clear physical and


physiological significance, because an erythrocyte shape is strongly conditioned by the cell age and influences the ability to pass through


microcapillaries in blood circulation.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Since the erythrocytes of each individual have unique


properties, it is quite a fruitful endeavor to study erythro-


cytes as a cell population. The heterogeneity of an eryth-


rocyte population contains significant information about the


state of the blood system as a whole. A number of diseases


cause a variation in the distribution of cell properties (age,


shape, size, activity of cell ferments, etc.), which deviate


from the normal value. It is essential to characterise a cell


population not only by the mean values of its character-


istics, but also by the distribution in the population, as it is


a more informative approach which adequately describes


the population. Advantages of such an approach are quite


obvious, but it is accompanied by significant methodolog-


ical difficulties, which require a conversion from the


general consideration of mean values to the analysis of


separate cells. This analysis is labour-intensive and cannot
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be widely used in research and especially in clinical


routine.

2. Materials and methods


2.1. Materials


Investigations were performed on blood samples collect-


ed from donors at Hospital of Institute for Endocrine


Pathologies of Academy of Medical Sciences of Ukraine


(Kharkiv), where the presence or absence of endocrine


pathologies were diagnosed.


2.2. Theoretical basis of method


A method for determination of the probability density of


erythrocyte distribution by spherical index has been devel-


oped. It is based on the physical and mathematical model for


the membrane transport occurring in cells placed into the


hypotonic solution of non-penetrating substance and uses


the small-angle light scattering method for obtaining exper-


imental curves of osmotic fragility. The osmotic fragility







Fig. 1. Density of erythrocyte distribution by spherical index in the


populations of three adult donors (T= 37 jC).


Fig. 2. Density of erythrocyte distribution by spherical index in the


individual populations of three patients with hyperthyroidism (T= 37 jC).
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was determined in the NaCl solutions with concentrations


from 0.15 to 0.05 mol/l.


The spherical index (SI) is defined as a relationship of


erythrocyte volume to the volume of the sphere with the


same surface area P0 =Vsp/V0:


P0 ¼
S
3=2
0


6
ffiffiffi


p
p


V0


This geometrical parameter quantitatively characterises the


deviation of erythrocyte shape from the spherical one


(P0 = 1 for the spherical cell). It rises with the deviation


of the cell shape from the spherical one. There is no


deformation in the erythrocyte membrane, or there can be


insignificant bending deformation under physiological con-


ditions [1]. Under these conditions, a normocyte has a


volume significantly less than the maximum possible vo-


lume (which is spherical one) at a given membrane surface


area S0. Such a shape provides a free pass for erythrocytes


through thin capillaries. In this case, an erythrocyte mem-


brane has shift deformations at a constant surface area of the


cell. The shape of aging erythrocytes approaches the spher-


ical one, while SI approaches 1. The possibility of such cells


to undergo the deformation without destruction decreases.


When a cell is placed in a solution with the osmotic


pressure of non-penetrating substance pout, less than the


osmotic pressure of physiological solution p0, then its


volume V0 increases under the influence of osmotic forces


up to the volume


Vl ¼ V0ða þ ð1� aÞp0=p
outÞ;


where a represents the intracellular volumetric content of


osmotically inactive substances. Decrease in the osmotic


pressure of the extracellular non-penetrating substance will


cause the increase in the erythrocyte volume until it


becomes a sphere. An erythrocyte membrane surface area


is generally accepted to be constant and equal to the initial


one during swelling when the erythrocyte shape changes

from the initial to the spherical one. If the extracellular


osmotic pressure continues to cause cell swelling and cell


volume begins to exceed the volume of a sphere with the


surface area of S0 (Vl>Vsp), then the erythrocyte membrane


undergoes an isotropic tension and, after a certain period of


time, there forms a pore of a macroscopic size (i.e., its size


significantly exceeds the distance between the molecules in


the membrane) [2]. Therefore, after cells contact sodium


chloride hypotonic solution, all those with SI less than 1or


P0 < a+(1� a/pout) will hemolyse.


The fraction of erythrocytes with initial SI lower than


yl= a+(1� a)/hp̂out can be determined experimentally from


the fraction of hemolysed cells h at the osmotic pressure of


the external solution pôut.


Converting osmotic fragility curves to dependencies


h = h( y), one can obtain the initial distribution of cells by


spherical index in an erythrocyte population. It represents


the cell fraction with SI, which exceeds an appropriate


argument value. An appropriate density of cell distribution


by SI in an erythrocyte population could be found by


differentiation of this function on the argument.

3. Results and discussion


The maximum value of the relative erythrocyte volume


(V/V0) before hemolysis ranges from 1.5 to 1.9 according to


different authors. In Ref. [1], individual erythrocytes were


directly observed under a microscope. During osmotic


hemolysis an erythrocyte becomes a sphere with the max-


imum volume 1.5- to 1.6-fold higher than a discocyte


volume in isotonic media. The fact of the variety of the


maximum volume observed can be explained by the eryth-


rocyte distribution by SI in erythrocyte populations. The


values of the maximum volume presented, correspond to the


erythrocyte SIs at the initial state (before swelling in


hypotonic solution). But in order to obtain the actual mean


value of this parameter, it should be measured for a great


number of cells—which is practically inconvenient for


observation under a microscope. The developed method







Fig. 3. Density of erythrocyte distribution by spherical index in the


individual populations of three patients with hypothyroidism (T= 37 jC).
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for determination of the probability density of erythrocyte


distribution in population by SI allows the calculation not


only for the mean value of SI, but for the whole spectrum of


this parameter in the population.


Fig. 1 presents the erythrocyte distribution by SI at 37 jC
in the populations of three adult donors. Experiments show


that this characteristic varies for different donors reflecting


the erythrocyte population state of the individual donor. The


erythrocyte distributions obtained for individual healthy


adults as a rule approach to Gaussian distribution and have


a smooth curve with one maximum. The cells with SI in the


range from1.38 to 1.58 form the maximum percentage. The


quantitative values obtained for the centres of the SI


distributions correlate to an erythrocyte volume and mem-


brane surface area. According to Ref. [3], erythrocyte


surface area ranges from 120 to 155 Am2, and volume from


90 to 93 Am3. Consequently, the SIs of most erythrocytes


are in the range of 1.22–1.57. The averaged curve for eight


donors has a maximum SI of 1.48. Interestingly, the


majority of the curves for individual healthy donors have


maximum rates at the same SI.


For patients with endocrine pathologies, both with hyper-


and hypothyroidism, erythrocyte distributions by SI have bi-


or three-modal character. Besides the main maximum, the


distribution curves have one or two additional maximums.


In the case of hyperthyroidism among the cells with non-


standard SI, the higher percentage (25%) is composed of


cells with lower SI = 1.07–1.22, and only 10% of the cells


have SI = 1.73–1.9 (Fig. 2).


For patients with hypothyroidism, erythrocyte distribu-


tion curves mostly have three-modal character (Fig. 3) with


a higher portion (f 30%) of the flattened erythrocytes


(SI = 1.65–2.46) compared to spherical erythrocytes (3%,


SI = 1.015–1.3). In addition, the SI of flattened erythrocytes


considerably exceeds that of young discocytes in control


samples (Fig. 1), which have a small percentage of cells


with SI higher than 1.9.


Different hormones synthesized in human organism have


a different spectrum of action. Some of them specifically


regulate only the function of distinct target organs. Action of


other hormones is directed to regulate distinct ways of


metabolism. Among such metabolic differentiation, the


polymorphous action of thyroid hormones is distinguished.


They influence a number of metabolic pathways and almost


all structural levels: the functions of all cells and subcellular


structures, the activity of most important enzymes. They


control the most important biochemical reactions of pro-


teins, carbohydrates, lipids and water–salt balance [4].


The effect of thyroid hormones in organism is accom-


plished both by genome way (via synthesis of various sub-


stances) and non-genome way (direct action on cell function


processes) [4]. In particular, synthesis of the fatty acids


could be disordered [5]. The activity of Na,K-ATPase is also


regulated by its synthesis [6]. At the same time, one can


suppose that thyroid hormones control the Ca-ATPase


activity in erythrocytes by a non-genome way [4,7,8]. The

Ca-ATPase activity in erythrocytes occurs at hyperthyroid-


ism and decreases at hypothyroidism [9]. Another non-


genome action of iodine thyroids lies in the influence on


cytoskeleton via intracellular regulation of disulphide isom-


erase, which plays an important role in de novo synthesis of


proteins in endoplasmic reticulum [4]. A report was also


made about T3 and pyruvate kinase interaction in human


erythrocytes with a decrease both in ATP production during


glycolysis and pyruvate accessibility for other cell reactions,


e.g., citric acid cycle [10]. Thus, thyroid hormones influence


various processes in the human organism, and, in particular,


could change the cell membrane permeability and mechan-


ical properties, as well as the ability to maintain cell


homeostasis [4,11].


Taking into account the general character of the action of


thyroid hormones on an organism, cells and cell mem-


branes, it is difficult to distinguish the exact causes of the


observed effects. However, it is possible to suppose that the


developed method for measuring the probability density of


erythrocyte distribution via spherical index is a sensitive and


a good reproducible test for quantitative estimation of the


erythrocyte population state of different donors with various


pathologies. Moreover, this characteristic has clear physical


and physiological significance, because erythrocyte shape is


strongly conditioned by age and influences the ability to


pass through microcapillaries in blood circulation.
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Abstract


Recent research on erythrocytes as model cells for photodynamic therapy showed differing behaviour of certain photosensitisers in


erythrocytes compared to other cells. Differences of dye accumulation in the cell membrane were proposed to be the reason for the distinct


photodynamic effects. Using pheophorbide a as an example, the combination of erythrocyte ghosts as models to follow the dye accumulation


in the cell membrane and intact erythrocytes as model cells to show the photodynamic damage is provided. Evidence for the correctness of


the combination of erythrocyte ghosts and intact erythrocytes as a functioning model system in photodynamic cell research is provided using


the confocal laser scanning microscopy on intact, pheophorbide a loaded erythrocytes.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Recently, distinct differences of photodynamic cell dam-


age in human erythrocytes after incubation with a variety of


photosensitisers (phthalocyanines, a porphyrin and pheo-


phorbide a) were reported [1]. These results were surprising


since some of the applied photosensitisers showed a similar


efficiency in cutaneous cell lines [1,2], as well as in in vivo


experiments [2]. As a possible explanation, differences in


the accumulation of the dye in the cell membrane were


proposed. Due to widely overlapping spectra of haemoglo-


bin and the photosensitiser and the predominance of hae-


moglobin, a spectral determination of the photosensitiser in


the erythrocyte membrane is very difficult in most cases. In


the past, erythrocyte ghosts were used to show singlet


oxygen generation from inside a membrane [3]. The aim


of the present report is to provide the complementary model


system of erythrocyte ghosts and intact erythrocytes for


photodynamic cell research.


As in other studies concerning the principal testing for


photodynamic applications, like photosensitisers in Lang-


muir–Blodgett films [4] or microcrystalline cellulose as a


carrier for potosensitisers [5], the prominent dye pheophor-


bide a was chosen to be the sample photosensitiser.
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2. Experimental


Pheophorbide a was extracted from young leaves of


Urtica urens according to Willstätter and Stoll [6].


Freshly drawn blood from healthy human donors was


used throughout all experiments. The blood was washed


three times by centrifugation (1500� g, 8 min) at room


temperature in phosphate-buffered solution (150 mM NaCl,


5.8 mM NaH2PO4–Na2HPO4), pH 7.4. Plasma and buffy


coat were removed by aspiration.


For the erythrocyte ghost experiments, the cells were


prepared according to the modified Dodge method [7]. For


absorption measurements, a Shimadzu UV-160A absorption


spectrometer was used. The fluorescence was measured


using a set-up combining a xenon lamp with a polychro-


mator (Oriel 77250) and a spectrograph (L.O.T. Oriel


Instaspec IV). The singlet-oxygen detection was realised


by a set-up for time-dissolved luminescence measurements.


The excitation source was an optical parametric oscillator


(OP-901.355, BMI) pumped by the third harmonic of a


Nd:YAG laser and the detector was a liquid nitrogen cooled


germanium photodiode (EO-817P, Northcoast Optical Sys-


tems). For experimental details concerning the erythrocyte


ghost experiments, see Ref. [8].


For the confocal laser scanning microscopy, a confocal


head (PCM 2000) was attached to an inverted microscope







Fig. 1. Absorption and fluorescence spectra of pheophorbid a in ethanol. The concentration of pheophorbid a was 1.5� 10� 6 M. Each spectrum is the mean of


three spectra from three independent solution preparations. Additionally, the measured emission spectrum of the irradiation source is given.
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(Eclipse TE2000-U, Nikon). The mode of confocal measure-


ment of erythrocytes is given in Ref. [9]. In the presented


experiments, the light source was an argon laser (model


161C, Spectra Physics Lasers). The transmission microscopy


picture was recorded using a digital camera (DN100, Nikon)


In the irradiation experiments, the absorption was mea-


sured using the Perkin Elmer Spectrophotometer Lambda 2.


For irradiation a slide projector (Kodak Ektopro 3010)


containing a 300-W xenon bulb equipped with a red filter


(B +W, Schneider Kreuznach) was used. The final emission


spectrum of the light source is plotted in Fig. 1 and the light


fluence was measured by an optical power meter (S371 with


sensor head model 247; United Detector Technology).


It has previously been shown that the photodynamic


treatment of erythrocytes causes the release of potassium


ions, on an identical, but time-shifted behaviour, when


compared with haemolysis [10]. The latter has been taken


to define the cell death of erythrocytes. In order to determine


the percentage of haemolysis the optical density at a


wavelength of 414 nm (maximum of the absorption spec-

Fig. 2. Accumulation of pheophorbide a during its incubation in erythrocyte


ghosts. The concentrations were 0.5 mg/ml for the ghosts and a total of


8 AM for pheophorbide a. The absorption (y) was followed at 675 nm, the


fluorescence (n) at 680 nm and the singlet oxygen luminescence (E) at


1270 nm. The values were normalized in order to follow the same


logarithmic regression line.

trum of haemoglobin) of the supernatant of photodynamic


treated erythrocytes was related to samples where 100%


haemolysis was induced by placing the erythrocytes in


distilled water. For experimental details concerning the


irradiation experiments, see Ref. [2].

3. Results and discussion


In order to provide a comparison to the erythrocyte ghost


measurements, the absorption spectrum as well as the


fluorescence spectrum of pheophorbide a in the organic


solvent ethanol was measured and is given in Fig. 1. The


accessory extinction coefficient of pheophorbide a at a


wavelength of 667 nm was measured to be approximately


44,500F 1000 M cm� 1.


Fig. 2 documents the accumulation of pheophorbide a in


the membrane of erythrocyte ghosts. The incubation was


followed by the independent determination of the absorption


maximum at 675 nm,1 the fluorescence at 680 nm and the


singlet oxygen luminescence over time. The values were


normalised in a way that the logarithmic regression lines of


the single data rows came closest. The average regression


line of all three rows is then plotted in Fig. 2.


Although the over all behaviour of the absorption, fluo-


rescence and singlet oxygen luminescence is very similar,


small differences, especially at the beginning of the incuba-


tion occur. One reason is likely to be the presence of dye


aggregates at the initial state of the membrane accumulation.


These dye aggregates contribute, for example, to measured


absorption values, but not to the singlet oxygen lumines-


cence values. Due to the photophysical properties of pheo-


phorbide a in aqueous solution [11], where pheophorbid a

1 The maximum of the absorption spectrum (and hence also the


flourescence spectrum) of pheophorbide a in a lipid environment is about


8 nm bathochromatically shifted compared to the one in the organic solvent


ethanol (e.g., Fig. 1).







Fig. 4. (A) Cell survival curve after incubation with pheophorbide a (final


concentration of approximately 8.5 AM) for 2 h and irradiation with red


light at a fluence rate of 15 mW/cm2 at the indicated irradiation time. Each
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occurs in a non-monomeric state, the present measurements


of the singlet oxygen must originate from the monomeric


photosensitiser [12] and hence from the cell membrane.


However, comparing the measured intensities with the


intensities of pheophorbide a in well defined solutions (e.g.,


Fig. 1), it is safe to estimate that, after an incubation time of


120 min, at least 80% of the totally provided pheophorbide a


is membrane bound (approximately 6.5 AM in the presented


experiments). Therefore, an incubation time of 2 h is a


minimum requirement, especially because it is a minimum


time to enable a dye distribution up to a monomeric


occurrence of the dye in the membrane. On the other side,


it is enough time for most applications to allow a sufficient


amount of the dye to accumulate.


In order to check the data obtained from the erythrocyte


ghost experiments concerning the accumulation of the dye


exclusively in the cell membrane, confocal images of


pheophorbide a incubated erythrocytes were taken. Fig. 3


shows representative images from laser scanning confocal


microscopy. Although the pictures show a clear enrichment


of the dye in the membrane and no fluorescence signal from


inside the cells, it is impossible to provide a quantitative


analysis. However, the measurement of the confocal sec-


tions supports the legitimacy to transfer the data obtained


from erythrocyte ghost experiments to intact erythrocytes.


Due to the previously mentioned results in erythrocyte


ghosts, the incubation time for the irradiation measurements


was chosen to be 2 h. The pheophorbide a concentration


during the incubation was 10.7 AM and hence according to


the above considerations at the time of the irradiation


approximately 8.5 AM. Fig. 4A,B shows the cell survival


of the red blood cells against the irradiation time and the


fluence rate, respectively. In the presented experiments, the


lysis of the cells is taken as equivalent to the cell death.

Fig. 3. Confocal fluorescence images of human erythrocytes incubated with


pheophorbide a for 2 h at 37 jC are shown in parts A and B (100� Plan


Apo lens). The light regions represent fluorescence signals and hence the


presence of the photosensitiser pheophorbide a. The fluorecent dye is


clearly accumulated exclusively in the cell membranes. In part A, the cell


surrounding medium still contains approximately 100 nM pheophorbide a,


while in part B the dye is completely removed by washing and


centrifugation. The confocal section of part B shows a piece of membrane


from the dent in the middle of the discocyte. For comparison, part C shows


a transmission microscopy picture (40� Hoffman modulation lens) of the


same batch of pheophorbide a loaded erythrocytes as used in parts A and B.


point is the mean of at least three independent experiments and the error


bars represent the standard deviation. (B) Cell survival after incubation with


pheophorbide a (final concentration of approximately 8.5 AM) for 2 h and


15-min irradiation with red light at fluences like indicated. Each point is the


mean of four independent experiments and the error bars represent the


standard deviation. The regression curve shows an exponential dependence.


Points without a drawn error bar have a standard deviation that is within the


size of the symbol.

Increasing the irradiation time at a constant fluence of


15 mW/cm2, from zero to 60 min, the cell survival decreases


super-exponentially from 100% to almost zero (Fig. 4A).


Varying the irradiation fluence between 6 and 30 mW/cm2,


while keeping the irradiation time constant at 15 min, the


cell survival shows an exponential dependence (Fig. 4B).


These results suggest that with high irradiation fluences


photodynamic effects on erythrocytes can be achieved with


short irradiation intervals, while for irradiations where


erythrocytes must not be damaged, for example photody-


namic erythrocyte concentrate sterilisation [13], low fluen-


ces should be preferred.


In summary, the erythrocyte ghost experiments allow a


determination of the dye content in the erythrocyte mem-
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brane while the confocal laser scanning microscopy pro-


vides the evidence that data from erythrocyte ghosts can be


transferred to intact erythrocytes. Finally, the intact eryth-


rocytes provide a convenient model to control the cell


survival after photodynamic treatment of the cells.
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Abstract


Human red blood cells (RBCs) were loaded with the Ca2 +-sensitive fluorescent dye fura-2 to investigate the effects of media ionic


strength and prostaglandin E2 (PGE2) on the intracellular free Ca2 + concentration ([Ca2 +]i). [Ca
2 +]i of intact RBCs in a Ca2 +-containing


physiological (high) ionic strength (HIS) solution was 75.1F 8.3 nM after 5 min incubation, increasing to 114.9F 9.6 nM after 1 h. In Ca2 +-


containing low ionic strength (LIS) solutions, [Ca2 +]i was significantly lower than in the Ca2 +-containing HIS solution ( p = 0.041 or 0.0385


for LIS solutions containing 200 or 250 mM sucrose, respectively), but, as in HIS solution, an increase of [Ca2 +]i was seen after 1 h. In Ca
2 +-


free (0 Ca2 + plus 15 AM EGTA) media, [Ca2 +]i decreased (ranging from 15 to 21 nM), but were not significantly different in HIS or LIS, and


did not change following 1 h incubation. The effect of the ionic strength and PGE2 on passive Ca2 + influx was investigated on ATP-depleted


RBCs. Ca2 + influx was faster during the initial 10 min in comparison with the subsequent time period (10� 45 min), both in HIS and LIS


media, decreasing from 20.3F 1.9 to 12.9F 1.3 Amol/(lcells� h) in HIS, and from 36.7F 5.3 to 8.6F 1.2 Amol/(lcells� h) in LIS.


Prostaglandin E2 (PGE2; 10
� 7–10� 11 M), dissolved in deionised water or in ethanol, did not affect [Ca2 +]i in either normal or in ATP-


depleted RBCs suspended in Ca2 +-containing HIS medium. Finally, the addition of carbachol (100 AM) did not affect [Ca2 +]i. The present


findings suggest that stimulation of the Ca2 +-activated K+ channel by PGE2, reported in [J. Biol. Chem. 271 (1996) 18651], cannot be


mediated via increased [Ca2 +]i.


D 2003 Elsevier B.V. All rights reserved.

Keywords: Red blood cells; Ca2+ concentration; Ca2+ influx; Ionic strength; Prostaglandin


2 +

1. Introduction


The total calcium content of red blood cells (RBCs) is


about 2� 5 Amol/lcells [2], but there are large discrepancies in


the literature for the value of intracellular free Ca2 + concen-


tration ([Ca2 +]i), ranging from about 10 to 30 nM (when


measured with Ca2 + chelators like benz-2, BAPTA, or Quin


MF [3–5]) to about 70–90 nM (using Ca2 + fluorescent dyes


like quin-2 or fura-2 [6–10]). Advantages and disadvantages


of these different methods are discussed in detail by Tiffert et


al. [11]. Three mechanisms are responsible for the mainte-


nance of the relatively low [Ca2 +]i: (i) a powerful Ca2 +


transport extrusion mechanism realised by the Ca2 + pump,

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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(ii) various intracellular Ca -binding components such as


calmodulin and polar phospholipid head groups on the inner


membrane leaflet, and (iii) a low passive Ca2 + permeability


of the RBC membrane. Whereas the Ca2 + pump is relatively


well investigated, this does not hold for the passive Ca2 +


fluxes across the RBC membrane.


It is well known that there is an increase of Na+ and K+


influxes as well as effluxes of human red blood cells when


the ionic strength of the extracellular solution is reduced


[12–16]. One aim of the present study was to establish


whether the same effect could be observed also for the Ca2 +


flux. It is not clear to what extent two recently identified


transport pathways, the K+(Na+)/H+ exchanger [16,17] and


the nonselective voltage-activated cation channel [18–20],


participate in the ionic strength effect. It seems unlikely that


the K+(Na+)/H+ exchanger can transport Ca2 +. On the other


hand, it was demonstrated by Kaestner et al. [21], using the


patch-clamp technique, that the voltage-activated cation
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channel, which opens at positive transmembrane potentials


(i.e. in LIS solutions), is permeable to both monovalent


cations and also divalent cations. Before this direct demon-


stration of a channel permeable to Ca2 +, several reports


have already suggested the existence of facilitated diffusion


mechanism for Ca2 + entry (i.e. a channel) in the human


RBC membrane [22–24,32]. They are based on the obser-


vation that the majority of passive Ca2 + influx under


physiological conditions occurs via a saturable transport


mechanism (with a Km of approximately 1 mM), which can


be trans-stimulated by Ca2 +. However, it is still unclear


whether other Ca2 + transport pathways are present in the


human RBC membrane. The Na+/Ca2 + antiport system was


not observed in these cells [6]. In addition, reports in the


literature on the Ca2 + influx in human RBCs in LIS media


are controversial. Lew et al. [3] showed an increase of the


Ca2 + influx in low (Na+ and K+), choline, or sucrose media,


whereas Ellory et al. [25] found a slight decrease of this flux


in sucrose-containing LIS solutions.


A further aim of the present paper was to investigate the


effect of PGE2 on [Ca2 +]i in human RBCs. Li et al. [1] have


reported that the addition of PGE2 to RBC suspensions leads


to an increase of K+ effluxmediated by the Ca2 +-activated K+


(Gardos) channel. The maximal effect was observed at 10� 10


M PGE2 resulting in a loss of intracellular K+ of about 36


mM/h over the first 5 min of stimulation. However, in these


investigations [Ca2 +]i was not measured. In contrast, Ras-


mussen et al. [26] observed a decrease in size of the


intracellular Ca2 + pool upon addition of 10� 11 M PGE2 to


RBCs. To determine whether activation of the Ca2 +-activated


K+ channel by PGE2 is caused by an increase of [Ca2 +]i or


due to a direct activation of the channel, it is important to


measure [Ca2 +]i after PGE2 addition. Higher activity of the


Ca2 +-activated K+ channel, caused by an increase of [Ca2 +]i,


could result from activation by PGE2 of the nonselective


voltage-activated cation channel, as shown by Kaestner and


Bernhardt [27]. As these authors showed, addition of PGE2


leads to a channel opening at negative transmembrane poten-


tials, i.e. in HIS solutions. As stated above, Ca2 + can pass


through the channel, which might result in a rise in intracel-


lular Ca2 +, in turn activating the Ca2 +-activated K+ channel.


In the present paper, therefore, we used the Ca2 +-sensi-


tive fluorescence dye fura-2 to measure [Ca2 +]i in normal


human RBCs as well as the Ca2 + influx in ATP-depleted


RBCs, both in HIS and LIS solutions. In addition, we


investigated the effect of PGE2 on [Ca2 +]i in normal and


ATP-depleted cells in HIS media.

2. Experimental


2.1. Blood and solutions


Fresh human RBCs were collected from healthy donors


and washed three times (2000� g, 8 min) at room tempera-


ture in the HIS solution containing (mM): NaCl 145, glucose

10, morpholinoethanesulphonic acid/tris-(hydroxymethyl)a-


minomethane (MES/Tris) 10, pH 7.4. Supernatant and buffy


coat were removed by aspiration. The cells were then washed


once in the appropriate medium used for the experiment.


Experiments were carried out in the HIS solution or in


solutions where 145 mM NaCl was replaced by 250 or 200


mM sucrose (LIS). For the measurements in Ca2 +-containing


or Ca2 +-free HIS and LIS solutions, the cells were added


directly to the solutions immediately before the experiment


(without washing them in these media). These solutions had


the same composition as the HIS and LIS solutions, with the


addition of 2 mMCa2 + (Ca2 +-containing solutions) or 15 AM
EGTA (Ca2 +-free solutions). The pH of all solutions was 7.4


at 37 jC.


2.2. Measurement of the intracellular free Ca2+ concen-


tration ([Ca2+]i)


The cell-permeable acetoxymethyl ester of fura-2 (fura-2/


AM; Molecular Probes, Leiden, Netherlands) was used to


monitor [Ca2 +]i in RBCs. 10� 20 Al of packed RBCs were


resuspended at f 1% haematocrit in the Ca2 +-containing or


Ca2 +-free HIS solution at 37 jC. Erythrocytes were loaded


with 0.5 AM fura-2 AM (taken from a 5 mM stock solution,


in DMSO) in 2-ml Eppendorf tubes under vigorous stirring.


The RBC suspension was then incubated for 45 min at 37


jC with intermittent mixing as described in [9,10]. Finally,


the cells were washed three times in the corresponding HIS


solution (15 s, 12,000� g) to remove any extracellular fura-


2. The RBCs were stored at f 40% haematocrit at 37 jC
for 15� 30 min. Aliquots of the RBC suspension were


diluted to f 0.067% haematocrit in Ca2 +-containing or


Ca2 +-free HIS solution and transferred into a quartz cuvette


for fluorescence measurements (using a spectrophotometer,


FluoroMax-2, Jobin Yvon, France). When investigations


were carried out in Ca2 +-containing or Ca2 +-free LIS


solution, the RBCs were transferred to these solutions from


the corresponding HIS solutions immediately before the


measurements.


Intracellular free Ca2 + levels were determined using a


two-wavelength method as described in Ref. [28]. The


emission wavelength was set at 510 nm, with excitation


wavelengths of 340 and 380 nm. All experiments were


performed at 37 jC under magnetic stirring. Data were


analysed by the software package (DataMax, version 2.20)


that allows a fluorescence record every 1.3 s. [Ca2 +]i was


determined from the standard equation: [Ca2 +]i =KD�
Q� (R�Rmin)/(Rmax�R), where KD is the Ca2 + dissocia-


tion constant of fura-2. R represents the ratio of the fluores-


cence intensities measured at 340 and 380 nm; Rmax and Rmin


were found when fura-2 was saturated with Ca2 + and when


completely free of Ca2 +, respectively. Q is the ratio of the


minimum/maximum fluorescence intensity at 380 nm, i.e. the


fluorescence intensity measured when fura-2 is free of Ca2 +,


and saturated with Ca2 +, respectively. Rmin and Rmax were


estimated under all experimental conditions separately (but







Fig. 1. Quenching of fura-2 fluorescence in LIS media of various sucrose


concentrations in the presence of 2 mM CaCl2 in comparison with HIS


solution (zero sucrose concentration).
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see below). For the determination of Rmax, 0.01% Triton was


added to the cuvette with the fura-2-loaded RBCs. At the end


of the experiment, 10� 20 mM EGTAwas added to estimate


Rmin.


KD values were determined after fura-2-loaded RBCs


were lysed with Triton X-100 in HIS solution. Part of the


lysate was transferred into a HIS medium of a known free


Ca2 + concentration (0� 11.98 AM). A series of solutions


with different known free Ca2 + concentrations were obtained


from the mixing of two main stock solutions (denoted A and


B), in various proportions [29]. Both solutions were the same


as the HIS solution. In addition, solution A contained 10 mM


EGTA, whilst solution B contained 10 mM nominally equi-


molar Ca-EGTA. The dissociation constant of Ca2 + for fura-2


measured under our experimental condition was 155 nM.


This value is in good agreement with the KD = 140 nM


estimated by Molecular Probes in MOPS buffer, pH 7.2 at


22 jC in the absence of Mg2 +.


To evaluate the effect of PGE2 on [Ca2 +]i of RBCs,


experiments were carried out on normal and ATP-depleted


RBCs. PGE2 dissolved in ethanol or deionised water was


added to the cuvette immediately before the beginning of the


fluorescence recordings. Precautions were taken to minimise


a possible prostaglandin oxidation, with PGE2 stock solu-


tions being prepared and stored under nitrogen.


2.3. Analysis of [Ca2+]i in LIS media


The use of the equation given above for the calculation of


[Ca2 +]i requires an accurate determination ofRmax andRmin at


each individual fluorescence ratio measurement. Correct


measurement of these calibration parameters requires lysis


of the cells and the titration of the dye released. Although


methods have been proposed to obtain Rmax and Rmin without


lysis, e.g. using ionophores (A23187 or ionomycin) to


saturate the fluorescent dye with Ca2 + and then to quench it


withMn2 +, there is no evidence that such determinations give


the true end points (minimal and maximal fluorescence


intensity), which should be identical to those obtained after


cell lysis. Since it has been reported that the solution


viscosity, pH and ionic strength affect the fluorescence


properties of fura-2, the influence of the pH and the ionic


strength of the solution on the ratio of the fluorescence


intensities at 340 and 380 nm was investigated in LIS


solutions. No significant change of the fluorescence ratio


(340 nm/380 nm) in the pH interval 6.8� 7.8 could be


determined (not shown). However, quenching of the fura-2


fluorescence ratio in LIS medium was observed after lysis of


the RBCs (Fig. 1). Therefore, the values for Rmax and Rmin


obtained in the experiments with RBCs in HIS solution were


used for the experiments in LIS solutions.


2.4. Measurement of the Ca2+ influx of ATP-depleted RBCs


Ca2 + uptake was measured in ATP-depleted RBCs that


had been pretreated by the method described by others

[9,10,30]. RBCs at 1% haematocrit were incubated in a


medium containing (mM) NaCl 140, KCl 5, iodoacetate 6,


inosine 6, pH 7.4 (medium C). After at least 2 h from the


beginning of the incubation 0.5 AM fura-2 was added to the


medium (45 min loading procedure). The cells were then


washed three times with the mediumC to eliminate the excess


of extracellular fura-2, diluted (also in medium C) to an


haematocrit f 40% and stored for 15� 30 min. Aliquots of


the RBC suspension were diluted to f 0.067% haematocrit


in Ca2 +-containing HIS or LIS solution and transferred into a


quartz cuvette to measure the fluorescence. Ca2 + influx was


calculated from the changes of [Ca2 +]i and expressed in Amol


per l cells per hour.


2.5. Reagents


Inorganic salts, sucrose and glucose were of analytical


grade. Inosine, iodoacetate, and PGE2 were obtained from


Sigma (St. Louis, MO, USA), Tris and EGTA from Fluka


(Buchs, Switzerland), MES from SERVA (Heidelberg,


Germany), and fura-2/AM from Molecular Probes.


2.6. Statistical treatment of the results


Values are given as means of at least three independent


experiments carried out on blood of different donorsF S.D.


Where errors are not shown they were smaller than the


symbols. Where necessary, a paired t-test was used to


determine the significance of the difference between values.


The values were taken as significantly different when


p < 0.05.

3. Results


[Ca2 +]i of intact RBCs in Ca2 +-containing HIS solutions


was 75.1F 8.3 nM. This value is similar to those reported







Table 1


Intracellular free calcium concentration ([Ca2 +]i) in low ionic strength (LIS)


solution in the presence (2 mM) or absence (15 AM EGTA added) of


extracellular Ca2 + determined after 5 min and 1 h of incubation in the


corresponding solutions


[Ca2 +]i (nM) after 5 min [Ca2 +]i (nM) after 1 h


LIS solution containing 2 mM Ca2 +


200 mM sucrose 50.0F 6.5 67.1F 8.6


250 mM sucrose 35.7F 6.5 59.7F 8.7


LIS solution free of Ca2 + (15 lM EGTA added)


200 mM sucrose 19.2F 4.8 17.7F 1.6


250 mM sucrose 21.4F 3.7 14.7F 3.0


The values represent means of at least four independent experimentsF S.D.


Table 2


Ca2 + influx into ATP-depleted cells in Ca2 +-containing physiological (HIS)


and low ionic strength (LIS) solutions estimated over the time intervals


t = 0� 10 min and t = 10� 45 min


Ca2 + influx, Amol/(lcells� h)


t = 0� 10 min t = 10� 45 min


HIS 20.3F 1.9 12.9F 1.3


LIS (200 mM sucrose) 33.5F 4.6 9.7F 1.7


LIS (250 mM sucrose) 36.7F 5.3 8.6F 1.2


The values represent means of four independent experimentsF S.D.
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by others [6,9,10,22,30]. After 1 h of incubation in the


Ca2 +-containing HIS medium, [Ca2 +]i increased to 114.9F
9.6 nM. [Ca2 +]i in a Ca2 +-free HIS medium (15 AM EGTA


added to the medium) was 17.3F 4.3 nM. No significant


change was observed after 1 h of incubation in this medium


(17.0F 4.5 nM). These results in Ca2 +-free HIS solutions


are in good agreement with those reported by Lew et al. [3]


and Foder and Scharff [31].


The measurements of [Ca2 +]i in LIS media were carried


out in the presence or absence of extracellular Ca2 + in


solutions containing 200 or 250 mM sucrose. The solution


that is commonly used to replace 145 mM NaCl contains


250 mM sucrose to maintain osmolarity. However, to avoid


an initial shrinkage of the cells, that happens in the solution


containing 250 mM sucrose, a solution was used that


containing only 200 mM sucrose. Results are presented in


Table 1. After 5 min or 1 h of incubation in both Ca2 +-


containing LIS solutions, [Ca2 +]i was significantly lower


than in the Ca2 +-containing HIS solution ( p = 0.041 and


0.0385, in 200 and 250 mM of sucrose, respectively), but, as


for HIS solution, an increase of [Ca2 +]i was also seen after 1


h in both Ca2 +-containing LIS solutions. In addition, a


significant fall of [Ca2 +]i in both LIS media was observed


when the extracellular solution lacked Ca2 + ( p = 0.034 and

Fig. 2. Intracellular free calcium concentration ([Ca2 +]i) in human RBCs in


physiological (HIS) and low ionic strength (LIS) solutions. [Ca2 +]i was


determined using fura-2. Traces are taken from a single experiment, repre-


sentative of at least three others.

0.0025 for 200 and 250 mM of sucrose, respectively).


Again, as for HIS solution, there was no significant change


of [Ca2 +]i after 1 h of incubation in the absence of


extracellular Ca2 +. Furthermore, all values for [Ca2 +]i
obtained in the Ca2 +-free HIS and LIS solutions are not


significantly different.


Representative measurements of the Ca2 + uptake of


ATP-depleted RBCs in the Ca2 +-containing HIS, LIS-200


and LIS-250 solutions are shown in Fig. 2. The average


value of the Ca2 + influx obtained from four independent


experiments is given in Table 2. Ca2 + influx was faster


during an initial period of 10 min in comparison to the


subsequent time period (10� 45 min). However, the values


for Ca2 + influx obtained in the Ca2 +-containing HIS solu-


tion are in good agreement with previous estimates using


different methods [6,22,30,32].


As for HIS solutions, in LIS solutions, there was also a


decrease in the flux with time. During the first time interval


(0� 10 min), there was a slight increase of the Ca2 + influx


in both LIS solutions (compared to HIS); in the second time


interval (10� 45 min), these fluxes were slightly smaller


than those in HIS solution. Over the 45 min, fluxes in HIS


and LIS media were not significantly different.


The effect of PGE2 on [Ca2 +]i of RBCs was studied after


5 and 45 min of incubation in the Ca2 +-containg HIS


medium. Experiments were carried out with PGE2 at con-


centrations ranging from 10� 7 to 10� 11 M. For one set of


experiments PGE2 was dissolved in ethanol, for the other it


was dissolved in deionised water. In all cases, there was no


significant effect on [Ca2 +]i (data not shown). These experi-


ments were repeated with ATP-depleted cells, with the same


result (i.e. no significant effect of PGE2, 10
� 7–10� 11 M,


on [Ca2 +]i). Finally, the effect of PGE2 was investigated in


the presence of carbachol (100 AM), which simulates the


opening of the nonselective voltage-activated cation chan-


nel [21,33]. Again, no significant change of [Ca2 +]i was


observed.

4. Discussion


The intracellular free Ca2 + concentration ([Ca2 +]i) was


investigated in human RBCs incubated in solutions of


physiological and low ionic strength using the Ca2 +-sensi-


tive fluorescent dye fura-2. Values of [Ca2 +]i obtained in
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controls (i.e. Ca2 +-containing HIS medium) were similar to


those already reported in literature [8–10]. The slight


increase of [Ca2 +]i after 1 h of incubation in the Ca2 +-


containing HIS solution could result from reduction in the


activity of the Ca2 + pump. The incubation of RBCs in


Ca2 +-free HIS solution containing EGTA (resulting in a


level of ionised Ca < 10� 13 M [24]) lead to a reduction of


[Ca2 +]i within the first 5 min of incubation. Such an effect


has already been reported [24,31]. It has been proposed that


this decrease in [Ca2 +]i results from Ca2 + extrusion by the


Ca2 + pump [24], subsequent to removal of Ca2 + bound to


the outer membrane surface by EGTA and also Ca2 + release


from intracellular binding sites.


RBCs transferred from the Ca2 +-containing into the


Ca2 +-free LIS solution showed the same response to the


reduction of extracellular Ca2 + as those in HIS media.


Interestingly, the measured [Ca2 +]i in Ca2 +-containing LIS


solution is lower than in the corresponding HIS solution,


although the passive Ca2 + influx is higher in the LIS


solution in the first 10 min of incubation (estimated with


ATP-depleted cells). To explain this decrease in [Ca2 +]i, one


has to assume (i) an activation of the Ca2 + pump immedi-


ately after the beginning of a higher Ca2 + uptake in LIS


solution, and/or (ii) a higher binding capacity of [Ca2 +]i at


intracellular binding sites of the RBCs in LIS solutions.


Taking into account alkalinisation of the cytoplasm after


transfer to the LIS solution (reaching a pHif 7.7, which is


reduced to the normal level of f 7.2 over the next 30 min


(see below and Ref. [34]), an increase in calcium binding


capacity of low-affinity intracellular binding sites of phos-


pholipids can be expected. Moreover, there are no available


data suggesting that alkalinisation, unlike acidification,


affects calcium binding properties of another important


cytosolic calcium buffer� calmodulin (CaM), which is


present in human erythrocytes at micromolar (3� 5 AM)


concentration [35]. It was shown that 5% of the CaM in


erythrocytes is involved in the interaction with Ca2 +-


ATPase and that 95% of CaM is available for the interaction


with other membrane proteins and modulation of their


interactions [36]. There is an absolute Ca2 + requirement


for CaM-induced regulation of all protein interactions.


Small increases in Ca2 + concentrations would result in rapid


Ca2 + binding to the amino-terminal domain of CaM, which


has the potential to ensure fast activation of Ca2 +-ATPase


necessary for rapid calcium removal with Ca2 + pump [37].


It is also worth noting that subsequent activation of the


Ca2 +-ATPase requires an association with CaM bound to


two Ca2 +. Taking into account the dissociation constants of


the (Ca2 +)2–CaM complex (23 nM [35]) and the Ca2 +–


fura-2 complex (155 nM, estimated in the present paper),


CaM appears to compete with fura-2 for Ca2 +, since it has a


slightly lower Ca2 + binding energy (� 10.82 kcal/mol) as


fura-2 (� 9.5 kcal/mol). In Ca2 +-free HIS and LIS solution,


however, [Ca2 +]i was nearly the same and was not altered


by incubation over 1 h, suggesting that this free intracellular


Ca2 + concentration represents the nonextractable pool of

[Ca2 +]i, which cannot be further decreased. The estimated


low level of [Ca2 +]i is in agreement with the corresponding


values reported by Lew et al. [3] and Foder and Scharff [31].


The nonlinear kinetics of the Ca2 + influx seen in Ca2 +-


containing HIS and LIS solutions is characterised by two


phases: (i) a fast increase of [Ca2 +]i over the first 10 min


followed by (ii) a slower increase over the next 35 min. As


can be seen from Table 2, the Ca2 + uptake is faster in LIS


media compared to HIS solution over the first 10 min of the


experiment. Such an effect might be expected from the


change in transmembrane potential from about � 10 mV in


the HIS solution to about + 40 mV in the LIS solutions.


However, such a relative high positive transmembrane


potential occurs only immediately after the cells are trans-


ferred into the LIS solutions. During the next 30 min, the


cells will lose a significant amount of KCl. In addition, the


intracellular pH, which increases to about 7.7 after transfer-


ring the RBCs into the LIS solutions [17], is reduced below


its original value in HIS solution of 7.2. Therefore, it is


evident that the transmembrane potential of the RBCs in the


LIS solutions will return to its original physiological value


over a 30-min time period in these media (for detailed


discussion of this process, see Ref. [34]). At conditions


where the RBCs have a high (positive) transmembrane


potential, i.e. immediately after the cells are transferred into


the LIS solutions, there will be an activation of the nonse-


lective voltage-activated cation channel resulting in an


increase of the Ca2 + influx in comparison to the HIS


solution [21]. This effect is small in the absence of carba-


chol, which simulates the channel opening [33]. Such an


explanation also fits with the findings of Donlon and


Rothstein [13] who found that the stimulation of the K+


efflux in LIS solutions was more pronounced when the


transmembrane potential was higher than + 40 mV. This


effect could be interpreted as an activation of the K+(Na+)/


H+ exchanger at reduced ionic strength of the solutions and


an additional activation of the nonselective voltage-activat-


ed cation channel at transmembrane potentials higher than


+ 40 mV. The presence of a nonlinear kinetics in the HIS


solutions can be explained by various mechanisms: (i) the


existence of more than one unknown passive Ca2 + pathway


present in the RBC membrane, and/or (ii) the activation of


the Ca2 + pump. The second possibility cannot be ruled out


although the intracellular ATP concentration is low (but not


zero). Therefore, an immediate increase of [Ca2 +]i can result


in an activation of the Ca2 + pump [11,38]. As it was already


shown by Wüthrich et al. [39], a large Ca2 + influx can


generate intracellular ATP, restoring pump activity.


To evaluate the mechanism of PGE2 activation of the


Ca2 +-activated K+ channel postulated by Li et al. [1], we


studied the effect of PGE2 on [Ca2 +]i in fura-2-loaded


cells. Our results show that the addition of PGE2, dis-


solved either in deionised water or in ethanol, over a wide


range of concentrations (10� 7� 10� 11 M), had no signif-


icant effect on [Ca2 +]i. In this respect, it seems of


importance to note that Rasmussen et al. [26] described
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a decrease of the intracellular Ca2 + pool of RBCs after the


addition of 10� 11 M PGE2. How can activation of the


Ca2 +-activated K+ channel be explained in the absence of


an increase of [Ca2 +]i? Two possibilities should be con-


sidered: (i) a direct activation and/or an increase of the


sensitivity of the Ca2 +-activated K+ channel to Ca2 +


induced by PGE2 or (ii) a Ca2 + uptake by the RBCs that


is immediately buffered, increasing the overall Ca2 + pool


(although this would be in contrast to the findings of


Rasmussen et al. [26]) and/or transported out of the cells


by an activated Ca2 + pump (in this case, an activation of


the Ca2 + pump in ATP-depleted cells has to be assumed,


see above). The first possibility is supported by the fact


that PGE2 also directly affects the nonselective voltage-


activated cation channel [27]. However, it is still surprising


that no significant change of [Ca2 +]i after the addition of


PGE2 to the RBC suspension could be observed since


under these conditions Ca2 + should enter the cells via the


nonselective voltage-activated cation channel [27]. In this


respect, the second possibility cannot be ruled out. How-


ever, the underlying mechanism is unclear at the moment


and deserves further investigations.
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Abstract


The effect of substances as possible inhibitors of the K+(Na+)/H+ exchanger in the human red cell membrane has been tested on the


(ouabain + bumetanide + EGTA)-resistant K+ influx in both physiological (HIS) and low ionic strength (LIS) solution with tracer kinetic


methods. It is demonstrated that high concentrations of quinacrine (1 mM) and chloroquine (2 mM) inhibit the residual K+ influx in LIS


solution to 60% and 85%, respectively, but activate it in HIS solution. Thus, chloroquine suppressed the 10-fold LIS-induced activation of the


flux nearly completely. Amiloride derivatives were able to inhibit the K+ influx in both HIS and LIS solution. EIPA (75 AM) reduced the flux


by about 20% and 55% in HIS and LIS solution, respectively. Newly developed drugs (HOE 642, 1 mM; HOE 694, 0.5 mM) designed to


inhibit Na+/H+ exchanger isoforms showed an inhibition of the residual K+ influx of 40% and 33% in HIS and 65% and 44% in LIS solution,


respectively, without haemolysis. The inhibitory effect of HOE 642 persisted in HIS (24%) and LIS (48%) solutions when Cl� was replaced


by CH3SO4
�. The K+–Cl� cotransport inhibitor DIOA (100 AM) stimulated the residual K+ influx in both solutions. It is, therefore,


concluded that the K+–Cl� cotransporter does not contribute to the residual K+ influx both in HIS and LIS media. Okadaic acid decreased the


residual K+ influx by 40% and 25% in HIS and LIS solution, respectively, showing that the residual K+ influx is affected by phosphatases like


other ion transport pathways. The results show that the residual K+ influx can be decreased further by inhibiting the K+(Na+)/H+ exchanger. It


remains still unclear to what extent the K+(Na+)/H+ exchanger is inhibited by the different substances used. However, the ground state


membrane permeability for K+ is much smaller than assumed so far.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction Na+–K+–2Cl� cotransporter and the Ca2 +-activated K+

The problem of how a monovalent cation passes (dif-


fuses) through a biological membrane in the absence of a


specific transport system is still a matter of debate. One


obvious model system for ion transport studies, including


studies on the electrodiffusive mechanism, appeared to be


the red blood cell (RBC), which offered many experimental


advantages for ion flux measurements. Until quite recently,


the best methodological approach to measure the residual


ion fluxes, i.e. fluxes persisting after inhibiting and/or not


activating existing specific transport pathways (pumps,


channels, carriers), across the RBC membrane was to


determine the K+ influx or efflux in the presence of ouabain,


bumetanide and EGTA, to suppress the Na+/K+ pump, the

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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channel, respectively [1]. In addition, chloride in the cell


suspending solution has to be replaced by nitrate or meth-


ylsulphate to inhibit any K+ flux mediated by the Cl�-


dependent K+–Cl� cotransport system [2,3]. The K+–Cl�


cotransport is normally silent under physiological conditions


and can be activated by different manoeuvres only [4].


However, nowadays, one has to take into consideration that


under these conditions there are still two transport pathways


present in the human RBC membrane, which are not


affected. This are the non-specific, voltage-activated cation


channel [5] and the K+(Na+)/H+ exchanger [6,7] both


recently identified in the human RBC membrane, and the


latter already cloned in humans [8]. The first is activated at


positive transmembrane potentials only [5] and, therefore,


should not play a substantial role under physiological


conditions, i.e. negative transmembrane potentials. The


contribution of the second pathway is more complicated to


analyse, since no inhibitor is presently available for the
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K+(Na+)/H+ exchanger. From previous work, it is known


that the K+(Na+)/H+ exchanger is remarkably activated in


low ionic strength (LIS) solutions [9]. However, at the


moment, it remains unclear (i) whether the K+(Na+)/H+


exchanger contributes to the residual, i.e. (ouabain + bu-


metanide + EGTA)-resistant, flux in physiological ionic


strength (high ionic strength, HIS) solution at all; and (ii)


to what extent it is contributing to the activation of the K+


flux in LIS solution. The aim of the present work was,


therefore, to find inhibitors for the K+(Na+)/H+ exchanger


and to clarify the possible participation of this pathway in


the residual fluxes in both HIS and LIS solutions.

2. Experimental


2.1. Blood and solutions


Freshly drawn blood from healthy human donors was


used for the experiments. Red blood cells were separated by


centrifugation (2000� g, 5 min) at room temperature.


Plasma and buffy coat were aspirated, and the cells were


washed three times with a physiological NaCl (HIS) solu-


tion containing (mM): NaCl 145, glucose 10, morpholino-


ethane sulphonic acid/Tris-(hydroxymethyl)aminomethane


(MES/Tris) 10, pH 7.4 at room temperature. The red cells


were then washed once in the appropriate medium used for


the flux experiment.


To measure fluxes (see below) under LIS conditions, the


cells were resuspended in a solution of the following


composition (mM): sucrose 200, glucose 10, MES/Tris 10,


pH 7.4. The solution that is commonly used to replace 145


mM NaCl contains 250 mM sucrose to maintain the


osmolarity. However, the solution used contained only 200


mM sucrose to avoid an initial shrinkage of the cells [7].


Experiments with the phosphatase inhibitors calyculin A


and okadaic acid were carried out by a pre-incubation at 37


jC with the substances in physiological HIS solution for 20


min. Then, the cells were washed once in the appropriate


medium used for the flux experiment.


In the experiments where Cl� was replaced by CH3SO4
�,


the cells were treated as described previously [2] in a


medium comprising (mM): NaCH3SO4 165, glucose 10,


MES/Tris 10, pH 7.4. This solution has the same tonicity as


the HIS solution [9].


2.2. Measurement of the K+ influx


Washed erythrocytes were suspended at about 5% hae-


matocrit in a total volume of 1 ml of flux medium (HIS or


LIS solution) contained in an Eppendorf 1.5 ml micro-


centrifuge tube. In all experiments ouabain (100 AM),


bumetanide (100 AM) and EGTA (100 AM) were present


in the solution during the flux measurement. The cell


suspension was equilibrated at the flux temperature of 37


jC for 5 min after which tracer solution ([KCl + 86RbCl]) or

([KCH3SO4 +
86RbCl], for Cl� replacement experiments),


7.5 mM final concentration was added. The duration of


exposure of cells to isotope (i.e. the flux time) was 30 min.


The isotope uptake was stopped by centrifugation at


15,000� g (10 s) and the supernatant removed by aspira-


tion. The cells were then washed free of extracellular


radioactivity by four successive resuspensions and centrifu-


gations (15,000� g, 10 s) in ice-cold medium consisting of


(mM): MgCl2 106, N-morpholinopropane sulphonic acid


(MOPS) 10, pH 7.4. The cell pellet was lysed with 0.5 ml of


1% (v/v) Triton X-100 and the protein precipitated by


adding 0.5 ml of 5% (w/v) trichloroacetic acid followed


by centrifugation at 15,000� g for 5 min. The activity of
86Rb in the supernatant was determined by Cerenkov


counting in a liquid scintillation analyser (Packard Tri-Carb


2900). Haemoglobin content of red cell suspensions was


determined as cyanmethhaemoglobin using Drabkin’s


reagent. If haemolysis occurred during the flux measure-


ment, the haemoglobin content of the supernatant was also


determined.


2.3. Reagents


Inorganic salts, sucrose and glucose were of analytical


grade. DIOA, quinacrine, chloroquine, quinine, amiloride,


the amiloride derivatives dimethylamiloride (DMA), ethyl-


isopropylamiloride (EIPA), hexamethyleneamiloride


(HMA) and benzamil were obtained from Sigma (St. Louis,


MO). HOE 694 and HOE 642 (cariporide) are products of


Aventis Pharma Deutschland (Frankfurt/M., Germany).


Calyculin A and okadaic acid were acquired from QBio-


gene-Alexis (Grünberg, Germany). MES was purchased


from SERVA (Heidelberg, Germany) and Tris from Carl


Roth GmbH and Co. (Karlsruhe, Germany). Acridine was


obtained from Acros Organics (Geel, Belgium), and


NaCH3SO4 and KCH3SO4 were purchased from Merck


(Darmstadt, Germany). 86Rb (in RbCl) was produced by


Amersham Biosciences (Amersham, UK). Quinacrine and


chloroquine were dissolved in deionised water; guinine was


dissolved in ethanol; acridine and amiloride and its deriv-


atives as well as HOE 694 and HOE 642 were dissolved in


DMSO.


2.4. Statistical treatment of results


Each experiment was repeated at least three times on


blood from different donors. The results are presented as the


meanF S.D. of independent experiments. When errors are


not shown, they were smaller than the symbols.

3. Results


The strategy of finding substances that act as inhibitors


of the K+(Na+)/H+ exchanger was to investigate quina-


crine, known as inhibitor of the mitochondrial K+/H+
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exchanger [10], and related substances, as well as amilor-


ide, known as inhibitor of the Na+/H+ exchanger isoform 1


(NHE1) [11], and its derivatives. In addition, two newly


designed drugs (HOE 694, HOE 642 (cariporide)) have


been tested.


In comparison to quinacrine, chloroquine, quinine and


acridine has been tested. Fig. 1A and B presents the dose–


response curves for quinacrine and chloroquine in HIS and


LIS solution, respectively. In HIS solution, both substances


increased the (ouabain + bumetanide + EGTA)-resistant K+


influx with increasing concentration. At 1 mM, a 12-fold


or 3-fold activation of the K+ influx was achieved with


quinacrine and chloroquine, respectively. Interestingly,


these results were obtained without haemolysis (0.9% for


quinacrine, 0.6% for chloroquine). However, in contrary to


the results in HIS solution an inhibition is seen in LIS


solution. Quinacrine (1–2 mM) inhibited the K+ influx by


about 60% accompanied with a haemolysis of 8.7%. With


chloroquine (2 mM) an inhibition of 85% was achieved


and the haemolysis was 2.7% only. The IC50 values


estimated from the curves are 81 and 66 AM for quinacrine


and chloroquine, respectively. Quinine showed a small


(10%) inhibition of the K+ flux in LIS solution only. In


the presence of acridine, no significant change of the K+


flux in LIS solution could be measured up to 300 AM, at


higher concentrations a significant increase of the K+


influx was observed (data not shown). The structural


comparison of the tested substances let us assume that


the side chain –NH–CH(CH3)–(CH2)3–N(C2H5)2 causes


the inhibitory effect on the (ouabain + bumetanide + EGTA)-


resistant K+ influx in LIS solution.


Together with amiloride, benzamil, DMA, EIPA and


HMA have been tested. In HIS solution, amiloride (100


AM) induced a small but significant activation (19%) of the


(ouabain + bumetanide + EGTA)-resistant K+ influx. Benza-


mil (100 AM) did not show a significant change of the K+

Fig. 1. Dose– response curves for quinacrine (.,o) and chloroquine (n,5) on the


(B) LIS (o,5) solution. Flux values are corrected for haemolysis. For flux soluti

influx compared to the control. With DMA (100 AM), EIPA


(10 AM) and HMA (10 AM) an inhibition of 24%, 20% and


11% was obtained, respectively (data not shown). A 10-fold


lower concentration for EIPA and HMAwas used because at


100 AM both substances caused a nearly 10% haemolysis of


the cells. In LIS solution, all amiloride derivatives (10 or


100 AM) showed an inhibition of up to 30%. With higher


concentrations, it was possible to achieve inhibitory effects


as far as 55%.


In addition, new substances designed to block Na+/H+


exchange (HOE 694 [12] and HOE 642 [13]) have been


investigated for their inhibitory effect on the K+ influx.


Dose–response curves are shown in Fig. 2. Interestingly,


both substances showed a remarkable inhibitory effect in


HIS (Fig. 2A) and LIS (Fig. 2B) solution. For HOE 694 (0.5


mM), an inhibition of 33% and 44% of the (ouabain + bu-


metanide + EGTA)-resistant K+ influx was obtained in HIS


and LIS solution, respectively. The estimated IC50 values


are 108 AM in HIS and 74 AM in LIS solution. However, in


HIS solution, HOE 694 concentrations higher than 0.5 mM


produced no further inhibition but a recovery to control


values. The corresponding results for HOE 642 (1 mM)


were 40% and 65% inhibition in HIS and LIS solution,


respectively. The calculated IC50 values are 158 AM in HIS


and 285 AM in LIS solution. The haemolysis caused by


HOE 694 and HOE 642 was less then 1% in both solutions,


except for HOE 694 in LIS solution (1.8%). Thus, in


contrast to quinacrine and chloroquine, the amiloride deriv-


atives were able to inhibit the (ouabain + bumetani-


de + EGTA)-resistant K+ influx in HIS and LIS solutions.


In the case of HOE 694 and HOE 642, the inhibition of the


flux in HIS and LIS solutions were nearly identical (in %),


and the haemolysis was negligible at high concentrations of


these drugs.


Further investigations were carried out to prove whether


the K+(Na+)/H+ exchanger is regulated by phosphatases.

(ouabain + bumetanide +EGTA)-resistant K+ influx in (A) HIS (.,n) and


ons and flux measurement, see Section 2.







Fig. 2. Dose– response curves for HOE 694 (.,o) and HOE 642 (n,5) on the (ouabain + bumetanide + EGTA)-resistant K+ influx in (A) HIS (.,n) and (B)


LIS (o,5) solution. Flux values are corrected for haemolysis. For flux solutions and flux measurement, see Section 2.
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Therefore, the effect of calyculin A as well as okadaic acid,


both phosphatase inhibitors, on the (ouabain + bumetani-


de + EGTA)-resistant K+ influx was studied (Fig. 3). In


HIS solution, calyculin A caused an inhibition of the flux


of 57%. The IC50 value was 21 nM (Fig. 3A). In LIS media,


no significant changes could be observed (Fig. 3A). With


the addition of okadaic acid, an inhibition of the (oua-


bain + bumetanide + EGTA)-resistant K+ influx of 40% was


achieved in HIS solution (IC50 = 94 nM). Contrary to


calyculin A, okadaic acid was able to inhibit the K+ influx


in LIS solution by 25% (Fig. 3B). The optimal concentration


for this effect seems to be 0.75 AM. If the concentration of


okadaic acid was higher, the inhibitory effect decreased.


Because the estimated IC50 value of 21 nM for calyculin


A in HIS solution is very close to the IC50 value for the K
+–


Cl� cotransporter [14], the effect of DIOA on the (oua-

Fig. 3. Dose–response curves for (A) calyculin A (.,o) and (B) okadaic acid (n,


and LIS (o,5) solution. For flux solutions and flux measurement, see Section 2.

bain + bumetanide + EGTA)-resistant K+ influx was investi-


gated. DIOA is a known inhibitor of the K+–Cl�


cotransporter [15] that acts optimal in a concentration range


of 80–100 AM without affecting other transport systems.


However, the addition of DIOA (100 AM) caused a small


but significant activation of 27F 7% of the K+ influx in HIS


solution (data not shown). This result demonstrates that the


K+–Cl� cotransporter is not involved in the (ouabain + bu-


metanide + EGTA)-resistant K+ influx in HIS solution. Also,


in LIS solution, an activation of the K+ influx caused by


DIOA occurred (377F 30%). Another attempt to rule out


any participation of the K+–Cl� cotransporter was made by


replacing the Cl� in HIS and LIS solutions by CH3SO4
�. In


methylsulphate media, the inhibitory effect of HOE 642 (1


mM) on the K+ influx was 24F 7% and 48F 8% in HIS


and LIS solution, respectively (data not shown).

5) on the (ouabain + bumetanide + EGTA)-resistant K+ influx in HIS (.,n)
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4. Discussion


The (ouabain + bumetanide + EGTA)-resistant K+ influx


(residual K+ influx) of human RBCs accounts for only 5%


of the totally measurable K+ influx in HIS solution. The


other 95% are maintained by two transport systems, the


Na+/K+ pump (about 70%) and the Na+–K+–2Cl� cotrans-


porter (about 25%). However, in LIS solution, 50% of the


total K+ influx contributes to the residual K+ influx, the


other 50% are maintained by the pump (the Na+–K+–2Cl�


cotransport is nearly zero at very low outside Cl� concen-


trations) [16,17]. It has been shown that the 10-fold activa-


tion of the residual K+ influx in LIS solution, in comparison


to HIS solution, is mainly caused by the K+(Na+)/H+


exchanger [6,7].


The presented results show for the first time that sub-


stances are available to inhibit the residual K+ influx in HIS


solution further, leading to a new level of the ground


permeability of the human red blood cell membrane for


K+. In addition, substances have been found that suppress


the activation of the residual K+ influx in LIS solution to a


remarkable extent. The classical amiloride derivatives


known to prevent Na+/H+ exchange inhibit the residual


K+ influx in both HIS and LIS solution. Newly designed


drugs for the inhibition of Na+/H+ exchange (HOE 694,


HOE 642) are more effective in their inhibitory effect on


the residual K+ influx in HIS and LIS solutions. For the


human Na+/H+ exchanger the IC50 values for HOE 694 and


HOE 642 are 160 nM [18] and 80 nM [19], respectively.


The estimated IC50 values for the K+(Na+)/H+ exchanger


(this paper) are 3 orders of magnitude higher. However,


since HOE 694 and HOE 642 reduce the residual K+ influx


in HIS and LIS solution to nearly the same extent, it can be


assumed that the K+(Na+)/H+ exchanger is active under


both conditions.


Quinacrine that has been shown to inhibit K+/H+


exchange [10] inhibits the residual K+ influx only in


LIS solution. The same effect is seen for chloroquine


indicating the largest inhibition in LIS solution. Interest-


ingly, the residual K+ influx in LIS solution can be


suppressed by chloroquine nearly to the flux value deter-


mined in HIS media. The activation of the residual K+


influx in HIS solution caused by quinacrine and chloro-


quine is not very surprising taking into account the


activation of the K+/H+ exchanger in the mitochondria


membrane in the presence of quinacrine under certain


conditions [10]. However, at the moment, the mechanism


of activation remains unclear. It cannot be excluded that


both substances directly activate the K+(Na+)/H+ exchang-


er or another transport system, which is silent but not


selectively inhibited under the experimental conditions


(e.g., K+–Cl� cotransport).


The observed inhibition of the residual K+ influx caused


by okadaic acid and calyculin A show that the K+(Na+)/H+


exchanger is influenced by phosphatase inhibitors like other


cotransporters. It is known from literature that okadaic acid

activates the Na+/H+ exchanger [20,21] and the Na+–K+–


2Cl� cotransporter [22] but inhibits the K+–Cl� cotrans-


porter [23].


The different effect of calyculin A and okadaic acid in


LIS solution can be explained on the basis of the findings of


Bize et al. [14] showing that with decreasing osmolarity


(produced by a decrease in the ionic strength of the solution)


an increasing amount of the protein phosphatase type 1 is


bound to the membrane whereas protein phosphatase type


2A stays in the cytosol. It seems possible, therefore, that


okadaic acid does not affect the K+(Na+)/H+ exchanger via


membrane-bound phosphatases.


One serious problem is the involvement of the K+–Cl�


cotransporter in the observed effects. It has been shown


that the K+–Cl� cotransporter is not involved in the


residual K+ influx in HIS and LIS solutions. This was


concluded from experiments where Cl� in the solution and


in the RBCs has been replaced by NO3
� or CH3SO4


� by


repeatedly washing the cells and demonstrating no signif-


icant changes of the flux in the different media [9,17,24].


A further argument against the participation of the K+–Cl�


cotransporter in the residual K+ influx is based on the


finding that the residual Na+ influx in LIS solution is


similarly stimulated like the K+ influx [6,9]. In addition,


three different manoeuvres to suppress the K+–Cl� co-


transport in low potassium-type (LK) sheep red cells


(replacement of Cl� by NO3
�, volume decrease, inhibition


by anti-L1 antibodies) have no effect on the LIS-stimulated


residual K+ influx [25]. However, Bize et al. [14] demon-


strated an involvement of the K+–Cl� cotransport in the


residual K+ influx by about 50% under physiological


conditions on the basis of experiments where Cl� was


replaced by sulphamate (amidosulphonate). The decrease


of the Cl�-dependent component caused by calyculin A


and okadaic acid described by these authors was explained


as inhibition of the K+–Cl� cotransporter. However, these


results are not consistent with other reports (see above).


Furthermore, the estimated flux values for the residual K+


influx under control conditions, i.e. in physiological solu-


tion (0.04 mmol/(lcells�h) [14]), are much smaller than the


corresponding values obtained in the present investigations


(0.121F 0.025 mmol/(lcells�h), n= 37) and values reported


in the literature [9,24]. That the K+–Cl� cotransport does


not play a substantial role in the residual K+ influx is


supported by the finding that (i) the inhibitory effect of


HOE 642 persists in HIS and LIS solutions when Cl� is


replaced by CH3SO4
� and (ii) DIOA, an inhibitor of the


K+–Cl� cotransport, activates the flux in HIS and LIS


solution. The more pronounced stimulation in LIS media is


not surprising taking into consideration that many classical


inhibitors for other transport pathways also activate the


residual K+ influx, especially under LIS conditions [17]. In


addition, if the K+–Cl� cotransporter was involved, one


would assume that okadaic acid should give nearly the


same results as calyculin A in LIS solution, which is not


the case.
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5. Conclusion


It can be concluded that a remarkable part (about 50%) of


the so far supposed residual K+ influx (representing the


ground permeability of the membrane for K+) in HIS


solution is realised by the K+(Na+)/H+ exchanger. Taking


into account the more pronounced inhibition (about 85%) of


the residual K+ influx caused by some substances in LIS


solution, it seems realistic to assume that inhibitors will be


found, which reduce the residual K+ influx in both HIS and


LIS solution to a greater than 50% extent.
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Abstract


KCC activity in normal human red cells (containing haemoglobin A, HbA, and termed HbA cells) is O2-dependent, being active in


oxygenated cells but inactive in deoxygenated ones. The mechanism for O2 dependence is unknown but a role for Hb has been suggested. In


this paper, we address two main questions. First, do membrane ghosts prepared from HbA cells retain an O2-sensitive KCC activity? Second,


how is the response of KCC to changes in O2 tension altered in sickle cell patients heterozygous for HbS and HbC? We found that substantial


Cl�-dependent K+ influx, indicative of KCC activity, was present in both pink (5–10% normal Hb complement) and white (no measurable


Hb) ghosts when equilibrated with air. KCC responded to deoxygenation in pink ghosts only (86F 10% inhibition, meanF S.E.M., n = 3),


whilst KCC activity in white ghosts remained high (23F 8% inhibition). Results indicate that pink ghosts retain an O2-dependent KCC


activity but that this is lost in white ghosts. Second, HbSC-containing red cells showed sickling (88F 3%) when deoxygenated, together with


activation of the deoxygenation-induced cation pathway (Psickle) and the Gardos channel. KCC activity, however, was elevated in oxygenated


HbSC cells, but inhibited by deoxygenation. Thus Hb polymerisation and sickling could be dissociated from the abnormal response of KCC


to deoxygenation observed in HbS-containing red cells. These preparations provide a useful system with which to study the components


involved in O2-sensitive membrane transport and why it is perturbed in certain pathological conditions (such as sickle cell disease and


oxidant toxicity).


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Oxygen-sensitive membrane transport systems have


been observed in red cells from a number of different


vertebrates [1]. Changes in transporter activity consequent


upon those in O2 tension are specific, selective and highly


conserved. The effect can be profound, markedly affecting


both transporter activity and its ability to respond to other
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stimuli (e.g. Ref. [2]). A number of possible physiological


roles for O2-sensitive transporters have been hypothesised.


They may also contribute to various pathological condi-


tions should regulation by O2 become abnormal [3,4], as


observed in HbS-containing red cells from sickle cell


patients.


The signal transduction pathway linking changes in O2


tension to the activity of membrane transporters remains to


be elucidated, although evidence suggests that protein


phosphorylation is often involved [5]. Nor has the sensor


been unequivocally identified. Haemoglobin is the major


protein of red cells and also reacts reversibly with O2


making it an obvious candidate [6,7]. A number of obser-


vations support a role for Hb, such as the sigmoidal


response of some transporters to O2 tension and the inabil-


ity of deoxygenation to influence transporter activity fol-


lowing carbon monoxide or nitrite treatment [6,8,9]. In


addition, it has been suggested that in sickle cell disease,
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HbS polymerisation at low O2 tensions subverts the normal


response of transporters such as the K+–Cl� cotransporter


(KCC), e.g. Ref. [10]. It has been suggested, however, that


only a fraction of Hb is involved, in particular that associ-


ated with the plasma membrane [7]. Furthermore, recent


observations with trout red cells, in which KCC cotransport


appears to respond to changes in O2 tension (up to 0.1 MPa)


under conditions when Hb O2 saturation is maximal and


cannot change, raise the possibility that Hb may not be the


sensor [11].


In this paper, we have approached the possible role of Hb


in two ways. First, we use red cell ghosts, which are red cell


membrane preparations, usually formed by hypotonic lysis


followed by isotonic resealing, and which lack some, or all,


of the normal intracellular components. To investigate the


requirement for Hb, we made pink ghosts (with 5–10%


normal Hb concentration) and white ghosts (with no detect-


able Hb). Second, we compared the behaviour of red cells


from sickle trait individuals (HbAS) and sickle cell patients,


either homozygous HbSS or heterozygous HbSC. Red cells


from both groups of sickle patients undergo the sickling


shape change, but in the case of HbSC-containing red cells,


the ensuing disease is less severe. For both, we measured the


response of KCC (probably the KCC1 isoform) to changes


in O2 tension.

2. Materials and methods


2.1. Blood


Samples of HbA-containing red cells (HbA cells) were


obtained by venepuncture of normal individuals (homozy-


gous HbAA), sickle cell patients of the HbSS and HbSC


genotype, and a limited number of sickle trait (HbAS)


individuals—all from consenting volunteers and with ethical


consent. Samples were taken in heparin-containing syringes


and stored at 4 jC until required, when they were processed


as described previously [12].


2.2. Chemicals


Bumetanide, [dihydroindenyloxy] alkanoic acid (DIOA),


(3-[N-morpholino] propanesulphonic acid (MOPS), ouabain


and inorganic salts were all purchased from the Sigma,


Poole, Dorset, UK; 86Rb+ from NEN Du Pont, Stevenage,


UK.


2.3. Solutions


The standard medium for ghost experiments was MOPS-


buffered saline (MBS) comprising, in mM: NaCl 145,


MOPS 10, glucose 5, pH 7.4 at 37 jC, 290F 5 mosM


kg� 1. HbA cells, HbSS-containing red cells (HbS cells),


HbSC-containing red cells (HbSC cells) were suspended in


saline containing, in mM: KCl 80, NaCl 70, MgCl2 0.15,

CaCl2 2.5, inosine 10, and MOPS 10, pH 7.4 at 37 jC.
Where required, NaCl was replaced by equimolar NaNO3


(Cl�-free MBS); anion substitution was achieved by wash-


ing the cells 5� in the appropriate medium. Stock solutions


of ouabain (10 mM) and bumetanide (1 mM) were prepared


in water and 100 mM Tris base, respectively. Lysing


solution (LS) contained, in mM: ethylenediaminetetraacetic


acid (EDTA) 0.1, piperazine-N,NV-bis[2-ethanesulphonic ac-
id] (PIPES) 15, pH 6.5 at 0 jC. Resealing solution (RS)


contained, mM: NaCl 10, KCl 140, MOPS 10, MgCl2 0.15,


ethylene glycol-bis(h),N,NV,NV-tetraacetic acid (EGTA) 0.1,


Na phosphocreatine 5, K3ATP 3, and creatine kinase 10


units ml� 1, pH 7.4 at 37 jC.


2.4. Preparation of ghosts


Pink ghosts were prepared by adding packed red cells to


four volumes of LS at 0–2 jC. The haemolysate was placed


on ice for 5 min, centrifuged (5 min, 40000� g, 0 jC) and
the supernatant was removed. Cooled RS (five times the


initial red cell volume) was added (producing a 10-fold


dilution of cytoplasm). The suspension was incubated on ice


for 10 min, and then for 1 h at 37 jC. White ghosts were


prepared by gel filtration chromatography using a method


based on that of Wood and Passow [13,14]. Briefly, red cells


were layered onto a Pharmacia column (length 40 cm,


diameter 2.5 cm) containing Biogel A50 m (50–100 mesh,


50 mDa exclusion limit), equilibrated with LS at 0–2 jC.
Membranes were eluted at a rate of 0.55 ml min� 1 and


collected on ice. Membranes appeared after 60–70 ml


elutant had been collected, during which the Hb band had


traveled about half the length of the column. The suspension


of eluted membranes was centrifuged at 40000� g, 10 min,


0 jC, and the supernatant removed. The membranes were


then suspended in RS, for 10 min on ice and then for 1 h at


37 jC. After resealing, both sets of ghosts were washed


three times in Cl�-free MBS by successive centrifugations


and resuspensions (40000� g, 5 min).


2.5. Tonometry


O2 tension was controlled by incubating cells in


Eschweiler tonometers coupled to a Wösthoff gas mixing


pump as described previously [8]. Ghosts (about 20%


ghosts to saline in Cl�-free MBS) or HbSC red cells


(40% haematocrit, Hct) were pre-incubated for 30 min in


air to allow ATP synthesis. This and all subsequent


procedures were carried out at 37 jC. They were then


placed in tonometers at the requisite O2 tension for 15


min. Samples were then simultaneously (i) diluted 10-fold


into MBSFCl�, pH 7, 245 mosM kg� 1, for measure-


ment of the acid- and swelling-stimulated Cl�-dependent


K+ influx (taken as representing the activity of KCC) or


(ii) diluted in MBSF 0.1 mM ouabain for measurement


of the ouabain-sensitive K+ influx (taken as Na+/K+ pump


activity).







 
   


   
   


   
   


Fig. 1. Ouabain-sensitive and Cl�-dependent K+ influxes in pink and white


ghosts from HbA cells. K+ influx was measured in the presence and


absence of ouabain (100 AM), and FCl�, to determine the activity of the


Na+/K+ pump and the K+–Cl� cotransporter (KCC). Bumetanide (10 AM)


was present in all cases; ouabain (100 AM) was present for determination of


KCC activity. Histograms represent meansF S.E.M. (n= 3).
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2.6. Flux measurements


Potassium fluxes were determined at 37 jC using 86Rb as


a congener, added in KNO3 to give a final K+ concentration


of 7.5 mM (see Ref. [12] for details). Ouabain (0.1 mM) and


bumetanide (0.01 mM) were present unless stated, to inhibit


the Na+/K+ pump and Na+–K+–2Cl� cotransporter. Packed


ghost volume (around 20%) or Hct of intact red cells were


determined by microhaematocrit centrifugation before the


10-fold dilution. K+ influxes are expressed in standard units


of mmol K+ (l ghosts h)� 1 and given as meansF S.D. of n


measurements. Cl�-dependent K+ influx was taken as a


measure of KCC activity; Cl�-independent K+ influx at low


O2 tension as a measure of the deoxygenation-induced


cation pathway, Psickle [15]; and clotrimazole (5 AM)-sensi-


tive K+ influx as a measure of Gardos channel activity.


2.7. Sickling assay


Red cell samples, taken under the identical conditions


(particularly O2 tension) used for influx assays, were fixed


in saline containing 1% glutaraldehyde for analysis of cell


shape. See Gibson et al. [16] for full methodology.


2.8. Statistics


Data are presented as meansF S.E.M. for three separate


determinations on samples from different individuals, unless


otherwise stated. Comparisons were made using Student’s


paired t-test.

3. Results


3.1. K+ transport pathways in pink and white ghosts


All ghosting procedures interfere to some extent with


normal membrane permeability. In particular, in some


cases, cation permeability remains elevated after resealing


and makes it unfeasible to measure the relatively small


component of K+ transport occurring via specific path-


ways. In the first series of experiments, therefore, we


determined the integrity of the pink and white ghosts to


K+ under oxygenated conditions. Ouabain-sensitive or


Cl�-dependent K+ influxes were measured to assess the


activities of Na+/K+ pump and K+–Cl� cotransporter


(KCC), respectively. Results are shown in Fig. 1. Although


the ‘‘basal’’ K+ permeability (i.e. resistant to ouabain and


bumetanide, as well as being Cl�-independent) was higher


than in intact cells, being about 1–1.5 mmol (l cells h)� 1,


both pink and white ghosts had considerable K+ influx


through these specific pathways. Ouabain-sensitive K+


transport was 0.59F 0.13 mmol (l cells h)� 1 and


0.66F 0.03 in pink and white ghosts, respectively; Cl�-


dependent K+ influxes were 0.93F 0.16 in pink ghosts and


0.69F 0.07 in white ghosts. Ouabain-sensitive K+ trans-

port was decreased compared to intact HbA cells, but was


of comparable magnitude to that observed in human red


cell ghosts reported in the literature [17]. By contrast,


KCC, which is normally quiescent or of very low capacity


in mature intact red cells, was elevated, and again this is a


normal feature of ghost preparations [17]. Both Na+/K+


pump activity and KCC activity had a similar magnitude in


the two types of ghosts. Regulation of KCC is complex,


involving a cascade of protein kinases and phosphatases,


and this similarity in magnitude may indicate that both


types of ghosts retained similar levels of these regulatory


proteins; Na+/K+ pump activity usually reflects substrate,


and especially ATP, concentrations. It was also noticeable,


however, that absolute values of KCC activity were


variable from individual to individual, range 0.5–0.8


mmol (l cells h)� 1. Finally, DIOA-sensitive K+ influxes,


another measure of KCC activity, were also determined


and found to be similar to Cl�-dependent ones, for


example, 1.00F 0.07 mmol (l cells h)� 1 in pink ghosts.


3.2. Effect of changes in oxygen tension on K+–Cl�


cotransport


Having ascertained the integrity of our ghost and their


suitability for measuring KCC activity, we went on to


investigate the O2 dependence of K+ transport. Fig. 2


shows Cl�-dependent K+ influx in both pink and white


ghosts in fully oxygenated or fully deoxygenated con-


ditions. As noted above, this measure of KCC activity


was high in both ghost preparations in air. When pink


ghosts were deoxygenated, there was a marked reduction







Fig. 2. O2 dependence of Cl
�-dependent K+ influx in pink and white ghosts


from HbA cells. K+ influxes were measured FCl�, to determine the


activity of the K+–Cl� cotransporter in fully oxygenated and fully


deoxygenated ghosts. Bumetanide (10 AM) and ouabain (100 AM) were


present in all cases. Histograms represent meansF S.E.M. (n= 3).


Table 1


Comparison of K+ transport and sickling in red cells from HbSS and HbSC


sickle cell patients


HbSS HbSC


O2 N2 O2 N2


KCC 16.3F 6.5 15.5F 6.3 14.5F 1.9 1.4F 1.1


Gardos 0.5F 0.5 5.8F 1.4 0.0F 0.4 6.1F 2.0


Psickle 4.3F 1.5 15.3F 3.5 4.8F 0.6 14.3F 3.1


Sickling (%) N.A. 76F 8 N.A. 88F 3


Activities, measured as K+ influx in mmol (l cells h)� 1, of the different


transport systems are shown for fully oxygenated cells (O2) and fully


deoxygenated cells (N2). Sickling gives the percent sickled cells in N2.


KCC: K+–Cl� cotransport; Gardos: Gardos channel or Ca2 +-activated K+


channel (or IK1/SK4); Psickle: deoxygenation-induced cation selective


pathway.


Fig. 3. O2 dependence of cation transport in HbSC cells. K+ transport


through KCC, the Gardos channel and the Cl�-independent K+ pathway (as


a measure of flux through the Psickle pathway) is shown in fully oxygenated


and fully deoxygenated HbSC cells. Percentage sickling is also indicated at


each O2 tension. HbSC cells sickled upon deoxygenation and developed a


Psickle-type pathway. Activation of Psickle correlated with sickling. The


Gardos channel was also activated in deoxygenated cells. However, KCC


was substantially inactivated on deoxygenation (by 90%), a characteristic


similar to that shown by normal (HbAA) RBCs.
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in this component of K+ influx (86F 10% inhibition,


p < 0.05). By contrast, although white ghosts had a


comparable level of Cl�-dependent K+ influx in oxygen-


ated ghosts, there was no significant change upon deox-


ygenation (23F 8% inhibition, N.S.). We conclude that


pink ghosts, with about 5–10% normal total Hb concen-


trations, show an O2-dependent KCC activity but that


white ghosts (with no measurable Hb content) do not.


3.3. Membrane transport and sickling in sickle cell disease


The activity of KCC, Gardos channel and Psickle in


oxygenated and deoxygenated HbSS and HbSC cells are


presented in Table 1, and for HbSC cells in Fig. 3. Red


cells from both genotypes of sickle cell disease patients


showed high levels of KCC activity (about 10- to 20-fold


greater than the normal HbA cells). There were differ-


ences, however, in the O2 sensitivity of KCC. Thus, as


published previously, KCC in HbSS cells remained at


similar magnitudes in fully oxygenated and deoxygenated


cells, whilst, by contrast, in the case of HbSC cells, the


transporter was inhibited by deoxygenation. In this re-


spect, its behaviour was more similar to that in HbA


cells. Typical KCC activities for the four different phe-


notypes show the following order: HbAA = Hb-


SAbHbSC = HbSS; whilst inhibition of KCC by


deoxygenation was 87F 4%, 96F 8% and 90F 3% for


HbAA, HbSA and HbSC-containing RBCs, respectively.


As expected, both HbSS and HbSC cells sickled upon


deoxygenation (about 90% cells). Finally, elevation of


clotrimazole-sensitive and deoxygenation-induced Cl�-in-

dependent K+ influxes showed, in both cases, activation


at low O2 tensions of the Gardos channel and Psickle.

4. Discussion


Three important findings arise from this work. First, red


cell ghosts with only a small fraction of their normal total


Hb content retain an O2-dependent KCC activity. Second,


white ghosts, stripped of all Hb, whilst showing consider-


able KCC activity in oxygenated conditions, have lost the


ability to respond to changes in O2 tension. Third, poly-


merisation of HbS/HbSC and the sickling-shape change can


be dissociated from activation of KCC in sickle cells at low
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O2 tensions. These results are significant because they imply


that only a subfraction of Hb, or some other cytoplasmic


regulator, is required for O2 dependence. They also show


that more rigorous removal of Hb during white ghost


preparation removes the O2 sensitivity, at least of KCC.


The red cell ghost preparation therefore represents a very


useful system with which to study the detailed mechanisms


of O2 dependence of membrane transport. Finally, investi-


gating the response of KCC in different genotypes showed


that Hb polymerisation and red cell shape change per se are


not sufficient to subvert the normal O2 dependence of KCC,


but always correlate with the activation of the deoxygen-


ation-induced cation pathway (Psickle).


Red cell ghosts have been used for a number of years


to study various membrane transport mechanisms whilst


controlling the cytoplasmic solute concentrations [18].


Several techniques exist for this purpose, including ion


substitution, ionophores and electroporation, in addition to


ghosting. Ghosting is particularly useful in that it allows


complete control of the intracellular environment, includ-


ing levels of proteins such as Hb. It also allows for


introduction of specific antibodies against possible com-


ponents of the signal transduction apparatus controlling


the transporters. Its disadvantage is that membrane integ-


rity is never completely restored. In addition, the activity


of some transporters becomes higher or lower than in


intact cells. Several different methods for making ghosts


exist and it is important to select the one which is


optimum for the intended study, here the O2 dependence


of KCC.


Pink ghosts were produced by hypotonic lysis. By


dilution of the intracellular contents during lysis and reseal-


ing, they contained about 5–10% total Hb of intact red cells.


This represents about 107 molecules of Hb per ghost. There


would be a similar dilution of other cytoplasmic constitu-


ents, but not membrane-bound components unless the con-


ditions of lysis caused their disassociation from the


membrane. The pink ghosts exhibited considerable Na+/K+


pump and KCC activity showing that these two membrane


transporters were able to function under the conditions used.


KCC activity was also found to be O2-dependent, largely


inhibited at low O2 tensions. If Hb is the sensor for O2-


dependent membrane transporters, 90–95% of the total Hb


does not appear to be necessary. Of the remainder, a large


proportion is membrane-bound supporting the hypothesis


that it is this subfraction of Hb that is responsible for the O2


dependence. Much (about 106 molecules or 1/10 of the


remaining ghost Hb) is probably associated with the cyto-


plasmic tail of band 3 (AE1), a domain (termed cdb3) with


considerable number of acid residues and a high negative


charge [19]. Furthermore, it has been suggested that fluctu-


ations in free intracellular Mg2 + ([Mg2 +]i) consequent to


changes in organic phosphate binding to Hb upon deoxy-


genation (which results in a rise in free [Mg2 +]i from about


0.4 to 0.6 mM) may be involved in O2-dependent KCC


activity [20]. This mechanism would require a large pro-

portion of the total Hb for its operation and the presence of


O2-dependent KCC in pink ghosts makes it unlikely.


White ghosts were obtained using a gel filtration


method [13,14]. This method strips most, if not all, the


Hb from the membrane preparations. White ghosts


showed similar levels of KCC activity to pink ghosts


when oxygenated. However, they lacked O2 sensitivity,


and activity was not significantly diminished upon com-


plete deoxygenation. It is tempting to conclude that some


Hb is required for O2 sensitivity. In a similar way, it has


been shown that Hb is required for volume dependence


and pH sensitivity [21]. Unfortunately, white ghosts, as


well as lacking Hb, will also lose more of the other


intracellular constituents when compared to pink ghosts


and one cannot unambiuously claim a role for Hb.


Notwithstanding, the presence of KCC activity in oxy-


genated white ghosts of a similar magnitude to that in


pink ones implies that they have some regulatory compo-


nents remaining.


Finally, we compared O2 dependence of KCC in red cells


from sickle cell patients. In some respects, HbS polymeri-


sation, which occurs in deoxygenated sickle cells and which


reduces the soluble [Hb], is analogous to the reduction in


total [Hb] in ghost preparations. The abnormal response of


KCC in red cells from homozygous (HbSS) patients has


been documented previously [3] and was confirmed here.


Hitherto, the behaviour of red cells from heterozygous


HbSC individuals has not been considered in detail. We


show that activity of KCC in oxygenated HbSC cells is


similar in magnitude to that in HbSS cells, 10- to 20-fold


greater than in normal HbA red cells. On deoxygenation,


however, differences were apparent between HbSS and


HbSC cells. Both sickled, and showed the deoxygenation-


induced pathway characteristic of HbSS cells [10,22], which


may result from membrane damage from Hb polymers.


Gardos channel activation was also observed for both. In


the case of KCC, however, deoxygenation inhibited KCC in


HbSC cells markedly, whilst that in HbSS cells was little


affected. It is thus possible to dissociate Hb polymerisation,


sickling and abnormal deoxy activity of KCC. We speculate


that sufficient unpolymerised HbC remains on deoxygen-


ation, notwithstanding polymerisation of HbS, to allow


normal control of membrane transport by deoxyHb.


In summary, the present results show that pink, but not


white ghosts, and HbSC but not HbSS cells, have O2-


dependent KCC activity. These preparations allow one to


explore further the regulatory elements. For example, spe-


cific components can be reintroduced to the white ghosts


during resealing (i.e. pure Hb, regulatory protein kinases


and phosphatases, ATP, etc). It is possible to introduce


antibodies to the signalling pathways (protein kinases and


phosphatases) or cytoskeletal elements (e.g. to cdb3) in both


pink and white ghosts. In addition, possible differences in


protein phosphorylation, as seen between HbSS and HbA


cells, remain to be elucidated. We are currently investigating


some of these possibilities.
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Abstract


We compare the effects of 1-chloro-2,4-dinitrobenzene (CDNB) and phenazine methosulphate (PMS) on Gardos channel activity in


normal human red cells. Both stimulate channel activity, both are dependent on the presence of extracellular Ca2 +, and neither is affected by


inhibitors of protein (de)phosphorylation. Of the two, PMS has a considerably greater effect. In addition, a major difference is that whilst


CDNB has a greater stimulatory effect in oxygenated cells, by contrast, PMS is more effective in deoxygenated cells. These actions are


correlated with ca. 30% inhibition of the plasma membrane Ca2 + pump (PMCA) and an increased sensitivity of the Gardos channel to Ca2 +


(EC50 falling to about 150 nM). These findings are important in understanding how oxidants alter red cell cation permeability and may be


relevant to the abnormal permeability phenotype shown by deoxygenated sickle cells.


D 2003 Elsevier B.V. All rights reserved.

Keywords: Gardos channel; 1-Chloro-2,4-dinitrobenzene; Phenazine methosulphate; Oxygen

1. Introduction


The effect of oxidants on red cell membrane permeability


is important for two main reasons. First, they have been


used experimentally to study mechanisms of ion permeation


[1]. Second, they may accumulate in vivo, for example, in


various haemoglobinopathies and oxidant toxicities (e.g.


onion poisoning in dogs: Ref. [2]). In this context, they


have been associated with the increase in cation permeabil-


ity observed in red cells from sickle cell patients [3] and


may be involved in the pathophysiology of sickle cell


disease (SCD, e.g. Ref. [4]). It is therefore relevant to


understand their action as fully as possible.

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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1-Chloro-2,4-dinitrobenzene (CDNB) and phenazine


methosulphate (PMS) are two reagents which have been


shown to increase passive K+ permeability in human red


cells [5–9]. Effects are mediated via both of themajor passive


K+ pathways, the K+–Cl� cotransporter (KCC, probably


KCC1 isoform: Refs. [10,11]) and the Ca2 +-activated K+


channel (Gardos channel, probably IK1/SK4: Refs. [12,13]).


Many red cell membrane transporters are also affected by O2


tension [14] and the effect of oxidants may vary with this


parameter. The interaction of these compounds with changes


in O2 tension, however, has been largely ignored.


In this paper, we consider the effects of CNBD and PMS


on Gardos channel activity, at different O2 tensions. We


correlate activation of the channel with changes in passive


and active Ca2 + transport, and changes in Ca2 + sensitivity


of the channel.

2. Materials and methods


2.1. Chemicals


Bumetanide, CDNB, MOPS, N-ethylmaleimide (NEM),


ouabain, PMS, salts, Tris base and vanadate were pur-


chased from Sigma (Poole, Dorset, UK). Calyculin A,
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clotrimazole and 1,2-bis(o-amino-5V-methylphenoxy)-


ethane-N,N,NV,N V-tetraacetic acid tetraacetoxymethyl ester


(MAPTAM) were purchased from Calbiochem (Notting-


ham, UK) and 86Rb+ was from DuPont-NEN (Stevenage,


UK). 45Ca 2 + was purchased from Amersham Biosciences


(Little Chalfont, UK).


2.2. Solutions


The standard saline (MBS) comprised (in mM): 80 KCl,


70 NaCl, 2.5 Ca(NO3)2, 0.15 MgCl2, 10 inosine and 10


MOPS (pH 7.4 at 37 jC; 290F 5 mosM kg� 1 H2O). Where


required, low K+ salines were used and contained (in mM):


4 KCl, 145 NaCl, 2.5 Ca(NO3)2, 0.15 MgCl2, 10 inosine


and 10 MOPS (pH 7.4 at 37 jC; 290F 5 mosM kg� 1 H2O).


Stock solutions of bumetanide (1 mM) were prepared daily


in 100 mM Tris base and used at a final concentration of 10


AM. Stock solutions of NEM (100 mM) were prepared daily


in distilled water and used at 1 mM; those of ouabain (10


mM) were prepared in distilled water and used at a final


concentration of 100 AM. Stocks of calyculin A (10� 5 M)


and clotrimazole (1 mM) were prepared in DMSO, frozen


until required, and used at final concentrations of 100 nM


and 5 AM, respectively. CDNB and PMS (both 500 mM)


were dissolved in DMSO and water, respectively, and used


at a final concentration of 1 mM; in all cases, oxygenated


cells were treated with CDNB or PMS (1 mM) at 4%


haematocrit (Hct) for 60 min before washing (twice with


MBS). They were then placed in tonometers (at 40% Hct) to


equilibrate at the requisite O2 tension before measurement


of transport activity or other cell parameters (again in the


presence of the oxidant). In all experiments, controls and


cells treated with reagents were exposed to the same con-


centrations of solvents.


2.3. Sample collection and handling


Blood samples were obtained by venepuncture of healthy


donors (HbAA) and collected into heparinized syringes.


Buffy coats were removed by centrifugation and aspiration.


Red cell samples were placed on ice and used within 36 h.


2.4. Tonometry


Red blood cell suspensions were incubated at about 40%


haematocrit in glass tonometers (Eschweiler, Kiel, Ger-


many) flushed with gas mixtures with the appropriate O2


tension using a Wösthoff gas mixing pump. The gases were


warmed up to 37 jC and fully humidified through three


humidifiers.


2.5. ATP, GSH, metHb, cell volume and intracellular pH


For all these assays, cells were first incubated for 60


minFCDNB or PMS (1 mM) at 4% Hct. ATP was


determined by using an NADH-based commercial assay

from Sigma using the method of Beutler and Duron [15].


GSH was assayed following the procedure of Beutler [16]


based on reaction with DTNB. Determination of metHb


content was carried out following the procedure of Hegesh


et al. [17] based on its conversion to cyanmetHb and


absorption of light at 632 nm. Cell volume was measured


using the method of Borgese et al. [18] in samples swollen


anisotonically by 10%. Intracellular pH was measured by


centrifuging cells through dibutyl phthalate oil, lysing the


cells by freeze-thawing and measuring the pH with a


micropH probe—these values, coupled with those for ex-


tracellular pH, were used to calculate r values (where


r=[H+]i/[H
+]o, a value of 1.6 was determined). In the


presence of A23187, [Ca2 +]i=[Ca
2 +]o� r2.


2.6. K+ influx


To determine the activity of the K+ transport pathways,


K+ influx was measured at 37 jC using 86Rb+ as a congener


for K+ [19]. Cells were taken from the tonometers and


diluted 10-fold into saline, pre-equilibrated at the appropri-


ate O2 tension, at 260 mosM kg� 1 and pH 7. The high [K+]


(80 mM) in the salines was chosen to prevent cell dehydra-


tion following transporter activation. 86Rb+ was added in


distilled water. Except for experiments on the Na+/K+ pump,


ouabain (100 AM) and bumetanide (10 AM) were present in


all experiments to obviate any K+ transport through the


Na+–K+-ATPase and the NaK2Cl cotransporter, respective-


ly. Either microhaematocrit determination or the cyanohae-


moglobin method was used to measure Hct. Gardos channel


activity was calculated as the clotrimazole-sensitive, 5 AM,


K+ influx, and Na+/K+ pump activity as the ouabain-


sensitive K+ influx.


2.7. Ca2+ efflux and influx


In these experiments, transport determinations were


carried out at 37 jC and 45Ca2 + as used as a tracer for


Ca2 +. Plasma membrane Ca2 + pump activity (PMCA) was


assayed following the method of Tiffert et al. [20]. Briefly,


cells were washed twice with MBS lacking Ca2 + and


containing 100 AM EGTA (MBS-0Ca-E—to remove con-


taminant Ca2 +), then twice further with MBS-0Ca (without


EGTA). They were then suspended at 10% Hct and loaded


with 45Ca2 + using the ionophore A23187 (10 AM) at


[Ca2 +]o of 120 AM. The ionophore was then blocked using


Co2 + (0.4 mM), after which Ca2 + is progressively pumped


out of the cells by PMCA. Serial aliquots (50 Al) of cells
taken during these procedures were washed twice with ice-


cold MBS-0Ca-E plus 0.2 mM Co2 + (1.3 ml). The max-


imum negative slope of the curve (Ca2 + content vs. time—


see Fig. 2) after addition of Co2 + was used as a measure of


PMCA Vmax [20]. For influx experiments, the saline (MBS-


0Ca-P) comprised (in mM): 80 KCl, 65 NaCl, 5 Na-


pyruvate, 0.15 MgCl2, 10 inosine and 10 MOPS (pH 7.4


at 37 jC; 290F 5 mosM kg� 1 H2O). Pyruvate was added
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to protect cells from ATP depletion by formaldehyde


released following ester hydrolysis [21,22]. Cells were


preloaded with MAPTAM, a Ca2 + chelator, for 90 min


(0.25 mM MAPTAM at 20% haematocrit) before incubat-


ing with CDNB (60 min, 1 mM, 4% Hct—as previously).


They were taken to 4% Hct, treated with vanadate (1 mM)


to inhibit PMCA, prior to addition of 45Ca2 + (final [Ca2 +]o
of 1 mM). Serial aliquots (100 Al) were taken and added to


10 ml ice-cold MBS-0Ca-P, pelletted, and washed once


more (see Ref. [19]).


2.8. Statistics


Results are presented as single observations representa-


tive of at least three others, or as meansF S.E.M. of n


observations. Where appropriate, comparisons were made


using paired Student’s t-tests.

Fig. 1. The effect of 1-chloro-2,4-dinitrobenzene (CDNB) and phenazine


methosulphate (PMS) treatment on Gardos channel activity in human red


cells. Cells were treated with (a) CDNB or (b) PMS (1 mM) for 60 min


prior to measurement of the activity of the Gardos channel (as clotrimazole-


sensitive K+ influx, 5 AM) in fully oxygenated (air) or deoxygenated (N2)


cells. Ouabain (100 AM) and bumetanide (10 AM) were present to prevent


transport via Na+/K+ pump and Na+–K+–Cl� cotransporter. Transport


is given as mmol K+ (l cells h)� 1, meansF S.E.M., n= 3 different


experiments.

3. Results


3.1. Cell parameters


Neither PMS nor CDNB altered cell volume or intracel-


lular pH. Cell ATP remained constant with CDNB but was


slightly elevated with PMS (from 3.6F 0.5 to 5.4F 0.4


Amol g� 1 haemoglobin in deoxygenated cells; all mean-


sF S.E.M., n = 3 or 4). Reduced glutathione levels (GSH)


were completely depleted with either reagent, falling from


ca. 3 to 0 mM. Methaemoglobin accumulated from < 1% in


control cells, to 12F 0% with CDNB and, with PMS, to


89F 5% in N2 and 77F 3% with PMS in air. Na+/K+ pump


activity was unaltered by CDNB, but decreased from


2.5F 0.3 to 1.1F 0.2 mmol (l cells h)� 1 with PMS.


3.2. O2 tension and activation of the Gardos channel by


CDNB and PMS


Red cells treated with CDNB or PMS (both 1 mM, 60


min) showed elevated Gardos channel activity (Fig. 1a and


b). Stimulation was approximately 10-fold higher with PMS


than with CDNB. Comparing the effects of changing O2


tension, for CDNB, stimulation was greater in oxygenated


cells compared to deoxygenated ones (by 4F 1-fold). By


contrast, in the case of PMS, Gardos channel activity was


higher in deoxygenated cells (by 20F 3-fold).


3.3. Dependence on extracellular Ca2+ and modulators of


protein phosphorylation


The dependence on extracellular Ca2 + was examined by


comparing Gardos channel activity in the presence of 2.5


mM Ca2 + or with nominally Ca2 +-free saline with the


addition of 100 AM EGTA. CDNB was examined in air,


PMS in N2. In the case of CDNB, Gardos channel activity


was 4.1F 0.2 mmol (l cells h)� 1 in the presence of Ca2 + and

was fully inhibited (to 0) by its removal; for PMS, the


activities were 47.3F 2.0 and 0 mmol (l cells h)� 1, respec-


tively. Thus for both reagents, effects on the Gardos channel


were abolished by removal of extracellular Ca2 +, consistent


with the requirement for Ca2 + influx. We went on to


examine the effects of treatment with the phosphatase


inhibitor calyculin A (100 nM) or the alkylating agent N-


ethylmaleidmide (1 mM). Neither reagent altered Gardos







Fig. 3. Effect of phenazine methosulphate (PMS) treatment on Ca2 +


sensitivity of the Gardos channel in human red cells. Cells were incubated


for 60 min in the presence or absence of PMS (1 mM). They were then


divided into six aliquots and treated with A23187 and combinations of


EGTA and different [Ca2 +]o to provide the [Ca2 +]i indicated, r2 = 1.6.


Gardos channel activity was determined as the clotrimazole-sensitive (5


AM) K+ influx (mmol (l cells h)� 1). Symbols represent triplicate means of


three experiments on samples from different donors.
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channel activity. For example, Gardos channel activities


were 4.1F 0.2 and 78.9F 12.4 mmol (l cells h)� 1 for


CDNB and PMS in the absence of calyculin A, 4.3F 0.7


and 80.0F 11.5 when cells were pretreated with calyculin A.


3.4. Effect of CDNB and PMS on Ca2+ influx and efflux and


Ca2+ sensitivity


Passive Ca2 + influx was unaltered or reduced by treat-


ment with CDNB and PMS. In control cells, values were


typically 10–50 Amol (l cells h)� 1, falling by about


25F 30% with CDNB in air and by 65F 9% with PMS


in N2. The effect of CDNB and PMS was investigated on


the activity of the plasma membrane Ca2 + pump (PMCA).


In air, CDNB inhibited PCMA by 29F 3% from 6.6F 1.2


to 4.8F 1.1 mmol (l cells h)� 1 (Fig. 2). In N2, CDNB had


minimal effect (data not shown). For PMS, the effect on


PMCA in oxygenated cells was minimal (10.6F 1.1 and


10.2F 1.2 mmol (l cells h)� 1F PMS, respectively). In


deoxygenated conditions, however, PCMA was inhibited


by 28F 3%, from 9.0F 1.3 to 6.6F 1.2 mmol (l cells h)� 1


(Fig. 2). In air, CDNB increased the Ca2 + sensitivity of the


channel (EC50 for [Ca2 +]i reduced from 260F 26 to


175F 15 nM). For PMS, in N2, Gardos channel EC50 was


reduced by 65F 2% relative to control values (to 152F 57


nM; Fig. 3). Maximal activity of the Gardos channel showed


some changes. With CDNB in air, activity decreased by

Fig. 2. Effect of 1-chloro-2,4-dinitrobenzene (CDNB) and phenazine


methosulphate (PMS) treatment on Ca2 + efflux from human red cells.


Plasma membrane Ca2 + pump activity (PMCA) was measured following


the method of Tiffert et al. [20]. Cells were loaded with 45Ca2 + using the


ionophore A23187 (10 AM) before addition of Co2 + (0.4 mM) to inhibit


ionophore permeability. Because control values of PMCA vary, the effects


of oxidants were always compared simultaneously in paired samples.


Symbols represent single determinations representative of four further


experiments.

35F 19%. With PMS, it was also decreased in air, falling by


32F 6%. By contrast, however, in N2, maximal activity


increased by 95F 32%. Finally, deoxygenation per se had


modest effects on Gardos channel activity which were


not significant, causing a reduction in Ca2 + sensitivity


(18F 19%) and a fall in maximal activity (14F 23%).

4. Discussion


This paper compares the effects of CDNB and PMS on


Gardos channel activity in normal human red cells. We show


that both stimulate channel activity, both are dependent on


the presence of extracellular Ca2 +, and neither is affected by


inhibitors of protein (de)phosphorylation. Of the two, PMS


has a considerably greater effect. In addition, a major


difference is that whilst CDNB has a greater stimulatory


effect in oxygenated cells, by contrast, PMS is more effective


in deoxygenated cells. These actions are correlated with ca.


30% inhibition of the plasma membrane Ca2 + pump


(PMCA) and an increased sensitivity of the Gardos channel


to Ca2 + (EC50 falling to about 150 nM). These findings are


important in understanding how oxidants alter red cell cation


permeability and may be relevant to the abnormal perme-


ability phenotype shown by deoxygenated sickle cells.


Human red cells have two main passive K+ permeability


pathways, KCC and the Gardos channel. The former is


regulated by a phosphorylation cascade [23–25], whilst for


the Gardos channel Ca2 + is the important stimulus [12]. We
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have presented elsewhere findings on the effect of these


oxidants on KCC activity [9,26]. We show here that the


activation of the Gardos channel by CDNB and PMS is


independent of changes in protein phosphorylation, as prior


treatment of cells with either NEM or calyculin A has no


effect. Rather, as expected, Ca2 + plays a central role. For


both CDNB and PMS, extracellular Ca2 + is required for


activity, implying that entry of Ca2 + from outside the cell is


critical. In addition, the action of both oxidants correlated


with inhibition of PMCA (by about 30%) and an increase


in sensitivity of the Gardos channel to Ca2 + (by about


threefold). For CDNB, these changes occurred in oxygen-


ated cells, whilst for PMS, they were observed for deox-


ygenated cells. CDNB stimulation of the Gardos channel


has been previously noted for human sickle cells [8].


Previous studies with PMS, however, show some discrep-


ancy, with stimulation of the Gardos channel present [5] or


absent [6]. The difference is probably explained by the


presence or absence of extracellular Ca2 +, which we show


here to be necessary.


Amongst oxidants that we have studied, PMS is unique


in having a greater effect in deoxygenated cells. The


resulting phenotype shows some similarities with the in-


creased cation permeability shown by deoxygenated sickle


cells [27]. It is interesting to consider why PMS has this


effect. PMS functions as a hydrogen acceptor and donor


[5,28]. It is therefore able to generate oxygen free radicals in


the presence of hydrogen donors, such as ascorbate, GSH,


NADH and NADPH. Of these, GSH is absent whilst


ascorbate is not obviously affected by O2 tension. On


deoxygenation, however, the red cell metabolism switches


from flux of glucose through the pentose phosphate path-


way to increased flux through the glycolytic pathway [29].


As this occurs, (re)generation of NADH will increase. We


speculate that increased availability of NADH, in the


presence of PMS, leads to greater formation of oxygen free


radicals and hence a greater effect on K+ permeability. The


increased formation of metHb in deoxygenated cells treated


with PMS is consistent with this hypothesis. We are cur-


rently investigating the action of these oxidants on different


cell populations and the ability of antioxidants to protect


cells against damage.
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Abstract


In this paper, we provide an update on O2-dependent membrane transport in red cells. O2-sensitive membrane transport was compared in


nucleated (chicken) and enucleated (human) red cells, to investigate effects on organic (glucose transporter [GLUT]) and inorganic (K+–Cl�


cotransporter [KCC]/Na+–K+–2Cl� cotransporter [NKCC]) transporters, to study the response of so-called ‘‘housekeeping’’ transporters


(Na+/K+ pump and anion exchanger [AE]) and, finally, to compare O2 sensitivity in normal human red cells with those from sickle cell


patients. The Na+/K+ pump showed no change in activity between oxygenated and deoxygenated cells in any of the samples. KCC in normal


human red cells had the greatest O2 sensitivity, being stimulated some 20-fold on oxygenation. It was more modestly stimulated by O2 in


chicken red cells and HbS cells. By contrast, NKCC was stimulated by deoxygenation in all cases. GLUT showed little response to O2


tension, other than a small stimulation in deoxygenated chicken red cells. Finally, AE1 was stimulated by oxygenation in HbA cells, but this


stimulation by O2 was absent in HbS cells and pink ghosts prepared from HbA cells. The significance of these findings is discussed.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Efficient exchange of blood gases is a major function of


the circulatory system. Movement of O2 and CO2 between


blood and pulmonary alveoli or peripheral tissues is depen-


dent largely on passive diffusion, and hence requires a


concentration difference. Thus, the partial pressure of these


gases varies through the circulation, and this is particularly


noticeable for that of the less soluble gas, O2. Red cells are


exposed to O2 tensions, which in higher vertebrates may


vary about 100-fold, from about 100 mm Hg on the arterial


side of the circulation to < 5 in metabolically active regions.


In some lower vertebrates, even greater differences are seen,
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with, for example, very high O2 tension in the choroid rete


of fish (such as the trout) required to supply the O2 demands


of the retina [1].


As well as providing the concentration gradient for


loading and unloading of O2, onto the red cell haemoglo-


bin (Hb), variations in O2 tension also represent a specific


signal capable of regulating the activity of many red cell


membrane transport proteins. Whilst this is not a new


observation—O2-sensitive cation transport in avian red


cells has been known for about half a century [2,3]—over


the last few years, the significance of O2 as a membrane


transport controller, important both physiologically and


pathologically, has become more apparent [4–6]. It is


now recognised that the interaction between O2 and other


stimuli can be a critical determinant of red cell transporter


activity [7].


The response to O2 differs across species and transporters,


whilst in certain haemoglobinopathies, for example in red


cells from sickle cell patients, abnormal responses to O2 are


observed [8,9]. A systematic study, however, is in many cases


lacking. In this paper, we provide an update on O2-dependent


membrane transport in red cells. Our rational was to compare


O2-sensitive transport in nucleated (chicken) and enucleated


(human) red cells, effects on organic (glucose transporter


[GLUT]) and inorganic (K+–Cl� cotransporter [KCC]/Na+–
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K+–2Cl� cotransporter [NKCC]) transporters, the response


of so-called ‘‘housekeeping’’ transporters (Na+/K+ pump and


anion exchanger [AE]), and finally to compare transport in


normal human red cells with those from sickle cell patients.

2. Material and methods


2.1. Blood samples


Blood was obtained from healthy donors (HbAA) and


homozygous sickle cell anaemia (HbSS) patients who had not


been transfused for at least 6 months—all from informed


volunteers andwith ethical consent. HbA-containing red cells


are referred to as HbA cells; those containing HbS, as HbS


cells. Chicken blood was obtained from Harlan-Sera Lab


(Loughborough, UK). Blood samples were centrifuged (5


min, 850� g, room temperature) and the buffy coat and


plasma aspirated to remove platelets and white blood cells,


red cells were then washed a further three times with the


appropriate saline. Samples were stored on ice until required


(within 36 h).


2.2. Chemicals and salines


Salts, creatinine kinase, bumetanide, 2-deoxyglucose


(DOG), 4,4V-diisothiocyano stilbene-2,2V-disulfonic acid


(DIDS), ethylene diamine tetra-acetic acid (EDTA), ethyl-


ene glycol-bis(h-aminoethylether)-N,N,NV,NV-tetra-acetic
acid (EGTA), glucose, N-[hydroxyethyl]piperazine-NV-[2-
ethanesulphonic acid] (HEPES), 3-(N-morpholino)propane


sulphonic acid (MOPS), piperazine-N,NV-bis[2-ethanesul-
phonic acid] (PIPES) and ouabain were obtained from


Sigma (Poole, Dorset, UK). 86Rb+ and 3H-2-deoxyglucose


were purchased from NEN Life Sciences (Stevenage, UK);
35SO4


2� from Amersham Pharmacia Biotech UK (Bucks,


UK). Saline for use with human blood contained (mM):


NaCl (150), MOPS (10), glucose (5), 290 mosM kg� 1; and


for chickens, NaCl (155), HEPES (10), KCl (5), CaCl2 (1),


MgCl2 (1), glucose (5), 320 mosM kg� 1; both pH 7.4 at 37


jC. For Cl� dependency, Cl� salts were replaced by NO3
�


ones. For SO4
2� fluxes, sulphate saline contained (mM)


Na2SO4 (107), MOPS (10), glucose (5) and sucrose saline


contained sucrose (300), MOPS (10); both pH 7.4 at 37 jC.
For ghost preparation, lysing solution (LS) contained (mM)


EDTA (0.1), PIPES (15), pH 6.5 at 0 jC, and resealing


solution (RS) NaCl (10), KCl (140), MOPS (10), MgCl2
(0.15), EGTA (0.1), Na phosphocreatine (5), K3ATP (3) and


creatine kinase 10 units ml� 1, pH 7.4 at 37 jC.


2.3. Preparation of pink ghosts


Pink ghosts were made from normal (HbA) human red


cells by adding cooled packed red cells to LS at 0 jC,
leaving for 5 min, before centrifugation (5 min, 20,000 g, 0


jC) and removal of the supernatant. Cooled RS (5� initial

cell volume, to give a ghost dilution of 1 in 5) was added to


the pellet, and then left on ice for 10 min, before incubating


for 1 h at 37 jC to allow resealing. Ghosts were then


centrifuged (5 min, 40,000� g, room temperature), and


washed three times in saline by successive centrifugations


(same conditions) and resuspensions.


2.4. Tonometry


Red cell or ghost samples were placed at 20% cytotocrit


in tonometers (Eschweiler and Kiel, Germany). They were


equilibrated with either air or N2 for 15 min, fully humid-


ified at 37 jC. Samples were then transferred to test tubes


(pre-equilibrated at the same O2 tension and continually


gassed during the experiment) for measurement of influx or


efflux.


2.5. Transporter activity


We chose to compare the O2 sensitivity of the glucose


transporter GLUT, the NKCC, the KCC, the Na+/K+ pump


and the AE1.


2.5.1. K+ influx for KCC, NKCC and Na+/K+ pump


activities


These were assessed using 86Rb+ influx (added in 150


mM K+ to give a final [K+] of 7.5 mM), as a congener for


K+, following the method of Dunham and Ellory [10]. Cl�


dependence of K+ influx (in the presence of bumetanide, 10


AM) was used to assess KCC activity, bumetanide (10 AM)-


sensitive K+ influx for NKCC and ouabain (100 AM)-


sensitive influx for Na+/K+ pump. Bumetanide (10 AM)


and ouabain (100 AM) were present in all experiments,


except for NKCC and pump assays. Haematocrit or ghost


concentration was measured by the Drabkins method (see


Ref. [10]) or in microhaematocrit tubes. K+ and DOG


influxes are expressed as mmol (l cells h)� 1 or mmol (l


ghosts h)� 1. Experiments were carried out at 37 jC.


2.5.2. Deoxyglucose influx for GLUT activity


Glucose influx was assessed by measuring the uptake of
3H-2-deoxyglucose in glucose-free saline containing 5 mM


DOG, at room temperature (22 jC). Cells were then washed


free of unincorporated radioisotope (Dunham and Ellory,


1981).


2.5.3. SO4
2� efflux for AE activity


Red cells were washed three times in sulphate saline with


30 min incubations at 37 jC between each wash. Cells were


then placed in sulphate/sucrose solution (10-fold dilution of


sulphate saline into sucrose saline) and incubated for 1


h with 35SO4
2�. Cells were washed free of unincorporated


35SO4
2 � by four washes (10,000� g, 10 s) in ice-cold


sulphate saline. Samples were then placed in tonometers


for equilibration at the appropriate O2 tension. Efflux was


measured by removing serial samples (200 Al), pelletting the







Table 2


Summary of O2 sensitivity of membrane transporters in normal human red


cells (HbA cells)


Flux in air Flux in N2 Air/N2 N2/air O2


dependence


GLUT-1 11.43F 1.86 10.80F 1.43 1.1F 0.0 0.9F 0.0 0


NKCC 0.36F 0.01 0.54F 0.06 0.6F 0.1 1.6F 0.2 �
KCC 0.36F 0.14 0.02F 0.01 20.6F 7.4 0.1F 0.0 +


Na+


pump


1.68F 0.38 1.68F 0.32 1.0F 0.1 1.0F 0.1 0


AE1


cell


0.38F 0.02 0.25F 0.02 1.5F 0.1 0.7F 0.0 +


AE1


ghost


0.30F 0.03 0.27F 0.02 1.1F 0.1 0.9F 0.1 0


See Table 1 legend for details. For AE1, fluxes are given as the rate


constant, k (h� 1), for SO4
2� efflux. Abbreviations: AE1 cells indicates


intact HbA cells; AE1 ghosts refers to k determined in pink ghosts made


from HbA cells. Full details are given in Section 2.
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red cells (10,000� g, 10 s) and counting the supernatant. A


final sample was taken, lysed and deproteinated to give the


total initial intracellular counts. For 35SO4
2� in the superna-


tant, efflux follows the equation: (Cl�Ct)=(Cl�C0)e
� kt,


where Cl = total initial intracellular counts radioactivity in


cells at time 0, Ct = radioactivity in supernatant at time t,


C0 = sample at time 0, k = rate constant and t = time. The


slope of ln[(Cl�Ct)/(Cl�C0)] vs. t was used to estimate


� k. Experiments were carried out at room temperature (22


jC). Control experiments showed that this SO4
2� efflux was


abrogated by the stilbene derivative, DIDS (5 AM), consis-


tent with mediation via AE1 [11].


2.6. Statistics


Values are given as meansF S.E.M. for n observations,


where n refers to samples from different animals or


individuals.

3. Results and discussion


Oxygen sensitivity of the five transporters (GLUT,


NKCC, KCC, Na+/K+ pump and AE) is presented in Table


1 (for chicken red cells), Table 2 (for HbA cells) and Table 3


(for HbS cells), and in Fig. 1 (Na+/K+ pump in HbA cells),


Fig. 2 (KCC in chicken red cells and HbA cells) and Fig. 3


(AE1 in HbA cells).


3.1. Main findings


To summarise, the Na+/K+ pump showed no change in


activity between oxygenated and deoxygenated cells in any


of the samples (see Fig. 1). KCC in normal human red cells


had the greatest O2 sensitivity, being stimulated some 20-


fold on oxygenation (Fig. 2). It was more modestly stimu-


lated by O2 in chicken red cells (Fig. 2) and HbS cells

Table 1


Summary of O2 sensitivity of membrane transporters in chicken red cells


Flux in air Flux in N2 Air/N2 N2/air O2


dependence


GLUT-1 2.66F 0.95 3.67F 1.39 0.7F 0.0 1.4F 0.0 0


NKCC 0.72F 0.12 3.54F 1.20 0.2F 0.1 5.0F 1.8 �
KCC 1.08F 0.18 0.64F 0.22 1.7F 0.6 0.7F 0.3 +


Na+ pump 4.06F 1.20 4.34F 1.14 0.9F 0.5 1.1F 0.6 0


Fluxes were determined in fully oxygenated or fully deoxygenated red cells


and given in mmol (l cells h)� 1, and as meansF S.E.M. (all n= 3 or 4,


except AE1 in HbA and HbS cells, where n= 7 and 6, respectively). GLUT-


1 was defined as deoxyglucose influx, NKCC as bumetanide (10 AM)-


sensitive K+ influx, KCC as Cl�-dependent K+ influx (in presence of


bumetanide, 10 AM) and Na+ pump as ouabain (100 AM)-sensitive K+


influx. Air/nitrogen and nitrogen/air give the ratio of fluxes determined in


oxygenated cells/deoxygenated red cells, and vice versa. Transporters are


ascribed O2 dependence if ratio >1.5 or < 0.7; + means stimulated by


oxygenation, � stimulated by deoxygenation, 0 O2 insensitive. Abbrevia-


tions: GLUT-1 = glucose transporter isoform 1, NKCC=Na+–K+–2Cl�


cotransporter, KCC=K+–Cl� cotransporter, Na+ pump =Na+/K+ pump.

(although in the latter, the analysis is complicated by the


biphasic response of KCC activity to O2 tension—see Ref.


[8]). By contrast, NKCC was stimulated by deoxygenation


in all cases. GLUT showed little response to O2 tension,


other than a small stimulation in deoxygenated chicken red


cells. Finally, AE1 was stimulated by oxygenation in HbA


cells (Fig. 3), but this stimulation by O2 was absent in HbS


cells and pink ghosts prepared from HbA cells.


3.2. Volume regulatory inorganic transport systems


Co- and counter-transporters handling inorganic ions


have received considerable attention as volume regulatory


effectors [12,13]. Transporters with a net inwardly directed


electrochemical gradient (or net chemical gradient only in


the case of electroneutral transporters), or which mediate net


influx of solute when coupled to anion exchange may be


involved in regulatory volume increase (RVI). These sys-


tems often involve Na+, for example NKCC and Na+/H+


exchange. Net influx of solutes, with water following


osmotically, enables cells to swell after shrinking. NKCC,


however, is often poised with no net chemical gradient,


especially in human red cells, and so is unable to alter


volume. By contrast, transporters with a net outward gradi-


ent (like KCC in most red cells) carry out regulatory volume


decrease. Previous reviews have emphasised the observation

Table 3


Summary of O2 sensitivity of membrane transporters in red cells from


sickle cell anaemia patients (HbS cells)


Flux in air Flux in N2 Air/N2 N2/air O2


dependence


GLUT-1 29.54F 6.33 25.91F 4.75 1.1F 0.1 0.9F 0.0 0


NKCC � 0.12F 0.18 0.90F 0.24 0 l �
KCC 3.66F 0.08 2.38F 0.08 1.6F 0.0 0.6F 0.0 +


Na+


pump


0.80F 0.36 0.96F 0.18 0.8F 0.2 1.2F 0.3 0


AE1


cell


0.47F 0.11 0.40F 0.06 1.1F 0.1 0.9F 0.1 0


Flux via NKCC in air is taken as 0, otherwise see Table 2 legend for details.







 


Fig. 1. O2 sensitivity of Na+/K+ pump activity in normal human red cells


(HbA cells). Na+/K+ pump activity, in mmol (l cells h)� 1, was determined


at 37 jC as the ouabain (100 AM)-sensitive K+ influx in fully oxygenated or


fully deoxygenated HbA cells. Symbols represent meansF S.E.M. (n= 3).


Fig. 3. O2 sensitivity of the anion exchanger (AE1) in normal human red


cells (HbA cells). AE1 activity was determined at room temperature as the


rate constant (k) for SO4
� efflux from fully oxygenated or fully


deoxygena ted HbA ce l l s . E f f lux fo l lows the equa t ion :


(Cl�Ct)=(Cl�C0)e
� kt, where Cl = total initial intracellular counts


radioactivity in cells at time 0, Ct= radioactivity in supernatant at time t,


C0 = sample at time 0, k = rate constant and t = time. The slope of


ln[(Cl�Ct)/(Cl�C0)] vs. t gives � k; see Section 2. Symbols represent


meansF S.E.M. (n= 7).
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that RVD systems, like KCC, tend to be stimulated at higher


O2 tensions, those mediating RVI by low O2 tensions [7].


The present results correspond to this general pattern,


although it is apparent that the degree of O2 sensitivity


varies across species (cf. KCC in chicken and HbA cells).


The apparent reciprocity of RVD and RVI transporters to


protein (de)phosphorylation led to the hypothesis that com-


mon regulatory enzymes are stimulated (inhibited) by oxy-


genation (deoxygenation) and thereby apply reciprocal


control to these two sets of transporters preventing both

Fig. 2. O2 sensitivity of K+–Cl- cotransport (KCC) in normal human red


cells (HbA cells) and chicken red cells. KCC activity, in mmol (l cells h)� 1,


was determined at 37 jC as the Cl-dependent, bumetanide-insensitive K+


influx in fully oxygenated or fully deoxygenated HbA cells or chicken red


cells. Symbols represent meansF S.E.M. (n= 3).

being active simultaneously (which would cause dissipation


of ion gradients, with the ensuing metabolic consequence,


but without affecting cell volume [13]). Except for O2


carriage in certain teleosts [14,15], the physiological rele-


vance of this responsiveness to O2 is not always clear.


Inhibition of KCC in more hypoxic regions of the circula-


tion, like active muscle beds, however, may protect against


its inappropriate stimulation by low pH. Similarly, O2


sensitivity of KCC and NKCC may be useful in buffering


against large changes in plasma [K+] [6,16,17].


3.3. Na+/K+ pump


In contrast to RVD/RVI systems, the Na+/K+ pump


shows no difference in activity in response to full oxygen-


ation or deoxygenation. This transporter has a central role


for long term volume regulation in most vertebrate cells


[18]. It is also used to maintain Na+ and K+ concentration


gradients, thus enabling the function of excitable cells, and


supporting the activity of various secondary active transport


systems involving these ions. Further, as explained above,


some of these secondary active transporters are stimulated


by oxygenation and some by deoxygenation [7]. It is


perhaps not surprising therefore that the Na+/K+ pump


maintains its activity regardless of O2 tension, responding


mainly to altered substrate levels. It is interesting that


chicken red cells, which are nucleated and contain mito-


chondria, and may be expected to lower adenosine triphos-


phate (ATP) production on deoxygenation, also lack an O2-
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sensitive Na+/K+ pump activity, as also observed in trout


[19]. This lends support to the hypothesis of privileged


pools of ATP [20], perhaps membrane-bound, for regulation


of this, and other, transporters.


3.4. Anion exchanger


Like the Na+/K+ pump, it is not immediately apparent


why AE should show O2 sensitivity. Thus, AE is required


mainly for CO2 carriage, mediating the exchange of intra-


cellular HCO3
� for extracellular Cl� in deoxygenating red


cells in peripheral tissues, and vice versa in oxygenating red


cells in the lungs [1]. Teleogically, one might expect that


both of these processes would require a similar activity of


AE. Lack of O2 sensitivity of Cl� permeability has been


reported previously in red cells from several species of


lower vertebrates and also in human [21,22]—which has


been ascribed to a flexible link between the domains of band


3 responsible for haemoglobin binding and for anion trans-


port. Table 2 and Fig. 3, however, clearly show that AE


activity, as measured by sulphate transport, is greater in


intact oxygenated HbA cells (by about 1.5-fold). Similar


findings have also been observed [23], although the differ-


ences in their report were larger. The difference with


previous work on human red cells may reflect the fact that


not all Cl� permeability will be mediated via AE, thus


obscuring any effects of oxygenation. It is possible that,


when red cells are becoming oxygenated in the lungs, their


transit time in the capillaries is faster then in peripheral


tissues, making this O2 sensitivity useful. Interestingly, the


O2 dependence of AE activity was very much reduced in


HbA pink ghosts, and also HbS cells, implying a possible


role for Hb. We have reviewed elsewhere the evidence for


the participation of oxy–deoxy transitions of Hb, acting via


a membrane target, possibly the cytoplasmic tail of AE and


also involving a number of glycolytic enzymes [7]. O2-


dependent AE activity may contribute to the Haldane effect,


hitherto ascribed to the altered buffering power of deoxyHb


(being a weaker acid than oxyHb) and formation of carba-


mate preferentially with deoxyHb. In addition, the effect of


O2 on the activity of AE would allow faster removal of


HCO3
� and hence CO2 to alveoli. We are currently studying


this phenomenon further.


3.5. Organic transporters: GLUT


The final transporter investigated in this paper is the


glucose transporter, GLUT. Previous reports in the literature


suggest that this system is very O2-sensitive, being stimu-


lated some five-fold by deoxygenation in avian red cells


[24]. Here, we found modest stimulation of GLUT in


deoxygenated chicken red cells, but no effect of O2 tension


in human red cells, again illustrating species variations.


Only a limited number of other organic transporters have


been studied in the context of O2 sensitivity. Thus, the


amino acid transporters ASC and gly were stimulated by

oxygenation in human red cells [25], whilst y+ and y+L were


unaffected [26]. The different transporters showed different


kinetic responses, however, with subtle changes in Vmax


and/or Km. It may be that a more thorough study of GLUT


will reveal similar effects. In the case of gly and ASC, it has


been proposed that a greater supply of their substrate amino


acids is beneficial in oxygenated conditions, as they form


substrates for reduced glutathione, the major red cell anti-


oxidant [27]. In the case of glucose, glycolysis is increased


in deoxygenation [28], even in mammalian red cells, and


hence stimulation of its transporter may be advantageous.


3.6. O2 sensitivity in red cells from sickle cell patients


HbS cells show abnormalities in the O2 dependence of


KCC, which may be relevant to the pathophysiology of


sickle cell disease [9]. In these cells, KCC activity, instead


of becoming inactive on deoxygenation, goes through a


nadir at about 40 mm Hg, but then re-activates at lower O2


tensions [8,29]. Thus, KCC activity in fully deoxygenated


HbS cells is not dissimilar in magnitude to that in fully


oxygenated ones. We confirm those findings here. In addi-


tion, we investigated the four other transporters to determine


whether their response to O2 was different in HbA and HbS


cells. No qualitative differences were apparent for GLUT-1,


NKCC and Na+/K+ pump. The higher O2 sensitivity of


NKCC in sickle cells is interesting. Whilst it may be useful


to activate an RVI process to maintain cell hydration in the


face of deoxygenation-induced solute losses through Gardos


channel and KCC, the small net chemical gradient and high


Na+ content of sickle cells will mediate against this. In the


case of AE1, however, the O2 dependence of activity


observed in HbA cells was lost in HbS cells. There are


many differences in the phosphorylation pattern of mem-


brane proteins between HbA and HbS cells, and these are


also affected by O2 tension [30–32]. If AE1 is indeed a


target involved in oxy–deoxy transitions of Hb, then this


may explain its loss of O2 sensitivity in HbS cells.

4. Conclusion


The present findings emphasise the extent to which the


response to O2 is both specific and selective, across species


and different transporters. The sensitivity of red cell mem-


brane transporters to O2 implies a direct link between the O2


sensor and the transport effector proteins. The concept of a


complex cytoskeletal network, also seen in the context of


regulation of epithelial transporters (such as CFTR and


ENaC, e.g. Ref. [33]), and which acts to coordinate the


activity of different transporters, would seem to apply also


to red cells. Identifying the mechanism underlying the


response to O2 will be important for our understanding of


its physiological relevance, how it is perturbed in disease


conditions and how therapeutic intervention may correct


abnormalities.
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Abstract


We have studied dodecylmaltoside-induced echinocyte–spheroechincyte–spherocyte shape transformation and membrane vesiculation


using transmission electron microscopy (TEM) on freeze-fracture replicas. It is indicated that spherical erythrocyte shape at higher


dodecylmaltoside concentration is formed due to loss of membrane in the process where small, mostly tubular nanovesicles are released


predominantly from the top of echinocyte and spheroechinocyte spicules.


D 2003 Elsevier B.V. All rights reserved.
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Fig. 1. Micrograph of echinocyte shape (adapted from Ref. [8]) (a) and the


calculated echinocyte shapes determined by minimization of membrane

1. Introduction


Water-soluble detergents embed readily into the red


blood cell membrane thereby causing changes of the red


blood cell shape. It has been observed that amphiphiles


induce changes of the normal discoid shape into either


spiculated echinocytic or invaginated stomatocytic shapes


[1–3]. Dodecylmaltoside is a detergent composed of a


single tail and a bulky head-group. When incubated with


erythrocytes it induces echinocyte (Fig. 1) shape transfor-


mation. Spheroechinocyte shapes (Fig. 1c), having narrower


spicules than echinocytes, are developed at higher dodecyl-


maltoside concentrations. When the concentration of dode-


cylmaltoside is further increased, spheres (spherocytes) are


created. Finally, hemolysis occurs. According to the bilayer


couple model [2], the echinocyte shape transformation is


driven by intercalating the exogeneously added molecules


preferentially into the outer membrane layer [4]. The dode-


cylmaltoside molecules may therefore increase the area


difference between the outer and inner membrane lipid layer
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doi:10.1016/j.bioelechem.2003.07.002


* Corresponding author. Tel.: +386-1-4768-825; fax: +386-1-4768-


850.


E-mail address: ales.iglic@fe.uni-lj.si (A. Iglič).

and thus affect the cell shape. It has been shown that the


stability of echinocyte shape is primarily determined by


competition of the membrane bilayer bending energy and


membrane skeleton shear energy [4]. The echinocyte shape


is additionally modulated also by stretching energy of the


skeleton [5] and band 3 molecules [3, 6]. Dodecylmaltoside-


induced erythrocyte shape transformation is accompanied


by membrane shedding in the form of predominantly tubular


nanoexovesicles [7]. It is the aim of this short communica-


tion to elucidate the possible mechanism leading to the final

elastic energy (bending and shear) for two values of the relative area


difference between the areas of the outer and inner membrane lipid layer


(Da): 2.06 (b) and 3.2 (c) at the relative cell volume v= 0.6 (adapted from


Ref. [4]). The quantities Da and v are normalized relative to the


corresponding values for the spherical cell with the same membrane area


[4,9].







Fig. 2. TEM micrographs of the freeze fracture replica of the buds


(arrows) on top of the echinocyte spicules induced by adding 40 mM


dodecylmaltoside to the erythrocyte suspension.
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spherical erythrocyte shape induced at sublytic concentra-


tions of dodecylmaltoside.

2. Materials and methods


Dodecylmaltoside was dissolved in the buffer. Human


blood was drawn from authors by vein puncture into


heparinized tubes. The red blood cells were washed three


times in a buffer (pH 7.4). The red blood cells were then


suspended in the buffer and kept at 4 jC until used. The


aliquots of a prewarmed (37 jC) red blood cell stock


suspension were pipetted into polystyrene tubes containing


prewarmed (37 jC) buffer with dodecylmaltoside. The final


cell density was 1.65� 108 cells/ml (about 1.5% haematoc-


rit) and the incubations were carried out in a shaking


thermostat bath at 37 jC. Dodecylmaltoside was used at


sublytic concentrations.


The cells were then fixed in 2.5% glutaraldehyde and 4%


paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3, for 2


h at 4 jC. Fixed cells were soaked in 30% glycerol in 0.1 M


cacodylate buffer for at least 2 h before being frozen in


liquid freon 22. Freeze-fracture replicas were produced in a


Balzers freeze-fracture unit and examined in JEOL 100 CX


transmission electron microscope (TEM).

3. Results and conclusions


Dodecylmaltoside induces shape transformation of the


erythrocyte from an initial discocyte shape to the final shape


composed of a spherical mother cell and the released tubular


nanoexovesicles. In this process the erythrocyte first under-


goes a discocyte–echinocyte transformation and subse-


quently echinocyte–spheroechinocyte transformation (Fig.


1). The budding occurs predominantly at the top of the


echinocyte or spheroechinocyte spicules. Fig. 2 shows buds

on the top of echinocyte spicules as observed by TEM on


the freeze fracture replica.


It was previously assumed that the spherical erythrocyte


shape (spherocyte) at sublytic concentrations of echinocyto-


genic detergents could arise due to progressive narrowing of


echinocyte spicules with increasing detergent concentration


(Fig. 1b and c) and final release of the spheroechinocyte


spicules from the cell surface as a whole in the form of


tubular nanovesicles. It was also proposed that the released


tubular nanovesicles may subsequently disintegrate into


smaller vesicles [10]. In accordance with previous sugges-


tions [4], we have shown in this work that the spherical


erythrocyte shape (spherocyte) at higher echinocytogenic


detergent concentrations is not the consequence of the


release of the spicules from the spheroechinocyte surface.


Based on the results presented in Fig. 2, it can be


concluded that the loss of membrane material in the form


of nanovesicles created predominantly on the top of the


echinocyte and spheroechinocyte spicules (Fig. 2) may be


the principal cause of the spherical erythrocyte shape at


sublytic concentrations of dodecylmaltoside.


Protein analysis showed that spherical and tubular micro


and nano vesicles of erythrocyte membrane are highly


depleted in the membrane skeleton [11]. It has been shown


recently that the shear energy of the membrane skeleton in


the budding region of the membrane may strongly increase


during the budding process [11]. Therefore, it can be


expected that the budding is most probable on the top of


echinocyte spicules (Fig. 2) since in this region the skeleton


may be detached from the membrane bilayer already before


the budding starts [12]. If it is not detached, the skeleton at


the tip of the echinocyte spicule is maximally expanded,


therefore the budding between the cytoskeleton anchors


would be expected [5]. However, the budding process can


take place also in other regions of the erythrocyte membrane


(except on the spicule tips) and it is also not necessarily


connected with the gross changes of erythrocyte shape [3]. In


this case, the gap in the skeleton network [13], the local


disruption in the skeleton network [10] or the local detach-


ment of the skeleton [11] seems to be a necessary condition


for the formation of the skeleton depleted daughter vesicles


[3]. The partial detachment of the skeleton in the budding


region of the erythrocyte membrane is energetically favour-


able, since in this way, the accumulated skeleton shear


energy in the membrane protrusions may be relaxed [11].
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Membrane skeleton detachment in spherical and cylindrical micro-


exovesicles, Bull. Math. Biol. 61 (1999) 1019–1030.


[12] S.C. Liu, L.H. Derick, M.A. Duquette, J. Palek, Separation of lipid


bilayer from the membrane skeleton during discocyte –echinocyte


transformation of human erythrocyte ghost, Eur. J. Cell Biol. 49


(1989) 358–365.


[13] M.J. Saxton, Gaps in the erythrocyte membrane skeleton: a stretched


net model, J. Theor. Biol. 155 (1992) 517–536.





		Spherocyte shape transformation and release of tubular nanovesicles in human erythrocytes

		Introduction

		Materials and methods

		Results and conclusions

		References








www.elsevier.com/locate/bioelechem


Bioelectrochemistry 62 (2004) 163–167

Effect of alkyl-h,D-glucopyranosides on
hypertonic haemolysis of erythrocytes


Olga P. Synchykova*, Natalia M. Shpakova, Valerij A. Bondarenko


Institute for Problems of Cryobiology and Cryomedicine of the National Academy of Sciences of the Ukraine, Kharkov, Ukraine

Received 6 June 2003; received in revised form 18 September 2003; accepted 25 September 2003

Abstract


The effect of temperature (5–20 jC) and treatment with phenylhydrazine on the hypertonic lysis of erythrocytes in the presence of alkyl-


h,D-glucopyranosides was studied. The results highlight an important role for the cytoskeleton-membrane complex, which allows the cells to


both withstand hypertonic stress within the temperature range studied and facilitate the protective effect of alkylglucopyranosides at low


temperatures (5 jC).
D 2003 Elsevier B.V. All rights reserved.

Keywords: Erythrocyte; Hypertonic haemolysis; Alkyl-h,D-glucopyranosides; Temperature; Phenylhydrazine

1. Introduction


The effect of highly concentrated salt solutions has been


established as the main cause of cryoinjury during erythro-


cyte preservation [1,2]. Considerable increases in the tonic-


ity of the solution in combination with temperature


reduction trigger the processes resulting in defects in the


plasma membrane structure and cell haemolysis. Previously,


we have demonstrated [3] that derivatives of glucopyrano-


side, which are referred to as non-ionic amphiphilic com-


pounds, considerably increase the erythrocyte’s ability to


resist the damaging effects of highly concentrated salts. The


protective effect of some amphiphiles is modulated by


temperature [2]. We were interested in investigating the


temperature dependence of hypertonic haemolysis of eryth-


rocytes in the presence of alkylglucopyranosides. Further-


more, erythrocyte sensitivity to the combined effects of


hypertonic medium and low temperature is regulated by


the state of cytoskeleton [1], the proteins of which control


the process of formation and stabilization of transmembrane


pores [4]. Therefore, amphiphilic compounds, directly af-


fecting the lipid bilayer, may change these processes,


resulting in the impairment of membrane integrity.

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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The aim of this work was to study the effect of temper-


ature on the hypertonic haemolysis of erythrocytes and to


determine how the antihaemolytic properties of activity of


alkyl-h,D-glycopyranosides are manifested.

2. Materials and methods


Hexyl-h,D-glycopyranoside, octyl-h,D-glucopyranoside,
decyl-h,D-glucopyranoside and phenylhydrazine were sup-


plied by Sigma. All solutions were prepared with 5 mM


phosphate buffer, pH 7.4.


The study was conducted using erythrocytes harvested


from donor’s blood. The erythrocytes were removed by


washing with centrifugation three times in 10 volumes of


physiological solution (0.15 M NaCl, pH 7.4). After wash-


ing, the cells were stored for no more than 4 h at 4 jC.
The dynamics of erythrocyte haemolysis was measured


by the scattering of light (k = 720 nm).


Aliquots of cell suspension were transferred into a


thermostatic cuvette, containing 4.0 M NaCl, maintained


at various temperatures. A final concentration is 3.1�106


cells/ml. Red cell haemolysis was evaluated by monitoring


the optical density of the suspension, which is proportional


to the concentration of intact cells at high dilutions. The rate


of red cell haemolysis was determined as the slope of the


line, drawn to the kinetic curve of the change of red cell


suspension density under 4.0 M NaCl solution. The of
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maximum antihaemolytical activity (AH) of amphiphilic


compounds was calculated according the formula:


AH ¼ k � a


k
� 100%


where k = the degree of erythrocyte haemolysis under ex-


perimental conditions in the absence of an amphiphilic


compound and a= the degree of erythrocyte haemolysis in


the presence of the amphiphilic substance.


Modification of red cells cytoskeleton by phenylhydra-


zine was according to the method of Arduini et al. [5]. The


cells were incubated with phenylhydrazine (1 mM) with


constant shaking at 37 jC for 10 min. They were then


removed from this solution by two washes, used for further


experiments.

Fig. 2. Effect of temperature on rate of haemolysis under hypertonic


conditions (4.0 M NaCl) for erythrocytes with and without phenylhydrazine


modification: (1) control cells, (2) phenylhydrazine-modified cells, 1 mM.

3. Results


Fig. 1 shows the temperature dependencies of hypertonic


haemolysis of erythrocytes, placed into 4.0 M NaCl. These


data demonstrate that hypertonic haemolysis of intact cells


is not changed over the whole temperature range (10–20


jC), significantly decreasing to 5 jC. After treatment with


phenylhydrazine, hypertonic haemolysis of the treated cells


exceeds that of the control erythrocytes and does not depend


on the temperature of the lysis medium when between 10


and 20 jC. The data presented in Fig. 2 demonstrate that a


temperature decrease from 20 to 10 jC causes a reduction in


the rate of haemolysis in both control and phenylhydrazine


modified cells is significantly higher than that of the control


cells. At 5 jC, the lysis rate of the cells, modified with


phenylhydrazine, sharply rises when compared to that of the


control erythrocytes (Fig. 2).

Fig. 1. Effect of phenylhydrazine on temperature dependent haemolysis of


erythrocytes under hypertonic conditions (4.0 M NaCl): (1) control cells,


(2) phenylhydrazine-modified cells, 1 mM. Values are the mean of six


experimentsF standard deviation between experiments.

Fig. 3 demonstrates how hypertonic haemolysis of


erythrocytes in the presence of glucopyranoside derivatives


with alkyl chain lengths from 6 to 10 carbonic atoms:


hexyl-h,D-glucopyranoside (C6), octyl-h,D-glucopyranoside
(C8) and decyl-h,D-glucopyranoside (C10) varies with


temperature. Homologues were used at concentrations,


which cause minimal hypertonic haemolysis of the cells.


The maximum protective effect of alkylglucopyranosides is


found when applied simultaneously with highly concentrat-


ed salts [3]; therefore, erythrocytes were placed into lysis


medium (4.0 M NaCl), which already contained the appro-


priate amphiphilic compound. From Fig. 3, it can be seen


that all of the amphiphilic substances studied reduce the


level of hypertonic haemolysis in the temperature range

Fig. 3. Temperature dependent hypertonic haemolysis (4.0 M NaCl) of


erythrocytes in the presence of alkylglucopyranosides: (1) control cells, (2)


C6 (2.8 mM), (3) C8 (0.45 mM), (4) C10 (0.03 mM). Values are the mean


of six experimentsF standard deviation between experiments.







Fig. 4. Temperature dependent hypertonic haemolysis (4.0 M NaCl) of


phenylhydrazine-modified erythrocytes in the presence of alkylglucopyr-


anosides: (1) control cells, (2) C6 (2.8 mM), (3) C8 (0.45 mM), (4) C10


(0.03 mM). Values are the mean of six experimentsF standard deviation


between experiments.
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(5–20 jC). The glucopyranoside derivatives with longer


carbon chains (C8 and C10) significantly decrease the level


of hypertonic haemolysis irrespective of temperature. How-


ever, the antihaemolytic properties of the shorter C6 glu-


copyranoside is temperature-dependent. The protective


effect of this homologue of alkylglucopyranoside is greater


at higher temperatures.


Thus, a temperature-dependent effect on hypertonic hae-


molysis of erythrocytes is only found with short chain


homologues of alkylglucopyranoside.


Introducing glucopyranoside derivatives to the lysis


medium also reduces the haemolysis of phenylhydrazine-


modified erythrocytes (Fig. 4). In this case, the effect of all


glucopyranoside homologues is temperature-dependent. C6


glucopyranoside decreases the damage to phenylhydrazine-


modified erythrocytes over the whole temperature range


(curve 2). However, as the temperature of the lysis medium

Fig. 5. Temperature dependent antihaemolytic activity of alkylglucopyranosides w


are transferred into 4.0 M NaCl: (A) C6 (2.8 mM), (B) C8 (0.45 mM), (C) C10

reduces, the protective effect of this compound is dimin-


ished. When comparing curve 2 in Figs. 3 and 4, it becomes


apparent that the level of damage of phenylhydrazine-


modified cells in the presence of C6 glucopyranoside is


greater at all temperatures investigated.


The curve describing the effect of C8 glucopyranoside on


phenylhydrazine-modified cells is on the whole similar to


the temperature-dependent haemolysis in the presence of C6


glucopyranoside. However, as the temperature decreases


down to 5 jC, the level of hypertonic haemolysis of


phenylhydrazine-modified erythrocytes in the presence of


C8 glucopyranoside increases when compared with that of


the C6 glucopyranoside (Fig. 4, curve 3). Of all the


homologous tested, C10 glucopyranoside has the greatest


temperature dependence effects. At low temperatures, the


capacity of this homologous to reduce the hypertonic


haemolysis of phenylhydrazine-modified cells is greater


than the other glucopyranosides tested. In contrast to high


temperature (20 jC) at 5 jC, the haemolysis of modified


erythrocytes reduces with the decrease of the length of a


substance alkyl chain. Thus, the response of phenylhydra-


zine-modified erythrocytes to hyperconcentrated salt solu-


tions containing amphiphilic compounds is dependent on


temperature and is determined by the hydrophobicity of the


alkylglucopyranoside used.


To compare the efficiency of alkylglucopyranosides, we


have studied the temperature dependencies of antihaemo-


lytic activity of the substances on native or phenylhydra-


zine-treated cells in hypertonic media. The data presented in


Fig. 5 show that, in native cells, the antihaemolytic activity


of C8 glucopyranoside and C10 glucopyranoside is not


temperature-dependent. In contrast, the efficiency of C6


glucopyranoside is reduced at 5 jC. At high temperatures,


the homologues with longer chain (C8 and C10) (Fig. 5B,C)


are more efficient when compared with that of C6 gluco-


pyranoside (Fig. 5A).


In the case of phenylhydrazine-modified cells (Fig. 5,


curve 2), the antihaemolytic activity of each homologue


showed a marked dependence on temperature. The antihae-

hen (1) native erythrocytes and (2) phenylhydrazine-modified erythrocytes


(0.03 mM).
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molytic ability of C8 glucopyranoside and C10 glucopyr-


anoside at 20 jC was greater than for C6 glucopyranoside.


At low temperature, the protective effects of the homo-


logues of glucopyranoside can be put in the following order,


according to their degree of antihaemolytic activity:


C6>C8>C10.


The data presented in Fig. 5 demonstrate that the anti-


haemolytic activity of amphiphilic substances under hyper-


tonic haemolysis depends on the initial state of the cells and


the temperature of the lysis medium. For C6 glucopyrano-


side, the decrease in the efficiency of phenylhydrazine-


treated cells is approximately the same over the temperature


range. However, for homologues with a longer chain length,


there is a different picture. In this case, under high temper-


atures, there are practically no differences in antihaemolytic


activity, but at 5 jC, C8 glucopyranoside and C10 gluco-


pyranoside achieve maximum effects.

4. Discussion


The processes responsible for the formation of the


haemolytic pore are a common factor in the haemolysis of


erythrocytes, irrespective of the stressor causing the hae-


molysis. This macroscopic pore is a dynamic lipid–protein


ensemble, the state of which is determined by physical and


chemical factors of environment [6].


Temperature and osmolarity play a vital role in the onset


of damage to erythrocytes. In the absence of a temperature


change, increasing the in tonicity of the solution results in


an increase in erythrocyte damage [7]. However, under


constant conditions of hypertonic osmolarity (4.0 M NaCl),


reducing the temperature to 5 jC lowers the level of


erythrocyte haemolysis (Fig. 1) in the accordance with


Arrhenius’ law.


The changes in the structure of the erythrocyte membrane


in the presence of phenylhydrazine result in a greater degree


of damage across the whole temperature range, when in


compared with the control cells (Fig. 1). One can suppose


that the effect of phenylhydrazine results in the formation of


an unstable pre-lytic fraction of cells, which rapidly hae-


molyse in a hypertonic solution. The high rate of hypertonic


lysis observed in of phenylhydrazine-modified erythrocytes


is most prominent at low temperatures (Fig. 2), reflecting


highly synchronous damage in the unstable fraction of


erythrocytes.


Phenylhydrazine is a well-known modifier of the eryth-


rocyte skeleton [5] and when used at a concentration of 0.2


mg/ml (as in these experimental conditions) causes 35–40%


degradation of spectrin [8]. Phenylhydrazine destroys a-


and h-chains of spectrin without the formation of high


molecular weight products [5]; it causes a considerable


reduction in free sulfhydrylic groups of spectrin and the


majority of other polypeptides [9]. However, at this time,


little experimental data is available to support the role of


phenylhydrazine not only at the level of membrane protein

component. It has been shown [10] that the degradation of


cytoskeletal proteins, caused by phenylhydrazine, is accom-


panied by an increase in the transbilayer movement of


membrane phospholipids. Furthermore, although phospha-


tidylserine exposure on the membrane surface has not been


observed, but a disorder of aminophospholipidtranslocase


activity has been found in cells treated with phenylhydra-


zine [11].


Thus, data available in the literature [5,10,11] suggest


that phenylhydrazine not only modifies the cytoskeleton,


but also cytoskeletal-membrane complex as a whole.


Incubating erythrocyte with such a highly reactive sub-


stance results in changes in the plasma membrane, which


substantially reduce a cell’s ability to withstand an unfav-


ourable environment. This is the most clearly observed


under conditions where high salt concentration and low


temperature are combined. Phenylhydrazine synchronises


the cells responses and reduces the variation in the ability


of the erythrocyte population to respond to highly salt


concentrates.


Alkyl-h,D-glucopyranosides, which are non-ionic am-


phiphilic compounds, are characterised by high antihaemo-


lytic activity in the presence of various stressors [3,12].


They protect the cells from hypotonic and hypertonic lysis


[3,12].


During their incorporation into the erythrocyte mem-


brane, alkylglucopyranosides can modify its structure up


to vesiculation, depending on the concentration of com-


pound used. At the molecular level, these processes are


mediated by the transbilayer movement of lipids, as well as


by the formation of non-bilayer lipid structures [13]. There


is evidence that non-ionic amphiphilic compounds make


easier transbilayer movement of lipid molecules [13,14].


The ability of amphiphiles to cause the reorganization of


membrane is probably an important factor when cells


encounter hypertonic solutions. Under hypertonic condi-


tions, processes are initiated in the cell membrane, which


result in both the appearance of membrane defects and the


activation of pre-existing membrane defects. The addition of


amphiphiles to lysis medium results in the reorganization of


the membrane, stabilizing and preventing further growth of


membrane defects.


For many amphiphilic compounds, it is known that


temperatures close to 0 jC cause a sharp reduction or even


the loss of their ability for many amphiphilic compounds to


protect the cells in an unfavourable environment [2,7].


Alkylglucopyranosides are peculiar in that only the short


chain, C6 demonstrated a decrease in antihaemolytic activ-


ity as the temperature of the lysis solution was reduced.


Stronger homologues (C8 and C10) are characterised by a


lack of sensitivity to temperature-dependent changes in


membrane. The observed reduction in antihaemolytic activ-


ity of C8 and C10 alkylglucopyranosides under hypertonic


conditions in phenylhydrazine-modified erythrocytes at 5


jC is probably brought about by substantial changes in the


membrane structure caused by the combined effect of the
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three environmental factors (phenylhydrazine, hypertonic


solution and low temperature; Figs. 4 and 5). ESR spec-


troscopy has shown a reduction in membrane fluidity in the


presence of high concentrations of phenylhydrazine [8],


which affected the hydrophobic portion of the membrane.


Furthermore, decreasing temperature also reduces mem-


brane fluidity [15].


Amphiphilic molecules are usually located in the liquid


region of the erythrocyte membrane, the proportion of


which can vary significantly in membranes modified by


phenylhydrazine and low temperature. We believe that


antihaemolytic effects may be determined by the saturation


peculiarities of the membrane after modification by amphi-


philic compounds. Their local concentration within the


membrane may exceed the optimal concentration and lysis


may occur, depending on physical and chemical properties


of amphiphile molecules used and the state of the erythro-


cyte membrane.

5. Conclusions


These observations suggest an important role for cyto-


skeletal-membrane complex in conferring a cell’s capability


to resist the hypertonic stress over a range of temperatures.


Furthermore, the cytoskeletal-membrane complex plays a


significant role in mode of action of alkylglucopyranosides,


which protect cells from lysis at low temperatures.
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Abstract


The phosphorylation of tyrosine residues of human red blood cell (RBC) band 3 is regulated in vivo by constitutively active tyrosine-


kinases (PTKs) and phosphotyrosine-phosphatases (PTPs), identified so far as, respectively, p72syk and p56/53lyn, and PTP1B and SHPTP-2.


Tyr-phosphorylation of band 3 increases upon reduction of cell volume as in hypertonic media or during Ca2 +-induced membrane


vesiculation. We show here that old RBCs display higher Tyr-phosphorylation levels of band 3 than younger cells under hypertonic


conditions, at least in part due to the reduced cell volume of old RBCs, a condition of lowered threshold for activation of volume-sensitive


PTKs. We have also analysed the membrane-bound PTP activity and the relative abundance of PTP1B (as the main membrane-associated


PTP) in RBCs of different age. Immunodetection of PTP1B in purified ghost membranes revealed that the catalytic, N-terminal domain of the


PTP is partially cleaved, in an age-dependent manner, from the membrane-bound domain, and it is lost during the preparation of ghost


membranes. This suggests that erythrocytes may undergo in vivo activation of the Ca2 +-dependent calpain system that proteolytically


regulates PTP1B activity, as already documented for other cell types. On the other hand, the assay of the PTP activity that remains associated


with the membranes of RBCs of different age indicated that the PTP undergoes oxidative inactivation that can be further differentiated into


reversible and irreversible components.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Band 3 protein is the major substrate for constitutively


active Tyr-kinases (PTK) and phosphoTyr-phosphatases


(PTP) of the human red blood cell (RBC). Tyr-phospho-


rylation of band 3 rises above basal, undetectable levels


upon erythrocyte deoxygenation [1], or cell shrinkage due


to hypertonicity or opening of the Ca2 +-activated K+


channel [2]. When evaluated in the total population of


RBCs, the shrinkage-induced band 3 phosphorylation


appears to depend mainly on the stimulation of PTK


activity, likely due to p72syk, rather than inhibition of


PTP activity [2]. As described in this paper, PTK activity


appears largely conserved throughout RBC life, as sug-


gested by the fact that old RBCs display even higher


phosphorylation levels of band 3 than younger ones when

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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challenged with hypertonic treatments. The latter phenom-


enon could be due to several factors, of which we have


considered in this work: the reduced volume and cell


hydration of old RBCs (a condition of lowered threshold


for activation of volume-sensitive PTKs), and a partial


impairment, or quantitative loss, of PTPs. We have ana-


lysed the total PTP activity in purified ghost membranes,


and the relative abundance of PTP1B, as the main mem-


brane-associated PTP that dephosphorylates band 3 [3] in


RBCs of different age.

2. Experimental


RBCs of different age were obtained, by centrifugation


on discontinuous stractan density gradients, as previously


detailed [4]. Six subpopulations of cells (F1 to F6) of the


following densities (g/ml) were typically obtained:


1.075 < F1 < 1.090 < F2 < 1.095 < F3 < 1.101 < F4 < 1.103 <


F5 < 1.110 < F6 < 1.137. Each subpopulation was character-


ized for RBC and reticulocyte count, mean cell volume
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(MCV, fl), mean corpuscular haemoglobin concentration


(MCHC, g/dl) and protein 4.1a/4.1b ratio as a density-


independent parameter that increases with cell age [4]. The


latter was measured after separation, by sodium dodecyl


sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), of


membrane proteins from white ghost membranes that were


prepared as detailed elsewhere [4] and were also used


for the assay of total PTP activity as vanadate-sensitive,


p-nitrophenylphosphate hydrolysing activity, in the ab-


sence or presence of 2 mM dithiotreitol (DTT) [3].


PTP1B was quantified, after SDS-PAGE of whole RBCs


or white ghost membranes, by Western blotting and


chemiluminescence detection (ECL; Amersham Bioscien-


ces, Freiburg, Germany). The primary antibody used was


a monoclonal anti PTP1B, recognising an epitope in the


catalytic, N-terminal domain of PTP1B (clone FG6-1G,


Calbiochem, La Jolla, CA, USA) and thus able to detect


both the native, membrane-bound form (50 kDa) and the


cytosolic (42 kDa) fragment of PTP1B. Immunodetection


of band 3 tyrosine phosphorylation was carried out, after


SDS-PAGE and transfer to nitrocellulose of whole RBCs,


with monoclonal anti-phosphotyrosine antibody (clone


4G10, Upstate, Miton Keynes, UK) followed by chemi-


luminescence detection.

Fig. 1. Separation and characterization of erythrocytes of different age. (A)


Recovery of RBCs (histogram) and reticulocytes (line), in subpopulations


of increasing cell age/density from F1 to F6. (B) Mean cell volume (MCV/


fl, filled circles) and mean corpuscular haemoglobin concentration (MCHC/


g/dl, empty circles) of cells of different age/density. (C) The cell-age


parameter 4.1a/4.1b was quantified after SDS-PAGE of RBC membrane


proteins. All parameters are average of values measured in four independent


experiments. Error bars represent standard deviation.

3. Results


For this study, six subpopulations of erythrocytes of


different age were obtained, in each of several independent


experiments, by density separation as previously described


[4] and characterized for their cellular properties. It was in


particular verified, by measuring the cell-age parameter


protein 4.1a/4.1b ratio, that the separation technique pro-


vided a true enrichment in old RBCs in the densest cell


fractions (Fig. 1).


Fig. 2 shows the immunodetection of Tyr-phosphorylat-


ed band 3 in erythrocytes of different age stimulated with


hypertonic treatment. Old RBCs (F6) display higher phos-


phorylation levels of band 3 than younger cells (F1). This


could be at least in part explained by the reduced cell


volume of old RBCs and their dehydrated state (see MCV


and MCHC plots in Fig. 1), which lower the threshold of a


putative shrinkage-sensitive kinase [2]. To determine


whether other factors could contribute to the phenomenon,


we analysed the phosphotyrosine-phosphatase activity and


the content of the main membrane-bound PTP in RBCs of


different age. Total PTP activity was assayed in white ghost


membranes under the assumption, previously supported by


others [3], that membrane-bound PTP1B is the major PTP


of human RBCs acting on band 3. As reported in Fig. 3


(empty circles), the PTP activity (operationally defined as


the vanadate-sensitive p-nitrophenylphosphate hydrolysing


activity) decreases from young to old RBCs, when normal-


ized over total protein content of ghost membranes. A


parallel assay was conducted under reducing conditions

(DTT added) to reverse a possible partial damage of the


oxidation-sensitive PTPs. As shown in Fig. 3 (filled


circles), the reducing treatment increases the PTP activity


in all subpopulations. The extent of the recovery is ap-







Fig. 2. Tyr-phosphorylated band 3 in RBCs of different age after hypertonic


treatment. RBCs suspensions at 10% haematocrit were treated for 15 min at


37 jC in 5 mM phosphate buffer pH 7.4, 4 mM KCl, NaCl to 600 mosM


total. After incubation, aliquots of the cell suspensions were treated with


sample buffer and subjected to SDS-PAGE. Immunodetection of Tyr-


phosphorylated proteins was carried out as described under Section 2. F1:


young cells, F4: middle-age cells, F6: old cells. An equal number of cells is


present in each lane. The immunoblot shown is representative of results


obtained in four similar experiments.
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proximately 20% of the activity under non-reducing con-


ditions in young/middle-aged cells (F2–F3), while it


decreases to approximately 10% in older cells (F6). The


difference is statistically significant between F3 (represen-


tative of the most abundant population of cells) and F6


(population of 5% oldest cells). We interpreted this obser-


vation as indicative of a progressive increase, with cell age,


of a subpopulation of phosphatase molecules that suffered


from a damage that could not be restored by mild reducing


treatments, probably a more severe oxidation of the active-


site cysteine, or protein denaturation. We wondered if the


decline in total PTP activity from young to old cells could
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Fig. 3. PTP activity in ghost membranes from RBCs of different age. The p-


nitrophenylphosphate-hydrolysing activity of ghost membranes was


measured in the presence (filled circles) or absence (empty circles) of


DTT. The measured values were referred to total protein content of the


samples. Finally, the calculated value of the total population (T) (in the


absence of DTT) was taken as the 100% to which all other values were


referred. Data are average of values measured in three independent


experiments.

be accounted for by a quantitative loss of PTP1B with


ageing. PTP1B exists in vivo as two related polypeptides, a


native 50-kDa form, membrane-bound by virtue of its C-


terminal hydrophobic domain [5], and the catalytic, N-


terminal domain, free in the cytosol. It has been described


that in platelets the proteolytic cut of PTP1B is under


control of the calpain system of Ca2 +-dependent proteases


and that the event is associated with an increase in the


activity of the released catalytic domain of PTP1B [6].


PTP1B was found in white ghost membranes from RBCs


of different age, as the native 50-kDa form and, in lower


amounts, also as the 42-kDa form, as shown in Fig. 4. The


PTP1B decreases from young to old cells, due to the


decrease in the 50-kDa form, without a corresponding


increase in the 42-kDa form. The decrease mirrors the


decline in total PTP activity measured in ghosts. However,


when the quantification of PTP1B was repeated using


whole erythrocytes instead of purified ghost membranes,


a different result was obtained. As shown in Fig. 5, total


PTP1B (50 + 42 kDa) keeps virtually constant throughout


RBC ageing, while the relative abundance of its two


components changes in an age-dependent manner, with a


significant increase of the 42-kDa form at the expenses of


the native, membrane-bound 50-kDa form. Most of the 42-


kDa form could be lost during preparation of ghost mem-


branes, which explains its quantitative decline in ghosts

Fig. 4. PTP1B in white ghost membranes from erythrocytes of different age.


Equal amounts of membrane, based on quantification of band 3, were


loaded for each sample. The total amount of PTP1B (50 + 42 kDa form) of


the total population of cells (T) was taken as 100%, and each PTP1B form


from each other subpopulation was referred to this value. PTP1B 50 kDa,


black bars; PTP1B 42 kDa, white bars. All parameters are average of values


measured in three independent experiments.







Fig. 5. PTP1B in erythrocytes of different age. PTP1B was quantified after


SDS-PAGE of whole erythrocytes and immunodetection (representative


blot shown at the bottom). An identical number of cells (107) from each


subpopulation was loaded, based on cell count. The total amount of PTP1B


(50 + 42 kDa) of the total population of cells (T) was taken as 100%, and


each PTP1B form from each other subpopulation was referred to this value.


PTP1B 50 kDa, black bars; PTP1B 42 kDa, white bars. All parameters are


average of values from four independent experiments. Asterisks show


statistical significance, to the paired t-test, for the difference in the amount


of the 42-kDa fragment, between the populations indicated.
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(Fig. 4) and the decrease in total PTP activity with cell age


(Fig. 3).

4. Discussion


The higher levels of Tyr-phosphorylated band 3 induced


by hypertonicity in old RBCs compared to younger cells


seem to depend, at least in part, on the reduced cell volume


and hydration of senescent RBCs, which lower the


threshold for activation of volume sensitive PTK(s) [2].


Results obtained in this paper suggest that a partial impair-


ment of the membrane-bound PTP activity could also


contribute to the observed phenomenon. Most of this


activity has been ascribed to PTP1B [3], which on the one


hand seems to undergo a progressive proteolytic processing


during ageing and, on the other, seems to suffer from


inactivation due to oxidative damage. PTP assay in purified


ghost membranes may not reflect the true state of PTP1B in


the cell, due to the loss of the PTP1B’s 42 kDa domain

during ghost preparation, as described here. A different


method for assaying total PTP activity in whole cells is


being developed for addressing this issue more precisely.


Nevertheless, assay of PTP activity in ghosts, which reflects


mainly the residual membrane-bound 50-kDa form of


PTP1B, showed that reducing agents could increase total


PTPase activity, indicating that an oxidative damage affects


the PTPs during ageing, part of which is reversible (in vivo


reduction could be sustained by intracellular GSH), while


part is irreversible and mostly affects older RBCs. The age-


dependent proteolytic processing of PTP1B may be a


marker of activation events of the Ca2 +-dependent calpain


system, which appears to be responsible for the cleavage of


PTP1B in other cell types [6]. The accumulation of the 42-


kDa fragment of PTP1B should be accompanied by an


increase in PTP activity (as observed in platelets), which


should favour the dephosphorylation of band 3 in old cells.


This is opposed to what we have observed, suggesting that


up-regulation of PTP1B may not follow its proteolytic


processing in the human RBC. In this cell type, the


prevailing effect, after the cleavage of PTP1B’s 42-kDa


domain, could be the dissociation of the phosphatase from


its major substrate, band 3, which in turn would lead to


increased net tyrosine phosphorylation of band 3. Interest-


ingly, a similar model of Ca2 +-dependent uncoupling of the


band 3-PTP1B association has been recently proposed,


which, while not contemplating the proteolytic processing


of PTP1B, is compatible with the results described here [7].


An increased Ca2 + content in dense RBCs with respect


to light cells has been documented [8], although the un-


equivocal demonstration of stable increases in Ca2 + content


in old RBCs of well-defined cell-age is still lacking.


Evidence for differences in the Ca2 +-extrusion capacity


between young and old RBCs is also sparse and controver-


sial [9]. Possible alterations of Ca2 + homeostasis in RBC


ageing have to be taken into account [10], given the


importance of Ca2 + in several aspects of RBC physiology,


such as regulation of Gardos channel, Ca2 +-pump, calpain


and calmodulin, and membrane vesiculation. Stable


increases in intracellular Ca2 + may not necessarily represent


the key demonstration of a role for Ca2 + in RBC senes-


cence: accumulation of Ca2 + could be transient, and rapidly


reverted by the Ca2 +-ATPase. Such transients could how-


ever be sufficient to trigger events like the opening of the


Ca2 +-activated K+ channel, membrane vesiculation and, as


shown here, the cleavage of PTP1B. The accumulation of


PTP1B 42 kDa in old RBCs may therefore represent the


irreversible mark of transient increases in intracellular Ca2 +


that may occur during RBC ageing.


Increased levels of band 3 Tyr-phosphorylation have


been detected in some hemoglobinopathies [11,12] such as


sickle cell disease and h-thalassemia. The phenomenon has


been interpreted as the result of oxidation-dependent PTP


inhibition in the pro-oxidant environment favoured by


abnormal, unstable haemoglobins. However, other factors


could be at play, for example increased dehydration of
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RBCs [13], which also would favour band 3 Tyr-phosphor-


ylation. It would be interesting to verify whether, under the


hypothesis presented here, the proteolytic processing of


PTP1B occurred also in these abnormal RBCs where


Ca2 + homeostasis is likely altered [14].
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Abstract


An immunologically mediated pathway has been largely accepted to be one of the mechanisms involved in the clearance of senescent or


prematurely damaged RBC. According to this pathway, RBC removal is mediated by binding of naturally occurring IgG to clustered integral


membrane proteins, followed by complement deposition. The validation of an immunoenzymatic method for the detection of RBC-bound


autologous IgG is presented. The use of RBC-bound IgG as an index related to red cell age was evaluated by measuring IgG binding in RBC


treated with the clustering agent ZnCl2, in density fractionated RBC and in a selected group of patients expected to have an altered RBC life


span. The immunoenzymatic method for IgG detection resulted to be reproducible (CV= 3.4%). IgG binding to in vitro clustered RBC was


found to be enhanced to a very great extent, about 20 times higher with respect to untreated RBC. A slight but significant increase (about 1.8-


fold) in membrane-bound IgG was observed in the highest density fraction of normal RBC, which constituted 1% of the total cells. A


significantly greater number of RBC-bound IgG was measured in splenectomized h-thalassemia intermedia patients and in subjects with


secondary decreases in the C3 complement fraction concentration.


D 2004 Published by Elsevier B.V.
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1. Introduction


It is well documented that, after a life span of 120 days,


senescent erythrocytes (RBC) expose removal markers that


account for their selective recognition by macrophages and


clearance from the circulation. Different controversial hy-


potheses have been proposed in order to explain the


mechanism of erythrophagocytosis and to find, among


the many physical and biochemical alterations occurring


during red cell aging, the primary senescent signal that


marks the cells to be removed [1,2]. Some authors have


suggested that the senescent marker derives from modifi-


cations of membrane proteins [3], others from desialylation


of sialoglycoconjugates [4] or from exposure of internal


leaflet lipids [5]. A currently popular hypothesis states that


an immunologically mediated pathway is one of the

1567-5394/$ - see front matter D 2004 Published by Elsevier B.V.


doi:10.1016/j.bioelechem.2003.07.006


* Corresponding author. Tel.: +39-2-5033-0422; fax: +39-2-5033-


0414.


E-mail address: andrea.mosca@unimi.it (A. Mosca).

mechanisms involved in the clearance of senescent or


prematurely damaged RBC [6–8]. According to this path-


way, RBC removal is mediated by binding of autologous,


naturally occurring antibodies and complement to the RBC


surface. The removal pathway is triggered by the cluster-


ing of integral membrane proteins, predominantly band 3.


This is mainly caused by hemoglobin denaturation with


formation of hemichromes that tightly bind to the cyto-


plasmic domain of band 3. As a result, band 3 undergoes a


topographic redistribution within the membrane leading to


integral protein cross-linking. The clustered sites are rap-


idly recognized by the immune system and opsonized by


IgG antibodies and the C3 fraction of complement. IgG-


complement complexes strongly induce phagocytosis by


macrophages following their binding to Fc and comple-


ment receptors. Such a IgG-dependent recognition mecha-


nism has found experimental evidence in physiologically


senescent RBC, in vitro oxidized RBC and has also been


demonstrated in enzyme-deficient RBC, malaria-infected


RBC and in RBC with hereditary hemoglobin abnormal-


ities and with hereditary spherocytosis [9,10].
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The availability of a reliable index related to the RBC age


may be of relevant clinical utility when age-dependent


biochemical parameters have to be carefully evaluated.


RBC creatine and membrane protein ratio 4.1a/4.1b have


so far been described as useful parameters for the assess-


ment of red blood cell age [11,12]. Our objective was the


validation of an immunoenzymatic method for the determi-


nation of RBC-bound autologous IgG to be used as an index


related to red cell age. To this aim, membrane-bound IgG


was measured in in vitro artificially aged RBC, in the


highest density fraction of normal RBC and in a selected


group of patients expected to have an altered erythrocyte life


span.

Table 1


Reproducibility of the immunoenzymatic method for the measurement of


RBC-bound IgG


Parameters N Mean S.D. CV, %


Total protein, mg/ml 26 3.22 0.03 0.9


ALP activity, DA/min 26 0.130 0.002 1.2


IgG binding, number


of GAH-IgG/RBC


26 235 7.96 3.4

2. Experimental


Fresh blood samples were obtained from normal blood


donors (n = 31), h-thalassemia intermedia patients (n = 9


splenectomized, n = 3 not splenectomized), h-thalassemia


carriers (n = 14) and subjects with secondary decrease in


C3 complement fraction concentration (n= 18). None of


the thalassemic patients was ever submitted to transfu-


sional treatment. Blood was collected in EDTA except for


the experiments with clustering agents in which heparin


was added as anticoagulant. Freshly drawn blood was


passed through a cellulose column to remove leukocytes


and platelets. After three washes with isotonic saline


(1000 g for 5 min at + 4 jC), RBC were suspended at


10% hematocrit in 10 mmol/l Hepes, 130 mmol/l NaCl,


10 mmol/l glucose, 2% (w/v) bovine serum albumin


(BSA), pH 7.4. Suspended RBC were then supplemented


with 15 Ag/ml (final concentration) of goat anti-human


IgG antibodies conjugated with alkaline phosphatase


(GAH-IgG, g-chain specific, affinity-purified monoclonal,


A-3187 Sigma) and incubated overnight at + 4 jC [13].


After washing to remove unbound antibodies, membrane


ghosts were prepared by hypotonic lysis of the labelled


RBC in 5 mmol/l sodium phosphate pH 8.0 (dilution


1:60). After a 30-min incubation on ice, three washes in


the same lysis buffer were performed (6000 g for 30 min


at + 4 jC). In a typical experiment using 3.0 ml of


suspended RBC from normal subject, about 400 Al of


ghosts could be obtained. Ghosts were then solubilized in


1% (w/v) Triton X-100 and alkaline phosphatase (ALP)


activity was measured at 404 nm using p-nitrophenyl


phosphate as the substrate. Membrane protein concentra-


tion was determined by the bicinchoninic acid assay


(from Pierce). Membrane-bound IgG was expressed as


the number of ALP-conjugated GAH-IgG antibodies


bound by treated RBC.


Clustering of RBC integral membrane proteins was


induced as described by Turrini et al. [14]. Briefly, washed


RBC were incubated at 10% hematocrit with increasing


concentrations ( up to 1 mmol/l) of ZnCl2 and 1 mmol/l bis-


sulfosuccinimidyl-suberate (BS3, from Sigma) for 15 min at

room temperature. After washing, opsonization was per-


formed at 33% hematocrit by incubation for 60 min at 37 jC
in autologous serum. Membrane-bound IgG was measured


after labelling washed RBC with ALP-conjugated GAH-


IgG antibodies as described above.


Density-fractionated RBC were prepared using Percoll


discontinuous preformed gradients. Leucocyte-free RBC


obtained from normal blood donors were separated in five


subpopulations of increasing density by modification of a


previously reported procedure [15]. To this regard, com-


position of density gradients was specifically designed for


each subject, to allow the separation of a very small


highest density fraction containing not more than 1% of


the total cells. A typical gradient was formed by super-


imposing four solutions at final Percoll concentration of


58%, 65%, 72% and 75% (v/v; d: 1.090–1.110 g/ml).


Isolated RBC fractions were thoroughly washed with cold


isotonic saline to remove any Percoll and analysed for


cell-bound IgG as described above. Glycated hemoglobin


(Hb A1c) was measured in the fractionated RBC as a cell


age marker to monitor RBC separation [15,16].

3. Result and discussion


The reproducibility of the immunoenzymatic assay for


RBC-bound IgG was estimated by the method of duplicate


analyses (Table 1). Analytical CVs of 0.9%, 1.2% and 3.4%


were obtained with regard to protein concentration, ALP


activity and IgG binding assay, respectively. For each


parameter, the reproducibility was deemed to be quite


satisfactory.


Stability at + 4 jC of both blood (n = 8) and RBC


(n = 11) samples was evaluated relatively to membrane-


bound IgG (Fig. 1). Whole blood samples were found to


be stable up to 3 days at + 4 jC (data not shown) while


prolongation of storage time up to 8 days resulted in a


small but significant increase in the number of cell-bound


IgG (P < 0.001). Leucocyte-free RBC suspended in Hepes


buffer resulted to be much more stable with respect to


whole blood and no relevant differences in cell-bound


IgG were noted over the same storage period. Better


stability of RBC with respect to blood was probably


due to the elimination of plasma containing autologous


IgG, therefore unable to bind to red cells during in vitro


aging.







Fig. 3. IgG binding (dark bars) and Hb A1c concentration (light bars) in


density separated RBC. Data are from three normal subjects. Error bars


show the S.D.


Fig. 1. Stability of whole blood and RBC samples stored at + 4 jC with


regards to membrane-bound IgG content. Statistical analysis was performed


by means of t-test for paired samples. Dark circles represent mean values.


T0 = day 0, T1 = day 8.
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Experiments were conducted in which RBC were trea-


ted with clustering and cross-linking agents (ZnCl2 and


BS3) known to give rise to integral protein clustering in


RBC and to induce autologous IgG binding upon reincu-

Fig. 2. Autologous IgG binding to RBC treated with increasing


concentrations of ZnCl2. Results represent mean valuesF S.D. of three


experiments.

bation in their own serum. These experiments were aimed


at modeling the senescent pathway in vitro in order to


obtain RBC artificially enriched with autologous IgG.


Antibody binding to in vitro clustered RBC was observed


to increase in function of ZnCl2 concentration with the


highest binding reached when RBC were treated with 0.5


mmol/l ZnCl2 (Fig. 2). At this concentration, IgG binding


was found to be enhanced to a very great extent, about 20


times higher with respect to untreated RBC. When ZnCl2
concentration exceeded 0.5 mmol/l concentration, IgG


binding slightly decreased and was found to be 14 times


higher with respect to untreated RBC at 1.0 mmol/l. Our


results are in agreement with those obtained by Turrini et


al. [14] who demonstrated RBC treated with the same


reagents to be more susceptible to autologous IgG binding


and indicated the ability of our immunoenzymatic method


to detect RBC-bound IgG.


By using Percoll density gradients, normal blood was


separated in five RBC fractions whose densest fraction was


characterized to comprise no more than 1% of the total


cells. This small proportion of highest density RBC has

Table 2


Autologous IgG binding measured in a selected group of patients


Subjects N Median Confidence


interval


25–75%


Min Max P


Normals


(blood donors)


31 188 164–250 86 338 –


h-Thal carriers 14 247 203–278 93 350 0.038


h-Thal intermedia


(after splenectomy)


9 325 267–365 174 498 0.002


C3 deficit 18 451 285–974 201 3136 < 0.001


Data are expressed as number of ALP-conjugated GAH-IgG antibodies


bound per RBC. Statistical analysis was performed on comparison between


pathological and normal subjects by means of Mann–Whitney rank sum


test. NS, not significant.
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been demonstrated to be constituted by cells destined to


survive only a few additional hours in circulation being


rapidly recognized and removed when they are re-infused


into the donor [17]. Density fractionated RBC were


analysed for cell-bound IgG and Hb A1c concentration


(Fig. 3). A progressive enrichment in Hb A1c level was


measured in RBC fractions of increasing density as


expected in density–age-based separation. In the restricted


1% highest density RBC population, a slight but signifi-


cant increase (1.8-fold F 0.2, n = 3, P= 0.035) in the


number of membrane-bound IgG was observed with re-


spect to unfractionated cells while in the other RBC


fractions, IgG content remained roughly constant. Similar


findings have also been previously reported by other


authors [18,19] who found the 0.5% highest density


fraction of normal RBC to contain 5- to 10-times more


membrane-bound IgG than the other cell fractions of lower


density. The more remarkable enrichment in IgG binding


found by these authors is probably due to the even more


restricted population selected, as well as to different


experimental procedures.


A selected group of subjects comprising patients suf-


fering from h-thalassemia syndromes and subjects with


secondary decreases in C3 complement fraction were


studied. Detailed results together with statistical signifi-


cance are reported in Table 2. A significantly greater


number of RBC-bound IgG was detected in splenectom-


ized h-thalassemia intermedia patients and in C3 deficit


subjects. A small increase in IgG binding was also noted


in RBC from h-thalassemia carriers. Previous studies


performed on h-thalassemia intermedia patients have


shown higher amounts of RBC-bound IgG as well as


membrane-bound hemichromes and clustered band 3 in


splenectomized subjects [20,21]. These findings have been


related to the accelerated clearance of h-thalassemia RBC


that causes these cells to have a shorter life span than


normals [22].

4. Conclusion


We describe a validation of a method for measuring


RBC-bound IgG. Although still quite time-consuming, we


think that this method is reproducible and robust. The


application of this method to density-gradient isolated


RBC subfractions and to selected clinical cases of patients


with altered red cell survival proves that RBC-bound IgG


can be a parameter related to cell age and a marker of


membrane damage.
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Abstract


Suspension of intact human red cells in media with low chloride and sodium concentrations (isotonic sucrose substitution) results in


strongly inside positive membrane potentials, which activate the voltage-dependent non-selective cation (NSVDC) channel. By systematic


variation of the initial Nernst potentials for chloride (degree of ion substitution) as well as the chloride conductance (block by NS1652), and


by exploiting the interplay between the Ca2 +-permeable NSVDC channel, the Ca2 +-activated K+ channel (the Gárdos channel) and the Ca2 +-


pump, a graded activation of the NSVDC channel was achieved. Under these conditions, it was shown that the NSVDC channels exist in two


states of activation depending on the initial conditions for the activation. The hysteretic behaviour, which in patch clamp experiments has


been found for the individual channel unit, is thus retained at the cellular level and can be demonstrated with red cells in suspension.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


When human red blood cells (hRBC) are suspended in


depolarising Ringers, they respond by opening a non-


selective voltage-dependent cation pathway, the NSVDC


channel, which is permeable to mono- and divalent cations


[1–3]. In patch clamp experiments on excised hRBC inside-


out patches, bathed in salt solutions of physiological ion


strength, depolarising potentials result in opening of a 30-pS


channel [4]. At high positive potentials, + 100 mV and


above, the channel attains an open state probability of close


to 1.0. However, the kinetics of the channel cannot be


represented by a simple closed to open transition, since


the open state probability depends not only on the instan-


taneous potential, but also on the prehistory of the channel


[5,6]. If the voltage is increased from deactivating (negative)


potentials towards positive potentials, the open state prob-


ability is lower at a given potential, than compared to a
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change from positive potentials, at full activation, towards


negative potentials. This hysteresis is thus a property of the


individual channel unit.


The number of channels in the intact hRBC has been


estimated to be in the range of 150–300 [7]. Marked


differences with regard to activation seem to exist com-


pared to the isolated channel, but the hysteretic behaviour


appears to persist as an ensemble property of the intact cells


in suspension. Calcium added to the cells, following


activation of the NSVDC-pathway by suspension in su-


crose Ringers, results in a hyperpolarization due to activa-


tion of the Ca2 +-activated K+ channels, the Gárdos channel,


which deactivates the NSVDC channel. As a consequence


of the deactivation, the Ca2 +-influx ceases and the active


extrusion of cellular calcium by the calcium-pump deacti-


vates the Gárdos channel. Due to the closing of the


conductive cation pathways, the conductive chloride path-


way becomes more and more dominating, resulting again in


positive membrane potentials, which in turn reactivates the


NSVDC channel. In contrast to the original activation, from


high positive potentials, the activation now takes off from


negative potentials and the cation conductance becomes







Fig. 1. Delayed addition of NS1652. Initial Nernst potentials in sucrose


Ringer are estimated to be: ECl = + 105 and EK =� 110. NS1652 was added


at time 0. X-axis: time in seconds. Y-axis: CCCP-estimated membrane


potential.
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lower than before, even at more positive potentials [8]. In


the following, a further characterization of the voltage


activation and hysteretic properties at the level of the intact


cell will be given.

Fig. 2. Delayed addition of NS1652. NSVDC-channel conductance


calculated from Eq. (3), as function of quasi-stationary voltage clamp. X-


axis: lag time before NS1652 addition. Y-axis: cation conductance in gCl
units.

2. Materials, methods and calculations


2.1. Reagents


Carbonylcyanide-m-chloro-phenyl-hydrazone (CCCP)


(Sigma) and 2-(NV-trifluoromethylphenyl)ureido)benzoic


acid (NS1652) synthesized at NeuroSearch [9] were pre-


pared as stock solutions in DMSO. Salts and sucrose


(Sigma) for the Ringers were of analytical grade or better.


Sucrose Ringer, 2 mM KCl, 264 mM sucrose, n-Ringer, 154


mM NaCl, 2 mM KCl.


2.2. Erythrocytes


Blood from healthy human donors (the authors) was


drawn into heparinized vacuum tubes, centrifuged, the buffy


coat and plasma removed, and the packed cells stored on ice


until use.


2.3. Experiments


A total of 3000 Al experimental solution was thermostat-


ed at 38 jC, CCCP (final concentration 20 AM) and, where


indicated, NS1652 (final concentration 10 AM) was added.


The experiment was initiated by injection of 100 Al packed
cells into the medium giving a final cytocrit of 3.2%.


2.4. Membrane potential estimation


The membrane potential was estimated from the CCCP-


mediated pH-change in the buffer-free extracellular solution

[10]. The zero potential (intracellular pH) was determined as


the pH in the Triton X-100 lysed cell suspension, as


Vm ¼ 61:5 mV*ðpHin � pHoutÞ ð1Þ


2.5. Conductances


The total membrane current, Im, due to the passive


electrogenic pathways, which is the sum of all the ion


currents is given by:


Im ¼
Xn
i¼1


ii ¼ Cm


dVm


dt
þ
Xn
i¼1


giðVm � EiÞ ¼ 0 ð2Þ


where n is the number of individual, discernible conductive


pathways, ii the individual ion currents and Cm the mem-


brane capacitance. Vm, gi and Ei have their usual meaning.


Since dVm/dtb1, the cation conductance can be expressed


as:


gKþ þ gNaþ
Vm � ENaþ


Vm � EKþ


� �
¼ gþ ¼ gCl


ECl � Vm


Vm � EKþ
ð3Þ

3. Results


Initially, when cells are incubated in a sucrose Ringer in


the absence of a chloride conductance blocker, the mem-


brane potential has a value corresponding to the chloride


Nernst potential (105 mV), which can be calculated from the


intracellular Cl� concentration (100 mM) estimated from


the membrane potential measured in n-Ringer. The NSVDC


channels begin to activate and the membrane potential


settles around 80 mV, from which it changes only slowly


in the negative direction, due to the still dominating chloride







Fig. 3. Ca2 +-induced potential transient. Experimental conditions as in Fig.


1. A total of 10 AM NS1652 was added after 4 min. When a stationary


potential of � 28.5 mV was reached, 1 mM CaCl2 was added. The peak


potential was � 76 mV and the final stationary potential was + 35 mV. X-


axis: time in seconds. Y-axis: membrane potential in mV.


Fig. 5. Depolarization induced channel activation. X-axis: final membrane


potential in mV, Y-axis: cation conductance in gCl units. Open symbols:


cells injected into premixed Ringers, filled symbols: preincubation (2 min)


in sucrose Ringer, diluted to final composition.
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conductance, see Fig. 1. When 10 AM of the chloride


conductance blocker NS1652 is added, the rate of change


of the membrane potential becomes faster and reaching


either a peak or a stationary value after a period of time,


depending on the lag time before addition of the chloride


conductance blocker. The size of the hyperpolarization,


reflecting the degree of cation conductance increase,


depends too on the lag time, becoming bigger the longer


the lag time, see Fig. 2. Adding calcium after the membrane


potential has become constant results in a transient hyper-


polarization, followed by a new stationary membrane po-


tential, more positive than before the potential transient, see


Fig. 3, signifying that the cation conductance is lower after


the hyperpolarization.


The hyperpolarization caused by addition of calcium is a


graded response, depending on the calcium concentration


and the initial depolarization, which was regulated by the

Fig. 4. Channel deactivation by transient hyperpolarization. X-axis:


membrane potential in mV at the peak of the hyperpolarization. Line


drawn by phenomenological fit to a sigmoid function. Y-axis: conductance


change after Ca2 +-induced hyperpolarization relative to control experi-


ments, where Mg2 + was added ( g+(Ca)� g+(Mg)).

degree of chloride substitution. Fig. 4 shows the difference


in conductance after calcium hyperpolarizations compared


to parallel experiments where Mg2 + was added instead of


Ca2 +, as function of the peak membrane potential of the


hyperpolarization. It is seen that only negative peak poten-


tials result in a conductance decrease after hyperpolariza-


tion. It should be noted, however, that the initial


depolarization varies between the experiments, due to


changes in the degree of substitution.


In order to test the influence of the initial depolarization,


experiments were performed, where the degree of chloride


substitution was varied, either by adding n-Ringer to cells


incubated in a sucrose Ringer or by suspending the cells


directly in Ringers identical to the final composition in the


first series of experiments. The resulting cation conductan-


ces vs. the stationary membrane potentials are shown in Fig.


5. Fig. 6 shows the conductances vs. the final chloride


Nernst potentials. As demonstrated in Fig. 6, the cation

Fig. 6. Depolarization induced channel activation. X-axis: final chloride


Nernst potential in mV. Y-axis: cation conductance in gCl units. Open


symbols: cells injected into premixed Ringers, filled symbols: preincuba-


tion of cells (2 min) in Ringer diluted to final composition.
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conductances calculated for cells preincubated in sucrose


Ringer was consistently higher than for cells, which had


been directly injected into solutions with higher Cl� con-


centrations, and consequently initially less depolarized.

4. Discussion


A major obstacle for the comparison of results from


patch clamp studies with experiments on voltage-activated


channels in intact cells in suspension is the lack of control


with regard especially to the membrane (clamp) potentials.


As demonstrated both for the isolated channel [9] and the


intact cells in suspension, the conductance changes caused


by activation of the NSVDC channel are a function of both


time and potential (Figs. 2 and 5, open symbols).


Initially, when human red cells are suspended in sucrose


Ringers containing only low concentrations of KCl, the


membrane potential attains a value identical to the positive


chloride Nernst potential. Over time, the membrane poten-


tial changes towards more negative values, due partly to


activation of the NSVDC channels and partly to the dissi-


pation of the potassium and chloride gradients. With a


normal chloride conductance of about 20 AS/cm2, the salt


loss from the cells is considerable, although the membrane


potential is fairly constant (quasi-voltage clamp). With the


chloride conductance reduced to about 2 AS/cm2 in the


presence of 10 AM NS1652 [11], the salt loss is reduced


(quasi current clamp), but the membrane potential changes


in the negative direction relatively fast. The experiments


where the cells are incubated in sucrose Ringer, and


the chloride conductance blocker is added after a lag time


(Fig. 1), show that the longer the cells have been ‘voltage-


clamped’ the higher the resulting cation conductance. It


should be noted, however, that the increased activation is


‘remembered’, since it results in a more negative membrane


potential, which should be deactivating. Compared to patch


clamp experiments [6,9], which were, however, done at


room temperature and at higher salt concentrations, the time


course seems to be somewhat slower, but of the same order


of magnitude. With regard to the deactivation, the difference


is pronounced. The isolated channel deactivates after an


instantaneous jump to negative potentials, with a halftime of


about 15 ms [9], whereas the activated channels in the intact


cell remain open for minutes, even at moderately negative


potentials, and only at very negative potentials they seem to


begin to deactivate.


Very negative transient membrane potentials can be


attained by addition of Ca2 + to cells where the NSVDC


channels have been sufficiently activated to allow Ca2 + to


permeate, thereby selectively increasing the potassium con-


ductance further by activation of the Gárdos channel (see


Fig. 3). The hyperpolarization to � 75 mV indicates that no


appreciable degradation of the chloride and potassium


gradients have occurred during the voltage clamp period.


However, since the Nernst potential changes due to the

degradation are in opposite directions, the calculation is


relatively insensitive to a moderate loss of cellular KCl. This


hyperpolarization seems to deactivate the NSVDC channel,


thus decreasing the Ca2 +-entry concomitant with a delayed


[12] active extrusion of cellular calcium by the Ca2 +-pump,


leading to deactivation of the Gárdos channel. Since the


total cation conductance decreases during this sequence of


events, the cells are depolarized again due to the persistent


positive chloride Nernst potential. This in turn reactivates


the NSVDC channel, but in a different state of activity, with


a lower conductance reflected in a more positive potential


than before the potential transient (Fig. 3). This mode of


operation seems to be a parallel to the hysteretic behaviour


of the isolated channel, where a plot of the open state


probability vs. the clamp potential has two ‘legs’: a low


activity state when the clamp potential goes from negative


towards positive values and a high activity state going from


positive to negative values. This is further supported by


differences in conductance seen at identical final sucrose


substitutions, but resulting either from activation from very


positive membrane potentials showing a high activity com-


pared to the lower activity seen when the channel has been


activated at less positive potentials. It is apparent from Fig. 5


that there is no simple correlation between the NSVDC


channel conductance and the stationary membrane potential.


If, however, the channel conductance is plotted against the


final chloride Nernst potential (Fig. 6), the two activity


states become evident. Although not a hysteresis curve


proper, since the activity is plotted against the resulting


chloride Nernst potential, Fig. 6 reflects the memory effect


at the cellular level.


Given the estimated number of 150–300 NSVDC chan-


nels in a red cell [7] and a single channel conductance of 30


pS at physiological salt concentrations [6], the maximum


conductance observed in intact red cells indicate either a


very low open state probability, in the order of 10� 3 or a far


lower unit conductance than observed in the isolated chan-


nel. The explanation is not known at present, but given the


size of the KCl loss, which can be observed and the changes


in estimated membrane potential a fraction of cells close to 1


will participate in the response.

5. Conclusion


The hysteresis, which is a property of the individual


NSVDC channel unit, is retained as an ensemble property in


the intact human red cell. The deactivation of the channel at


negative potentials, which for the isolated channel is in the


millisecond range, is slower, persisting for minutes.
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Abstract


At present, the question of how the structural state of the erythrocyte cytosol is arranged to maintain essential permeabilities successfully


both at normal temperature and during periods with a significant body temperature reduction during hypobiosis remains unanswered.


In the present work, we performed comparative investigations of temperature-dependent changes in the cytosol state of erythrocytes from


animals subjected to natural (winter hibernating ground squirrels) or artificial hypobiosis. The cytosol state was evaluated by the ESR method


of spin probes (TEMPON) within the temperature range of 0–50 jC. Erythrocyte resistance to acid hemolysis, which is limited by the


permeability of membranes for protons and the state of the anion channel, were determined using the method described by Terskov and


Getelson [Biofizika 2 (1957) 259]. A change in cytosol microviscosity of erythrocytes was found as well as a temperature-dependent increase


in acid resistance of erythrocytes.


Our investigations allow us to conclude that physiological changes occurring in a mammalian organism during natural and artificial


hypobiosis are accompanied by structural modifications of the erythrocyte cytosol.


The temperature range where these modifications are observed (8, 15, 40 jC) suggests that the most probable modifying link is spectrin


and/or the sites of its interaction with membrane. The interaction of cytoskeletal components with the cell membrane plays a key role in


regulation of membrane permeability, suggesting an important role of this interaction in the adaptive reactions of erythrocytes.


D 2003 Elsevier B.V. All rights reserved.

Keywords: Erythrocyte; Permeability; Cytosol; Adaptation

1. Introduction


Adaptation to environmental conditions is one of the


most important and characteristic properties of living sys-


tems at any organizational level. In addition to the variety of


natural conditions, also ecological consequences of scien-


tific and technical progress and intensive development in


medicine, veterinary science and pharmacology necessitate


the study of living systems and their reactions to extreme


conditions.


The erythrocyte appears to be a good model system for


studies of molecular mechanisms of cellular reactions. This


cell offers many experimental and interpretative advantages


for detection of the role of cellular components and/or their

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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interactions in adaptive or deleterious reactions due to their


well-studied structure. The erythrocyte, belonging to the


circulatory system, requires an adaptive response not only to


allow the organism to exist in extreme conditions, but also


to prevent pathological conditions.


Environmental temperature is one of the most important


natural factors with regards to adaptation of the organism.


The erythrocyte needs to modify its structural and functional


components due to temperature dependency of all physical


and chemical processes in order to remain functional.


The mammalian hibernators are examples of organisms


that have adapted genetically to natural temperature fluctu-


ations. Mammalian hibernation presents a convenient bio-


logical and practical system to get insight into the problems


of cryogenic banking of human organs and tissues [1].


Available data on cellular mechanisms of natural hypo-


biosis concerns, mainly, the study of functional features of


cellular membranes, including those of RBCs. Character-


istics of temperature-dependent passive and active trans-
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ports of ions and organic molecules and of enzyme systems


are well established [2,3]. The structural modifications


determining reversal of functions have been investigated


insufficiently especially at the cellular level. There is no data


explaining how the structural state of the cytosol enables


maintenance of metabolic balance in RBCs of hibernators


both at 37 and 2–5 jC. Dependency on temperature of all


vital biochemical processes proceeding in the RBC cytosol


of these organisms necessitates structural changes in re-


sponse to a change in body temperature.


We have studied models of simulated hypobiosis in non-


hibernating mammals to get a better understanding of


adaptational cellular mechanisms in response to temperature


fluctuations in addition to examination of organisms under


natural hypobiosis (winter hibernating ground squirrels).


A hibernator preparing for winter hibernation up-regu-


lates the activity at critical points of homeostatic systems.


This phenomenon is modelled most successfully during


rhythmic cold exposures of the organism while determin-


ing structural and functional changes in the cardiovascular


and central nervous systems [4]. Under rhythmic hypo-


thermia, there is a significant rise in resistance to low


temperatures.


The hibernative state itself is modelled using a rat, chilled


according to the Andjus–Bachmetjev–Giaya model (ABG-


model) [5,6], where the rectal temperature was reduced to


16 jC. This was achieved by keeping the rat in a hermetic


chamber with ambient temperature of 3–5 jC for 3 h. Thus,


this setup modelled hibernation properly: combined hypo-


thermia, hypoxia and hypercapnia.


All vitally important biochemical processes taking place


in the cytosol of erythrocytes of hibernating organisms


depend on temperature. Thus, structural modification is


necessary in response to a body temperature change. A


comparative study examining the state of the RBC cytosol,


when changing the temperature in vitro within the range 0–


50 jC, will reveal structural rearrangements of the compo-


nents of the cytosol as well as interspecific differences in the


adaptive cellular reactions.

2. Materials and methods


Erythrocytes of ground squirrel Cittelus undulatus were


studied in the states of deep hibernation, arousal and active


period during the winter season. Rats were studied after


rhythmic hypothermia with a stimulation frequency on the


caudal thermoreceptors of 0.1 Hz (cold resistance of anes-


thetized animals was estimated on basis of the duration of a


0.5 jC change in rectal temperature of animals kept in the


cold chamber (4 jC), and on non-anesthetized animals on


the duration of active swimming in ice cold water). Fur-


thermore, rats were studied in the state of artificial hypo-


biosis (ABG-model).


The dynamic structure of the cytosol was investigated by


the ESR method of spin probes, using the water-soluble

probe TEMPON and the widening agent potassium ferricy-


anide [7]. The suspension temperature was varied in the


‘‘Bruker’’ ER-100 spectrometer resonator within a range of


0–50 jC.
Acid hemolysis of erythrocytes was carried out as


described in Ref. [8]. Changes in light scattering were


measured at 700 nm using a Pye Unicam SP 8000 spectro-


photometer. In the thermostatted chamber, changes in the


temperature at which hemolysis occurred were assessed


within the temperature range of 0–50 jC.

3. Results and discussion


Comparative analysis of thermo-induced behaviour of


the probe in erythrocytes showed differences both in cytosol


microviscosity and in the profile of its temperature depen-


dency, especially below physiological temperatures.


The cytosol microviscosity at 37 jC, characterized by the
spectral parameters of the spin probe, was reduced as


follows: hibernating ground squirrelz rat after rhythmic


hypothermia > active ground squirrelz control rat > ar-


oused ground squirrelz rat according to ABG model. This


suggests that structural rearrangements of the erythrocyte


cytosol accompanied the adaptive responses to temperature


of the whole organism. It is interesting to note that thermal


rearrangements, arrested by us in ground squirrel RBC


membranes by the lipid probe and reflecting modifications


of molecular components, are observed at similar/identical


temperatures for erythrocytes of the two mammalians,


namely: 8–10, 15, 20, 28–33 and 40 jC [9]. We also found


that the temperature dependency of the probe behavior


practically coincided for the active state of ground squirrel


and the homeothermic mammalian, human, up to a temper-


ature of 15 jC, above which there is a weakening of the


spectrin connections to the integral membrane components


[10].


The system of thermal rearrangements in the cytosol of


active ground squirrel and control rat erythrocytes corre-


lates with those known for membranes, which, however,


are connected to modifications of skeletal proteins or


membrane lipids (but not of integral protein components),


namely: 6–8, 15, 32 and 40 jC (Fig. 1). After rhythmic


hypothermia the thermo-induced cytosol behaviour


changed: the transitions within the temperature range of


8–40 jC are less marked. However, the areas with abnor-


mal behavior of the probe are not determined, in fact the


curve slope changes only at 40 jC. Thus, the reduced slope


of the curve is observed after the transition at 8 jC, where
modification of a protein 4.1, linking spectrin with the


integral membrane components, takes place [11]. Further-


more, the heat stability of spectrin or its connection with the


membrane is increased.


The reduction in slope with increasing temperature as


well as decreased amount of thermal rearrangements


(smoothing) observed throughout the temperature range in







Fig. 3. The temperature dependency of acid hemolysis time of RBCs from


hibernating, aroused and active ground squirrels.


Fig. 1. Arrhenius dependency for the probe mobility in the RBCs of control


rat and rat after rhythmic hypothermia.
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the Arrhenius plot of erythrocytes from rats after rhythmic


hypothermia suggests that the erythrocytes adapt to a


change in temperature [2].


In the cytosol of rat erythrocytes treated according to the


ABG model, the thermal profile also differed from the


profile for erythrocytes from control rat (Fig. 2). The slope


of the curve is fairly constant within the temperature range


of 8–40 jC. The most highly expressed modifications are


associated with skeletal components rearrangements (tran-


sition at 8 jC and an irreversible increase in microviscosity,


probably due to dehydration of erythrocytes, above 40 jC)
and ‘‘lipid’’ transition at 32 jC.


We carried out research of relative RBC resistance to acid


hemolysis, which allowed us to estimate the characteristics


of the RBC membrane H+ ion permeability (as an initial


stage of acid hemolysis) and of the state of band 3 [12].

Fig. 2. Arrhenius dependency for the probe mobility in the RBCs of rat


according to the Andjus–Bachmetjev–Giaya model.

Also, it allowed us to examine whether the resistance to acid


hemolysis of RBCs varies in erythrocytes exposed to natural


and artificial hypobiosis. Taking into account the aim of the


research, which was to reveal structural features in connec-


tion with adaptive reactions in response to temperature, we


used temperature modification of the method.


Therefore, we studied the resistance of the erythrocytes


to acid hemolysis in vitro, determined by the duration time


until hemolysis was observed at varying temperatures (Figs.


3 and 4). It is clear that throughout the temperature range the


erythrocytes of hibernating and aroused animals had an


increased resistance to hemolysis compared to erythrocytes


from active animals (Fig. 3).


An increased cold-resistance of rats after rhythmic cold


exposures, which was registered by an increase in time

Fig. 4. The temperature dependency of acid hemolysis time of RBCs of


control rat and rat after rhythmic hypothermia.
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spent in ice water, was accompanied at the erythrocyte


level by an increased resistance to acidic hemolysis at


temperatures below 20 jC, but most pronounced at tem-


peratures below 8–10 jC. The profiles of the temperature


dependencies of acid hemolysis time for one control rat


and one rat after rhythmic hypothermia differed only


below the temperature corresponding to the temperature


at which structural transitions of skeletal components


happen (Fig. 4).

4. Conclusions


The data allow us to conclude that the physiological


changes taking place in a mammalian organism under


natural and artificial hypobiosis are accompanied with


structural modifications in the state of erythrocyte cytosol.


An increased cold-resistance of all the organisms was


accompanied at the level of the erythrocyte by tempera-


ture-dependent increase in acid resistance. Of primary


interest are the temperatures at which the rearrangements


of skeletal components take place. Due to the temperature


ranges in which the changes in the state of the cytosol


occurred, we suggest that certain molecular cytosol-mem-


brane components are involved in the adaptive cellular


response. Despite some variety in the modifications


revealed by our analysis, the overall rearrangements appear


to involve spectrin and/or its interaction with the membrane.


Taking into account the key role of the interaction of


cytoskeletal components with the membrane in the regula-


tion of membrane permeability, one can expect an important

role of this interaction in the adaptation of erythrocytes to


temperature changes.
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Abstract


The activity of membrane-bound NADH-methemoglobin reductase in erythrocytes and the physical state of lipids in erythrocyte


membranes under oxidative stress in cells were studied. A decrease of the activity of membrane-bound NADH-methemoglobin reductase and


a change of physical state of the lipid bilayer of membranes under oxidative stress were found in erythrocytes in vivo and in vitro.


D 2003 Elsevier B.V. All rights reserved.
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1. Introduction


Erythrocytes have a powerful antioxidant protection


system. However, at a high concentration of free radicals


or insufficiency of the primary antioxidant protection, the


oxidative damage of the erythrocyte membrane components


leads to loss of the ability of erythrocytes to transfer O2 and


CO2, and brings about cell hemolysis. Oxidant-induced


hemolysis can also take place in other cases such as during


physiological aging of erythrocytes.


In erythrocytes under oxidative stress, there is a consid-


erable rise in the level of methemoglobin, which is known to


be incapable of reversible oxygen binding. Human eryth-


rocytes normally contain f 1–3% methemoglobin. For


converting methemoglobin into oxyhemoglobin, there are


two enzymatic systems in erythrocytes, one of which is


related to glycolysis and the other is associated with the


pentose phosphate pathway [1,2]. Correspondingly, two


types of enzymes function in erythrocytes: NADH-methe-


moglobin reductase and NADPH-methemoglobin reductase,


both having cytoplasmic and membrane-bound forms. It is


generally assumed that the reduction of oxidized hemoglo-


bin with the participation of membrane-bound NADH-
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methemoglobin reductase is of the greatest physiological


significance [3].


The purpose of this work is to elucidate the dependence


of the activity of membrane-bound NADH-methemoglobin


reductase in erythrocytes on the physical state of the


membranes’ lipid bilayer.

2. Materials and methods


Experiments were carried out on human erythrocytes,


which had been exposed to oxidants in vitro; on a fraction


of ‘‘young’’ and ‘‘aged’’ erythrocytes, on erythrocytes of


patients with ischemic heart disease (IHD) and on eryth-


rocytes of children with different blood levels of lead. The


erythrocytes were prepared by centrifugation of cells


suspended in a density gradient of Percoll [4]. The activity


of membrane-bound NADH-methemoglobin reductase was


estimated by assessing the spectrophotometrically rate of


NADH-oxidation (Specord M 40 spectrophotometer, Ger-


many) [5]. The physical state of membrane lipids was


determined by assessing the fluorescence of the lipophilic


probe 1.6-diphenyl-1.3.5-hexatriene (DPH), incorporated in


ghosts of erythrocytes (LSF 222 luminescence spectropho-


tometer, SOLAR, Belarus). The binding of the fluorescent


probe, DPH, to the erythrocyte membranes was measured


as described in Ref. [6].







Table 1


Activity of membrane-bound NADH-methemoglobin reductase in


erythrocytes


Membrane were isolated


from erythrocytes


A(rel. un.) % of inhibition


of activity in


comparison


with control


Volunteers (control) 31.61F1.37


n= 28


After incubation with 1 mM 12.87F 2.49 59


of phenylhydrazine n= 8


After incubation with 1 mM 16.75F 2.24 47


of t-BHP n= 5


After incubation with 3 mM 21.75F 1.42 31


of H2O2 n= 5


After separation in density 37.82F 2.01


gradient of Percoll: fraction


of ‘‘young’’ cells (control)


n= 5


Fraction of ‘‘aged’’ cells 19.78F 2.27 48


n= 5


Of the patients with IHD 23.89F 1.58 24


(IV functional class) n= 9


Children with different level 29.39F 1.16


of blood lead: concentration


of lead in blood < 0.1 mg/l


(control)


n= 26


Concentration of lead in 22.83F 1.26 22


blood z 0.1 mg/l n= 10
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3. Results


It was found that, in membranes isolated from human


erythrocytes, incubation in medium containing 0.1–1 mM


of phenylhydrazine, 0.1–1 mM tert-butyl hydroperoxy (t-


BHP) or 0.5–3 mM H2O2 resulted in a reduction of the


activity of membrane-bound NADH-methemoglobin reduc-


tase by 30–60% in comparison with control. This response


was dose-dependent. The decrease of the intensity and the


increase of the degree of polarization of fluorescence DPH


provide evidence for changes in microviscosity of lipids


(Fig. 1). This was dependent on the concentration of


oxidants. It was found that the activity of membrane-bound


NADH-methemoglobin reductase was 40–50% lower in


‘aged erythrocytes’ in comparison to ‘young erythrocytes’


(Table 1).


The patient group used to study the activity of the


membrane-bound NADH-methemoglobin reductase were


Class IV IHD patients (Canadian Classification, based on


degree of stable angina). The activity of this enzyme was


reduced by 20–30% in erythrocytes of patients in compar-


ison to controls. The degree of polarization of fluorescent


DPH incorporated in membranes of the Class IV IHD


patients was also reduced by 20–25% in comparison to


controls.


The results suggest that the activity of membrane-bound


NADH-methemoglobin reductase is inhibited in parallel


with a change in the physical state of the lipid bilayer of


membranes under oxidative stress in erythrocytes. This


model system (the incubation of erythrocytes in buffer


containing oxidants at sublytic concentrations in vitro) is


representative of the conditions experienced by cells in the


process of aging, where there is an increase in the active


forms of oxygen (‘aged erythrocytes’), in IHD patients and


in children with an increased blood lead level (z 0.1 mg/l),

Fig. 1. The change of the degree polarization of the fluorescence of the


lipophilic probe DPH, incorporated in ghosts of erythrocytes under


oxidative stress in vivo and in vitro. (1) Control, (2) after incubation of


cells with 1 mM of t-BHP, (3) after incubation of cells with 3 mM of H2O2,


(4) of the patients with IHD (IV functional class).

all of which are associated with an increase in the active


form of oxygen.


The correlation analysis shows that there is a connection


between the activity of membrane-bound NADH-methemo-


globin reductase and level of accumulation of products of


peroxide oxidation of lipids in erythrocyte membranes


under oxidative stress.


The inhibition of activity of membrane-bound NADH-


methemoglobin reductase in human erythrocytes under


oxidative stress depends on a physicochemical state of


membrane lipids.
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Abstract


We have studied the effects of anti-GLUT1 antibodies on the uptake of glucose into erythrocytes. Glucose transport into human


erythrocyte ghosts was measured directly using 3H-2-deoxy-glucose, or indirectly by monitoring associated volume changes using light


scattering. The uptake of glucose was significantly inhibited in ghosts resealed in solutions containing specific antibodies against GLUT1.


Such an effect was not observed when an antibody against the oestrogen receptor, lacking specificity towards GLUT1, was employed instead.


The antibodies were also without effect on the efflux of preloaded glucose from erythrocyte ghosts. The demonstration that anti-GLUT


antibodies can inhibit glucose uptake is support for the hypothesis that they exaggerate the cytoplasmic barrier to glucose uptake created by


endofacial segments of GLUT1.


D 2003 Elsevier B.V. All rights reserved.

Keywords: GLUT1; Erythrocyte; Ghost; Antibody

1. Introduction


Resealed erythrocyte ghosts have often been used to


monitor the effects of altered intracellular ligands on


transport function. These studies are the foundation of


our current understanding of the kinetics of a variety of


cation transport systems, perhaps most notably the Na+–


K+ ATPase (reviewed by Glynn [1]). Surprisingly little


use, however, has been made of erythrocyte ghosts to


study sugar transporter function, perhaps because of the


ease with which intracellular sugars can be replaced or


substituted in whole cells by nonmetabolized sugars. In the


context of studies of sugar transport, ghost preparations


have largely been employed to examine the binding of


labelled ligands to specific sites within the transporter.


However, Carruthers et al. (for example, Refs. [2,3])


showed that ATP interacts with binding sites on the


cytoplasmic surface of GLUT1 to act as a modulator of

1567-5394/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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glucose transport. Raised intracellular ATP levels above 1


mM retard glucose uptake into the human erythrocytes and


ghosts by binding to specific ATP binding sites which


have been located on the cytoplasmic surface of the


transporter [3].


Since the glucose transporter has been purified and its


primary sequence determined [4], antibodies have been


raised against specific epitopes within the transporter [5].


ELISA binding assays show that only antibodies raised


against epitopes facing the cytoplasmic surface of the


transporter bind effectively: The extracellular facing loops


of the glucose transporter are nonantigenic [6]. Antibodies


raised against different GLUT isoforms are currently


employed to determine distribution and levels of expression


in cell membranes which have been fixed and permeabi-


lized. Usually, commercially available antibodies are


uncharacterised for the specific binding epitopes within


the transporter. However, specific binding information is


available in the case of two anti-GLUT1 monoclonal anti-


bodies raised against the cytoplasmic linker segment be-


tween the transmembrane segments 6 and 7 of GLUT1


(amino acids 213–269), and against the C-terminal peptide


which is also endofacial (amino acids 457–492 [7]). The
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first of these antibodies has been shown to prevent cyto-


chalasin B binding to GLUT1, whereas the antibody to the


C-terminal peptide does not.


In this paper, we have estimated glucose transport in


human erythrocyte ghosts using radiotracer and optical


methods, and assessed the effects of incorporation of these


two anti-GLUT1 antibodies, together with a third commer-


cially available. All three antibodies, binding to different


epitopes, strongly inhibit glucose uptake, while other anti-


bodies lacking specificity for GLUT have no effect on


glucose transport.

2. Methods


Unless otherwise stated, all reagents were obtained from


Sigma, Poole, UK. The suspension medium was isotonic


phosphate-buffered saline (PBS), adjusted to pH 7.4. Fresh


human erythrocytes were obtained by venipuncture, and


washed three times in isotonic saline by repeated centrifu-


gation and resuspension.


2.1. Ghost preparation


The procedure for preparation of resealed ghosts follows


the methodology of Afzal et al. [8]. Fresh human erythro-


cytes were washed three times in PBS by repeated centri-


fugation and resuspension. The cells were lysed by injection


of the cells into ice-cold haemolysing medium (pH 3.6),


centrifuged at 1300 rpm and loaded with reconstitution


medium containing KCl (150 mM), ATP (2 mM) and Tris


(25 mM) at pH 10.5. At this stage, the appropriate antibody


was added at a 1:50 dilution to the ghosts. They were then


resealed by incubation at 38 jC for 45 min. Finally, the


resealed ghosts were washed twice in wash medium con-


taining NaCl (150 mM) and ATP (2 mM) at pH7.4. Two


antibodies raised against amino acid sequences of 213–269


and 457–492 of the human GLUT1 glucose carrier were the


kind gifts of Professor Steve Baldwin, Leeds, UK [7,9]. An


additional anti-rabbit GLUT1 antibody was obtained from


Biogenesis, Poole, UK. An antibody raised against the


regulator portion of the human oestrogen receptor was the


gift of Professor Clive Coen, London, UK, and was


employed as a negative control [10].


2.2. Photometric monitoring of glucose entry


A method adapted from that introduced by Sen and


Widdas [11] and previously described [12] was employed.


Aliquots of pre-warmed suspensions of ghosts (7.5 Al) were
added to a 1-cm2 fluorescence cuvette containing 3 ml of


PBS supplemented with 50 mM glucose, which had been


pre-warmed to the required temperature (35 jC). The sus-


pensions were mixed vigorously and the rate of entry of D-


glucose into cells was monitored photometrically, starting


within 5 s of mixing, using a Hitachi F2000 fluorescence

spectrometer (Eex =Eem = 650 nm) with a temperature-con-


trolled cuvette. After the initial 2–3 s period of cell shrink-


age due to osmotic equilibration, the rate of swelling was a


linear function of the rate of glucose uptake into the ghosts.


When glucose transport was abolished with high concen-


trations of cytochalasin B or phloretin, no change in light


scattering after the initial osmotic equilibration occurred.


The time courses of D-glucose entry were fitted to mono-


exponential curves of the form yt =A(1�Bexp(Ct)), where


the emission, yt, is recorded at time, t; the coefficient, A, is a


scaling factor that fits the curves to the emission, B and C are


the exponential coefficients and t is the time in seconds at


which the observed data yt were obtained.


2.3. Radioisotope fluxes


Samples were added to tubes containing 5 mM unla-


belled 2-deoxyglucose and 0.2 ACi ml� 1 3H-2-deoxyglu-


cose and incubated in the absence or presence of


cytochalasin B (83 AM) at room temperature for 10 min.


They were then centrifuged and washed three times in ice-


cold MgCl2 wash solution containing MgCl2 (107 mM),


MOPS (10 mM) at pH 7.4. Radioactivity was measured by


scintillation counting.

3. Statistics


Mean data are presented as the meanF S.E.M. from n


individual determinations, each performed in triplicate.


Significant differences were determined using Student’s


unpaired t test.

4. Results


Glucose uptake into human red cell ghosts was moni-


tored at 35 jC using light scattering. Glucose uptake is


much slower than exit therefore such that it can be readily


followed at this temperature. Fig. 1 shows the effects of the


two specific anti-GLUT1 antibodies on the time course of


uptake of glucose from isotonic PBS which had been


supplemented with 50 mM glucose. Given that the Km for


glucose uptake into red cells at 35 jC has been reported to


be approximately 3 mM, the initial rate of uptake in this


experiment reflects near-maximal net transport since at the


concentrations employed here, the GLUT1 transporter will


be approximately 96% saturated. Fig. 2 indicates that both


anti-GLUT1 antibodies could significantly inhibit glucose


uptake, and that the magnitude of the inhibition (80%) was


roughly similar. In contrast, in resealed ghosts containing


the non-specific anti-oestrogen receptor antibody glucose


uptake was not altered, precluding a non-specific effect of


antibody inclusion in the resealing media on glucose trans-


port. In separate series of experiments (data not shown),


neither anti-GLUT antibody was able to inhibit net glucose







Fig. 1. Volume changes of erythrocyte ghosts associated with glucose


uptake, assessed by light scattering. Traces represent ghosts resealed in


media (i) lacking antibody; (ii) supplemented with an antibody raised


against the TM6-7 linker peptide of GLUT1 (amino acids 213–269); (iii)


supplemented with an antibody raised against the C-terminus of GLUT1


(amino acids 457–492). Monoexponential fits of the data yielded k values


of 0.033F 0.001, 0.014F 0.001 and 0.015F 0.001s� 1, respectively.


Fig. 3. 3H-2-Deoxyglucose uptake into erythrocyte ghosts resealed in the


absence or presence of an anti-GLUT1 antibody. Experiments were


performed in solutions supplemented with 83 AM cytochalasin B to retard


uptake. Data are the meansF S.E.M. of three separate determinations;


results are normalised to fluxes at 10 min recorded in the absence of


antibody.
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efflux from cells preloaded with 100 mM glucose. Fig. 3


presents results from experiments in which the rate of


uptake of glucose was assessed by radioisotopic flux meth-


odology. Experiments performed in the absence of cytocha-


lasin B showed no effect of a commercially available


antibody on glucose uptake (data not shown). In the


presence of cytochalasin B, however, the antibody was

Fig. 2. Rates of glucose entry into erythrocyte ghosts assessed using light


scattering measurements of cell volume changes. Rates of glucose entry


were normalized to that recorded in ghosts resealed in the absence of


antibody. Data are presented for the ghosts containing endofacial anti-


GLUT1 antibodies raised against the TM6-7 linker peptide (anti 213–269),


or the C-terminus (anti 457–492) and for ghosts containing an antibody


against the regulator portion of the human oestrogen receptor (anti ESR1).


*P < 0.001.

similarly able to reduce 3H-glucose uptake, although the


magnitude of inhibition was somewhat smaller (approxi-


mately 50%) than that observed with the antibodies raised


against specific endofacial peptides. These results indicate


that anti-GLUT1 antibodies raised against cytoplasmic


regions of the carrier protein have strong inhibitory actions


on the net entry of glucose into resealed ghosts.

5. Discussion


It is well-established that the erythrocyte GLUT1 glucose


transporter is an asymmetric transporter [13–15]. Recent


work by Carruthers et al. [3] has shown that this asymmetry


is controlled by the binding of ATP to the GLUT1 protein.


This binding results in conformational changes, which


induce glucose to accumulate in a vestibular region of the


transporter situated within the cytoplasmic domain of


GLUT. This leads to the observed asymmetry of glucose


transport, with a reduction in both the apparent Vmax and Km


of net influx, but is without significant effects on glucose


exit kinetics or exchange kinetics. Since anti-GLUT anti-


bodies inhibit glucose entry without significantly affecting


glucose exit, it can be inferred that they exert their effects by


exaggerating the accumulation of glucose within the vestib-


ular domain.


The putative binding site at which ATP exerts inhibitory


actions on glucose uptake is reported to comprise a number


of endofacial residues. It is of note that the avian erythrocyte


glucose carrier in the presence of ATP mediates virtually no


net glucose transport, with the carrier effectively behaving


as an obligatory exchange transporter [16,17]. However, if


ATP is absent from the resealing media of ghosts or ATP-


depleted avian erythrocytes are employed, net glucose


transport is observed [17,18]. Moreover, the observation
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that GLUT4, in which the C-terminal portion of the carrier


protein is abridged, fails to demonstrate accelerated glucose


transport when operating in exchange mode [19,20] may be


of significance in the present context. The finding that both


the antibody directed against the C-terminal of GLUT1 and


that against the TM6-7 linker peptide can inhibit net glucose


efflux is in keeping with previous reports that the C-


terminus of GLUT1 is a major determinant of glucose


translocation and affinity [21,22] and suggests that these


regions of the protein, possibly along with the N-terminal


peptide, all contribute to the walls of the cytoplasmic


vestibule which constitutes a barrier to glucose equilibration


with the cytosolic compartment.
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